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Background:The role andmechanism of cADPR, an endogenous Ca2�-mobilizing nucleotide, in cardiomyogenesis remain
to be determined.
Results:We found that inhibition of the cADPR cascade facilitated cardiomyocyte differentiation of mouse ES cells.
Conclusion: The CD38-cADPR-Ca2� signaling pathway antagonizes the cardiomyocyte differentiation of mouse ES cells.
Significance: Inhibition of cADPR signaling should provide a good approach to enrich functional cardiomyocytes fromES cells.

Cyclic adenosine diphosphoribose (cADPR) is an endogenous
Ca2� mobilizing messenger that is formed by ADP-ribosyl
cyclases from nicotinamide adenine dinucleotide (NAD). The
main ADP-ribosyl cyclase in mammals is CD38, a multi-func-
tional enzyme and a type II membrane protein. Here we
explored the role of CD38-cADPR-Ca2� in the cardiomyogen-
esis of mouse embryonic stem (ES) cells. We found that the
mouse ES cells are responsive to cADPR and possess the key
components of the cADPR signaling pathway. In vitro car-
diomyocyte (CM) differentiation ofmouse ES cells was initiated
by embryoid body (EB) formation. Interestingly, beating cells
appeared earlier and were more abundant in CD38 knockdown
EBs than in control EBs. Real-time RT-PCR and Western blot
analyses further showed that the expression of several cardiac
markers, includingGATA4,MEF2C,NKX2.5, and�-MLC,were
increasedmarkedly in CD38 knockdown EBs than those in con-
trol EBs. Similarly, FACS analysis showed that more cardiac
Troponin T-positive CMs existed in CD38 knockdown or 8-Br-
cADPR, a cADPR antagonist, treated EBs comparedwith that in
control EBs. On the other hand, overexpression of CD38 in
mouseES cells significantly inhibitedCMdifferentiation.More-
over, CD38 knockdown ES cell-derived CMs possess the func-
tional properties characteristic of normal ES cell-derived CMs.
Last, we showed that the CD38-cADPR pathway negatively
modulated the FGF4-Erks1/2 cascade during CM differentia-
tion of ES cells, and transiently inhibition of Erk1/2 blocked the
enhanced effects of CD38 knockdown on the differentiation of
CM from ES cells. Taken together, our data indicate that the
CD38-cADPR-Ca2� signaling pathway antagonizes the CM dif-
ferentiation of mouse ES cells.

Embryonic stem (ES)2 cells hold great promise for tissue
engineering (1, 2). Their remarkable capacity to self-renew and
their pluripotency properties make these cells ideal candidates
for regenerative medicine. Studies have already demonstrated
the potential of ES cell-derived cardiomyocytes (CMs) in recol-
onizing the scar of infarcted rat heart (3–5). Several methods
have been developed to direct ES cells toward cardiac lineage.
The most popular one is the use of embryoid bodies (EB), gen-
erated by aggregating ES cells in suspension, thereby initiating
the differentiation of cells toward the three embryonic layers (6,
7). Directed CM specification of ES can be promoted by biolog-
ical molecules, such as BMP2, activin-A, and BMP4, or by co-
culture with an endodermal cell line. Increased CM specifica-
tion of ES cells can also be enhanced by small biological and
non-biological molecules, including sulfonylhydrazone, an
inducer of Nkx2.5, and BIO, a GSK-3 inhibitor (2, 8–13). Yet,
the efficiency for ES-directed cardiac lineage is still low.
Accumulated evidence has established Ca2� as a major sec-

ondmessenger in directing the fate of stem cells and patterning
of the heart in the embryo. Ca2� exerts multiple functions in
the process of cardiac cell differentiation and in early heart
development upon the amplitude, space, and time of Ca2� sig-
naling (2, 8, 9, 14). Decoding the molecular mechanisms of the
multifaceted roles of Ca2� signaling will certainly help in
achieving a high efficiency of directed CM differentiation of ES
cells and make them suitable for cell replacement therapy.
Cyclic adenosine diphosphoribose (cADPR) is an endoge-

nous second messenger for mobilizing Ca2� release in a wide
variety of cell types and species. cADPR is formed from nico-
tinamide adenine dinucleotide (NAD) by ADP-ribosyl cyclases.
cADPR elicits Ca2� release through ryanodine receptors
(RyRs). The cADPR-mediated Ca2� signaling has been indi-
cated in a variety of cellular processes (15, 16). Six homologues
of ADP-ribosyl cyclase have been identified so far: Aplysia
ADP-ribosyl cyclase, three sea urchin homologues (17), and

* This work was supported by Research Grant Council (RGC) Grants HKU
784710M, HKU 782709M, HKU 785911M, a National Natural Science Foun-
dation of China (NSFC)/RGC Grant from Hong Kong (N_HKU 737/09) and a
Special Fellow Award from the Leukemia and Lymphoma Society of Amer-
ica (to J. Y.).
Author’s Choice—Final version full access.

□S This article contains supplemental Table S1 and Figs. S1–S5.
1 To whom correspondence should be addressed: E-mail: jyue@hku.hk.

2 The abbreviations used are: ES, embryonic stem cell; cADPR, cyclic adeno-
sine diphosphate ribose; CM, cardiomyocyte; RyRs, ryanodine receptors;
SR, sarcoplasmic reticulum; cIDPRE, N1-[(5�-O-phosphorylethoxy)methyl]-
5�-O-phosphorylinosine 5�,5�-cyclicpyrophosphate; NE, norepinephrine.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 42, pp. 35599 –35611, October 12, 2012
Author’s Choice © 2012 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

OCTOBER 12, 2012 • VOLUME 287 • NUMBER 42 JOURNAL OF BIOLOGICAL CHEMISTRY 35599

http://www.jbc.org/cgi/content/full/M112.392530/DC1


twomammalian homologues, CD38 and CD157 (18). CD38 is a
membrane-bound protein and the main mammalian ADP-ri-
bosyl cyclase. As a novel multi-functional enzyme, CD38 cata-
lyzes the synthesis and hydrolysis of both cADPR and NAADP,
two structurally and functionally distinct Ca2� messengers.
Virtually all mammalian tissues ever examined have been
shown to express CD38. CD38 knock-out mice exhibited mul-
tiple physiological defects, ranging from impaired immune
responses to metabolic disturbances (15, 18).
Since its discovery, cADPR has been found to regulate car-

diac functions. cADPR induces Ca2� release in a variety of car-
diac tissues and cells. cADPR was indicated as a regulator of
excitation-contraction coupling in cardiac myocytes since
cADPR enhances Ca2� transients in cardiac myocytes whereas
a cADPR antagonist reduces Ca2� transients and contractions
(19–23). Moreover, cardiac hypertrophy developed in CD38
knock-out male mice. The RyR protein was increased only in
female CD38 knock-out mice compared with wild type, sug-
gesting that theCD38/cADPR signaling plays an important role
in intracellular Ca2� homeostasis in cardiac myocytes in vivo,
although its deficiency was compensated differentially accord-
ing to gender (24, 25). Along this line, the involvement of
cADPR and the cyclase in the alteration of Ca2� homeostasis
during the ischemia/reperfusion injury of the heart have been
reported (22, 23). Yet, the role andmechanismofCD38/cADPR
signaling in cardiomyogenesis remain to be determined. Here
we examined the role of CD38 in the CM differentiation of
mouse ES cells and found that the CD38-cADPR-Ca2� cascade
antagonizes the cardiogenesis of mouse ES cells.

EXPERIMENTAL PROCEDURES

Cell Culture—ES cells, D3 from Prof. Tsang SY at Chinese
University of Hong Kong, and R1 from ATCC, were normally
maintained with feeders (mouse embryonic fibroblasts) in Dul-
becco’s modified Eagle medium plus 15% FBS (ES qualified,
Invitrogen), 1% nonessential amino acids, 1% penicillin-strep-
tomcyin, 0.2% 2-mercaptoethanol, 1000 units/ml leukemia
inhibitory factor (LIF). Cells are passaged every 2 days. Prior to
any experimental procedures, ES cells are cultured in feeder-
free ESmedium containing LIF on gelatin-coated plates for two
passages. The pluripotency of ES cells are periodically assessed
by alkaline phosphatase assay and Oct4 immunostaining.
Cardiomyocyte Differentiation of Mouse ES Cells—CM dif-

ferentiation of mouse ES cells was performed as described pre-
viously (6, 7). To start differentiation, mouse ES cells were cul-
tured in the differentiationmedium (standardmediumwithout
LIF) in hanging drops to form embryoid bodies (EBs) (800 cells/
drop) for 2 days, and then kept in suspension for 2 days. TheEBs
were finally plated into gelatin-coated cell culture dishes (day 0)
to allow the cells to go through the entire differentiation proc-
ess. Cardiomyocytes (CMs) present in EBs started to rhythmi-
cally contract around 6–8 days after differentiation.
Isolation of ES-derived Cardiomyocyte—CMs derived from

ES cells were isolated as described previously (26). Briefly, beat-
ing areas in EBs were microsurgically dissected from EBs and
then incubated in 1 mg/ml collagenase II (Life Technologies)
plus 1 mg/ml pancreatin (Sigma) in enzyme buffer (120 mM

NaCl, 5.4 mM KCl, 5 mM MgSO4, 5 mM Na pyruvate, 20 mM

glucose, 20 mM taurine, 0.03 mM CaCl2, 10 mMHEPES, pH 6.9)
at 37 °C for 30min. After digestion, the isolated cells were incu-
bated in KB solution (85 mM KCl, 30 mM K2HPO4, 5 mM

MgSO4, 1 mM EGTA, 2 mM Na2ATP, 5 mM Na pyruvate, 5 mM

creatine, 20 mM taurine, 20 mM glucose, pH 7.2) with gentle
shaking at room temperature for 30 min. Finally, the isolated
cells were plated onto gelatin coated cover glasses to grow over-
night for immunohistochemistry or Ca2� measurement.
CD38 shRNA and CD38-GFP Lentivirus Production and

Infection—Five optimal 21-mers were selected in the mouse
CD38 genes (supplemental Table S1). One 21-mer was selected
in theGFP gene as a control. These sequences were then cloned
into pLKO.1 vector for expressing shRNA. Likewise, a human
CD38 cDNA was cloned into pCHMWS-GFP, a lentiviral vec-
tor with GFP at its C terminus. The shRNA or CD38GFP lenti-
virus production was performed in 293T cells. For infection, ES
cells were plated at a density of 3 � 105 cells/well in 6-well
plates. On the next day, 100-�l pools of shRNAs lentivirus were
added to the cells in fresh medium containing 8 �g/ml poly-
brene. Two days later, cells infected with shRNA lentiviruses
were selected in freshmedium containing puromycin (3�g/ml)
for 3–5 days. The puromycin-resistant cells were pooled, and
the knockdown efficiency was verified by both quantitative
real-time RT-PCR and/or Western blot analyses. For ES cells
infected with CD38-GFP lentiviruses on day 5 after infection,
cells were trypsinized with 0.05% trypsin-EDTA, washed with
PBS and resuspended in DMEM, and filtered through 70 �m
cell strainer (BD Bioscience) to discard any cell aggregates.
Sorting selection of CD38-GFP-expressed cells was then per-
formed using BD FACSAria I Cell Sorter (BD Biosciences).
Western Blot Analysis—Western blot analysis was performed

as described previously (27, 28). In brief, cells were lysed in an
ice-cold EBC lysis buffer (50mMHEPES at pH 7.5, 0.15 MNaCl,
1 mM EDTA, 1% Nonidet P-40, 150 �M PMSF, 10 mM NaF, 10
ng/ml leupeptin, 1 mM DTT, and 1 mM sodium vanadate) and
passed through a 21-gauge needle several times to disperse any
large aggregates. Protein concentrations of the cell lysates were
determined by Bradford protein assay. 30�g of protein per lane
was diluted in the standard SDS-sample buffer and subjected to
electrophoresis on 8 or 10% SDS-polyacrylamide gels. Proteins
were then transferred to an Immobilon PVDFmembrane (Mil-
lipore, Billerica, MA), blocked with 5% milk in TBST (20 mM

Tris, 150 mM NaCl, pH 7.6), and incubated with the primary
antibody (CD38, SC-7049, Santa Cruz Biotechnology, 1:500
dilution; phosphor-specific Erk1/2, #9106, Cell Signaling Tech-
nology, 1:1000 dilution;NKX2.5, A7732, Santa Cruz Biotech-
nology, 1:1000 dilution; Cardiac Troponin I, ab19615, Abcam,
1:1000 dilution;myosin light chain 3, ab680, Abcam, 1:500 dilu-
tion; active �-catenin, #05–665, 1:1000 dilution, Millipore;
Connexin43, #3512, Cell Signaling Technology, 1:1000 dilu-
tion; Raf-B, SC-9002, Santa Cruz Biotechnology, 1:1000 dilu-
tion;GAPDH, #G8795, Sigma, 1:2000 dilution) overnight. After
washing with TBST, the blots were probed with a secondary
antibody (1:3000 dilution) for detection by chemiluminescence.
RNA Isolation, RT-PCR, andQuantitative Real-timeRT-PCR—

Total RNA of ES cells and EBs at specified differentiated days
was extracted using RNA extraction kit (Invitrogen). RT-PCR
of ryrs and CD38 using SuperScript� One-Step RT-PCR kit
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(Invitrogen) was performed with Takara PCR Thermal Cycler
Dice (Takara). The quantitative real-time RT-PCR using the
SuperScript� III Platinum� One-Step Q-RT PCR Kit (Invitro-
gen) was performed in MiniOpticonTM Real-time PCR Detec-
tion System (Bio-RAD) according to the manufacturer’s
instructions. The primers for detecting CD38, ryr1, ryr2, ryr3,
mef2c, GATA4, �-MHC, and Gapdh mRNAs are listed in sup-
plemental Table S1. Relative gene expressionwas normalized to
Gapdh expression.
Immunohistochemistry—Cells on cover glasseswere fixed for

15 min with 4% paraformaldehyde at room temperature,
washed twicewith PBS, and permeabilizedwith PBS containing
0.1% Triton X-100 for 30 min. Thereafter, the cover glasses
were blocked with 1% normal donkey serum, 1% BSA, 0.1%
Triton X-100 in PBS for 1 h, and incubated with primary anti-
bodies (cardiac Troponin T,MS-295-P, thermo, 1:500 dilution;
�-actinin, Sigma, 1:500 dilution) for 2 h, followed by secondary
antibody (Alexa Fluor� 488 goat anti-mouse IgG, A11008,
Invitrogen, 1:500 dilution) incubation for 1 h. DAPIwas used to
stain the nuclei. Alexa Fluor� 568 Phalloidin (A12380, Life
Technologies) staining was performed according to the manu-
facturer’s recommendation. Cells were imaged using an
inverted Olympus IX81 fluorescence microscope with a CellR
image system.
Flow Cytometry Analysis—EBs were digested into single cells

by incubating with 1 mg/ml collagenase II (Invitrogen) plus 1
mg/ml pancreatin (Sigma) at 37 °C for 30 min. The isolated
single cells were then immunostained with cardiac Troponin T
as described above and filtered through 40�mcell strainer (BD
Bioscience) to discard cell aggregates. CardiacTroponinT-pos-
itive cells were analyzed by the BD FACS Canto II analytic flow
cytometer.
Ca2� Measurement—Cytosolic Ca2� in ES cells were meas-

ured using an Olympus epifluorescence microscope as
described previously (29, 30). Briefly, ES cells were cultured in
24-well plates at the density of 7 � 104cells/well in regular
medium overnight and were labeled with 4 �M Fura-2 AM
(Invitrogen) inHBSS at room temperature for 30min. The cells
were then washed with HBSS three times and incubated at
room temperature for another 10 min. Cells were put on the
stage of an Olympus inverted epifluorescence microscope and
visualized using a �20 objective. Fluorescence images were
obtained by alternate excitation at 340 nm and 380 nm with
emission set at 510 nm. Imageswere collected by aCCDcamera
every 3 or 6 s and analyzed by a Cell R imaging software.
Cytosolic Ca2� transients in isolated CMs were measured

using a confocal imaging system (Olympus Fluoview System
version 4.2 FV300TIEMPO) connectedwith an invertedOlym-
pus microscope (IX71). Briefly, cells were loaded with 2 �M

Fluo-4 AM (Life Technologies) inHanks’ balanced salt solution
(HBSS) (Life Technologies) for 30 min at room temperature.
The cells were then washed once with HBSS and incubated for
another 10 min before measurement. Line scan of Ca2� tran-
sients within single CMs were recorded in line versus time
mode (XT) using the uplanAPO �20 objective at 378 frames
per second. Spontaneously Ca2� oscillation was recorded by
area versus timemode (XYT) as a line plot with the excitation at
488 nm. Images were collected by a CCD camera every 2 s and

analyzed by a Cell R imaging system.For Ca2� mobilization in
single cell, a �60 oil immersion objective was used.
Electrophysiology—Action potentials in ES-derived car-

diomyocytes were recorded with the conventional electro-
physiological procedure as described previously (31). Briefly,
single spontaneously contracting EB outgrowths from both
control and CD38 knock down cells were microdissected and
plated onto glass cover slips and maintained in differentiation
medium for 2 to 3 days before electrophysiological recording.
Cell clusters were superfused (2 ml/min, 37 °C) with Tyrode’s
solution (140 mM NaCl, 5.0 mM KCl, 1.8 mM CaCl2, 1 mM

MgCl2, 10 mM Hepes, 10 mM glucose, pH 7.3 adjusted with
NaOH). Electrical signals were recorded using an EPC-10
amplifier and Pulse software (Heka Elektronik, Lambrecht,
Germany). Borosilicate glass electrodes were pulled with a
Brown/Flaming puller (model P-97, Sutter Instrument, Nato,
CA) and had resistances of 30–50 M� when filled with 3-M
KCl. The tip potential was zeroed before the patch pipette con-
tacted the cell. Cardiomyocyte activity was recorded in a cur-
rent clamp mode with the sharp electrode using an EPC-10
amplifier and Pulse software (Heka Elektronik, Lambrecht,
Germany).
Endogenous cADPRMeasurement—EBs were extracted with

300 �l of cold 0.6 M perchloric acid, followed by neutralization
with a solution (3:1) of chloroform and tri-n-octylamine by vor-
texing for 1 min. The neutral extracts were then supplemented
with 20 mM sodium phosphate, pH 8, and incubated with an
enzymemixture (0.015 unit/ml NADase, 2 mMMgCl2) for 18 h
at 37 °C, followed by ultrafiltration with 96-well Immobilon-P
plates to remove the NADase. The concentration of cADPR
was finallymeasured by an enzymatic cycling assay as described
previously (32).

RESULTS

Characterization of the CD38/cADPR/Ca2� Signaling in
the Mouse ES Cells—To assess a potential contribution of the
cADPR signaling to ES cell fate decisions, we surveyed the
expression of CD38 and ryanodine receptors (RyRs) in several
types of ES cells by RT-PCR. As shown in Fig. 1A, CD38, and
ryanodine receptors type 1, 2, and 3 were all expressed, albeit at
low levels, in D3 ES cells. Similar results have been observed in
several other mouse ES cells (supplemental Fig. S1, A–C).
Moreover, a cell permeant cADPR agonist, cIDPRE (33), at a
concentration of 500 �M induced Ca2� release in intact D3 ES
cells, which was significantly inhibited by pretreatment of the
cells with a cADPR-antagonist, 8-Br-cADPR (200�M), or a RyR
antagonist, ryanodine (20 �M) (Fig. 1B). These data indicate
that the mouse ES cells are responsive to cADPR and possess
the key components of the cADPR signaling pathway.
To further establish the role of endogenous cADPR in extra-

cellular stimuli-induced Ca2� release in mouse ES cells, we
screened a series of cytokines, growth factors, and neurotrans-
mitters for their ability to induce Ca2� release in the cells and
the involvement of cADPR in the process. Indeed, we found
that cADPR is required for Ca2� spikes induced by a few of
these stimuli in ES cells (data not shown). For example, brady-
kinin-induced Ca2� changes were inhibited significantly by
8-Br-cADPR, high concentrations of nicotinamide, which is
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commonly used to inhibit the ADP-ribosyl cyclase activity
thereby preventing cADPR production, or ryanodine, a RyR
antagonist (Fig. 1C). These data indicate that cADPR is respon-
sible for mediating the bradykinin-induced Ca2� increase in
mouse ES cells. That cADPR is the messenger for the brady-
kinin-induced Ca2� release has also been reported in several
other cell types (34). Taken all the data together, it is clear that
the cADPR signaling is functioning endogenously in mouse ES
cells.
CD38Knockdown inMouse ESCells—Next, we examined the

expression pattern of CD38 during the process of in vitro dif-
ferentiation of ES cells initiated by EB formation. Increasing
amounts of CD38 were expressed (Fig. 2A and supplemental
Fig. S1B) by the cells during the process, concomitant with the
increase in the number of beating EBs (Fig. 3A). However,
CD38 expression in beating CMs was slightly decreased com-
pared with that in undifferentiated ES cells (supplemental Fig.
S1D). These data indicated that the CD38/cADPR signaling
might play a role in the CM differentiation of ES cells.

Thus,we knocked-down the expression ofCD38 inmouse ES
cells by infecting the cells with the lentiviruses carrying expres-
sion cassettes that encode short hairpin RNAs (shRNA) to gen-
erate gene-specific siRNAs against the mouse CD38. We have
designed 5 distinct shRNA constructs against the mouse CD38
gene. As shown in Fig. 2B, CD38 proteins were efficiently
knocked-down by different CD38 shRNA constructs. Accord-
ingly, endogenous cADPR levels in CD38 knockdown ES cells
were markedly decreased (supplemental Fig. S1E); whereas
NADP levels remained unchanged (supplemental Fig. S1F), and
NAADP, another potential CD38 product, was not even
detected in ES cells. Compared with the control scramble-
shRNA infected ES cells, CD38 knock-down cells proliferated
normally (Fig. 2D) and exhibited no differences in the expres-
sion of Nanog, SSEA-1, and Oct3/4, the key transcription fac-
tors for the pluripotency of ES cells (Fig. 2E), and in the activity
of alkaline phosphatase compared with control (supplemental
Fig. S2), indicating that the CD38 knockdown ES cells are
undifferentiated when maintained in regular ES medium.
CD38-GFP Expressed D3 ES Cells—Likewise, a stable CD38-

GFP expressed ES cell line was established by infecting cells
with lentiviruses carrying expression cassettes that encode
humanCD38 gene. As shown in Fig. 2C, CD38-GFP indeedwas
expressed as a membrane protein. CD38GFP-overexpressing
cells also exhibited no growth defects (Fig. 2D), or differences in
the expression of Nanog, SSEA-1, and Oct3/4 (Fig. 2E), and in
the activity of alkaline phosphatase (supplemental Fig. S2), indi-
cating that the CD38 overexpression also has no effects on the
pluripotent properties of ES cells when maintained in regular
ES medium.
Requirement of the CD38/cADPR Signaling for Cardiomyo-

cyte Differentiation of Mouse ES Cells—The control scramble-
shRNA infected, CD38-knockdown, or CD38-GFP-overex-
pressing cells were then plated to form EB to start
differentiation. Surprisingly, CD38-knockdown EBs showed a
much higher number of beating EBs and larger beating areas
than control EBs, whereas few beating EBs appeared in CD38-
GFP overexpressing cells (Fig. 3A and data not shown). Immu-
nofluorescence staining of the beating EBs also revealed the
expression of cardiac specific Troponin T was much higher in
the CD38-knockdown EBs as compared with control (Fig. 3B).
Consistently, Real-time RT-PCR analyses showed that the
mRNA expression of cardiac markers, including �-MHC (Fig.
3C), MEF2C (Fig. 3D), and GATA4 (Fig. 3E) were increased or
decreased significantly in CD38 knockdown or CD38-GFP-
overexpressing cells, respectively, compared with those in con-
trol cells. In addition, Western blot analyses showed that the
expression of other cardiac proteinmarkers, including NKX2.5
(Fig. 3F), Troponin I (Fig. 3G), �-MLC (Fig. 3H), and connexin
(supplemental Fig. S3A) were markedly increased or decreased
in CD38 knockdown or CD38-GFP-overexpressing EBs,
respectively, than those in control EBs. Flow cytometry analyses
further showed that more cardiac Troponin T positive CMs
existed in CD38 knockdown EBs compared with those in con-
trol EBs (Fig. 4, A and B). These results indicate that CD38
knockdown accelerates and enhances cardiomyocyte differen-
tiation of mouse ES cells.

FIGURE 1. The cADPR signaling in mouse D3 ES cells. A, expressions of
CD38, ryr1, ryr2, and ryr3 in D3 ES cells were determined by RT-PCR. B, Ca2�

increase in ES cells induced by a cell-permeant cADPR agonist, cIDPRE (500
�M), in the presence or absence of 8-Br-cADPR (200 �M) or ryanodine (50 �M).
C, pretreatment of Fura-2 loaded D3 ES cells with either 8-Br-cADPR (200 �M),
nicotinamide (20 mM), or ryanodine (50 �M) inhibited the bradykinin (10 �M)-
induced Ca2� increase. The graph represents data from three independent
experiments expressed as means � S.E., n � 20 –30.
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CD38 is a type II membrane protein and can also act as a
signaling receptor unrelated to its enzymatic activity. Liga-
tion by agonistic antibodies against CD38 can trigger a wide
range of responses in various types of blood cells (18). There-
fore, we examined whether the effects of CD38 on the differ-
entiation of mouse ES is related to its cyclase activity. We
first applied a potent CD38 inhibitor, CZ27 (35), to ES cells
to inhibit CD38 cyclase activity. Indeed, CZ27 significantly
inhibited the endogenous cADPR levels in ES cells (Fig. 5A).
The differentiation of CMs was then initiated in ES cells
treated with or without CZ27.We found that CZ27markedly
increased the expression of several cardiac genes, including
�-MLC (Fig. 5B), �-MHC (Fig. 5C), MEF2C (Fig. 5D), and
GATA4 (Fig. 5E). Alternatively, the differentiation of CMs
was initiated in ES cells treated with or without 8-Br-cADPR,
a cADPR antagonist. More cardiac Troponin T-positive car-
diomyocytes were found in 8-Br-cADPR treated EBs com-
pared with those in control EBs (Fig. 5F and supplemental
Fig. S3B). Taken together, our data indicated that the CD38/
cADPR signaling cascade inhibits CM differentiation of
mouse ES cells.

Functional Characterization of CD38Knockdown andCD38-
GFP-overexpressing Cardiomyocytes—We next tried to isolate
CMs derived from wild type, CD38 knockdown, and CD38-
GFP-overexpressing EBs. The beating CMs were purified from
wild type and CD38 knockdown EBs, but only few unbeating
CMs were isolated from CD38-GFP expressing EBs (data not
shown). Thus, the Ca2� handling was only assessed in rhythmi-
cally beating wild type or CD38-knockdown CMs. Both groups
of CMs exhibited spontaneous Ca2� oscillations assessed by
confocal microscopy (Fig. 6A). Quantifications of the Ca2�

oscillations showed no significant differences in either ampli-
tudes or frequencies between these two groups (Fig. 6,B andC).
In addition, immunofluorescence staining of �-actin and Tro-
ponin T showed that CD38-knockdown or CD38-overexpress-
ing CMs had intact contractile apparatuses, exhibiting the clas-
sic striated appearance as the controls (Figs. 6D and
supplemental Fig. S4). Furthermore, action potentials (APs) of
wild type or CD38-knockdown CMs were measured, and all 3
major CM subtypes, namely atrial-like, pacemaker-like, and
ventricular-like cells, were detected in similar percentage in
both groups (Fig. 7,A andB). BothgroupsofCMsalso responded

FIGURE 2. The effects of CD38 knockdown and overexpression on mouse D3 ES cells. A, CD38 expression during the differentiation of D3 ES cells initiated
by EB formation was determined by anti-CD38 immunoblot analysis. B, CD38 knockdown by five distinctive shRNAs in D3 ES cells was verified by anti-CD38
immunoblot analysis. C, DIC and fluorescence images of D3 ES cells that stably express CD38-GFP. D, growth curves of wild type, CD38 knockdown, and
CD38-GFP expressing D3 ES cells were determined by the WST assay. E, expression of Oct3/4, Nanog, and SSECA in wild type, CD38 knockdown, and
CD38-GFP-expressing D3 ES cells. Scale bars, 10 �m.
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similarly to drug applications, i.e. a reduced activity to nifedipine,
anL-typeCa2�channel antagonist, andan increasedactivity to the
sympathetic neurotransmitter norepinephrine (Fig. 7C). Collec-

tively, these data indicated that the CMs derived from CD38
knockdown ES cells possess the functional properties characteris-
tic of CMs derived fromwild type ES cells.

FIGURE 3. The antagonistic effects of CD38 on cardiomyocyte differentiation of mouse ES cells. The control scramble-shRNA infected, CD38-knockdown,
or CD38-GFP-overexpressing cells were plated to form EB to start CM differentiation as described in “Experimental Procedures.” A, ratio of beating EB derived
from wild type, CD38 knockdown, and CD38-GFP-overexpressing D3 ES cells for the indicated times. The results plotted represent the means � S.D. for three
independent experiments. B, immunofluoresent staining of Troponin T in EBs (day 10) derived from wild type and CD38 knockdown D3 ES cells, scale bars, 10
�m. Representative of three independent experiments. C–E, quantitative RT-PCR analyses of �-MHC (C), Mef2C (D), and GATA 4 (E) in EBs derived from control,
CD38 knockdown, and CD38GFP-expressing D3 ES cells for the indicated times. The results plotted represent the means � S.D. for three independent
experiments. The * symbols indicate the results of t test analysis, p � 0.05. F–H, Western blot analyses of Nkx2.5 (F), Troponin I (G), and �-MLC (H) in EBs derived
from control, CD38 knockdown, and CD38GFP expressing D3 ES cells for the indicated times. Representative of three independent experiments.
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The CD38-cADPR Pathway Inhibits FGF4/MAPK during
Cardiomyocyte Differentiation of Mouse D3 ES Cells—We
finally analyzed the signaling pathways which CD38/cADPR

might regulate to inhibit the CM differentiation of ES cells.
Several growth factors or cytokines, including fibroblast growth
factor (FGFs), bone morphogenetic proteins (BMPs), wingless-

FIGURE 4. Promotion of the cardiomyocyte differentiation of mouse ES cells by CD38 knockdown. Flow cytometry analyses of Troponin T immuno-
staining of day 9, 13, and 20 EBs derived from wild type and CD38 knockdown D3 (A) and R1 (B) ES cells. Data in A and B were representative of three and two
independent experiments, respectively. The * symbols indicate the results of t test analysis, p � 0.05.
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related MMTV integration sites (Wnts), and Notch, have been
shown to regulate early cardiogenesis (36). Therefore,Western
blot analyses on these known cardiac differentiation modula-
tors were performed in wild type and CD38 knockdown CMs.
We found CD38 knockdown had little effect on Wnts,

Notch, and BMPs signaling during the CM differentiation of
ES cells (data not shown). Interestingly, from day 5 to day 10
after CM differentiation, Erk1/2 activation was markedly
increased in CD38 knockdown EBs as compared with control
EBs, yet Erk1/2 activation was decreased in CD38 knock-

FIGURE 5. Enhancement of the cardiomyocyte differentiation of mouse ES cells by CZ27 and 8-Br-cADPR treatment. A, CZ27 (100 �M) significantly
inhibited endogenous cADPR concentration in D3 cells as determined by a cycling assay. B, Western blot analysis of �-MLC in EBs derived from control and CZ27
(100 �M) treated D3 ES cells. C–E, quantitative RT-PCR analyses of �-MHC (C), Mef2c (D), and GATA 4 (E) in EBs derived from control and CZ27 (100 �M)-treated
D3 ES cells. The results plotted represent the means � S.D. for three independent experiments. F, flow cytometry analyses of Troponin T immunostaining of
days 9 and 13 EBs derived from wild type and 8-Br-cADPR (100 �M)-treated D3 ES cells. Data in F were representative of three independent experiments. The
* symbols indicate the results of t test analysis, p � 0.05.
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down EBs by day 15 after differentiation (Fig. 8A). We then
assessed whether FGFs are regulated by CD38/cADPR to
modulate Erk activation during CM differentiation of mouse
ES cells. Targeted enhancement with FGF4 promoted cardi-
ogenic output from ES cells (37–39). Thus, real-time RT-
PCR analyses of FGF4 were performed in wild type and CD38
knockdown CMs. Consistently, the expression of FGF4 cor-
related with the activation of Erk1/2 in CD38 knockdown
EBs, in that FGF4 mRNA in CD38 knockdown EBs was
increased significantly from day 5 to day 10, but went down
sharply by day 15 after differentiation, as compared with
control EBs (Fig. 8B). Thus, CD38 knockdown EBs were
treated with U0126 (supplemental Fig. S5), a MEK1 inhibi-
tor, from day 5 to day 10 during CM differentiation. As
shown in Fig. 8C, treatment of CD38 knockdown EBs with
U0126 markedly reversed the enhancive effects of CD38
knockdown on CM differentiation of ES cells. Taken
together, these data indicated that the cADPR/CD38/Ca2�

pathway negatively modulates FGF4-Erk1/2 during CM dif-
ferentiation of ES cells.

DISCUSSION

Here we studied the role of the CD38/cADPR/Ca2� cascade
in CM differentiation of mouse ES cells. We found that inhibi-
tion of the cADPRcascade by eitherCD38knockdown, or treat-
ment with 8-Br-cADPR, a cADPR antagonist, or CZ27, a CD38
inhibitor, facilitated the cardiogenesis, whereas overexpression
of CD38 inhibited it. We further showed that CD38/cADPR
negatively modulated the FGF4-ERK1/2 cascade to inhibit car-
diomyocyte differentiation of ES cells. Interestingly, the CMs
derived from CD38 knockdown ES cells were functionally sim-
ilar to CMs derived fromwild type ES cells. Taken together, our
data indicated that the CD38/cADPR signaling antagonizes the
cardiogenesis of mouse ES cells. Therefore, applying cADPR
antagonists might be a good approach to enrich the generation
of CMs from ES cells.

FIGURE 6. The Ca2� handling and morphology of cardiomyocyte derived from wild type, CD38 knockdown, and CD38 GFP-expressing D3 ES cells. A,
spontaneous oscillations of intracellular Ca2� in CMs derived from wild type and CD38 knockdown ES cells as assessed by line scan presenting a distance-time
plot of Ca2�. B and C, amplitudes (B) and frequencies (C) of A. D, immunofluorescence staining of �-actin and Troponin T in CMs derived from wild type, CD38
knockdown, and CD38-overexpressing ES cells.
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Initiated by EB formation, CD38 expression was markedly
increased in total EB comparedwith that in ES cells (Fig. 2A and
supplemental Fig. S1B). Yet, in purified cardiomyocytes, CD38
expression was similar, or even decreased, compared with that
in undifferentiated ES cells (supplemental Fig. S1D). Interest-
ingly, during the neural differentiation of mouse ES cells initi-
ated bymonolayer cell culture (40), the expression of CD38was
decreased initially, and there was a mobility shift of CD38 dur-
ing the late neuronal differentiation of ES cells.3 These data

indicate that CD38 expression was dynamically regulated dur-
ing ES cell differentiation and might differentially regulate the
fate of ES cells during differentiation. Along this line, we found
that the CD38/cADPR pathway is required for neural differen-
tiation of ES cells, in that, perturbation of the CD38/cADPR
pathway markedly inhibited neural entry of mouse ES cells.3

The roles of the CD38/cADPR pathway in ES cells differentia-
tion into other cell lineages remain to be determined.
The essential role of Ca2� in cardiac contraction and relax-

ation has been well established (14). Several Ca2� handling
genes knock-out mice exhibited the defects in heart develop-3 J. Yue, unpublished data.

FIGURE 7. Functional characterization of cardiomyocytes derived from wild type and CD38 knockdown ES cells.SpontaneouslybeatingCMswereisolatedfrom
wild type and CD38 knockdown EBs (day 10) as described in “Experimental Procedures.” A, representative AP recordings from spontaneously beating CMs derived
from wild type and CD38 knockdown ES cells. Based on AP shape and duration, the CMs were grouped into three different cardiac subtypes: atrial-like, pacemaker-like,
and ventricular-like cells. B, distribution of cardiac subtypes in wild type and CD38 knockdown ES cell-derived CMs, n � 46 and 41 CMs, respectively. C, both the wild
type and CD38 knockdown ES-derived CMs showed a reduced activity to nifedipine, an L-type Ca2� channel antagonist, and an increased activity to NE, a sympathetic
neurotransmitter treatment. Nifedipine or NE was perfused into the system once the AP recordings of ES-CMs were stable.
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ment (41–43). Similar results have also been observed in Dro-
sophila (44), Xenopus (45), and Zebrafish (46), showing the
evolutionary conserved role of Ca2� signaling in heart develop-
ment. Recent burgeoning research of ES cells further docu-
mented themultifaceted roles of Ca2� signaling and the under-
lying mechanisms during different stages of cardiogenesis. It is
well accepted that the Ca2� signaling temporally and spatially
regulates cardiogenesis in a dose-dependently manner by fine
tuning both cardiac gene expression and myofibrillogenesis
(47–49). Here we added another role to this versatile ion: the
CD38/cADPR mediated Ca2� mobilization antagonizes car-
diogenesis by inhibiting the FGF4/MAPK cascade. Although a
majority of Ca2� signaling genes promote CM differentiation
from ES cells (50, 51), similar results have been observed in
calreticulin-null ES cells, in which cardiomyogenesis was accel-
erated yet dysregulated (26).
We also found that the CD38/cADPR cascade inhibited the

FGF4-Erk1/2 pathway during the CM differentiation of ES
cells, yet the underlyingmolecular details remain unclear. It has
been shown that inhibition of the CD38/cADPR/Ca2� signal-
ing abolished local reactive oxygen species (ROS) production
from sarcoplasmic reticulum (SR) via NAD(P)H oxidase in cor-
onary arterial myocytes (52). Interestingly, oxidizing agents
inhibited the ability of Oct-1, Oct-3, Sp1, and several Sp1-re-
lated nuclear proteins to bind important cis-regulatory ele-
ments located in the FGF-4 gene (53). Thus, it is possible that
the CD38/cADPR/Ca2� signaling regulate the redox state of
the cell to inhibit gene transcription of FGF4, thereby inhibiting

Erk1/2 activation during CM differentiation of mouse ES cells.
It is also noteworthy that the expression of FGF4 and the acti-
vation of Erk1/2 were up-regulated during early CM differenti-
ation (from day 5 to day 10) but down-regulated at late differ-
entiation (after day 15) in CD38 knockdown EBs as compared
with the control (Fig. 8, A and B). The significance of the tem-
porally differential regulation of the FGF4-Erk1/2 by theCD38/
cADPR remains unknown. Yet, the effects of several known
signaling events on CM differentiation of ES cells are tempo-
rally dependent. For example, transient inhibition of BMP sig-
naling by Noggin induces CM differentiation of mouse ES cells
(12).
Although cardiac differentiation of ES cells is regulated by

the interplay among VEGF, BMPs, FGFs, and Wnts (14, 54),
other unknown signaling events might also participate in the
cardiomyogenesis in the embryo. Along this line, it has been
shown recently that granulocyte colony-stimulating factor
receptor signaling promotes cardiac differentiation of ES cells
(55). Therefore, it is possible that the cADPR signalingmay also
temporally relate to other signaling events besides FGF4 to reg-
ulate the fate of ES cells.
Another unexpected result of the current study is that CMs

derived fromCD38 knockdownES cells were functionally com-
parable to normal ES cell-derived CMs, considering that
cADPR is tightly linked to contractility of adult CMs (19–23,
56). In adult CMs, the major source of Ca2� for excitation-
contraction coupling is RyR-mediated Ca2�-induced Ca2�

release (CICR) from SR initiated by Ca2� entry via L-type Ca2�

FIGURE 8. CD38/cADPR inhibits FGF2/MAPK during cardiomyocyte differentiation of mouse D3 ES cells. A, activation of the Erks1/2 during CM differen-
tiation of wild type and CD38 knockdown ES cells as determined by phospho-MAPK immunoblot analysis. B, quantitative RT-PCR analysis of FGF4 in control and
CD38 knockdown ES cell-derived EBs. The results plotted represent the means � S.D. for three independent experiments. C, flow cytometry analyses of
Troponin T immunostaining of day 9 and day 13 EBs derived from wild type and CD38 knockdown D3 cells treated with or without MEK1 inhibitor, U0126 (20
�M). Data in C were representative of three independent experiments. The * symbols indicate the results of t test analysis, p � 0.05.
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channels (14). In contrast, the SR Ca2� stores in embryonic
CMs are present but immature, and RyR-mediated Ca2�

releases only plays a minor role in contractility of ES cell-de-
rived CMs (47, 57–59). It was suggested that the spontaneous
Ca2� currents in embryonic CMs depend on IP3-mediated
Ca2� release to promote depolarization of the plasma mem-
brane, thereby triggering voltage-dependent Ca2� influx (57).
We reasoned that the minor role of RyRs in the Ca2� handling
in embryonic CMsmight explain why CMs derived fromCD38
knockdown ES cells are functional similar to wild type CMs.
However, given that amatured and functional SR is essential for
heart development, defects in the CD38/cADPR cascade could
eventually harm thematuration of normal heart. Therefore, it is
essential to add back cADPR agonists or remove cADPR antag-
onists after generation of CMs from ES cells by inhibiting
cADPR signaling to obtain matured CMs. In addition, as men-
tioned previously that cardiac hypertrophy developed in CD38
knock-out male mice (25), it is of interest to assess whether
cADPR agonists could rescue the defected heart development
in CD38-null male mice.
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