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Abstract Human embryonic stem cells (hESCs) are self-
renewing pluripotent cells that can differentiate to a wide
range of specialized cells and hold great promise as models
for human development and disease, as well as for drug
discovery and cell-replacement therapies. Group B Cox-
sackie viruses (CVBs) produce acute myocarditis, pancre-
atitis, non-septic meningitis and encephalitis in neonates,
children and young adults. Moreover, CVBs can produce
spontaneous miscarriage after early embryo infection. It
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was reported that hESCs express CVBs receptors and are
susceptible to CVB3 infection. Apoptosis is one of the
hallmarks of CVBs infection although details regarding
CVB3 involvement in the apoptotic processes remain elu-
sive. In order to evaluate the mechanisms of cell death
induced by CVB3 in these pluripotent cells, we infected
HUES-5 (H5) and WAO1 (H1) hESC lines with CVB3.
After validating the maintenance of stemness in these
hESC lines when grown as confluent monolayers in feeder-
free conditions, we analysed several aspects of pro-
grammed cell death triggered by CVB3. In all cases, we
detected chromatin condensation, DNA fragmentation and
caspase-9 and 3 cleavages. Moreover, we observed the
presence of cleaved PARP product which was preceded by
the appearance of pl17, the catalytically active fragment of
caspase-3. Mitochondrial function assays revealed a MOI
dependent decrease in cell viability at 24 h post-infection
(pi). No appreciable modifications in Bcl-2, Bcl-X; and
Bax protein levels were observed upon CVB3 infection
during 5-24 h observation period. However, a marked
decrease in pro-apoptotic Bad abundance was detected
without changes in its mRNA levels. In this study we found
that the hESCs are highly susceptible to CVB3 infection
and display elevated apoptosis rates, thus emerging as
suitable human non-transformed in vitro models to study
CVB3-induced apoptosis and resulting relevant to under-
stand CVBs pathogenesis.
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Coxsackievirus B3 - Apoptosis - Bcl-2 family members

Abbreviations

hESCs Human embryonic stem cells
CVB3 Coxsackie virus B3

H5 HUES-5 cell line
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Hl WAOL1 cell line

MOI Multiplicity of infection

PARP Poly-ADP-ribose-polymerase

CAR Coxsackievirus-adenovirus receptor

DAF Decay accelerating factor

VP1 Viral protein 1

Ac-DEVDpNA  Acetyl-Asp-Glu-Val-Asp-7-amino-4
p-nitroanilide

iMEF Inactivated mouse embryonic fibroblast

KSR Knockout Serum Replacement

DAPI 4-6-Diamidino-2-phenylindole

XTT 2,3-bis (2-methoxy-4-nitro-5-
sulfophenyl)-5 [(phenylamino)
carbonyl]-2 H-tetrazolium hydroxide

PMS N-methyl dibenzopyrazine methyl sulfate

BCA Bicinchoninic acid

Pi Post-infection

Cpe Cytopathic effect

TUNEL Terminal dUTP nick end labeling

Introduction

Human embryonic stem cells (hESCs) are pluripotent cells
derived from the inner cell mass of early human embryos
that are capable of in vitro differentiation into virtually
every cell type found in the adult body. In addition, these
cells can self-renew and be cultured indefinitely in vitro.
Therefore, hESCs hold great promise as models for human
development and disease, as well as for drug discovery and
cell-replacement therapies [1, 2].

Coxsackievirus B3 (CVB3), a non-enveloped single
positive-polarity RNA enterovirus in the Picornaviridae
family, enters into host cells through binding to the cox-
sackievirus-adenovirus receptor (CAR) [3]. The virion
morphology is characterized by a star-shaped mesa at each
fivefold icosahedral symmetry axis, surrounded by a nar-
row depression (“canyon”), formed by the viral capsid
proteins VP1-VP2-VP3, which binds to CAR [4]. Receptor
binding induces conformational changes, which facilitate
the internalization of viral RNA into host cells [5, 6].
Additionally, decay accelerating factor (DAF) acts as an
attachment but not an entry receptor for CVB3 [7, 8].

CVB3 infection is the most frequent cause of human
viral myocarditis in neonates, children and young adults [9,
10]. CVB3 can also infect other organs such as pancreas,
spleen and brain causing severe pathological complications
including pancreatitis, non-septic meningitis and encepha-
litis [9, 11]. Moreover, newborn babies also are considered
to be in danger from CVB infection [12, 13]. Some reports
concluded that CBV may be an important causative agent

in spontaneous abortions and also in stillbirths, as CVBs
were isolated from placental and fetal tissues from spon-
taneous abortions. IgM antibodies to CVB serotypes 1-5
were detected in 42% of women with miscarriage before
the 13th week of gestation [14-17]. Interestingly, Feuer
et al. [18] demonstrated that CVB3 preferentially targets
proliferating neural stem cells located in the neonatal
murine central nervous system.

Apoptosis is a distinct type of programmed cell death,
which is defined by cellular phenotypic changes including
nuclear chromatin condensation, DNA fragmentation,
caspases activation, membrane blebbing and cell shrinkage
[19, 20]. Apoptosis is induced via two main routes
involving either mitochondria (the intrinsic pathway) or
death receptors (the extrinsic pathway). Both pathways
converge into a common cell death machinery [21]. In the
mitochondrial-mediated pathway, cytochrome c plus other
pro-apoptotic factors, are released from mitochondria and
trigger the activation of caspases (initiator caspase-9 and
effector caspases 3, 6 and 7) [22, 23]. Caspases cause cell
death by cleaving a number of cellular proteins including
nuclear lamins [24], DNA repair enzymes such as poly-
ADP-ribose-polymerase (PARP) [25], and cytoskeletal
proteins such as actin [26].

Mitochondrial mediated apoptosis is controlled at sev-
eral intracellular check points. One of these is mainly
regulated by different members of the Bcl-2 family, which
can play opposite functions on programmed cell death. Bcl-
2 is an inhibitor of the mitochondrial apoptotic pathway.
This anti-apoptotic protein acts to inhibit cytochrome
c release thereby blocking caspase activation and the
apoptotic process [27]. In addition to Bcl-2, a number of
other proteins like Bcl-X;, Bel-w and Mcll, have an anti-
apoptotic effect. On the other hand, the members of the
pro-apoptotic group include Bax, Bad, Bak, Bid, Bim,
among others [28]. Bax and Bak proteins, in particular,
upon an apoptotic stimulus, are responsible of the mito-
chondrial outer membrane permeabilization that allows
cytochrome c¢ release [29, 30]. In contrast, other pro-
apoptotic proteins, like Bad, disrupt the function of anti-
apoptotic Bcl-2 family members by kidnapping them on
cytoplasm [31, 32].

Apoptosis is one of the hallmarks of viral infection. In
several infection models, apoptotic events appear to pro-
vide a defense mechanism whereby the infected cell
commits suicide prior to the completion of virus life cycle,
limiting virus replication [33]. In such circumstances, the
apoptotic bodies are eventually recognized and cleared by
neighboring phagocytic cells. However, in some other
systems, virus-induced apoptosis seems to facilitate viral
progeny release from infected cells enhancing viral spread
and disease progression [34, 35]. On this sense, it has
been demonstrated that a hallmark of CVB3-induced
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pathogenesis is apoptosis as previous studies have shown
that apoptotic events occur frequently during CVB3
infections under in vitro as well as in vivo conditions [36—
39]; hence, the activation of apoptotic pathways during
CVB3 infection is of growing interest and many details
regarding CVB3 involvement in the apoptosis processes
still remain unclear [40].

HeLa cells are the most common human in vitro model
used to study CVB3 infection and apoptosis. Activation of
the apoptotic machinery has been demonstrated in HeLa
cells following CVB3 infection [39, 41, 42]. However, as
conclusions made from tumor-derived cells lines are always
subject of controversy, new non-cancerous cell based in
vitro models are desirable. Host cell status plays an
important role in determining CVB3 infection outcome. In
this regard, highly proliferative cells, like HeLa, appeared
to be more susceptible to productive CVB3 infections [43].
On this sense, it was recently reported that non-transformed
highly replicative human embryonic stem cell lines robustly
express CAR and DAF receptors and are susceptible to
CVBI1-5 strains infection. Importantly, IFN-If treatment
significantly reduced viral replication, suggesting that type |
IFN signalling is also involved in the control of CVB
infection in these cells [44]. hESCs emerged then as good
candidates to study CVB3-induced cytopathic effects, and
because of that we aim to determine the mechanisms of cell
death triggered by CVB3 infection in hESCs.

In the present study we found that CVB3 infection
decreased cell viability and increased chromatin conden-
sation, DNA fragmentation, caspase-9 cleavage, caspase-3
activation and PARP cleavage in hESC lines WAO1 (H1)
and HUES-5 (HS). Therefore, CVB3 infection induces
apoptosis of hESCs. Moreover, no relevant changes in Bcl-
2 family members mRNA and protein expression levels
were found, except for Bad protein, which is down-regu-
lated after virus infection. These findings are relevant for
understanding the mechanisms of CVB3 cytopathic effects
in hESCs.

Materials and methods
Cell lines and culture

The human embryonic stem cell (hESC) line WAO1 (H1)
was purchased from WiCell Research Institute (WI), and
the hESC line HUES-5 (HS5) was acquired from Harvard
University and the Howard Hughes Medical Institute (MA)
at low passages (p15 to p20). The hESC lines were main-
tained on an inactivated mouse embryonic fibroblast
(iMEF) feeder layer in medium comprised of Dulbecco’s
Modified Eagle’s Medium/Ham’s F12 (DMEM/F12)
supplemented with 10% Knockout Serum Replacement
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(KSR), 2 mM nonessential amino acids, 2 mM L-gluta-
mine, 100 U/ml penicillin, 50 pg/ml streptomycin, 0.1 mM
f-mercaptoethanol and 4 ng/ml of bFGF. All these
reagents were obtained from Invitrogen (Carlsbad, CA,
USA). hESCs were transferred with 1 mg/ml collagenase
IV (Invitrogen, CA, USA) into feeder-free diluted (1/40)
MatlrigelTM (BD Bioscience, San Jose, CA, USA) coated
dishes containing iMEF conditioned medium. For the
conditioning medium, 3 X 10% inactivated MEFs were
incubated for 24 h with 25 ml of DMEM/F12 medium
supplemented with 5% KSR and 2 ng/ml of bFGF (in
addition to the other aforementioned supplements) and
stored at —20°C. After thawing, fresh aliquots of KSR and
bFGF were added to the medium to render a final con-
centration of 20% and 8 ng/ml, respectively. Before
experiments, hESCs grown on MatrigelTM were dissociated
into single cells using accutase 1x (Invitrogen, CA, USA)
for 20 min, plated onto MatrigelTM coated dishes (with
addition of 10 pM Y-27632 ROCK inhibitor) and grown
until confluence with conditioned medium.

HeLa cells used for virus propagation and viral titrations
were maintained as monolayers in MEM supplemented
with 10% (vol/vol) FBS, 2 mM L-glutamine, 25.5 mM
sodium bicarbonate and 50 pg of gentamicin/ml.

Virus

CVB3 (Nancy strain) was obtained from the American
Tissue Culture Collection (ATCC). The viral stocks were
prepared by partially purifying the virus through a 30%
sucrose cushion, as previously described [45].

Cell infection

hESCs were infected with a multiplicity of infection (MOI)
of 0.01, 0.1, 1 or 10 for 1 h at 37°C. Mock infection was
performed by replacing the same volume of virus inoculum
with uninfected HeLa cells supernatant. The cells were
then washed and maintained in conditioned medium.

Immunostaining and fluorescence microscopy

hESCs were analyzed for in situ immunofluorescence.
Briefly, the cells were rinsed with ice-cold PBS and fixed in
PBSA (PBS with 0.1% bovine serum albumin) with 4%
formaldehyde for 45 min. After two washes cells were
permeabilized with 0.1% Triton X-100 in PBSA with 10%
normal goat serum for 30 min, washed twice and stained
with the corresponding primary antibodies: murine mono-
clonal antibodies (mAb) anti-SSEA4 (clone 813-70), anti-
Tra-1-60 (TRA-1-60), anti-Tra-1-81 (sc-21706), anti-Oct-
3/4 (clone C-10), rabbit polyclonal anti-Nanog (clone
H-155) and anti-VP1 from Santa Cruz Biotechnology
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(Santa Cruz, CA, USA). Fluorescent secondary antibodies
fluorescein isothiocyanate (FITC)-conjugated anti-mouse
IgG, FITC-conjugated anti-rabbit IgG, Texas Red-X (TR)-
conjugated anti-rabbit IgG and TR-conjugated anti-mouse
IgG were purchased from Molecular Probes/Invitrogen
(Carlsbad, CA, USA) and were used to localize the antigen/
primary antibody complexes. The cells were counterstained
with 4-6-diamidino-2-phenylindole (DAPI) (Molecular
Probes/Invitrogen, Carlsbad, CA, USA) and examined
under a Nikon Eclipse TE2000-S inverted microscope
equipped with a 20x E-Plan objective and a super high-
pressure mercury lamp. The images were acquired with a
Nikon DXN1200F digital camera, which was controlled by
the EclipseNet software (version 1.20.0 build 61).

Cell viability assay

hESCs were plated onto MatrigelTM coated 96-well tissue
culture plates at densities between 1 x 10* and
3 x 10* cells per well and grown until confluence. 24 h
post-infection (pi), 50 pg/well of activated 2,3-bis
(2-methoxy-4-nitro-5-sulfophenyl)-5 [(phenylamino) car-
bonyl]-2 H-tetrazolium hydroxide (XTT) (Sigma, St.
Louis, MO, USA) in PBS containing 0.3 pg/well of the
intermediate electron carrier, N-methyl dibenzopyrazine
methyl sulfate (PMS) (Sigma, St. Louis, MO, USA) were
added (final volume 100 pl) and incubated for 1-2 h at
37°C. Cellular metabolic activity was determined by
measuring the absorbance of the samples with a multiplate
spectrophotometer (Benchmark, Bio-Rad, Hercules, CA,
USA) at a wavelength of 450 nm and subtracting the
background absorbance at 690 nm.

TUNEL assay

An in situ cell death detection kit using TdT-mediated
fluorescein-conjugated dUTP nick end labeling (TUNEL,
In Situ Cell Death Detection Kit Fluorescein, AP; Roche
Molecular Biochemicals, Mannheim, Germany) was used
to detect apoptotic cells following manufacturer’s instruc-
tions. The procedure, using a photometric enzyme immu-
noassay, determines cytoplasmic histone-associated DNA
fragments (mono- and oligonucleosomes) after cell death.
Fluorescein labels were detected by fluorescence and
examined under a Nikon Eclipse TE2000-S inverted
microscope equipped with a 20x E-Plan objective and a
super high-pressure mercury lamp. The images were
acquired with a Nikon DXN1200F digital camera, which
was controlled by the EclipseNet software (version 1.20.0
build 61). Densitometric analyses were performed with
ImageJ 1.34s software (Wayne Rasband, National Insti-
tutes of Health, USA. http://rsb.info.nih.gov/ij/).

Caspase-3 like activity

Caspase-3-like activity was measured by a colorimetric
assay. In brief, hESCs were plated in MatrigelTM coated p60
plates, incubated in conditioned medium at 37°C until
confluence and then infected with CVB3 as described
above. At 1 h pi, cells were lysed in 50 mM Tris—HCI
buffer pH 7.4 containing 1 mM EDTA, 10 mM EGTA,
10 uM digitonin, 0.5 mM PMSF, 1.54 uM aprotinin,
14.58 pM  pepstatin and 63.86 pM benzamidine, for
30 min at 37°C. Cell lysates were clarified by centrifuga-
tion and 150 pl of the resultant supernatant (100200 pg
protein) were incubated with 146 pl of incubation buffer
(100 mM HEPES pH 7.5, 20% glycerol, 0.5 mM EDTA
and 5 mM dithiothreitol (DTT)) and 4 pl of the substrate
acetyl-Asp-Glu-Val-Asp-7-amino-4  p-nitroanilide (Ac-
DEVDpNA) (100 uM) at 37°C for different times (2 and
4 h). Caspase-catalyzed release of the chromophore pNA
from the substrate was measured at 405 nm with a multi-
plate spectrophotometer (Benchmark, Bio-Rad, Hercules,
CA, USA) and the cleavage activity was expressed as pNA
absorbance units/mg protein. Blanks containing either the
substrate or the cell lysate alone were subtracted from the
A405 nm values of the corresponding test wells. Protein
concentration was determined with a BCA Protein Assay
Kit (Pierce Thermo Scientific, Rockford, IL, USA) using
bovine serum albumin as standard.

RNA isolation, RT-PCR and RT-qPCR

Total RNA was extracted from hESCs with Trizol (Invit-
rogen, Carlsbad, CA, USA) as recommended by the man-
ufacturer. cDNA was synthesized from 500 ng of total
RNA with 15 mM of random hexamers (Invitrogen,
Carlsbad, CA, USA) and MMLV reverse transcriptase
(Promega, Madison, WI, USA), according to manufac-
turer’s instructions. The cDNA samples were diluted five-
fold, and the PCR reaction was conducted at an annealing
temperature of 55°C. All of the reactions were within the
linear range of amplification. For the qPCR studies, PCR
amplification and analysis were performed with ABI
PRISM 7500 Sequence Detector System (PE Applied
Biosystems, Foster City, CA, USA). The SYBR® Green-
ER" gPCR SuperMix UDG (Invitrogen, Carlsbad, CA,
USA) was used for all reactions, following manufacturer
instructions. A melting curve analysis was performed
immediately after amplification at a linear temperature
transition rate of 0.3°C/s from 70 to 89°C with continuous
fluorescence acquisition. After qPCR, the amplicon size
was confirmed by gel electrophoresis. The primers
sequences and sizes of the amplified fragments are shown
in Table 1.
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Table 1 Primers used for RT-PCR and qPCR experiments and size of fragments

Name Fragment size (bp) Prime sequence (5'-3)

Forward Reverse
Oct-4 126 CTGGGTTGATCC TCGGACCT CACAGAACTCATACGGCGGG
Nanog 109 AAAGAATCTTCACCTATGCC GAAGGAAGAGGAGAGACAGT
Gapdh 98 ACAGCCTCAAGATCATCAG GAGTCCTTCCACGATACC
Bcl-2 240 TATAACTGGAGAGTGCTGAAG ACTTGATTCTGGTGTTTCCC
Bel-xp 284 TGCGTGGAAAGCGTAGACAAG GTGGGAGGGTAGAGTGGATGG
Bax 195 GACGGCAACTTCAACTGG GTGAGGAGGCTTGAGGAG
Bad 177 ATGAGTGACGAGTTTGTGGAC CGGGATGTGGAGCGAAGG

Protein analysis

Total proteins were extracted from hESCs in ice-cold RIPA
protein extraction buffer (50 mM Tris—HCI, 150 mM
NaCl, 1% triton, 0.25% sodium deoxycholate, 1 mM
EDTA pH 7.4) supplemented with protease inhibitors
(Protease inhibitor cocktail set I, Calbiochem, San Diego,
CA, USA). The lysates were centrifuged at 14,300x g and
4°C for 10 min, and the pellet discarded. Cleared lysates
were combined with SDS sample buffer (50 mM Tris pH
6.8, 1% SDS, 0.1% bromphenol blue, 10% glycerol,
100 mM DTT). For western blot, samples were boiled for
5 min and electrophoresed for 3 h at 100 V in 15% or 10%,
SDS—polyacrylamide gel, transferred to a PVDF membrane
(Bio-Rad, Hercules, CA, USA) by electroblotting in
transfer buffer containing 20% methanol (vol/vol), 0.19 M
glycine, 0.025 M Tris-base (pH 8.3) at 10 V for 45 min
(Trans-Blot SD Semi-Dry Electrophoretic Transfer Cell,
Bio-Rad, Hercules, CA, USA). Blots were blocked 1 h at
room temperature in TBS (20 mM Tris—HCI, pH 7.5,
500 mM NaCl) containing low-fat powdered milk (5%)
and Tween 20 (0.1%). Incubations with primary antibodies
were performed at 4°C for 12 h in blocking buffer (3%
skim milk, 0.1% Tween, in Tris-buffered saline). The
membranes were then incubated with the corresponding
counter-antibody and the proteins evidenced by enhanced
chemiluminescence detection (SuperSignal West Femto
System, Thermo Scientific, Rockford, IL, USA). The fol-
lowing primary antibodies were used: a-Bcl-Xj /5 (sc-634);
a-Bax (sc-493); a-Bcl-2 (sc-7382); a-Bad (sc-943);
o-PARP (sc-8007) and o-Actin (sc-1616) (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), a-active Caspase-3
(ab13847) (Abcam Inc., Cambridge, MA, USA) and
a-caspase-9 (cat. 9502) (Cell Signaling Technology, Bev-
erly, MA, USA). As secondary antibodies the following
were used: a horseradish peroxidase-conjugated o-rabbit
IgG; a-mouse IgG or a-goat IgG. Densitometric analysis of
protein levels were performed with ImageJ 1.34s software
(Wayne Rasband, National Institutes of Health, USA.
http://rsb.info.nih.gov/ij/).
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Statistical analysis

All results are expressed as mean == SEM. For XTT
experiments one-way ANOVAs followed by Tukey’s
multiple comparisons tests were used to detect significant
differences among treatments (P < 0.05). The student’s
paired ¢ test was used to determine significant differences
between means for DAPI and TUNEL studies (P < 0.05).

Results

Analysis of stem cell markers expression
and susceptibility to CVB infection of human
embryonic stem cells grown as monolayer

We first validated the pluripotent nature of HUES-5 (HS5)
and WAO1 (HI) hESC lines grown as monolayer until
confluence on MatrigelTM coated culture dishes. Experi-
ments were conducted on feeder-free conditions to avoid
contamination with MEFs. hESCs exhibited robust
expression of stem cells associated markers, such as
nuclear located transcription factors Oct-4 and Nanog and
surface markers SSEA-4, TRA1-60 and TRA1-81
(Fig. 1a). The tested cell lines also expressed transcripts
associated with pluripotency such as oct-4 and nanog
(Fig. 1b). These results show maintenance of pluripotent
characteristics under the experimental conditions used.
Then, H5 and H1 cells were infected with CVB3 and the
intracellular presence of viral structural protein VP-1 was
assessed by immunostaining at 16 h pi. A high proportion
of cells resulted immunoreactive for VP-1 thus confirming
hESCs susceptibility to CVB3 virus infection (Fig. 1c).

CVB3 infection induces apoptosis of human embryonic
stem cells

We next evaluated how CVB3 infection affects hESCs
viability. As shown in Fig. 2a, after 24 h of CVB3 infec-
tion the number of viable cells felt down to 21 + 13.8% for
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(a)
’ Bri Fie] DAPI SSEA-4
- -
TRA1-60
- -
TRA1-81
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NANOG
- -
OCT-4

H5

Fig. 1 Expression of stem cell markers and intracellular presence of
viral VP1 protein. a Immunoﬂuorescence staining of confluent
HUES-5 (H5) hESCs grown on Matrlgel coated plates and fixed
and stained with primary antibodies recognizing stem cell markers.
Figure shows representative images of hESC stained with SSEA-4,
TRA-1-60, TRA-1-81, Nanog and Oct-4. The nuclei were counter-
stained with DAPI. The scale bars represent 100 and 200 pm. b RT-
PCR analysis of stem cell-like transcripts nanog and oct-4 was
performed on feeder-free confluent undifferentiated HS and WAO1

HS5 and 23 £ 6.9% for H1. As expected, an increase in cell
viability was observed when tenfold serial dilutions of
CVB3 were used.

In CVB3-infected hESCs, a cytopathic effect (cpe)
characterized by ballooning and cell detachment was
observed as soon as 4 h pi (Fig. 2b, upper panels). This cpe
is compatible with programmed cell death.

Chromatin condensation paralleled by DNA fragmen-
tation are two of the most important criteria which are used
to indentify apoptotic cells, therefore we next measured
these processes by DAPI staining of nuclear DNA and
TUNEL technique, respectively. CVB3 infection increased
the percentage of hESCs DAPI positive apoptotic nuclei as
soon as 4 h pi (8.8 £ 2.9% mock, 24.6 £ 1.1% 4 h CVB3

(b)
H5 H1 FH
oct-4 | .
nanog | - .-
gapdh | S
RT-PCR
(¢) Bright Field DAPI

Mock

16h CVB3 pi

(H1) hESCs. gapdh was used as loading control. ¢ Figure shows
representative images of feeder-free confluent undifferentiated HS
cells at 16 h CVB3 pi and immunostained for VP1. The nuclei were
counterstained with DAPI. Mock: uninfected control cells. The scale
bars represent 100 pm. Abbreviations: SSEA-4 stage-specific embry-
onic antigen, TRA-1-60 tumor rejection antigen 1-60, TRA-1-81 tumor
rejection antigen 1-81, Oct-4 octamer 4, VPI viral protein 1, CVB3
Coxsackievirus subgroup B, serotype 3, pi post-infection

pi, 32.8 & 3.4% 8 h CVB3 pi for HS5 cells; 27.5 + 6.6%
mock, 42.5 = 4.9% 4 h CVB3 pi, 55.6 &= 5.5% 8 h CVB3
pi for H1 cells) (Fig. 2b, lower panels and graph). In what
it concerns to DNA fragmentation, a significant increase in
TUNEL-positive cells was found in H5 and H1 hESCs
infected with CVB3. Remarkably, TUNEL signals gener-
ated at 8 h pi were as high as DNAse I treated cells
(3.2 £ 1.1 and 3.4 £ 0.7 fold induction vs. mock for 8 h
CVB3 pi H5 and HI1 cells, respectively. 4 + 0.9 fold
induction vs. mock for DNAse I treated cells) (Fig. 3a).
Activation of initiator and effector caspases is other rel-
evant criteria to determinate apoptosis induction. Upon
CVB3 infection, initiator pro-caspase-9 (47 kDa) was pro-
cessed into active fragments (37/35 and 17 kDa). A decrease

@ Springer



138

Apoptosis (2012) 17:132-142

140
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Fig. 2 Cell viability and chromatin condensation changes induced by
CVB3 infection in hESCs. a Cell viability was assessed by XTT
colorimetric assay performed at 24 h H5 and H1 CVB3 pi and is
expressed as percentage of the internal control (Mock: mock-infected
cells). tenfold serial dilutions of CVB3 were used (MOI between 10
and 0.01). Bars indicate Mean & SE of four replicates from three
independent experiments (n = 12). * = P < 0.05; y = P < 0.05.
b Chromatin condensation was analyzed by DAPI staining of feeder-
free confluent HS and H1 hESCs at 4 and 8 h CVB3 pi (MOI = 1).
Figure shows representative images and arrows indicate apoptotic
nuclei. Means £ SE from three independent experiments are graphed
for % of apoptotic nuclei. * = P < 0.05; = P < 0.05

in pro-caspase-9 and an increase in active fragments protein
levels were detected (pro-caspase-9 = 0.99 + 0.04,0.91 &+
0.04, 0.81 £ 0.17, 0.53 &+ 0.08; 17 kDa cleaved caspase-
9 =373 £1.81, 1.51 £0.33, 1.90 + 0.18, 2.12 + 0.5
fold induction for 5, 8, 16 and 24 h CVB3 pi, respectively)
(Fig. 3b, upper panels and graph). Cleaved caspase-9 could
further process other caspase members, including caspase-3,
to initiate a caspase cascade, which leads to apoptosis.
Western blot detection of cleaved caspase-3 (appearance of
caspase-3 pl7) revealed a time-dependent activation of

@ Springer

caspase-3, concomitant with caspase-9 activation, mediated
by CVB3 infection (2.5 £ 0.05, 2.4 + 0.3, 3.85 £+ 1.1,
12.3 £ 0.7 fold induction for 5, 8, 16 and 24 h CVB3 pi,
respectively) (Fig. 3b, middle upper panel and graph). In
parallel, caspase-3 activity was assessed by two different
experimental approaches: PARP cleavage by western blot
and p-nitroanilide release from acetyl-DEVD-p-nitroanilide
by spectrophotometric detection. Time course studies
revealed the presence of cleaved PARP which was preceded
by the appearance of catalytically active p17. This chro-
nology is compatible with the involvement of caspase-3 in
PARP proteolysis (Fig. 3b middle lower panel and graph).
By other hand, caspase-3 enzyme activity is detected as soon
as 1 hCVB3 pi (1.9 and 1.7 fold induction vs. mock for H5
and H1, respectively) (Fig. 3c).

Taken together, these results indicate that CVB3 infec-
tion induces apoptosis of hESCs and that, based on cas-
pase-9 cleavage, the mitochondrial-mediated apoptosis
pathway may participate in this induction.

Bcl-2 family members expression levels after CVB3
infection

Western blot assays were performed in order to analyze
protein expression levels of Bcl-2 family members in
hESCs after CVB3 infection. Results shown in Fig. 4a
indicate that neither anti-apoptotic proteins Bcl-2 and Bcl-
Xy, nor pro-apoptotic protein Bax changed up to 24 h
CVB3 pi (first, second and third panels, respectively and
graph). On the contrary, pro-apoptotic Bad protein levels
decreased upon CVB3 infection (0.41 £ 0.21 and
0.28 £ 0.17 fold induction vs. mock for 16 and 24 h CVB3
pi, respectively) (Fig. 4a fourth panel and graph). mRNA
level analysis by RTqPCR revealed that bad expression in
HS5 and H1 hESCs is not affected by CVB3 infection
(Fig. 4b). Bad protein down-regulation may be then due to
changes in protein stabilization and not to mRNA levels.
The rest of the Bcl-2 family members mRNA levels studied
only showed slight down-regulations for bcl-x; and bax.
However these variations were not reflected at the protein
level (Fig. 4a, b).

Discussion

One of the potential mechanisms by which CVB3-infected
cells die is apoptosis [46]. Understanding how CVB3 are
capable of modulating host apoptotic balance is of major
interest for the development of new therapeutic strategies
against CVB3-related diseases and therefore for the control
of the viral spread in different tissues.

CVB3 is a frequent cause of severe diseases and path-
ological complications [9, 11]. Moreover, it has been
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demonstrated that newborn mice are more susceptible than  pathogenesis [47]. In this sense, it was reported that hESCs
adult mice to group B Coxsackie viruses. The most likely  robustly express CVB receptors CAR and DAF and are
mechanism involved is the diminution in the abundance  susceptible to CVB3 infection. In particular, CAR tran-
of cellular receptors with age, since viral cellular recep- scripts were always more abundant in hESCs than in dif-
tors (CAR and DAF) are major determinants of CVB3 ferentiated counterparts obtained using embryoid body
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<« Fig. 3 DNA fragmentation and caspase-3 activity induced by CVB3
infection in hESCs. a DNA fragmentation was assessed by TUNEL
assay performed in H5 and H1 at 4 and 8 h CVB3 pi (MOI = 1) and
is expressed as TUNEL signal fold induction of the internal control
(Mock: mock-infected cells). Positive control: mock-infected cells
treated with DNAse I. Negative control: mock-infected cells in label
solution only (without terminal transferase). Representative images
are shown and the Means &+ SE from three independent experiments
are graphed. The scale bars represent 100 pm. * = P < 0.05;
Y = P < 0.05. b Confluent feeder-free H5 cells were infected with
CVB3 (MOI = 0.1) and cell lysates prepared and analyzed by
western blot at 5, 8, 16 and 24 h pi. Membranes were probed with
antibodies against Caspase-9 (upper panel), active cleaved Caspase-3
(middle upper panel), PARP (middle lower panel) and Actin (lower
panel) proteins. Representative blots from three independent exper-
iments are shown. Pro-caspase-9, cleaved caspase-9 (17 kDa),
cleaved caspase-3 and PARP (Full length and cleaved) protein
expression are expressed as fold induction relative to controls (Mock:
mock-infected cells). Means + SE from three independent experi-
ments are shown (B, column graph). ¢ Caspase-3 activity was
determined 1 h post CVB3-infection in H5 and H1 (MOI = 1) by
measuring the proteolysis of Ac-DEVDpNA during 2—4 h. Specific
activity was calculated as A405/mg protein under the standard
incubation conditions and expressed as fold induction against the
internal control (Mock: mock-infected cells). Means + SE from three
independent experiments are shown

based hESCs-differentiation protocol [44]. Taken together,
all these observations make the study of the mechanisms of
cell death triggered by CVB3 virus infection in hESCs of
growing interest.

In the present study, we assessed for the first time the
impact of CVB3 infection on hESCs apoptosis. We found,
by measuring chromatin condensation (DAPI staining) and
DNA fragmentation (TUNEL assay), that apoptosis
induction occurs as soon as 4 h CVB3 pi in H5 and H1
hESC lines. Moreover, at 8 h pi 32.8 and 55.6% of H5 and
H1 nuclei, respectively, exhibit apoptotic features. It is
important to mention that H1 cell line showed higher
apoptotic basal levels than H5 cell line (8.8 vs. 27.5% of
apoptotic nuclei, respectively). Importantly, these differ-
ences between hESCs lines have been already reported and
it is known that in some hESCs lines >30% of the cells
undergo spontaneous apoptosis under routine culture con-
ditions [48]. These findings suggest that CVB3 infection
may induce faster and higher apoptosis rates in hESCs than
in HeLa cells [38].

The mitochondria-mediated pathway is commonly
believed to be associated with apoptosis induced by CVB3,
thus caspase activation [39, 49] and mitochondrial release
of cytochrome ¢ [41] may be important early events in
CVB3 infection. Further studies showed that in addition to
caspase-3 activation, multiple members of the caspase
family (caspase-2, 6, 7, 8 and 9) were activated or degraded
during CVB3 infection in HeLa cells and in murine atrial
cardiomyocytes [41]. Moreover, Bcl-2 or Bcl-X; overex-
pression markedly reduced cytochrome c release, depres-
sed caspase activation, delayed the loss of host cell
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Fig. 4 Bcl-2 family members expression levels changes after CVB3
infection of hESCs. a Confluent feeder-free HS cells were infected
with CVB3 (MOI = 0.1) and cell lysates prepared and analyzed by
western blot at 5, 8, 16 and 24 h pi. Membranes were probed with
antibodies against Bcl-2 (upper panel), Bcl-Xy, (middle upper panel),
Bax (middle middle panel), Bad (middle lower panel) and Actin
(lower panel) proteins. Representative blots from three independent
experiments are shown. Bcl-2, Bcl-X , Bax and Bad protein levels are
expressed as fold induction relative to controls (Mock: mock-infected
cells). Means + SE from three independent experiments are shown
(A, column graph). b mRNA expression levels were analyzed by
gPCR in H5 and H1 at 4 and 8 h after CVB3 infection (MOI = 0.1)
with primers that amplified bcl-2, bcl-x;, bax and bad. Actin
expression was used as normalizer. Graph shows mRNA fold
induction relative to the controls (Mock: mock-infected cells). The
Means + SE from three independent experiments are shown

viability and decreased progeny virus release following
infection [41]. Our results demonstrated that initiator cas-
pase-9 and effector caspase-3 are cleaved in hESCs upon
CVB3 infection and that the cleaved caspase-3 is proteo-
Iytically active (confirmed by caspase activation assays and
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PARP cleavage). Thus, the mitochondrial-mediated apop-
tosis pathway may participate in CVB3 apoptosis induction
also in hESCs. Again, hESCs may be more vulnerable than
HeLa cells to CVB3 mediated apoptosis, as caspase-3 and
PARP cleavage were detected at 5 and 8 h pi, respectively,
in hESCs (MOI = 1) and only at 8 and 9 h pi in HeLa cells
(MOI = 5) [39]. Beside, an increase in caspase-3 enzy-
matic activity was detected in hESCs as soon as 1 h pi.

Little is known about how CVB3 infection affects Bcl-2
family members expression levels. It was shown that
myocardial mRNA levels of Bax and Bcl-X; were signifi-
cantly increased from day 3 onwards in CVB3 infected
BALB/c mice [50]. Moreover, it was found that also Bax
and Bcl-2 proteins were up-regulated on myocardium of
C3H/HeJ mice infected with CVB3 [51, 52]. However, no
changes have been seen in our hESCs in vitro model in Bcl-
2, Bcl-X;, and Bax protein and mRNA levels upon hESCs
CVB3 infection. In contrast, Bad protein is down-regulated
under these experimental conditions as soon as 5 h CVB3
pi. Bad mRNA expression is not affected in hESCs by
CVB3, so Bad protein down-regulation may be due to
changes in protein stabilization and not to mRNA levels.
According to published reports, Bad protein stability may
be affected by ubiquitylation and proteasomal degradation
[53] or by a 26S proteasome independent degradation sys-
tem based on non caspase cytosolic proteases [54, 55]. The
mechanism involved in Bad down-regulation in CVB3-
infected hESCs still needs to be addressed. However, it is
possible that CVB3 viral proteases 2A and 3C could par-
ticipate in Bad degradation, as it is known that caspase-3,
PARP and other substrates are cleaved by ectopic expres-
sion of these proteases in HeLa cells [24, 25].

Conclusion

Human embryonic stem cells present high susceptibility to
CVB3 infection and apoptosis induction and emerged then
as a good human non-tumoral in vitro cell model to study
CVB3-induced apoptosis. Moreover, detailed studies of the
mechanisms and signaling pathways involved in CVBs
apoptosis regulation in hESCs will provide information
that may result clinically relevant to understand CVBs
pathogenesis. It would allow, among others, to study if
susceptibility changes upon differentiation of hESCs into
specific lineages by means of defined protocols.
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