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Transcription factor Tbx18 induces the differentiation
of c-kit* canine mesenchymal stem cells (cMSCs) into
SAN-like pacemaker cells in a co-culture model in vitro
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Abstract: Bone mesenchymal stem cells (MSCs), as well as cardiomyocytes, are derived from early mesoderm,
becoming committed to their fate under the influence of different differentiation factors. We examined whether the
overexpression of Tbx18 can induce the differentiation of c-kit* cMSCs into a phenotype similar to that of native
pacemaker cells and whether these transfected cells can couple to adjacent atrial cells with functional conse-
quences. The c-kit" cMSCs were first sorted, then transfected with different lentiviral vectors. Tbx18-c-kit" cMSCs
represented the experimental group, while EYFP-c-kit* cMSCs and canine sinoatrial node (SAN) cells were used as
controls. Within days of transfection, the hyperpolarization-activated cyclic nucleotide-gated (HCN) channel HCN4
protein and gap junction protein Connexin 45 (Cx45) expression in Tbx18-c-kit* cMSCs were 12-fold and 5.6-fold
higher, respectively, than that in EYFP-c-kit* cMSCs. After co-culture with canine atrial cells in vitro for three days,
the funny currents (l,) were recorded in the Thx18-c-kit" cMSCs, but not in EYFP-c-kit" cMSCs. The trend of these
I, currents was highly similar to that of SAN cells, although the current density was smaller. The Thx18-EYFP-c-kit*
cMSCs showed responsiveness to B-adrenergic stimulation, and the intracellular cyclic adenosine monophosphate
(cAMP) level was higher than that in EYFP-c-kit* cMSCs. The Tbx18-EYFP-c-kit" cMSCs delivered fluorescent dye to
neighboring atrial cells via gap junctions, thus these cell pairs could communicate as a pacemaker unit. We propose
that the overexpression of Tbx18 in c-kit* cMSCs induces their differentiation to SAN-like pacemaker cells.
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Introduction cytium to yield sustained pacing. As the ideal

stem cells for biological pacemaker therapy,

Bioengineered cell therapy is an alternative to
electronic pacemakers; since regular testing
and replacement are not needed, there are no
lethal complications or electromagnetic inter-
ference risks, and the method is suitable for
low weight children. The most attractive bene-
fit of this therapy is physiological autonomic
responsiveness [1]. The bioengineered pace-
maker itself does not necessarily an excitable
cell and shouldn’t have the overall ion channels
of the native sinoatrial node cell. The bioengi-
neered pacemaker act as a donor, automaticity
delivering the lacking element of the working
myocardium to contiguous excited cells via gap
junctions. This pattern forms a functional syn-

bone marrow-derived mesenchymal stromal
stemcells (MSCs) have the advantage of im-
mune privilege, are electrically quiescent and
express two cardiac gap junctional proteins,
Cx40 and Cx43 [2, 3]. The current approach
focuses on | overexpressing MSCs to create a
biological pacemaker because | rapidly deacti-
vates upon depolarization and does not impact
the action potential duration. MSCs have the
potential to directly differentiate into cardiomy-
ocytes, but this cardiac cellular phenotype dif-
ferentiation potential is weak [4, 5]. In addition,
some groups explored autologous SAN cell
transplantation, but failed to provide sustained
biological pacemaker activity, emphasizing the



Tbx18 induces c-kit* cMSCs into pacemaker cells

critical role of the substrate [6, 7]. In previous
studies, we demonstrated that mHCN4-infect-
ed cMSCs can generate a functional |, current.
However, when delivering the biological pace-
maker to the canine heart, the spontaneous
rates did not satisfy the demand of normal
physiological activity (45+9 beats/min) [8, 9].
We hypothesize that the cause of this phenom-
enon maybe the loss of HCN4 after engrafting
in vivo and the inappropriate connexin coex-
pression ratio between the HCN4-transfected
cells and a quiescent myocyte [10].

Myocardial regeneration by direct injection of
c-kit" bone marrow stem cells in a mouse model
was first reported by Orlic and colleagues in
2001 [11]. By using viral gene-tagging, multi-
color clonal-marking and transcriptional pro-
filing methods, Anna et al. demonstrated that
single mouse c-kit-bone marrow cells (BMCs)
clonally expanded within the infarcted myo-
cardium and differentiated into specialized
cardiac cells. Newly formed cardiomyocytes,
endothelial cells, fibroblasts and c-kit-BMCs
had common sites of viral integration in their
genomes, strongly supporting the plasticity of
a subset of BMCs expressing the c-kit recep-
tor. The bone marrow comprises a category of
cardiomyogenic, vasculogenic and/or fibro-
genic c-kit* cells and a category of c-kit* cells
that retains an undifferentiated state [12].
Freshly isolated c-kit*Lin™ cells from rat hearts
generated the major specialized cell types of
the heart: myocytes and vascular cells, sug-
gesting that c-kit is a marker of cardiac stem
cells and maybe the earliest marker of the car-
diomyocyte lineage differentiation of stem cells
[13, 14]. Taken together, c-kit*-MSCs could be
used for heart regeneration therapy because
of their high potential for cardiomyocyte and
endothelial differentiation. The T-box gene fam-
ily proteins are the main regulators of myocar-
dial proliferation and patterning. Transcriptional
regulators, such asTbx3, Tbx5, and Tbx18, play
critical roles in embryonic sinoatrial node (SAN)
development [15]. Upstream of these factors is
Tbx18, which is a member of the Thx1 subfam-
ily, associated with the cardiac venous pole
that contributes to the outer tissue layer of the
heart, the cardiac pacemaker, as well as the
myocardium of the sinus venosus region. From
embryonic day (E) 9.5 to E 14.5, the sinus veno-
sus mesenchymal progenitor cells expressing
Tbx18 define the sinus venosus and differenti-
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ate into the myocardium of the head region of
the SAN. The border between SAN and the atri-
al myocardium of a Tbx18 null allele homozy-
gous mice is vague, and these mice have dra-
matically reduced SAN areas [16, 17]. There-
fore, we hypothesized that the overexpression
of Tbx18 could induce c-kit* cMSCs to become
SAN-like pacemaker (iISAN) cells. In the present
study, we examined the use of a cell-based
approach to construct an ideal biological pace-
maker with robust and sustaining pacing capa-
bility and a sensitive response to autonomic-
nerve modulation that resembles a native
pacemaker. Additionally, this biological pace-
maker can communicate with the coupled car-
diac cells via gap junctions under optimal co-
culture conditions. We aimed to achieve two
goals: 1) improve pacemaker function by the
overexpression of Tbx18 in canine c-kit*-cMSCs
to induce a phenotype similar to that of native
pacemaker cells; and 2) couple Tbhx18-trans-
fected c-kit*-cMSCs with canine atrial cells to
create a functional two-cell syncytium.

Materials and methods
Ethics statement

The protocols of the present study were per-
formed in accordance with the Guide for the
Care and Use of Laboratory Animals to mini-
mize animal suffering and approved by the
ethics committee of Animal Experiments of
the Third Military Medical University (Permit
Number: SYXK2012-0031).

Sorting of c-kit* cMSCs

Canine mesenchymal stem cells (cMSCs) were
isolated from the bone marrow of five dogs
(either sex; ages ranging from neonate to
one month, Third Military Medical University,
Chonggqing, China), weighing 0.3-2.5 kg, as pre-
viously described [18]. Briefly, bone marrow
aspiration from the femurs and tibias was per-
formed on dogs anesthetized with 30-mg/kg
intravenous sodium pentobarbital (Sigma-
Aldrich, St. Louis, MO, USA). The obtained cells
were cultivated in Dulbecco’s Modified Eagle
Medium (DMEM, Gibco; Thermo Fisher Sci-
entific, Inc., Waltham, MA, USA), supplemented
with 10% fetal bovine serum (FBS, Gibco;
Thermo Fisher Scientific, Inc., Waltham, MA,
USA), 100 U/ml penicillin and 100 pg/ml strep-
tomycin (Beyotime Institute of Biotechnology,
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China), seeded onto 6-well plates (NEST, Bio-
technology Co., Ltd.) and incubated in a 37°C,
5% CO,-humidified atmosphere. The medium
was changed every 2 days to wash out nonad-
herent hematopoietic cells.

Using trypan blue exclusion, the third passage
cells were first used for flow cytometric live cell
sorting. Briefly, these cells were suspended in
phosphate-buffered saline (PBS, ZSGB Biotech
Co., Ltd., Beijing, China) containing 2% FBS to
obtain a density of 8 x 10° cells per milliliter,
then incubated in the dark for approximately
60 min at room temperature with a PE/Cy5-
conjugated antibody against c-Kit (Abcam;
ab157301; 1:50) and analyzed by using a flow
cytometer with 561 nm excitation. Cy5 fluores-
cence emission was detected with a 670/30
bandpass filter. The gates were drawn with
unstained cells. Sorting was performed at low
influx pressure (20 psi) by using a 100-ym noz-
zle. The number of c-kit" cMSCs equals the to-
tal number of tested cells within a gate multi-
plied by the percentage (x %) of c-kit positive
cells. The cells under post-sort analysis typi-
cally indicated a purity of > 90%, with minimal
cell death (< 10%). The abovementioned oper-
ating procedures were sterile, and the sorted
c-kit* cMSCs were centrifuged (300 g for 5 min)
and resuspended in DMEM containing 20%
FBS, 100 U/ml penicillin and 100 pg/ml strep-
tomycin. Part of these cells was then identified
via flow cytometric analysis with CD45/CD29*/
CD44* [8]. The remaining cells were subcul-
tured for the following experiment. Flow cyto-
metric analysis and sorting were performed
by using the BD Influx Flow Cytometer, which
included a software package to analyze the
data (BD Biosciences, San Jose, CA, USA).

Construction of hTbx18 lentiviral vector and
hTbx18 infection

The lentiviral vector expressing hTbx18,
pLV[Exp]-Puro-EF1A > hTBX18[NM_00108050
8.2 T2A{EYFP} (~11.1 kb) was constructed
by Gateway recombination cloning using Ga-
teway-adapted vectors (Cyagen Biosciences
Inc., Guangzhou, China). The LR (Entry Clones
attL x Target Vectors attR) recombination reac-
tion was performed between the entry clone
and the destination vector. This reaction sys-
tem included the plasmid pUp-EF1A (12.89
ng), pDown-hTBX18 (10.42 ng), pTail-T2A:EY-
FP (13.03 ng) and the vector backbone pLV.
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Des3d.P/puro (60.28 ng), in which gene ex-
pression is controlled by the EF1A promoter
and the expression of Tbx18 is linked to en-
hanced yellow fluorescent protein (EYFP) expre-
ssion. Positive constructs were verified to have
the correct target gene by PCR, DNA sequenc-
ing and restriction enzyme digestion. The lenti-
viral vector pLV[Exp]-Puro-EF1A > {EYFP} (~9.2
kb) was constructed as a control group. Len-
tiviral particles were prepared by cotransfect-
ing the transfer plasmid, packaging plasmids
and envelope plasmid into 293T cells in a
10-cm dish. The supernatant-containing virus
was collected and centrifuged at 50,000 g for
2 h. The precipitate was resuspended in an
appropriate volume of PBS and stored at-80°C.

The c-kit* cMSCs were transfected with pLV-
hTbx18-EYFP or pLV-EYFP in the presence of 5
pug/ml of polybrene (Sigma-Aldrich) at a multi-
plicity of infection (MOI) of 100 for 24 h. The
expression of EYFP after 48 h was > 90% for
both types of infected cells, which were ana-
lyzed by confocal laser microscope images in
at least four different random fields.

Preparation of canine SAN cells

Single SAN cells were isolated from canine
hearts based on a previous method used for
mice [19]. Briefly, ten one-month-old dogs
(either sex; 1.5 to 2.5 kg; Third Military Medical
University, Chongging, China) were included.
The dogs were intravenously injected with a
euthanasia dose of sodium pentobarbitone
(100 mg/kg). After the loss of consciousness
and withdrawal reflexes, the hearts were quick-
ly excised and placed in cold Tyrode solution,
comprising (mM) 140 NaCl, 5.0 HEPES, 5.5 glu-
cose, 5.4 KCI, 1.8 CaCl, and 1.0 MgCl,, pH
adjusted to 7.4 with NaOH. The canine sinoatri-
al node region, identified as a whitish endocar-
dial zone near the junction between the supe-
rior vena cava and the RA appendage was dis-
sected from the heart under the microscope,
then cut into small chunks, during which spon-
taneous activities were observed [20]. The
small chunks were rinsed in a “low Ca?"" solu-
tion containing (mM) 140 NaCl, 5.0 HEPES,
5.5 glucose, 5.4 KCI, 0.2 CaCl,, 0.5 MgCl,, 1.2
KH,PO,, 50 taurine and 1 mg/ml bovine serum
albumin (BSA, Gibco; Thermo Fisher Scientific,
Inc., Waltham, MA, USA), with pH adjusted to
6.9 with NaOH, digested in 10 ml of enzyme
solution with type | collagenase (Sigma-Aldrich),
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Table 1. Primers used in reverse transcription-quantitative polymerase chain reaction analyses

Gene Forward Reverse

Cx43 5’-CACTGAGCCCCTCCAAAGAC-3’ 5-TTGCTCACTTGCTTGTTTGTTG-3’
Cx45 5’-GCAGAACCAACCTAAACCCAAG-3’ 5’-TGCCCTATCAGAAAACCCACC-3’
Kir2.1 5’ -TGGGAACGGGAAGAGTAAGG-3’ 5’-ACGAACGCCAGGCAGAAG-3’
Nav1.5 5’-GCATGGCTAACTTCGCTTATG-3’ 5-AGGATGGGGCTGAGGAGG-3’

PLB 5’-GTCCAATACCTCACTCGCTCTG-3’ 5’-CAATGATGCAGATCAACAAGAGAC-3’
a-actinin 5’-AGCCACCTGCGACAGTACG-3’ 5-CTGGCGATGGTGGTGAGG-3’
Nkx2-5 5’-AGAAAGAGCTGTGCTCACTGC-3’ 5’-CTCAGGGGCCGACAGATAC-3’
B-actin 5’-GCCCATCTATGAGGGGTACG-3’ 5’-TGATGTCACGCACGATTTCC-3’

Cx43, Connexin 43; Cx45, connexin 45; Kir2.1, the strongest inward rectifying K* channel; Nav1.5, tetrodotoxin-resistant

voltage-gated sodium channel; PLB, phospholamban.

elastase (Sigma-Aldrich), and protease type XIV
(Sigma-Aldrich). The digestion was performed
for approximately 20 min at 35°C, under manu-
al mechanical agitation. The tissue was subse-
quently transferred into Kraft-Brule medium
containing (mM) 100 potassium glutamate, 5.0
HEPES, 20 glucose, 25 KCI, 10 potassium as-
partate, 2.0 MgSO,, 10 KH,PO,, 20 taurine, 5
creatine, 0.5 EGTA, and 1 mg/ml BSA, with pH
adjusted to 7.2 with KOH, where the cells were
separated and then stored at 4°C until further
use. All freshly isolated cells were used for ex-
periments within 6 hours after isolation.

RT-PCR and RT-gPCR test

Tbx18-EYFP and EYFP-transfected c-kit* cMS-
Cs (4 days post transfection) were respectively
collected, and total RNA was extracted from
these cells by using Beyozol (Beyotime Institu-
te of Biotechnology, RO011, Shanghai, China).
The mRNA sample was converted to first-strand
cDNA by using the PrimeScript™ Il 1st strand
cDNA Synthesis Kit (Takara 6210A/B). NCBI
database provided the CDS of TBX18 (Gene
ID:9096), Primer-BLAST designed Primer sequ-
ence: TBX18-homo-F: 5-ACGTCATCCGTAAAGA-
CTGTGG-3’, TBX18-homo-R: 5-AGTCCGTAGTG-
ATGGTCGCC-3’, the cDNA template was mixed
with Premix Tag™ (Ex Tag™, Version 2.0, Ta-
kara RR902Q), gene-specific primer sets and
DNase/RNase-free water. The PCR was per-
formed on the CFX96™ System (Bio-Rad, USA).
The resulting products were separated by elec-
trophoresis on a 1%-(w/v)-agarose gel in TAE,
and the relative expression of the gene was
251 bp.

RT-gPCR was performed according to a previ-
ous study [21]. All primers (Table 1) were syn-
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thesized by Invitrogen, Thermo Fisher Scientific,
Inc. (Shanghai, China). The total cellular mRNA
of Tbx18-EYFP, EYFP-transfected c-kit" cMSCs
and canine SAN cells was respectively extract-
ed by using TRIzol (Beyotime Institute of Bio-
technology, China). Subsequently, the cDNA sy-
nthesis was performed according to the manu-
facturer’s instructions. RT-gPCR was perform-
ed with SYBR Green Real-time PCR Master mix
(QPK-201, Toyobo, Co., Ltd., Osaka, Japan) on
a CFX96™ Real-Time PCR System (Bio-Rad,
USA). The relative changes were normalized to
B-actin mRNA by using the 222¢Y method. All
results were repeated three times.

Immunofluorescence and immunoblotting

The c-kit" cMSCs, Tbx18-EYFP-c-kit* ¢cMSCs,
EYFP-c-kit* cMSCs, and canine SAN cells were
respectively fixed with 4% paraformaldehyde
(Sangon Biotech Co., Ltd., Shanghai, China) for
15 min at room temperature, washed in PBS,
blocked with 6% normal goat serum (HyClone,
GE Healthcare Life Sciences, USA) in PBS for
30 min at room temperature. These cells were
first permeabilized with 0.2% Triton X-100 (Sa-
ngon Biotech Co., Ltd., Shanghai, China) for 15
min and subsequently nonspecific binding was
blocked, followed by incubation with anti-Cx45
(Abcam; ab78408; 1:100) at 4°C overnight to
detect the expression of certain proteins in
the cytoplasm. Subsequently, these cells were
washed three times with PBS and then incu-
bated in the dark with goat anti-mouse IgG
labeled with cy3 (Abcam, ab97035, 1:800) at
37°C for 30 min. After further washing, these
cells were counter-stained with DAPI (Beyotime
Institute of Biotechnology, C1002, 1:1000) for
5 min prior to mounting (Antifade mounting
medium, Beyotime Institute of Biotechnology,
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Shanghai, China). Imaging was performed on a
Zeiss LSM710 laser confocal microscope (Carl
Zeiss Microscopy GmbH, Jena, Germany). ZEN
lite 2011 software (Carl Zeiss Microscopy Gm-
bH) was used to analyze the data. Western blot-
ting was performed by using specific antibo-
dies against Cx43 (Abcam, ab11370; 1:1000),
Cx45 (Abcam; ab78408; 1:1000), sarcomeric
a-actinin (Sigma-Aldrich; A5044; 1:500), PLB
(Abcam, ab2865; 1:1000), p-PLB (Abcam, ab-
15000; 1:1000), and HCN4 (AbCam; ab85023;
1:1000). Briefly, Tbx18-c-kit" cMSCs, EYFP-c-
kit" cMSCs and canine SAN cells were respec-
tively lysed in radioimmunoprecipitation assay
buffer containing phenylmethylsulfonyl fluoride
(RIPA) buffer and the protease inhibitor (PMSF).
Protein content was quantified by BCA assay,
and the cell lysates (200 ug per lane for sarco-
meric ao-actinin, 80 ug per lane for the others)
were run on a 10% (HCN4 and sarcomeric
a-actinin) or 12% (Cx45, Cx43, PLB, and p-PLB)
SDS-PAGE gel and transferred onto a PVDF
membrane. Then, the transferred membrane
was incubated with a primary antibody over-
night at 4°C, followed by 1-hour incubation with
a peroxidase-conjugated secondary antibody.
Immunoreactivity was detected by chemilumi-
nescence (ECL Western Blotting Analysis Sys-
tem, Amersham). Equal protein loading of the
gels was assessed by reprobing the membrane
with monoclonal anti-GAPDH antibody (Abcam;
ab9482; 1:10000). The experiments were per-
formed several times to verify the results.

CAMP assay

Canine cAMP ELISA Kit (JL16767-48T;, J&L
Biological) was used to determine cAMP levels
in canine SAN cells and c-kit" cMSCs trans-
duced with pLV-hTbx18-EYFP or pLV-EYFP.
Briefly, 50 ul of the lysates from the three
groups and standards (standard concentration
was followed by 20, 10, 5, 2.5, 1.25, 0.625
nmol/l) were respectively added to the appro-
priate wells of a microtiter plate. Then, 100 yL
of Enzyme conjugate was added to each tested
well, which covered with an adhesive strip, and
incubated for 60 minutes at 37°C. After wash-
ing, 100 pL of chemiluminescent reagent was
added to each well and incubated in the dark
for 15 minutes at 37°C. After adding 50 uL of
stop solution to each well, the intensity of the
color was measured at 450 nm by using a
microplate reader (Varioskan Flash, Thermo
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Scientific). The concentration of cAMP in the
three tested groups was determined by com-
paring the optical density of the tested group
to that of the standard curve.

Preparation of canine atrial cells and co-cul-
ture conditions

The right atriums were removed from the hearts
of abovementioned neonatal dogs, cut into
small strips and washed with Tyrode solution to
remove the blood. Then, digested in 10 ml of
enzyme solution with type | collagenase (Sigma-
Aldrich) and trypsin (Ameresco, Solon, OH, USA)
in Ca?* Mg*-free D-Hanks (Wuhan Boster Biolo-
gical Technology, Ltd., Wuhan, China) for appro-
ximately 30 min. The isolated cells were pre-
plated to reduce the fibroblast contamination.
Only cells with a rod-shaped appearance were
used in the present study. For co-culture ex-
periments, Thx18-c-kit* cMSCs or EYFP-c-kit*
cMSCs were mixed with atrial cells and plated
at a ratio of 1:4 (20% c-kit* cMSCs) onto the
twelve confocal dishes (NEST, Biotechnology
Co., Ltd.). The cell mixtures were co-cultured for
three days as isotropic monolayers, with the
medium changed every two days. Fluorescence
mapping was performed after three days in
culture, and Tbx18-c-kit" cMSCs or EYFP-c-kit*
cMSCs were identified with yellow fluorescence
observed by using the Zeiss LSM710 laser con-
focal microscope (Carl Zeiss Microscopy GmbH,
Jena, Germany). The co-culture experiment was
performed three times to validate the results.

Electrophysiological measurements

For electrophysiological recordings, glass cov-
erslips with adherent cells were transferred to
an experimental chamber mounted on the
stage of an inverted microscope (OLYMPUS,
LUMPIanFI/IR), equipped with a fluorescence
imaging system. The chamber was perfused at
36+1°C with normal Tyrode solution by using a
gravitational perfusion system. The data were
recorded with the Axonpatch 200B amplifier
(Axon Instruments, Foster City, CA, USA) under
the control of the pCLAMP 10.1 software (Axon
Instruments). Membrane currents were filtered
at 5 kHz and digitized at a sampling rate of 10
kHz. The membrane capacity was measured by
application of a voltage clamp step, and current
densities were expressed as the value of the
peak current per capacity. Canine SAN cells
were easily identified prior to voltage clamp
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studies by their typical morphology (spindle or
spider shape), sustained rhythmic activity, and
smaller size compared to atrial myocytes. Per-
forated (amphotericin B, 250 g/ml) whole-cell
patch-clamp and voltage-clamp techniques
were used to record membrane ion channel
currents of SAN. The whole-cell patch clamp
technique was used to study membrane cur-
rents in Thx18-c-kit"* cMSCs and EYFP-c-kit*
cMSCs. |, was recorded as previously described
[20, 22]. The currents were elicited with the
command voltage steps ranging from -40 mV to
-160 mV in -10 mV increments followed by a
step to +20 mV from the holding potential of
-30 mV. The patch pipettes had a resistance of
4-6 MQ (SAN) or 3-5 MQ (cMSCs), which were
filled with intracellular solution, containing
(mmol/I): 120 potassium aspartate, 25 KClI,
4.0 MgCl,, 10 EGTA, 4.0 KATP, 2.0 NaGTP, 2.0
phosphocreatine, 5.0 HEPES, 1.0 CaCl,, and
pH was adjusted to 7.2 with KOH. The extracel-
lular solution contained (mmol/Il): 130 NaCl,
5.0 KCl, 2.0 MgCl,, 1.8 CaCl,, 5.0 HEPES, and
the pH was adjusted to 7.4 with NaOH. The I,
current was routinely recorded in Tyrode solu-
tion containing 1 mmol/I BaCl, to eliminate the
Ba?*-sensitive component of K' current, 10
mmol/I 4-AP, and 10 mmol/lI TTX were also
added when measuring the I reversal potential
and fully activated current-to-voltage relation
[23]. After the | was recorded, the cells were
superfused with an extracellular solution con-
taining 5-mmol/I cesium chloride, and the cur-
rents were measured accordingly. Tail currents
were measured immediately after the step to
+20 mV. The membrane potential of half-maxi-
mal activation (Vm) and the slope factor (k)
were obtained by fitting the activation curves to
the Boltzmann equation | _ /I = A/{1 + exp[(V-
V1/2)/K]}. The time constants of activation were
determined by fitting current traces to a single
exponential function. The activation voltage
protocol was applied for 4 s when 3 umol/liso-
proterenol was added to the extracellular solu-
tion to study I, activation kinetics. To determine
the reversal potential and the deactivation time
constants of |, the voltage protocol was to hold
the voltage at -30 mV and hyperpolarize the
cells to -150 mV, followed by a depolarization to
voltages between -150 and +20 mV for 2 s to
record the tail currents necessary to construct
the fully activated current-voltage relation, and
a subsequent step to -10 mV. The time course
of I, deactivation was fitted by the monoexpo-
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nential equation |_ /1 = A x [1-exp (-t/1)] [24].
All chemicals mentioned above were obtained
from Sigma (St Quentin, Fallavier). Intercellular
communication via gap-junctions was deter-
mined by using Lucifer yellow dye (Sigma
Aldrich, St Louis, MO, USA) among the three
groups: 1. a pair of SAN cells, 2. Tbx18-c-kit*
cMSCs and canine atrial cells, 3. EYFP-c-kit*
cMSCs and canine atrial cells. Briefly, on the
basis of perforated whole-cell patch clamp
(group 1) or whole-cell patch clamp (group 2
and 3) recording, the 0.1% Lucifer yellow dye
pre-incorporated into the internal solution was
loaded into a SAN cell or target cell, which was
identified by one cell of the pair expressing |,
currents and EYFP (group 2) or EYFP alone
(group 3), and the number of coupled cells was
determined after a 5-min dye transfer.

Statistics

The data are presented as the means + stan-
dard error of the mean (SEM) and were ana-
lyzed by using SPSS (version 25; SPSS Inc.,
Chicago, IL, USA). Statistical comparisons
among multiple groups were estimated by one-
way analysis of variance with Dunnett’s T3 test.
Curve fitting was performed by using Origin
(version 9.1; Originlab Corp., Northampton,
USA). Values of P < 0.05 were considered sta-
tistically significant.

Results

Representative flow cytometry method for c-
kit* cMSCs sorting and identification

First, flow cytometric live cell sorting was used
to separate c-kit* from c-kit cells. Sorting setup
and appropriate gating were established, and
post-sort analysis indicated a purity of c-kit*
cells > 90% with minimal cell death (< 10%,
Figure 1A, 1B). The cMSCs have chondroge-
nic, osteogenic and adipogenic lineages differ-
entiation ability, expression of CD29, CD44 and
absence of hematopoietic (stem) cell markers
CD34, CD45 and CD133 [8]. Flow cytometry
analysis of the gated c-kit* cells showed the
characteristic of MSCs (Figure 1C-E).

Demonstration of gene transfer
At 48 hours after transfection, the infect-

ed cMSCs exhibited yellow fluorescence. The
transfection rates of pLV-hTbx18-EYFP-c-kit*
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Figure 1. Sorting and identification
of c-kit" cMSCs. (A/P1) Drawing an
appropriate gate to exclude the dead
or clustered cells. (A/P2) Gate was
drawn using negative control. (B/P2)
After sorting, the percentage of c-kit-
positive cells was 91.25%. (C-E) Next,
flow cytometry analysis of the gated c-
kit* cells revealed the high expression
of cMSC markers CD29 (higher than
99%, n = 3), CD44 (higher than 99%,
n = 3) and the absence of CD45 (lower
than 2.55%, n = 3).

designed TBX18 primer bas-
ed on detection of the TBX18
gene in Thx18-c-kit* cMSCs.

Electrophysiological effects
of Tbx18 overexpression in
c-kit* cMSCs under co-culture
conditions

After co-culture with canine
atrial cells for three days,
the electrophysiological char-
acteristics were tested. |, cur-
rents were evaluated in Thx-
18 overexpression after-sort-
ing c-kit* cMSCs, which were
compared with SAN cells by
using the whole-cell patch-
clamp technique. EYFP-c-kit*
cMSCs served as a control.
From a holding potential of
-30 mV to voltages ranging
from -40 to -160 mV in -10
mV increments (Figure 3A),
Tbx18-c-kit" cMSCs elicited
time and voltage dependent
hyperpolarization-activated
inward currents which revers-
ible blocked by Cs*, a specific
I, blocker (Figure 3B). No typi-
cal | currents were recorded
from EYFP-c-kit" cMSCs (Fig-
ure 3C). Current-voltage (I-V)
relationships of | (Figure 3D)
showed that the current den-
sity of Tbx18-c-kit" cMSCs
and SAN cells was 5.7+0.3
pA/pF (n = 22) and 7.5%+0.3
pA/pF (n = 18) at -120 mV,
and 7.61£0.1 pA/pF (n = 22)
and 9.4+0.1 pA/pF (n = 18) at
-160 mV. Differences in the
current density at same volt-
age reached statistical signi-
ficance (P < 0.05 for each).
The data of these different
cells showed lower values
than those reported for SAN

cells from small animals, such as rabbits (10+
4.8 pA/pF) [25] and mice (18+2 pA/pF) [26].
Similar to the currents measured in isolated
human SAN cells (~6 pA/pF) [27], the relatively
lower I, density contributes to the slower heart
rate which is the characteristic of large ani-
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Figure 2. Verification of hTbx18 overexpression in Tox18-EYFP-c-kit* cMSCs.
Laser confocal microscopy of c-kit* cMSCs after transfection. The c-kit* c-kit*

statistical significance (-82.5+
4.6,n=22vs.-77.2+6.3 mV,
n = 18; P < 0.05), but the k
did not (-7.7£0.4, n = 22 vs.
-8.1+0.2 mV, n = 18; P =
0.573). The voltage depen-
dences of the fully activated
currents were assessed by
immediately measuring the
tail current amplitudes when
depolarizing cells ranging
from -150 to +20 mV, after
hyperpolarizing the same
cells to -150 mV (Figure 3F).
When the voltage pulse devi-
ated the equilibrium poten-
tial of I, the voltage-gated
channel has not yet closed
and currents instantaneously
reverse the flowing direction.
The Tbx18-EYFP-c-kit* cMSCs
elicited typical voltage depen-
dence | currents (Figure 3G).
Linear regression, which cal-
culated the average reversal
potential, showed that Tbx18-
cMSCs have a more

cMSCs were transfected with pLV-hTbx18-EYFP (A) and pLV-EYFP (B), as evi-

denced by the expression of yellow fluorescence. Scale bar: 75 um. (C) Re-
verse transcription (RT)-polymerase chain reaction (PCR) further confirmed
hTbx18 overexpression in Tbx18-EYFP-c-kit* cMSCs. EYFP-c-kit* cMSCs were
used as a control. Lane M is a DL 500 ladder marker. The length of the am-

plicons for lane Thx18 was 251 bps.

mals. Thx18-EYFP-c-kit* cMSCs laid the foun-
dation for future use of large animals in vivo
research. We further constructed regression
models by using I, currents (I) and testing volt-
age (V). The trend of typical I_currents in Thx18-
EYFP-c-kit* cMSCs and SAN was highly similar,
which reached statistical significance (I =
-89.368 + 82.306 V - 19.975 V2 + 0.868 V3,
F = 693.056, Sig. < 0.01, R = 0.983 vs. | =
-110.892 + 102.927 V - 26.637 V2 + 1.204 V3,
F = 649.977, Sig. < 0.01, R? = 0.982). The acti-
vation characteristic of the | voltage-gated
channel was evaluated from tail currents, which
were normalized to the maximum value, plotted
as the reaction of preceding hyperpolarizing
potential, and fit with a Boltzmann equation to
gain the midpoint activation voltage (VM) and
slope factor (k) for Thx18-EYFP-c-kit* cMSCs
and SAN cells (Figure 3E). The differences of
Vi/2 between these two types of cells reached
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positive potential compared
with SAN cells (-18.41+1.2
mV,n=12vs.-23.19+1.6 mV,
n = 10; P < 0.05) (Figure 3H).
We further studied the activa-
tion and deactivation time
constants of I in Tbx18-EYFP-c-kit" ¢cMSCs.
Fitting current traces to a monoexponential
function, we observed that the activation time
constant ranged from 660+27 ms at -120 mV
to 1880+£103 ms at -80 mV, and the deactiva-
tion time constant was 1000499 ms at -70 mV
to 210419 ms at -40 mV (Figure 3I). We also
evaluated the effects of B-adrenergic stimula-
tion on I current activation, which simulated
the acute sympathetic nerve activity in Thx18-
c-kit* ¢cMSCs (Figure 3J). Given 3-umol/L iso-
proterenol, the average activation time of |
(upon steps to -120 mV) decreased by 26+2%
(n = 8). Additionally, the V1/2 was shifted approx-
imately 6.1 mV (from -84.9+5.6 to -78.8+4.8
mV, n = 8; P < 0.05) toward the direction of de-
polarization. The data from both experiments
showed that | activation was remarkably accel-
erated after administration. However, the slope
was not notably varied (from -7.6+0.4 to -7.7+
0.3 mV, n =8; P=0.862) (Figure 3K).

Am J Transl Res 2018;10(8):2511-2528
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Figure 3. Functional expression of | in Tbx18-EYFP-c-kit" cMSCs. (A) Voltage pulse protocol to elicit currents and
evaluate activation properties of |. (B) Representative |, traces (top-to-bottom) recorded from a Thx18-EYFP-c-kit*
cMSC before, during and after 5 mmol/I Cs*. (C) EYFP-c-kit* cMSCs did not record any currents. (D) Current voltage
(I-V) relationship of I in Tbx18-EYFP-c-kit* cMSCs and canine SAN cells. Data are presented as the means + SEM. *P
< 0.05 vs. SAN; **P < 0.01 vs. SAN. (E) Normalized tail currents of Tbx18-EYFP-c-kit* cMSCs, which were compared
with SAN cells used to construct the | activation curves. Solid lines are the Boltzmann equation fit to the data. Data
are presented as the means + SEM. (F) Voltage pulse protocol to measure deactivation properties of I.. (G) Typical
tail current traces of If in Tbx18-EYFP-c-kit* cMSCs. (H) |-V relationships of the fully activated If in Tbx18-EYFP-c-kit*
cMSCs and SAN cells. Solid lines are the linear fit to the different current traces under corresponding test voltage.
Data are presented as the means + SEM. (l) Time constants of (de)activation in Tbx18-EYFP-c-kit* cMSCs. Solid line
is currents elicited from activation (A) and deactivation (F) voltage pulse protocols, fit to the equation t = 1/[A1 %
exp (-V/B1) + A2 x exp (V/B2)], where 1 is the activation or deactivation time constant, and A1, A2, B1, and B2 are
evaluated fitting parameters [58]. (J, K) Effects of isoproterenol on the activation of I, in Tox18-EYFP-c-kit* cMSCs.
(J) Characteristic |, traces elicited by a step pulse to -160 mV from holding potential of -30 mV, followed by a step
to +20 mV in the absence and presence of 3 umol/L isoproterenol (ISO). (K) Shifts of |, activation by isoproterenol.

Data arepresented as the means + SEM.

Thx18 overexpression in c-kit* cMSCs upregu-
lates SAN markers expression

The unique characteristic of cardiac pacemak-
er cells is the expression of hyperpolarization-
activated cyclic nucleotide-gated channels
(HCN channels), “funny channels” (l,), which
play critical roles with respect to the spontane-
ous 4 phase diastolic depolarization and the
initiation of the normal heartbeat [28]. In the
present study, Tbx18 overexpression led to a
12-fold increase in HCN4 protein levels in c-
kit" cMSCs (n = 3, Figure 4C). The difference
of HCN4 protein levels between Tbx18-c-kit*
cMSCs and SAN cells did not reach statistical
significance (n = 3, P = 0.056, Figure 4C).
Inward rectifier K* channel (Kir2.1) is responsi-
ble for the maximum diastolic potential of slow-
reaction automatism frequency cells; thus, our
research demonstrated that Kir2.1 mRNA was
downregulated in Tbx18-c-kit" cMSCs compar-
ed with EYFP-c-kit* cMSCs, and the difference
was statistically significant (n = 3; P < 0.01,
Figure 4B). Although the difference was obser-
ved between Tbx18-c-kit" cMSCs and SAN cells
(n=3; P<0.05, Figure 4B), Tbx18-c-kit" cMSCs
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differentiated toward SAN cells. Additionally,
the native pacemaker current exhibits auto-
nomic responsiveness to both adrenergic and
cholinergic agonists. Electrophysiological tests
of native SAN channels and cloned channels
demonstrated that acetylcholine and catechol-
amines shift the |_activation curve toward neg-
ative and positive directions along the voltage
axis [29, 30], and the negative phenomenon is
due to the inhibition of adenylate cyclase, while
the positive phenomenon primarily results from
the direct binding of cyclic AMP (CAMP) with the
HCN channel protein (CNBD) [31]. Increased
levels of cCAMP can activate both the I channel
and the cAMP-dependent protein kinase A sys-
tem (PKA)-mediated phosphorylation of phos-
pholamban (PLB), which enhances the activa-
tion kinetics of intracellular and cell-surface
proteins, resulting in generating robust rhyth-
mic action potentials [32].

The present study showed that the intracellular
CcAMP level of Tbx18-c-kit* cMSCs was remark-
ably higher than that of EYFP-c-kit* cMSCs,
reproducing the higher intracellular cCAMP level
exhibited in SAN cells (n = 3; P < 0.01, Figure

Am J Transl Res 2018;10(8):2511-2528
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Figure 4. Tbx18-c-kit* cMSCs re-
capitulate the critical features
of genuine SAN pacemakers. A.
Intracellular cAMP level of Tbx-
18--c-kit* cMSCs was significantly
higher compared to EYFP--c-kit*
cMSCs (n = 3), reproducing the
higher intracellular cAMP level
observed in SAN cells (n = 3).
Data are presented as the me-
ans = SEM. **P < 0.01 vs. EYFP-
-c-kit* ¢cMSCs; ***P < 0.001 vs.
EYFP-c-kit* ¢cMSCs. B. Relative
MmRNA levels of Cx45, Kir2.1,
PLB, a-actinin comparing Tbx18-
-c-kit* ¢cMSCs and SAN cells nor-
malized to EYFP--c-kit"* cMSCs,
respectively. Tbx18--c-kit* cMSCs
show similar pattern of normal-
ized transcript levels of SAN
cells. Similar results were ob-
tained in 3 independent experi-
ments, each experiment was per-
formed with cells isolated from
> 3 wells from a 6-well plate. Data
are presented as the means *
SEM. *P < 0.05 vs. EYFP--c-kit*
cMSCs or SAN cells; **P < 0.01
vs. EYFP--c-kit* cMSCs; ***P <
0.001 vs. EYFP-c-kit* cMSCs. C.
HCN4, Cx45, PLB, p-PLB, a-actinin
protein expression levels were
detected by using western blot
analysis. Similar results were
obtained in 3 independent ex-
periments, and each experiment
was performed with cells isolat-
ed from the 6 wells of a 6-well
plate. Data are presented as the
means + SEM. ***P < 0.001 vs.
EYFP--c-kit* cMSCs or SAN cells.
D. Cx45 immunofluorescence
image (Cx45-red, nuclei-blue) of
SAN cells (upper, left), Tox18-c-
kit* cMSCs (upper, right) and EY-
FP--c-kit* cMSCs (bottom). Scale
bar: 25 ym.

4A). This result is consistent
with the findings of Vinogra-
dova [33]. We also evaluated
the special features of cardi-
ac myocytes in Tbx18-c-kit*
cMSCs: PLB combined with
the sarcoplasmic reticulum
Ca?* ATPase (SERCA) inhibits
the pumping of free calcium
into the sarcoplasmic reticu-
lum in a non-phosphorylat-
ion state; phosphorylation of
phospholamban (p-PLB), ph-
osphorylation state of phos-

Am J Transl Res 2018;10(8):2511-2528
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Figure 5. Dye diffused into neighboring atrial cells. (A) The 0.1% Lucifer yellow dye was loaded into Tbx18-EYFP--c-
kit* cMSCs (fluorescent cell, I, currents expression, n = 6), (B) a SAN cell (I, currents expression, n = 3) and (C) an
EYFP--c-kit* cMSC (fluorescent cell, n = 6) respectively. After the 5-min dye transfer, (A) two adjacent atrial cells are
displayed, (B) one adjacent cell was displayed, and (C) the dye did not diffuse into any adjacent atrial cells. Scale

bar =20 um.

pholamban; a-actinin, a microfilament protein
found in skeletal muscle cells and smooth
muscle cells. The present results showed that
the overexpression of Tbx18 significantly incre-
ased the expression of PLB, p-PLB and a-actinin
at the mRNA and protein levels (n = 3; P < 0.05,
Figure 4B, 4C) and the changes toward SAN
cells. Electrical propagation in the heart is
mediated by gap junctions, aggregates of trans-
membrane channels composed of connexins
[34]. Twenty-one connexins in the human geno-
me have been identified so far, four of which,
connexin 43 (Cx43), Cx40, Cx45 and Cx37, are
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differently expressed in cardiac tissues and
transfer distinctive passive electrical signals
to different regions of the heart [35]. Cx45 is
preferentially expressed in SAN cells and can
assemble gap junction channels with low con-
duction [34]. The present study demonstrated
that Cx45 mRNA was upregulated in Tbx18-c-
kit" cMSCs compared with that in EYFP-c-kit*
cMSCs, and this difference was statistically sig-
nificant (n = 3; P < 0.05, Figure 4B). In protein
expression, Thx18-c-kit" cMSCs resembled na-
tive SAN cells, which had strong positive Cx45
expression and led to a 5.6-fold increase of

Am J Transl Res 2018;10(8):2511-2528
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Cx45 compared to EYFP-c-kit" cMSCs (n = 3,
Figure 4C, 4D upper right).

Gap-junctional intercellular communication
under co-culture conditions

We further investigated whether Tbx18-EYFP-
c-kit® cMSCs had established gap-junctional
coupling with the neighboring atrial cells by
using the dye transfer method. The target cell
was identified through fluorescent in the dark
field and expressing | currents (Tbx18-EYFP-
c-kit* cMSC) or fluorescent in the dark field
(EYFP-c-kit" cMSC). After 5 minutes of dye dif-
fusion, two neighboring atrial cells of a Tbx18-
EYFP-c-kit* cMSCs were also fluorescent (Fig-
ure 5A), whereas no neighboring atrial cells
of EYFP-c-kit" cMSCs were fluorescent (Figure
5C). A SAN cell was identified by configuration.
The internal solution containing 0.1% Lucifer
yellow dye was loaded to make one SAN cell of
the pair fluorescent. After 5 minutes of dye dif-
fusion, the other cell of this pair was also fluo-
rescent (Figure 5B).

Discussion

The present study successfully induced c-kit*
cMSCs differentiation into SAN-like pacemaker
cells by overexpressing the transcription factor
Tbx18, which represses working myocardium
gene expression and initiates the SAN program.
Unlike EYFP-c-kit* cMSCs, Thx18-c-kit* cMSCs
have similar major distinctive characteristics of
native canine SAN cells with respect to electro-
physiological properties and gap connexin ex-
pression profiles. When co-cultured with canine
atrial cells, Tbx18-c-kit" cMSCs recorded func-
tional I, currents and formed dye coupling with
adjacent atrial cells.

An ideal biological pacemaker not only posse-
ss robust and sustained automaticity, but can
also integrate with neighboring atrial cells to
construct an effective syncytium. Cardiomyo-
cyte and vasculature regeneration depend on
the function of the c-kit receptor, which is
expressed on bone marrow stemcells and are
identified as cardiac stem cell [14, 36]. The pro-
angiogenic milieu may facilitate the function of
the pacemaker, and c-kit* cMSCs are a heart-
specific MSC population with cardiovascular
commitment potential, which is why we adopt-
ed c-kit" cMSCs in favor of cMSCs. During car-
diogenesis, a complicated net of transcriptional

2523

factors regulates the primitive myocytes spe-
cialized to ventricular, atrial, and pacemaker
fates. Upstream of these factors is Tbx18,
which induces SAN-specific conversion [17,
37]. The Thx18 protein has a conserved DNA-
binding region and a conserved interaction
domain for other transcription factors [38]. An
elegant study showed that only a single Tbx18
suffices for the direct conversion of quiescent
cardiomyocytes to pacemaker cells without
additional cytokines [39]. In the present study,
c-kit*-cMSCs were first sorted and then trans-
fected with lentiviral pLV-hTbx18-yellow fluo-
rescent protein; c-kit*-cMSCs transfected with
lentiviral pLV-yellow fluorescent protein served
as a control group. At 48 h after transfection,
yellow fluorescent expression was observed in
> 90% of both infected cells. Additionally, RT-
PCR verified the TBX18 gene expression in
Tbx18-EYFP-c-kit" cMSCs. For better compari-
son between Thx18-EYFP-c-kit* cMSCs and na-
tive SAN cells, we isolated and cultured canine
SAN cells simultaneously as a positive control
group.

At 4 days after transfection, we selected sev-
eral critical features of SAN cells to compare
the differences among Thx18-c-kit*-cMSCs,
c-kit"-cMSCs and SAN cells at the mRNA and
protein levels. The difference of relative mRNA
level of Kir2.1 between Thx18-c-kit* cMSCs and
SAN cells was significant. Compared solely with
YFP-transfected c-kit*-cMSCs, both Thx18-tra-
nsfected c-kit'-cMSCs and canine SAN cells
have significantly lower relative mRNA levels of
Kir2.1. Tbx18-transfected c-kit"-cMSCs have
less |, channels, and bear smaller negative val-
ues of maximum diastolic potential compared
with EYFP-c-kit" cMSCs. In the heart, |, plays a
critical role in maintaining resting potential and
determining the shape of the terminal phase
of repolarization, which governs the automatic-
ity of the pacemaker. The down-regulation of
hyperpolarizing current |, was one approach
to build a gene-based biological pacemaker.
Miake and colleagues converted a quiescent
ventricular preparation to a spontaneous depo-
larization biological pacemaker through reduc-
ing the outward current |, ,. These authors were
the first to use an ion channel method and the
isolated Kir2.1-suppressed transduced cells,
showing 4-phase spontaneous depolarization.
However, the major problem of this strategy
was the prolongation of the QT interval showing
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that the modification of the ion channel was not
the best target [40]. The faithful recapitulation
of the sophisticated pacemaker is more compli-
cated. A further special feature of SAN cells is
the expression of hyperpolarization-activated
cyclic nucleotide-gated channels (HCN chan-
nels), “funny channels” (I,), which is one type of
inward current important for the membrane
potential depolarization of SAN cells. Four me-
mbers of the hyperpolarization-activated cyclic
nucleotide-gated gene (HCN1-4) family encode
funny channels, which have different features
in activation kinetics and cAMP sensitivities.
The isoform HCN4 is most widely present in
the SAN of lower mammals and humans, and
HCN1 and HCN2 can also be detected, but at
extremely low levels in different species. SAN
cannot detect HCN3 [22, 41-44]. HCN4 knock-
out mice and human HCN4 mutations showed
that HCN4 is indispensable during heart for-
mation and is also important for pacemaker
rhythm maintenance [22, 45-48]. In the pres-
ent study, HCN4 protein expression was detect-
ed in Thx18-c-kit* cMSCs, and the difference
of HCN4 protein expression between Thx18-c-
kit cMSCs and SAN cells did not reach statisti-
cal significance (P = 0.056, n = 3). The voltage
amplitude and second messenger pathway col-
laboratively manage the opening of HCN chan-
nels. Molecular studies have revealed the pres-
ence of a cyclic nucleotide-binding domain
(CNBD) in the C-terminal of the HCN gene
family. The cAMP binding HCN channel directly
controlled channel function [49]. The present
study found that the intracellular cAMP level of
Thx18-c-kit* ¢cMSCs was notably higher than
that of EYFP-c-kit* cMSCs, and increased [3-
adrenergic stimulation shifted the activation
curve of I currents in Tbx18-c-kit" cMSCs
towards positive direction along the voltage
axis, showing the autonomic agonists respon-
siveness. The a-actinin mRNA expression was
upregulated, and protein expression was de-
tected in Tbx18-c-kit" cMSCs displaying car-
diac myocyte differentiation potential. PLB is a
transmembrane protein located on the sarco-
plasmic reticulum of cardiac myocytes. This
protein is phosphorylated, and p-PLB relieves
the inhibition effect on sarcoplasmic reticulum
Ca?*-ATPase (SERCA), thereby facilitating the
reuptake of Ca2* by internal stores [50]. PLB
MRNA expression was upregulated, and pro-
tein expression was detected in Thx18-c-kit*
CMSCs. Interestingly, we found that the p-PLB
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protein expression in Tbx18-c-kit" cMSCs was
higher than the PLB protein expression. We
speculated that the elevated cAMP level refle-
cted the lower association between SERCA and
PLB through the phosphorylation of PLB by
PKA. Another critical feature of SAN cells is the
expression of Cx45 protein, and gap junctions
can form communication channels between
adjacent cells to enable the intercellular trans-
fer of ions, small molecules and electrical im-
pulses. Although there was a difference in the
Cx45 protein expression between Tbx18-c-kit*
cMSCs and SAN cells, the protein level was 5.6-
fold higher than that in EYFP-c-kit* cMSCs.

Under co-culture conditions, we evaluated the
characteristics of typical | elicited in Tox18-c-
kitt cMSCs compared with that of SAN cells. In
the dark field, Tbhx18-c-kit* cMSCs and EYFP-c-
kit" cMSCs can be easily identified and exam-
ined by using the whole-cell patch clamp tech-
nique. We tested the activation and deactiva-
tion properties of | currents recorded in Tox18-
c-kit* cMSCs under different voltage protocols.
The |, density of Tbx18-c-kit* cMSCs and canine
SAN cells was alike and represented the char-
acteristic of | obtained in large animals.
Regression models demonstrated the trend of
I currents in Thx18-c-kit" cMSCs and canine
SAN cells was highly similar. Compared with
native canine SAN cells, the V1/2 of Thx18-c-kit*
cMSCs was more negative and the average
reversal potential was more positive. Applying
sympathomimetic amines, the activation curve
of Thx18-c-kit* cMSCs was shifted right along
the voltage axis and the activation time was
shortened accordingly. Previous studies have
shown that the reproduction of the precise
native kinetic and modulatory properties of
native | channels failed by the heterologous
expression of HCN isoforms. HCN4 heteromers
can generate | currents approaching those of
native SAN If channels, but these currents do
not display identical voltage dependence on
activation properties [51]. The Vl/2 of same
HCN isoform was -76 mV and -96 mV in neona-
tal and adult ventricle myocytes, respectively,
and this difference was not small [24].

In the present study, we showed that endoge-
nous | channels generated from induced
Thx18-c-kit* cMSCs have similar current densi-
ties and B-adrenergic stimulation responsive-

ness to SAN cells, but do not have precisely the
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same properties. We thought this difference
resulted from two aspects: 1) additional modu-
latory elements, such as protein-protein and
protein-phospholipid interactions, along with
modulatory cytoplasmic factors that modulate
. current. Thus, context dependence is impor-
tant [52]. 2) The | channel is not a mature chan-
nel; it is in the early stage of differentiation.
Although the current density is smaller and the
reversal potential is more positive, this I, chan-
nel has almost the complete features of native
canine | channels. We further assessed gap-
junctional coupling between Tbx18-c-kit" cM-
SCs and atrial cells by using the dye transfer
method. Gap junction channels consist of two
hemichannels (connexons) oligomerized from
connexin (Cx) proteins, which are formed by 21
distinct isoforms. The formation patterns have
homotypic (same Cx isotype in both hemichan-
nels), heterotypic (hemichannels differ in Cx
isotypes) and heteromeric (different Cx iso-
types in at least one hemichannel) channels.
Experimental evidence shows that three con-
nexins, Cx40, Cx43 and Cx45, are expressed in
the myocytes of distinct regions of the heart
tissue. Cx43 is abundantly expressed in atria
and ventricles, while Cx45 is mostly restricted
to SAN cells. Heterotypic Cx43/Cx45 are res-
ponsible for the action potential propagation
from the SAN cells to atrial myocytes, while
Cx40 cannot form functional heterotypic gap
junction channels with Cx45 [34, 53]. In the
present study, by using SAN cells expressing
homotypic channels with Cx45, and Tbx18-c-
kit cMSCs in co-culture with atrial cells expre-
ssing heterotypic channels with Cx43/Cx45, we
counted the number of fluorescent cells dye
loaded into the target cells after 5 minutes.
Although different connexin channels have dif-
ferent permeabilities, Lucifer yellow passes
through all connexin channels [54]. Thus, we
compared the permeability of gap junctions
comprised of different connexins by using
Lucifer yellow. The critical electrical cell-cell
coupling between heterologous cell pairs was
observed within 24 to 36 h, enabling this pair to
function as a pacemaker unit [55]. These data
were obtained after 3 days under co-culture
conditions. No neighboring atrial cell of an
EYFP-c-kit" cMSC was fluorescent, indicating
that no or few gap junction channels were
formed. Gap junction coupling conductance
(Gj) is quantitatively determined by three fac-
tors: GJ. =N x y, X P the number of functional

open’
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gap junction channels (N), the unitary channel
conductance (vj) and the gap junction channel
open probability (Popen). Vj-gating is a general
feature for all characterized gap junction chan-
nels. Previous studies have shown that the Y, of
Cx45 gap junctions is lower than those formed
by Cx40 or Cx43, and Cx43/Cx45 gap junction
channels have faster V-gating kinetics than
Cx45/Cx45 gap junction channels [56, 57]. The
present study showed that more adjacent cells
of Tbx18-c-kit* cMSCs were fluorescent than
those of SAN cells after 5 minutes of dye diffu-
sion under co-culture conditions, consistent
with the findings of the previous experiments.
In conclusion, we expressed a gene critical for
early SAN specification in c-kit" cMSCs to con-
struct faithful biological replicas of rare SAN
cells. The results showed that c-kit* cMSCs
were effectively transfected by a lentiviral vec-
tor encoding a human Tbx18 (hTbx18) gene
and a yellow fluorescent protein (YFP) gene,
and these c-kit* cMSCs were capable of ex-
pressing hTbhx18. The overexpression of Tbx18
in c-kit" cMSCs could generate functional | cur-
rents, sensitively respond to autonomicnerve
modulations and obtain other epigenetic fea-
tures of SAN cells. Under co-culture conditions,
Tbx18-c-kit" ¢cMSC can form functional gap
junction channels with atrial cells. To our knowl-
edge, the present study is the first report des-
cribing hTbx18 transfected c-kit*-cMSCs co-
cultured with canine atrial cells to examine
their differentiation fate compared with that of
canine SAN cells. These findings lay the grou-
ndwork for future studies investigating cell-
based biological pacemakers in vivo.
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