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Orlandi A, Pagani F, Avitabile D, Bonanno G, Scambia G,
Vigna E, Grassi F, Eusebi F, Fucile S, Pesce M, Capogrossi MC.
Functional properties of cells obtained from human cord blood
CD34™" stem cells and mouse cardiac myocytes in coculture. Am J
Physiol Heart Circ Physiol 294: H1541-H1549, 2008. First published
January 25, 2008; doi:10.1152/ajpheart.01285.2007.—Prior in vitro
studies suggested that different types of hematopoietic stem cells may
differentiate into cardiomyocytes. The present work examined
whether human CD34% cells from the human umbilical cord blood
(hUCB), cocultured with neonatal mouse cardiomyocytes, acquire the
functional properties of myocardial cells and express human cardiac
genes. hUCB CD347" cells were cocultured onto cardiomyocytes
following an infection with a lentivirus-encoding enhanced green
fluorescent protein (EGFP). After 7 days, mononucleated EGFP™*
cells were tested for their electrophysiological features by patch clamp
and for cytosolic [Ca®*] ([Ca®*];) homeostasis by [Ca®*]; imaging of
X-rhodl-loaded cells. Human Nkx2.5 and GATA-4 expression was
examined in cocultured cell populations by real-time RT-PCR.
EGFP* cells were connected to surrounding cells by gap junctions,
acquired electrophysiological properties similar to those of cardiomyo-
cytes, and showed action potential-associated [Ca®*]; transients.
These cells also exhibited spontaneous sarcoplasmic reticulum
[Ca®"]; oscillations and the associated membrane potential depolar-
ization. However, RT-PCR of both cell populations showed no up-
regulation of human-specific cardiac genes. In conclusion, under our
experimental conditions, hUCB CD34" cells cocultured with murine
cardiomyocytes formed cells that exhibited excitation-contraction
coupling features similar to those of cardiomyocytes. However, the
expression of human-specific cardiac genes was undetectable by
RT-PCR.

functional differentiation

IN A PIVOTAL STUDY ON bone marrow (BM)-derived stem cell
transplantation into the infarcted murine heart, the ability of
these cells to differentiate into myocardial cells and improve
left ventricular function was shown (37). That result led to the
hypothesis that BM-derived c-kit" cells can acquire the fea-
tures of heart cells according to a transdifferentiation mecha-
nism. Since then, a number of in vivo studies has convincingly
confirmed the initial results (3, 11, 22, 23, 48). Proofs in favor
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of the direct differentiation of hematopoietic stem cells (HSCs)
into cardiac myocytes came from studies reporting the anti-
genic characterization of BM-derived stem cells after an injec-
tion into animal models of myocardial infarction (MI) (23, 37,
38) or the analysis of the chimerism of the heart in humans (41)
or rats (46) that had undergone sex-mismatched heart trans-
plantation. However, other in vivo studies failed to confirm the
BM-derived stem cell ability to differentiate into cardiomyo-
cytes. Evidence against the in vivo differentiation of HSCs
showed that either HSCs grafted into the murine heart do not
exhibit cardiac myocyte features (5, 34) or that HSCs do
acquire features of cardiac myocytes only through fusion to
surrounding myocytes (2, 21, 36). The contrasting results on
the ability of HSCs to differentiate into myocardial cells in
vivo have led to a heated debate on the mechanisms underlying
the beneficial effects of stem cell therapy of heart disease in
both animal models and humans.

Although some of the positive in vivo studies on HSC
differentiation into myocardial cells have rigorously addressed
and excluded potential artifacts (3), it is still unclear whether
HSCs can differentiate into myocardial cells in vitro. In several
studies, HSCs were cocultured with myocardial cells but fusion
was not excluded (16, 26, 31, 49). It is noteworthy that the
possibility that cell fusion may create artifacts was raised only
in 2002 (44, 47), i.e., at a time when in vitro studies had
already been published or were in the process of being pub-
lished and had already claimed that some cell types cocultured
with myocardial cells had transdifferentiated into cardiomyo-
cytes (4, 10, 20). For instance, Badorff et al. (4) reported that
human peripheral blood endothelial progenitor cells (EPCs)
cultured with rat neonatal cardiac cells differentiated into
functional cardiomyocytes (4). However, these results have
been recently questioned by another group using similar ex-
perimental conditions (17). Furthermore, most in vitro studies
were limited to the evaluation of myocardial markers expres-
sion and did not examine whether HSCs had acquired myo-
cardial functional properties as well (7, 16, 26, 40). Therefore,
it remains to be convincingly shown that HSCs can differen-
tiate into functional myocardial cells in vitro.

The costs of publication of this article were defrayed in part by the payment
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in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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The objective of the present work was to establish whether
the CD34™ cell fraction from the human umbilical cord blood
(hUCB), which our laboratory (39) and others (25, 30, 45) have
shown to contain a myoendothelial stem cell population, is
capable of acquiring myocardial functional phenotype in co-
culture with cardiomyocytes.

MATERIALS AND METHODS

Isolation and culture of CD34™ cells. The collection of human cord
blood was performed upon written consent by mothers and in com-
pliance with the Helsinki declaration. h(UCB was recovered in EDTA-
containing bags immediately after delivery and processed for CD34™
cells magnetic cell sorting. After isolation, CD34™ cells were seeded
in 96 wells (BD Biosciences, Falcon, San Jose, CA) and expanded for
2 to 3 days in a serum-free medium (Stem Span; Stem Cell Technol-
ogies, Vancouver, Canada) supplemented with (in ng/ml) 100 flt-3
ligand, 100 stem cell factor, 20 IL-3, and 20 IL-6 (all, Stem Cell
Technologies) as described (12).

Plasmids, vector production, and CD34" cells transduction. The
third-generation packaging constructs pMDLg/pRRE and pRSVRev
pMD.G-VSV-G, the VSVG envelope-encoding plasmid pMD.G, and
the self-inactivating transfer vectors pCCL.SIN.cPPT.hPGK.EGFP.
WPRE were used as the enhanced green fluorescent protein (EGFP)-
labeling system. For further details about lentiviral vector preparation
and CD34™ cell infection, see the supplemental material. CD34%/
EGFP™ cells were cocultured for 7 days onto cardiomyocytes in
MEM containing 10% FCS. After this period, cocultured cells were
either analyzed in functional studies or processed for RNA extraction.

Isolation and culture of mouse neonatal cardiac myocytes. The
health care of mice used for cardiac myocytes experiments was
maintained according to National Institutes of Health guidelines.
Neonatal cardiomyocytes were isolated from 1- to 2-day-old Swiss
CD-1 as previously described (4).

Ca?™ transient recordings. Free intracellular [Ca?*] ([Ca%*];)
imaging recordings were obtained in cells loaded with the Ca**
indicator X-rhod-1 AM.

Dye transfer experiments. The red fluorescent tracer Alexa Fluor
594 hydrazide was used in dye transfer experiments.

Real-time RT-PCR. Real-time RT-PCR with human- and mouse-
specific primers was used to determine human cardiac genes expres-
sion.

For more information on fluorescent-activated cell sorting (FACS)
analysis, patch-clamp recordings, Ca®>" transient recordings, dye
transfer experiments, and real-time RT-PCR, see the supplementary
material provided with the online version of this article.

Statistical analysis. Cell culture experiments and FACS analyses
were performed in triplicate in at least three different experiments.
Patch-clamp data were sampled and analyzed using pCLAMP 9.0
(Axon Instruments). Significance was calculated by Student’s t-test
using Microsoft Excel software. A P of <0.05 was taken to indicate
statistical significance. All results are given as means *= SE.

RESULTS

Choice of viral vector. In previous reports using coculture
systems, stem cells have been labeled using dyes such as
1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine ~ perchlo-
rate (4, 26). The use of lipophylic dyes may cause, although
infrequently, the loading of cells cocultured with stem cells,
thereby raising doubts about the origin of the labeled differen-
tiated cells in coculture. To avoid this problem, we genetically
labeled hUCB CD34™" using a lentivirus carrying the EGFP
expression cassette; the transduction efficiency was 70—80%
as previously reported (1). To have the definitive proof that no
cross infection occurred by lentivirus still present in the me-

FUNCTIONAL PROPERTIES OF CD34" STEM CELLS IN COCULTURE

dium used for the final washing of the stem cells, we incubated
cardiac myocytes with this medium, in the absence of CD347"
cells, and no EGFP* cardiomyocytes were found after 1 wk
(not shown). It is noteworthy that when this experiment was
performed with a replication-deficient adenovirus vector car-
rying the EGFP expression cassette and CD34" cells were
infected with 500 multiplicity of infection, it was not possible
to completely avoid viral vector contamination of the condi-
tioned medium up to 2 days after infection and after three
washings, as shown by the ability of the conditioned medium
of these cells to infect other cells (data not shown). This artifact
would have led to the presence of EGFP™ cardiomyocytes in
coculture and to the erroneous conclusion that CD34* trans-
differentiation into functional myocardial cells had occurred.
Since this problem can be an important cause of artifact, in the
present work a lentiviral vector was used to ensure that all
EGFP* cells represented hUCB-derived CD34* cells.

Morphology and passive electrophysiological properties of
CD34"/EGFP™ cells cocultured onto mouse neonatal cardiac
myocytes. During the first days in coculture, EGFP™ cells
remained essentially round, but thereafter some of them firmly
adhered to cardiac myocytes and acquired an elongated mor-
phology, as previously described for mouse c-kit™ cells (27).
At 1 wk of coculture, some EGFP™ cells exhibited contractions
in synchrony with surrounding EGFP~ cells. Contractions
were never observed in EGFP™ cells that did not come in firm
contact with surrounding cardiac myocytes.

To assess the functional differentiation of EGFP™ cells, we
first analyzed their passive electrical properties, specifically the
membrane capacitance (Cy,), which provides a measure of the
cell surface, and the resting potential (V;). In coculture, the C,
of the EGFP™ cells increased (Table 1). Based on the fitting of
the capacitative transient with the sum of exponential functions
(Fig. 1), we distinguished between EGFP™ cells that had a
monoexponential capacitative transient (44/64) and that can be
therefore considered electrically isolated cells (13) and EGFP™*
cells that displayed a biexponential capacitative transient (20/
64). These cells are possibly electrically coupled to the sur-
rounding myocytes. As shown in Table 1, there was no statis-
tical difference between the C,, of EGFP™" cells and cardio-

Table 1. Passive membrane properties in CD34™ cells
and cardiomyocytes

Cm (1 Exponential), Cm (2 Exponentials),

Cell Type pF pF Vi, mV
CD34™* 22.2*2.4 (12)* — —11£2.5(10)*
EGFP* cocultured 42.0%£3.4 (44)} 17016 (20)% —24.4+2.3 (48)*
EGFP* excitable 40.9£8.8 (5)T 154+17 (6)% —36.3%x6.1 (11)%
Cardiomyocytes 75+24 (17)* 13634 (12)% —44.5+3.4 (32)%

Values are means *= SE (number of cells). Cell capacitance (Cm) and
membrane resting potential (V;) were measured in CD347" cells cultured in
isolation (CD34%) and in 7-day-cocultured enhanced green fluorescent protein
(EGFP™) cells or cardiomyocytes. Cells are grouped based on the fit of their
capacitative transient with 1 or 2 exponential components. All CD34" cells
had a monoexponential transient. In coculture, both groups were present. The
Cm and V; values of the subset of EGFP™ cells showing inward voltage-gated
currents (EGFP* excitable) are given separately. These values are also in-
cluded in the overall mean (EGFP™ cocultured). All 1 exponential Cp, values
were statistically different from 2 exponentials C values. *Values statistically
different from all the other values (P < 0.03); ¥Cm values different from
CD34™" and cardiomyocytes (P < 0.03); fvalues not statistically different
(P> 0.2).
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Fig. 1. Capacitative transients in enhanced green fluorescent protein (EGFP*) cells. Representative capacitative transients measured in 2 different EGFP* cells.
Left trace: a transient (gray line) fitted by a single exponential function (black line). Right trace: a transient (gray line) fitted by the sum (black line) of 2

components (dotted lines).

myocytes with a biexponential decay of the capacitative
transient, suggesting an electric coupling between cardiomyo-
cytes and differentiated CD34 " -derived cells.

The analysis of V; showed a hyperpolarization of cocultured
stem cells (CD34* coculture) compared with CD34% cells
cultured in isolation for 4 days (CD34*; Table 1). In particular,
the subsets of CD34" cells that displayed transient inward
currents and/or spontaneous action potentials (APs; CD347
excitable) had a mean V; not statistically different from that of
cardiomyocytes (Table 1).
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In CD34" cells, the coculture condition was essential to
induce a voltage-gated current profile recapitulating that was
observed during cardiac differentiation. Freshly isolated
CD34™" cells did not display any voltage-evoked current (data
not shown), whereas some cocultured EGFP* cells acquired
voltage-dependent activity. In these cells, depolarizing steps
evoked either no response (42/62; data not shown), only
outward currents (13/62; 21%), or inward and outward currents
(7/62; 11%). The outward current had a mean amplitude of
0.45 = 0.16 nA (n = 20; Fig. 2A, top traces) at +50 mV,

TP (mV)

60

Fig. 2. Excitability of EGFP* and EGFP~ cells. A: repre-
sentative family of currents evoked by depolarizing steps
recorded in a EGFP™ cell (top traces) and in a EGFP~ cell
(bottom traces) using the voltage protocol shown between
the current traces (steps of 20 mV). B: normalized current-
to-voltage relationships obtained in the same cells shown in
A (plot, A and O, EGFP™ cell; and a and m, EGFP~ cell).
Holding potential is —60 mV. C: spontaneous overshooting
action potentials recorded in a contracting EGFP™ cell. The
dotted line indicates the 0 mV level. The application of a
Ca?*-free extracellular solution (black bar) abolished the

™ action potential. Insets: magnification of a typical action
3 potential before or after treatment with the Ca>*-free solu-
< tion. TP, test potential.

20 mv
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similar to the value measured in EGFP ™ cells (0.62 = 0.12 nA,
n = 12; Fig. 2A, bottom traces). The small amplitude of
delayed rectifier K* currents in neonatal cardiomyocytes has
already been reported (35). The inward currents had the typical
kinetics and voltage dependence of Na* currents (Fig. 2, A and
B). When present, these currents were so large that we applied
the stimulation protocol from a holding potential of —60 mV,
to improve the voltage- and space clamp, as described (35).
The maximal inward current had a mean peak amplitude of
—1.19 = 0.22 nA (n = 7; Fig. 2A, top traces), comparable with
that measured in EGFP™ cells (—0.74 = 0.12 nA, n = 8; Fig.
2A, bottom traces). The current-voltage relationship peaked in
both cell types at —10 or 0 mV (Fig. 2B). Interestingly, two of
the EGFP™ cells (2/62; 3%) exhibiting inward and outward
currents had a monoexponential capacitative transient, suggest-
ing that in these two cells there was a specific expression of
cardiac channels. It is noteworthy that although these two cells
were electrically isolated from surrounding cells, their physical
connection, for instance through nanotubes, cannot be ex-
cluded.

Some differentiated EGFP™ cells contracted spontaneously.
From four of these cells, we were able to record APs. When
compared with cardiomyocytes, the APs recorded in EGFP™*
cells had a lower frequency, a smaller amplitude, a slower rise
time, and a longer duration, suggesting that EGFP*-contract-
ing cells are more immature than cardiomyocytes (Table 2). In
contrast, the firing threshold was similar in EGFP™ cells and
cardiomyocytes, in good agreement with the observed similar-
ity of the voltage dependence of inward Na™ currents. When
cocultures were superfused with Ca>*-free extracellular solu-
tion, APs reversibly disappeared (Fig. 2C).

[Ca?™ |i-dependent mechanism in beating EGFP™ cells. To
further assess the functional differentiation of EGFP™* cells, we
performed [Ca®"]; imaging experiments by labeling cells with
X-rhod-1 AM, a cell permanent Ca’*-sensitive dye, the red
fluorescence intensity of which increases upon binding Ca**.
We observed X-rhod-1 fluorescence intensity oscillations in
EGFP™ cells (Fig. 3 and supplemental video 1). It is important
to underline that we only analyzed mononucleated EGFP™
cells, identified a priori by Hoechst 33342 nuclear staining, to
exclude cytoplasmic cell fusion (Fig. 34). When EGFP" and
EGFP~ cells were in close proximity, changes in [Ca®"];
concentration were coincident in both cell types, suggesting a
coupling between EGFP™ cells and cardiomyocytes. Supple-
mental video 1 shows that Ca®>* release was accompanied
by the contraction of both EGFP* and EGFP~ cells, suggest-
ing the presence of a mature contractile apparatus. To investi-
gate the contribution of intracellular Ca’* stores, we used
ryanodine (1 pwM), a drug that binds the ryanodine receptors
expressed on the sarcoplasmic reticulum of cardiac myocytes
and induces Ca’>" release from this store (14). Under these

FUNCTIONAL PROPERTIES OF CD34" STEM CELLS IN COCULTURE

conditions, [Ca®"]; transients were impaired or abolished both

in EGFP* and in EGFP™ cells (Fig. 4A). After 120 s of
exposure, ryanodine was washed out, and its effect on [Ca®"];
oscillations was slowly reversed (Fig. 4A). Extracellular Ca>*
also contributed to [Ca®™"]; transients, which were abolished
when EGFP* or EGFP ™ cells were superfused with Ca?*-free
extracellular solution. In this case, the oscillations were fully
restored as soon as the extracellular Ca>* was again added to
the medium (Fig. 4, B and C).

The synchronicity of Ca?* transients in EGFP™ cells and the
surrounding EGFP™ cells suggested the existence of cell-to-
cell communications, probably mediated by gap junctions. To
demonstrate the presence of such junctions, we dialyzed
through the patch-pipette EGFP* cells with the fluorescent
tracer Alexa Fluor 594, a red fluorescent dye that diffuses
through gap junctions (n = 4). As shown in Fig. 5A, dye
injection into a morphologically differentiated EGFP" cell
resulted in a dye diffusion to a neighboring EGFP™ cell
(starting from frame at time 4 min). In contrast, no dye spread
was observed following the injection into a round EGFP™ cell
(n = 3; Fig. 5B). These results suggest that EGFP™ cells
developed gap junctions, whereas rounded EGFP* cells re-
tained a more undifferentiated phenotype.

Human cardiac gene expression in cocultured CD34" cells.
Several reports have called caution about whether the acquisi-
tion of cardiac markers or even physiological features typical
of cardiac myocytes in adult stem cells is the consequence of
transdifferentiation rather than fusion events. To investigate
this issue, we analyzed the expression of the early cardiac
genes hNkx2.5 and hGATA-4, before and after coculture onto
neonatal mouse cardiomyocytes by real-time RT-PCR (17),
using primers designed to span two exons and unable to
amplify unspecific genomic signals (28) (supplementary Fig.
1). PGK1 constitutively expressed gene was used as control for
the presence of mRNA in the analyzed sample. The specificity
of these assays was confirmed by cross-species amplification
(mouse primers tested on human RNA and vice versa). As an
additional control for the expression of cardiac genes, the same
CD34™ cells used in coculture experiments were maintained
alone in expansion medium or in the same medium used in the
coculture experiments.

Although the expression of human and mouse genes was
correctly detected but not cross detected in human and mouse
tissues, we did not notice a de novo induction of human
cardiac-specific genes (n = 4). In fact, as shown in Table 3, in
one out of four and two out of four experiments, we detected
the expression of hNKX2.5 and hGATA-4, respectively, in
freshly isolated CD34™" cells. In addition, the expression of
human cardiac genes was not enhanced when coculturing
CD347 cells onto cardiac myocytes, but at least in the case of
hGATA-4, it was extinguished over time.

Table 2. Action potential characteristics in EGFP™ cells and cardiomyocytes

Cell Type Frequency, Hz Threshold, mV Spike Amplitude, mV Rise Slope, mV/ms APDso, ms
Cardiomyocytes 16x0.4 19.7+0.4 102.8£0.5 38.61.0 57.1x1.3
EGFP* cells 0.6+0.2 18.7+0.5 87.2+22 12.1+1.2 110.3£3.8

Values are means = SE; n = 4 cells for each cell type. For the action potentials, we measured the frequency of occurrence, the mean depolarization to
threshold, the total spike amplitude, the maximal slope of the rising phase, and the time the spike exceeded half-amplitude action potential duration (APDs).
All the values were statistically different between cardiomyocytes and EGFP™ cells, except for the threshold values (P > 0.1).
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Fig. 3. Intracellular Ca>" oscillations in EGFP* and EGFP~ cells. A: epifluorescence micrographs of a coculture field viewed at 2 different light wavelengths.

Top: live cell labeling with Hoechst 33342 shows that the EGFP* and EGFP

cells considered in the analysis (white outlines) were mononucleated.

Bottom: EGFP™ fluorescence of cocultured CD34 ™" cells. B: spontaneous intracellular Ca>* transients recorded in the cells indicated in A. Note the synchronicity

of the transients.

Taken together, these data suggest that early cardiac markers
were occasionally expressed in CD34™" cells before and after
growth alone in the medium used for coculture and that cell
contact with cardiac myocytes did not promote the expression
of human cardiac genes. Alternatively, it is possible that
CD34™ cell transdifferentiation into myocardial cells may have
affected just a few cells and result below the detection ability
of the RT-PCR analysis.

A

Control Ryanodine

DISCUSSION

This work reports that some CD34" stem cells from the
hUCB, upon coculture with neonatal mouse cardiac myocytes,
form gap junctions with the cardiac cells and exhibit electro-
physiological properties of myocardial cells as well as sponta-
neous [Ca"]; oscillations from the sarcoplasmic reticulum. It
is noteworthy that the issue of HSC differentiation into myo-
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Fig. 4. Intracellular and extracellular Ca®*
contribution to spontaneous cytosolic ([Ca?*];)
transients. A: ryanodine application reversibly
reduces amplitude and frequency of [Ca®"];
transients in a EGFP* cell loaded with X-
rhod-1 AM, representative of other 3 in the
same field. The Ca?* signal was acquired for
10 s every minute to minimize dye bleaching.
The ryanodine and wash traces were recorded
after 120 s of application and removal of the
drug. B and C: application of a Ca’"-free
extracellular solution induced a rapid and re-
versible suppression of [Ca>*]; oscillations in
both EGFP* (B) and EGFP~ (C) cells. In this
experiment, bathing [Ca?"] was 2 mM.

Ca2*-free
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Fig. 5. Gap junctional communication between EGFP~ and EGFP* in coculture. A: morphologically differentiated EGFP* cell (green; indicated by a long
arrow) was dye coupled to an adjacent EGFP ™ cell (indicated by a short, bold arrow), invisible in the first micrograph. Alexa Fluor 594 diffused from the patch
pipette (out of focus; red halo on right) applied to the EGFP™" cell within 4 min from membrane patch rupture. Dye transfer to the adjacent EGFP~ cell was
evident by 14 min after membrane patch rupture and complete at 23 min. B: loading by Alexa Fluor 594 of a round EGFP™ cell (indicated by an asterisk in the

GFP t=0

AF 594

first micrograph) did not result in dye diffusion to juxtaposed EGFP~ cells.

cardial cells in vitro is still highly controversial. The vast
majority of the in vitro studies have been performed on HSCs
cocultured with cardiac cells, i.e., under experimental condi-
tions that make cell fusion possible; however, these studies
either failed to exclude cell fusion (16, 26) or did not address
this issue (15, 42). Moreover, most studies examined only
whether HSCs acquire myocardial cell markers as evidenced
by the expression of myocardium-restricted transcription factor
mRNA or proteins (7, 15, 40, 49). To our knowledge, only two
studies examined the functional properties as well as gene
and/or myocardial protein expression of HSCs that supposedly
had transdifferentiated into myocardial cells; both studies were
carried out with HSCs that had been cocultured with cardio-
myocytes (4, 42), and neither study excluded cell fusion. In
contrast, a prior work from our laboratory showed that BM-
derived murine c-kit* cells cocultured onto mouse neonatal
cardiac myocytes did not develop gap junctions and exhibited
neither [Ca?*]; nor APs (27). Another recent study showed that
human peripheral blood CD34™" cells and HL-1 mouse cardio-
myocytes form hybrid cells through a4-B; integrin and vascu-
lar cell adhesion molecule-1 interaction (50). Thus, except for
embryonic stem cells (24), murine spermatogonial (18) and

cardiac-derived (33) stem cells, which have been found to
differentiate in a cell-autonomous way into myocardial lin-
eages, i.e., in the absence of coculture with cardiomyocytes and
drugs administration, all in vitro studies have failed to con-
vincingly exclude fusion or other potential artifacts as mech-
anisms for their results and have not demonstrated that BM-
derived stem cells, i.e., HSCs and EPCs, can both express
myocardial antigens and also acquire the functional properties
of cardiac cells. In the present study, it was examined whether
human CD347 cells from hUCB, which our laboratory (39)
and others (25, 45) have found to contain a stem cell fraction
able to give rise to skeletal muscle and endothelial lineages,
cocultured onto cardiac myocytes do acquire electrophysiolog-
ical features of myocardial cells. Under our experimental
conditions, cocultured CD34% cells were able to integrate in
the cardiomyocyte layer and appeared to start a cardiac differ-
entiation program, as suggested by resting potential hyperpo-
larization, the presence of spontaneous APs, and [Ca?*]; intra-
cellular transients. However, comparing CD34"/EGFP™* cells
and cardiomyocytes parameters, as AP frequency, we also
found several differences suggesting a functional immaturity of
the EGFP™ cells.

Table 3. Human cardiac gene expression in cocultured CD34" cells

Sample m-Pgk-1 m-Nkx2.5 m-GATA4 h-Pgk-1 h-Nkx2.5 h-GATA-4
Mouse cardiomyocytes + (2/2) + (2/2) + (3/3) — (2/2) — (2/2) — (2/2)
Human heart - (22) - (22) - (2/2) + (2/2) + (2/2) + (3/3)
TO + (4/4) — (3/4) + (1/4) — (2/4) + (2/4)
T5 + (4/4) — (3/4) + (1/4) — (3/4) + (1/4)
T12 + (4/4) — (3/4) + (1/4) — (4/4)
T12 MEM + (4/4) — (3/4) + (1/4) — (3/4) + (1/4)
Coculture + (4/4) + (4/4) + (4/4) + (4/4) — (4/4) — (4/4)

Expression analysis of the early cardiac genes Nkx2.5 and GATA-4 was determined on human CD34™" cells before and after their coculture onto neonatal
mouse cardiomyocytes by real time RT-PCR (more details in MATERIALS AND METHODS). TO, freshly isolated CD34* cells; T5, CD34™" cultured for 5 days in
expansion medium; T12, CD34% cells cultured for 12 days in expansion medium; T12 MEM, CD34™" cells cultured for 12 days in DMEM. The first 2 lines
display the absence of cross-reaction between mouse primers tested on human RNA and vice versa. In 2 out of 4 independent experiments, GATA-4 was detected
(+) in TO. Cells lost the expression (—) of this early cardiac marker during the in vitro expansion. DMEM containing 10% FBS, the same medium used in
coculture experiments, caused a slow proliferation of CD34* cells (data not shown) and favored GATA-4 expression retention, as observed in 1 out of 4 cases
at T12 MEM. In contrast, the expression of Nkx2.5 was already detected at TO only in 1 out of 4 cases and maintained over time as demonstrated by the presence
of a detectable signal at T5, T12, and T12 MEM. Although mouse genes and human PGK1 were always present, human cardiac markers were never detectable
in cocultured cells (4 out of 4 experiments), suggesting that contact between CD34" and cardiomyocytes was not sufficient to enhance the expression of human
cardiac genes.
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Our findings suggest that cell adhesion is necessary for a full
differentiation of EGFP™ cells, since only cells firmly associ-
ated to cardiac myocytes formed gap junctions and became
contractile (Fig. 5). This hypothesis is in line with previous
observations that even in the presence of molecules inducing
cardiac differentiation, such as Wnt-11, physical contact with
cardiac myocytes is required to trigger EPC cardiac differen-
tiation (26). Actually, we observed inward currents in two
electrically isolated cells. However, these cells were morpho-
logically differentiated, and we cannot exclude that they were
connected to surrounding cardiomyocytes by tiny cytoplasmic
contacts or nanotubes.

Data represented in Table 3 show that using mutually ex-
clusive human and mouse primers in real-time RT-PCR exper-
iments, we never found a substantial upregulation of human
genes in coculture. This suggests that although EGFP™ cells do
acquire the ability to contract simultaneously with surrounding
neonatal myocytes, which are connected by functional gap
junctions to them and respond to similar bathing [Ca’™]
changes and pharmacological stimulations, the acquisition of
these features may be the result of cell fusion. However, since
it was not possible to examine both cardiac gene expression
and electrophysiological functional properties in the same
cells, we cannot rule out the possibility that CD34 " transdif-
ferentiation associated with cardiac gene expression may be an
infrequent event below the detection limit of our RT-PCR
analysis. Some EGFP™ cells exhibited spontaneous [Ca®"];
oscillations, due to Ca’™ release from the sarcoplasmic retic-
ulum. In mature cardiomyocytes, the increase in cytosolic
Ca®" causes a depolarization of the membrane potential due to
the activation of the electrogenic Na*/Ca®>* exchange, which
can reach a threshold for the opening of fast Na™ channels and
trigger an AP (8). Indeed, spontaneous sarcoplasmic reticulum
Ca®" oscillations have been shown to be a key mechanism both
for the normal pacemaker activity of the cardiac conduction
tissue (6, 29) and for the development of different types of
cardiac arrhythmias (9, 19). Therefore, their presence in HSCs
cocultured with the myocardial cell may both offer an oppor-
tunity for the development of a biological pacemaker and pose
a threat for the potential risk associated with spontaneously
depolarizing tissue in the heart. However, neither the numerous
animal nor the clinical studies in which HSCs have been
injected in the heart have evidenced an increase in rhythm
disturbances, possibly because of the integration of HSCs with
the surrounding myocytes through gap junctions. This is in
contrast to the marked increase in ventricular arrhythmias
observed in patients treated with the intramyocardial injection
of autologous skeletal muscle cells (32, 43), which in fact lack
gap junctional coupling to the host heart cells.

In conclusion, it is important to discuss some technical
limitations of the present work. All functional studies were
performed with cells that were both EGFP* and mononucle-
ated; this would suggest that CD34™" cell transdifferentiation
into cardiomyocytes had occurred. In keeping with this con-
clusion, the functional properties of some of these cells dif-
fered both from those of hUCB CD34 " cells, which were not
cocultured with heart cells and were similar albeit not identical,
to those of cultured cardiomyocytes. However, it cannot be
excluded that EGFP transfer via nanotubes (26) or nuclear
fusion (50) had led to the formation of EGFP™* contractile cells.
Furthermore, RT-PCR analysis showed no expression of hu-
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man-specific cardiac genes upon coculture. This result argues
against CD34% cell transdifferentiation into cardiomyocytes,
but it is possible that transdifferentiation may have been
limited to only a limited number of cells, below the RT-PCR
sensitivity of human cardiac gene expression. Conclusive proof
of transdifferentiation would have required fluorescence in situ
hybridization as well as other analyses of the same cell, which
exhibited myocardial functional properties; this is a very com-
plex technical task that could not be successfully accomplished
in this work. Because of these limitations, it cannot be conclu-
sively established whether cell fusion or transdifferentiation
had occurred. Nevertheless, the results suggest that hUCB
CD34% cells cocultured with neonatal mouse cardiomyocytes
may acquire functional properties similar to those of myocar-
dial cells. Studies using double-color labeling of cells by
lentiviral gene transfer and high-throughput FACS are an
option to further address the issue of fusion.
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