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differentiation of mouse embryonic
stem cell into cardiomyocytes

Accepted: 11 September 2015 . Paola Rebuzzini*#, Elisa Cebral?, Lorenzo Fassina®#, Carlo Alberto Redi**5,

.. € o cil: 14
Published: 08 October 2015 Maurizio Zuccotti® & Silvia Garagna

Chronic arsenic exposure is associated with increased morbidity and mortality for cardiovascular
diseases. Arsenic increases myocardial infarction mortality in young adulthood, suggesting that
exposure during foetal life correlates with cardiac alterations emerging later. Here, we investigated
the mechanisms of arsenic trioxide (ATO) cardiomyocytes disruption during their differentiation
from mouse embryonic stem cells. Throughout 15 days of differentiation in the presence of ATO (0.1,
0.5, 1.0 uM) we analysed: the expression of i) marker genes of mesoderm (day 4), myofibrillogenic
commitment (day 7) and post-natal-like cardiomyocytes (day 15); ii) sarcomeric proteins and their
organisation; iii) Connexin 43 and iv) the kinematics contractile properties of syncytia. The higher
the dose used, the earlier the stage of differentiation affected (mesoderm commitment, 1.0 uM). At
0.5 or 1.0 UM the expression of cardiomyocyte marker genes is altered. Even at 0.1 pM, ATO leads
to reduction and skewed ratio of sarcomeric proteins and to a rarefied distribution of Connexin 43
cardiac junctions. These alterations contribute to the dysruption of the sarcomere and syncytium
organisation and to the impairment of kinematic parameters of cardiomyocyte function. This study
contributes insights into the mechanistic comprehension of cardiac diseases caused by in utero
arsenic exposure.

Arsenic, a natural element present on the earth’s crust and a product of industrial activities, is a widely
diffused environmental toxicant. Contamination of groundwater with arsenic has been recognised as
a massive public health hazard"? and an estimated >140 million people worldwide® are chronically
exposed at concentrations exceeding the WHO limit (10 pug/L)*

The effects of arsenic on human health include: neurological disorders, cancer, gastrointestinal dis-
turbances, dermal, liver, renal, fertility and cardiovascular diseases®'°. Epidemiological studies have evi-
denced the strong association between chronic arsenic exposure and increased morbidity and mortality
for cardiovascular diseases®!!. Even low levels of arsenic exposure have been related to increased risks of
hypertension'>!?, carotid atherosclerosis'*, diseases of arteries, arterioles and capillaries'>'® and ischemic
heart disease!”'8.

As shown in a recent systematic review and meta-analysis study, environmental exposure in utero to
arsenic compounds causes adverse pregnancy outcomes such as increased risk of spontaneous abortion,

*Laboratorio di Biologia dello Sviluppo, Dipartimento di Biologia e Biotecnologie ‘Lazzaro Spallanzani’, Universita
degli Studi di Pavia, Pavia, Italy. 2Laboratorio de Reproduccion y Fisiopatologia Materno-Embrionaria, Instituto de
Fisiologia, Biologia Molecular y Neurociencias, Departamento de Biodiversidad y Biologia Experimental, Facultad
de Ciencias Exactas y Naturales, Universidad de Buenos Aires, Buenos Aires, Argentina. 3Dipartimento di Ingegneria
Industriale e dell'Informazione, Universita degli Studi di Pavia, Pavia, Italy. “Center for Health Technologies (CHT),
Via Ferrata 1, Universita of Pavia, Italy. SCentro Ricerche di Medicina Rigenerativa, Fondazione IRCCS Policlinico
San Matteo, Pavia, Italy. ®Unita’ di Anatomia, Istologia ed Embriologia, Dipartimento di Scienze Biomediche,
Biotecnologiche e Traslazionali, Universita degli Studi di Parma, Parma, Italy. Correspondence and requests for
materials should be addressed to M.Z. (email: maurizio.zuccotti@unipr.it) or S.G. (email: silvia.garagna@unipv.it)

SCIENTIFIC REPORTS | 5:14993 | DOI: 10.1038/srep14993 1


mailto:maurizio.zuccotti@unipr.it
mailto:silvia.garagna@unipv.it

www.nature.com/scientificreports/

stillbirth, reduction in birth weight, moderate risk of neonatal and infant mortality'®. Also, it has a major
effect on mortality in young adulthood due to myocardial infarction'"?’, suggesting that exposure during
foetal life may induce cardiac alterations that will emerge later.

Arsenic trioxide (ATO), an environmental contaminant listed on the Agency for Toxic Substances and
Disease Registry priority list of hazardous substances (#225; http://www.atsdr.cdc.gov/SPL/), is associated
with cardiac toxicity, inducing cardiac arrhythmia and high rate of apoptosis in cardiomyocytes, as a
consequence of the production of reactive oxygen species and the induction of calcium overload?'. These
toxic effects have also been reported in patients treated with ATO in combination with retinoic acid
for the treatment of haematological malignancies*? and solid tumors®*. Whilst the literature provides
numerous evidences of the toxic effects of ATO on the cardiovascular system, as of today, the knowledge
of its impact during the process of cardiomyocyte differentiation is meagre.

In vitro studies on a rat cardiomyocyte line (H9c2), derived from foetal heart, demonstrated that ATO
(2-10puM for 24h) induces apoptosis in a concentration-dependent manner®. Also, when exposed to
3uM ATO for 24h, these cells showed a reduced ability to metabolize and excrete arsenic compared to
other non-foetal rat-derived cell lines?. In a further study, mouse embryonic stem cells (mESCs), contin-
uously treated with 0.7-1.3uM ATO for 10 days during their differentiation to cardiomyocytes, did not
show beating capacity when analysed with the embryonic stem cell test (EST)?; and, when treated with
0.5-1.0pM monomethylarsonic acid (a methylated arsenic metabolite) for 1-3 days ceased proliferation
and cardiomyocyte differentiation®®. Altogether, these studies suggest that ATO and its metabolites exert
adverse effects during cardiomyocyte differentiation.

Although epidemiological studies suggest a link between in utero exposure to ATO and the risk to
develop cardiac pathologies later in life, up to date there are no studies that analyse the effects of ATO
neither at specific steps of cardiomyocyte differentiation nor on the structural-functional features of
terminally differentiated cells.

The main aim of the present study is to investigate, at a molecular and functional level, the effects
that a continuous exposure to ATO has on the process leading to the formation of fully differentiated
post-natal cardiomyocytes. To this end, we used mESCs as a well established in vitro model that recapit-
ulates, through the formation of the three germ layers, from spheroid structures named embryoid bodies
(EBs), the molecular events and the functional features of cardiomyocyte differentiation from primitive
precursor cells up to highly specialised phenotypes?*.

During the whole 15 days of differentiation, cells were continuously exposed to 0.1, 0.5 or 1.0pM
ATO and analysed for the expression of marker genes of i) early, primary myocardial-like cells (cardiac
commitment; on day 4); ii) intermediate (myofibrillogenic commitment; on day 7) and iii) terminal,
post-natal-like cardiomyocytes (on day 15). Also, in differentiated cardiomyocytes (day 15) we analysed
the expression and organisation of sarcomeric proteins and, at a functional level, the kinematics con-
tractile properties of syncytia.

Results

Effects of the vehicle NaOH on cardiomyocyte differentiation. To verify the effects of the vehi-
cle used to dissolve ATO on the process of differentiation, throughout the experiments described below,
we cultured cells in the presence or absence of 0.01 N NaOH. Since we never observed a statistically sig-
nificant difference (p > 0.05) when analysing the expression profile of genes that mark mesoderm, cardiac
mesoderm and cardiac cells (Fig. 1S A), the kinematics contractile properties of beating syncytia (Fig.
1S B) and the immunolocalisation of sarcomeric and connexin 43 proteins (Fig. 1S C), the experiments
described hereafter will report, as control sample, only the results obtained in the presence of NaOH.

Analysis of As3MT gene expression. In Mammals, arsenite methyltransferase (As3MT) is a key
enzyme that catalyzed the biotransformation of trivalent inorganic arsenic into mono- and dimethylated
metabolites?®*!32. We analyzed the expression of the As3MT gene in undifferentiated R1 mESCs and on
day 4, 7 and 15 of cultured EBs. As3MT was constitutively expressed in both mESCs (data not shown)
and during the whole differentiation process (Fig. 2S). In the presence of 0.1uM ATO, when compared to
CTR (set at 1 for the calculation of the n-fold change of treated samples), the relative number of As3MT
transcripts did not change significantly (p > 0.05) on day 4 and 7 of differentiation, whereas it showed
a significant 1.7-fold change increase on day 15. In the presence of 0.5 and 1.0pM ATO, a significant
induction of As3MT gene expression was observed at each time point analysed.

In summary, following a continuous exposure to ATO, we observed a significant induction of As3MT
at all ATO doses, increasing at the increasing of the concentration, suggesting that the biotransformation
of arsenic occurs during the whole process of cardiomyocyte differentiation.

Effects of ATO on the expression of marker genes of cardiomyocyte differentiation. Earlier
studies have shown that the expression of cardiac-associated gene transcripts in ESC-derived cardio-
myocytes is a function of the differentiation time, as in normal myocardial development?**. Similarly,
RT-PCR analyses have demonstrated that transcripts of the cardiac mesoderm GATA-4 and Nkx2.5
transcription factors are expressed before the mRNA of the sarcomeric proteins®*-. Here, on day 4, 7
and 15 of EBs culture, we investigated the profile of expression of specific gene markers of mesoderm
(Brachyury), cardiac mesoderm (Gata-4 and Nkx2.5) and cardiac cells (Tnncl, Tnnt2, Tnni3, Myh6 and
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Figure 1. Expression profile of genes that mark mesoderm (Brachyury), cardiac mesoderm (Gata-4,
Nkx2.5) and cardiac cells (Tnncl, Tnnt2, Tnni3, Actn2, Myh6) in CTR and ATO-exposed EBs. Values
are expressed as mean =+ standard deviation. Three independent sets of this experiment were performed.
“p < 0.05; *p < 0.001.

Actn2) differentiation. The expression of untreated mESCs (day 0) was used as reference value (set at 1)
for the calculation of the n-fold change during the differentiation process. Figure 1 describes the details
of the profile of expression of these genes. The presence of 0.1 M ATO in the culture medium did not
alter significantly (p > 0.05) neither the profiles nor the quantitative expression of all the genes analysed,
which were similar to those determined for CTR samples. Treatment with 0.5uM ATO did not alter the
expression of Brachyury, but increased Gata-4 (day 7) and decreased Nkx2.5, Thnt2, Tnni3, Myh6 and
Actn2 (day 7), whereas Thncl decreased earlier (day 4). All genes maintained an increasing or decreasing
profile also on day 15, with the exception of Nkx2.5 and Thni3 that attained levels of expression similar
to those measured in CTR samples. Cells cultured in the presence of 1.0pM ATO showed significant
variations in the number of transcripts of all the marker genes analysed, with the exception of Brachyury
on day 15 and Nkx2.5, Tnnt2, Tnni3, Myh6, Actn2 on day 4.

In summary, whilst we did not detect differences in the profile of expression of genes that mark
the progression of mESCs differentiation towards cardiomyocytes when comparing CTR vs. 0.1pM
ATO-treated cells, significant variations were observed at higher concentrations, suggesting an alteration
of both the myofibrillogenic commitment (day 7) and the terminal cardiomyocyte differentiation (day
15). Furthermore, at 1.0pM ATO concentration, a decreased expression of Brachyury indicates that also
the mesoderm commitment (day 4) might be altered.

Since these results showed an alteration of the transcription profile of key genes whose proteins are
critical components of the sarcomere, next we analysed by Western blotting the quantitative profile of
expression of myosin, cardiac a-actinin and troponin T proteins and investigated by immunofluores-
cence cardiac «-actinin, troponin T and Cx43, the latter a component of the gap junctions between
cardiomyocytes.

Quantification of sarcomeric proteins. When compared to CTR, at 0.1pM ATO concentration,
myosin and a-actinin proteins were reduced by 30%, whilst troponin T expression remained unaltered
(Fig. 2). At 0.5 or 1.0pM ATO, all sarcomeric proteins were significantly reduced. At both doses, tro-
ponin T was reduced by about 20%, a-actinin decreased by 65% at 0.5pM and by 80% at 1.0 M. Myosin
diminished by 60% at 0.5p.M and it was almost undetectable at 1.0pM (Fig. 2B).

The quantitative ratio 1:1.5:3 of troponin T, myosin and o-actinin, respectively, observed in our CTR
samples is consistent with that of prenatal (E18) or newborn (P1) cardiomyocytes (Fig. 2A; Table 1). In
cardiomyocytes differentiated in the presence of ATO, abnormal stoichiometry of sarcomeric proteins
was observed with a major reduction of the ratio at increasing doses (Table 1). This reduction does not
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Figure 2. (A) Western blotting analysis of sarcomeric proteins of prenatal (E18) and newborn (P1) mice
hearts and of beating syncytia differentiated in the absence (CTR) or in the presence of 0.1, 0.5 or 1.0pM
ATO on day 15 of the differentiation process. (B) Relative quantity of sarcomeric proteins. *p < 0.001

E18 1 2.80+0.01 1.5240.02
P1 1 2.9240.01 1.5240.02
CTR 1 2.9140.02 1.4940.02
0.1pM 1 1.55+0.03* 0.8140.01*
0.5p.M 1 0.7140.01% 0.2440.01*
1.0pM 1 0.334+0.01* n.d.

Table 1. Ratio of sarcomeric proteins, referred to troponin T set at 1. *p < 0.001; n.d. not detectable.

reflect a decreased efficiency of the differentiation process since the frequency of differentiated cardiomy-
ocytes (a-actinin-positive) does not differ significantly (p > 0.05) when comparing CTR (40.5% + 3.2) vs.
0.1uM (38.5% £ 3.1), 0.5pM (39.4% £ 2.7) or 1.0pM (37.4% =+ 4.2) samples. Thus, we hypothesised that
the skewed protein ratio may interfere with the correct organisation of the sarcomere.

Sarcomeric organization of cardiomyocytes. On day 15 of differentiation, we evaluated, by
immunofluorescence, the localisation of the a-actinin and troponin T sarcomeric proteins and of Cx43
which identifies the presence of gap junctions between cardiomyocytes.

On CTR cardiomyocytes, a-actinin and troponin T displayed the sarcomere-specific striated pattern
(Fig. 3A,B). On the contrary, cardiomyocytes cultured with either 0.1, 0.5 or 1.0uM ATO presented
disorganized and disoriented sarcomeres with an evident alteration of the myofibrillar components and
absence of the striated configuration for both o-actinin (Fig. 3Ad) and troponin T (Fig. 3Be) proteins.
The frequency of cardiomyocytes displaying a correct sarcomere organisation decreased with increasing
ATO doses (Fig. 3C), from 61.3% (p < 0.01) (0.1pM ATO) to 14.7% (p < 0.001) (1.0pM ATO) (Fig. 3C).

Double immunostaining on CTR cardiomyocytes exhibited correct sarcomere organisation (Fig. 3Ba)
and Cx43 foci (Fig. 3Bb) densely distributed along straight lines. Instead, treated cardiomyocytes, in
addition to an altered sarcomere organisation (Fig. 3Be), showed few and dispersed Cx43 foci (Fig. 3Bf).
Despite this altered sarcomere organisation, treated cardiomyocytes exhibited a contractile activity. Next,
we investigated further into their contractile properties.
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Figure 3. Immunofluorescence localisation of (A) cardiac a-actinin and of (B) cardiac troponin T

(red) and of Connexin 43 (green) proteins in cardiomyocytes derived CTR or from 1.0 uM ATO-treated
mESCs at day 15 of differentiation. For each antibody, about 400 cells were analysed. Bar, 20 um. (C)
Frequency of cardiomyocytes with correct sarcomeric organization. Immunofluorescence was performed
on partially disaggregated syncytia; the frequency was calculated counting the number of nuclei.

The immunofluorescence pattern was homogeneous per group of cells, i.e. all cells presented either a
disorganised or a correct striated pattern. *p < 0.01; **p < 0.001.

Kinematics contractile properties of cardiomyocyte syncytia. An inherent feature of
ESC-derived cardiomyocytes is the acquisition of spontaneous contractile activity?>7*. Thus, we mon-
itored the differentiation of cardiomyocyte syncytia from day 7 to 15 to determine the timing of acqui-
sition of their beating capacity.

A total of 437 CTR, 451 0.1pM and 444 0.5uM ATO-treated EBs were plated in three independent
experiments. All EBs of these three groups showed clear contractile activity beginning from day 7 of
differentiation and maintained it until the end of the culture period. Instead, only 19.2% EBs (84 out of
437) cultured in 1.0uM ATO showed beating activity beginning on day 12 of differentiation (5 days later
compared to CTR), a frequency maintained until day 15. A further specificity of syncytia differentiated
in 1.0pM ATO was the presence of one or few small beating foci compared to CTR or EBs treated at
lower concentrations, in which contraction of the whole cell mass was observed (see videos supplemen-
tary materials).

Next, to evaluate the contractile properties of beating syncytia, we measured their kinematics and
dynamics features on recorded AVI videos. The chronotropic (beat frequency [Hz]), inotropic (contrac-
tion force [pixel/s?] and contractility [pixel/s]) and ergotropic (consumption of ATP for kinetic energy
[pixel2/s?]) effects were mathematically calculated from the movement of the beating syncytia® (Fig. 4).
This analysis showed that cardiomyocytes differentiated in the presence of 0.1pM ATO, whilst main-
taining an unaltered beat frequency (Fig. 4A) (p > 0.05), displayed a significant reduction (p < 0.05) of
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Figure 4. Contractile properties of beating syncytia differentiated from CTR or in the presence of 0.1,
0.5 or 1.0uM ATO on day 15 of the differentiation process. (A) Beat frequency [Hz]; (B) Contraction
force [pixel/s*]; (C) Contractility [pixel/s]; (D) Kinetic energy [pixel2/s?]. Horizontal bars represent the
95% confidence intervals for the differences between means according to the Least Significant Difference
statistical test.

contractility, contraction force and kinetic energy (1.5-, 3-, and 1.7-fold, respectively) (Fig. 4B-D). A
more detrimental effect was recorded for syncytia differentiated in 0.5 or 1.0pM ATO compared to CTR
(Fig. 4) (p <0.05). Specifically, we observed a 4.3-, 2.3-, 1.4-, 1.9-fold decrease of beat frequency, con-
traction force, contractility and kinetic energy, respectively, when cells were cultivated in the presence of
0.5pM ATO; and a 5.3-, 4.5-, 2-, 3.2-fold decrease of beat frequency, contraction force, contractility and
kinetic energy, respectively, when cells were cultured in the presence of 1.0pM ATO.

Discussion

Environmental exposure to arsenic during prenatal life increases the appearance of cardiac disease after
birth!?°. With the aim of investigating the effects that arsenic exerts during cardiomyocyte differentia-
tion, we used an in vitro cell system that recapitulates the molecular events and the functional features of
cardiomyocyte differentiation from mesoderm to specialised cardiac cells®®*. To the best of our knowl-
edge, this study is the first to demonstrate specific effects of ATO throughout the whole 15 days of in
vitro differentiation of mESCs into cardiomyocytes, resulting in the disruption of this developmental
process. Throughout culture, cells were continuously exposed to 0.1, 0.5 or 1.0pM ATO, doses in the
range of inorganic arsenic determined in contaminated water>*!. Our results describe a dose-dependent
impact on the cardiomyocyte differentiation process; in fact, at increasing ATO doses, the frequency of
cardiomyocytes with altered sarcomere organisation augmented. Furthermore, the higher the dose used,
the earlier was the stage of differentiation affected. With 0.1uM ATO, alterations are observed only at
the very end of the differentiation process, with cardiomyocytes displaying a decreased quantity and a
skewed ratio of sarcomeric proteins, together with disorganized sarcomeres, reduced Cx43-positive gap
junctions and contractility, contraction force and kinetic energy. When ATO is increased to 0.5pM, its
effects are observed earlier during the differentiation process. In addition to the effects described with
the 0.1 pM dose, also the myofibrillar commitment is clearly affected and, at a further increase to 1.0pM
ATO, alterations are observed as early as mesoderm formation. Also, the acquisition of the beating
capacity is acquired by only a fifth of EBs, with a five-day delay, i.e., on day 12 of differentiation. These
latter results mark the importance of analysing the process until the end of the 15 days differentiation
period, as we observed a retardation in the acquisition of the contraction capacity depending on the ATO
dose. To this regard, a previous study, where mESCs were continuously treated with 0.7-1.3pM ATO,
reported the absence of the acquisition of the spontaneous cardiomyocyte contraction activity, when the
differentiation process lasted only for 10 days?.

Although during treatment with the lowest ATO dose we could not detect variations to the expression
of the transcript markers employed, the end-point of the differentiation process was a cardiomyocyte
with affected morpho-functional features, similar to those reported for higher doses. Perhaps, this might
be explained with effects occurring at the post-transcriptional level, i.e., lower sarcomere proteins expres-
sion and their skewed ratio.

SCIENTIFIC REPORTS | 5:14993 | DOI: 10.1038/srep14993 6



www.nature.com/scientificreports/

Instead, at higher ATO doses, the detrimental effect is observed even on transcription and, at 1.0pM
ATO, already at the time of mesoderm commitment, when the expression of Brachyury is lower than
that of CTR. As for Gata-4 and Nkx2.5, at the time of myofibrillar commitment, we observed an altered
up- and down-regulated expression, respectively, that does not reflect their known mutual positive reg-
ulation***%, We surmise that, in ATO-treated samples, the low Nkx2.5 transcripts level might be a con-
sequence of the interruption of the regulation that Gata-4 exerts on Nkx2.5 and/or the dysregulation of
Nkx2.5 autoregulation*. The increased level of Gata-4 observed may be explained through the syner-
gic action of Nkx2.5 (despite its lower expression level) and the delayed down-regulation of Brachyury,
which, by inducing Mesp1, positively regulates Gata-4 transcription®. The effect at higher doses on the
level of gene expression is further evidenced by the alteration of Thncl, Thnt2, Tnni3, Myh6 and Actn2.
Similarly, at increasing (0.1, 0.5, or 1.0uM) ATO doses the expression of myogenic genes (Myf5, myoD
and myogenin) is reduced in mouse embryonal carcinoma P19 cells when induced to differentiate into
myoblasts®’. As a consequence of these transcriptional changes, the repercussion on the differentia-
tion process is manifested with an inhibition of myogenic differentiation?, a reduced capacity to form
myotubes* or a delayed EBs beating capacity (our work). The smaller size of beating foci and their
retarded contraction activity suggest a slowdown of the differentiation process, as previously reported
for mouse C2C12 myoblasts*® and for H9c2 cells* exposed to 20nM or 0.1-1.0pM sodium arsenite,
respectively.

Besides observing alterations to the transcription of cardiomyocyte-specific genes, we also describe,
for the first time, that, even at the lowest dose used, ATO leads to a quantitative reduction and to a
skewed ratio of sarcomeric proteins. This skewed ratio might explain the dysruption of the sarcomere
organisation and the alteration of the kinematics and dynamics properties of the beating syncytia. In fact,
the correct ratio of sarcomeric proteins is crucial to the proper formation of the sarcomere and thus to
the contraction and relaxation activity of cardiac cells®.

Another effect that we recorded is a more rarefied distribution of the cardiac junctions marked by
Cx43, a diminution that has also been observed in human aortic endothelial cells treated with ATO!.
The reduction of Cx43-positive cardiac junctions may interfere with the cell-to-cell communication®!
and be causal, together with an altered sarcomere organisation, of the impaired kinematic parameters, as
already reported for cardiomyocytes of Cx43 knock-out mice that show an altered beating frequency®
A key point of investigation will be the analysis of the functionality of the ion-channels, crucial actors
in the transmission of the beating stimulus within the syncytium and whose specific genes have already
been shown to be target of ATO exposure in human adult cardiomyocytes®.

Whilst the alterations that we reported in the present study explain the impaired functionality of the
differentiated cardiomyocytes, other effects of ATO likely concur to the phenotype observed. A crucial
point of ATO toxicity is its biotransformation into mono- and dimethylated metabolites®* catalyzed by
As3MT, an enzyme that we have shown to be constitutively expressed in the R1 mESC line and during
the whole process of cardiomyocyte differentiation. Although the pathways involved in ATO metabolism
remain debated®?, we observed a significant induction of As3MT at all ATO doses, increasing with the
increase of the concentration, suggesting that the methylation of arsenic occurs during the whole differ-
entiation process. Interestingly, among the arsenic metabolites produced, the monomethylarsonous acid
was found to exert adverse effects inhibiting ESCs differentiation into cardiomyocytes®. Future studies
will have to focus on the identification and quantification of the metabolites produced in our experimen-
tal setup and their action upon this differentiation process.

Conclusions

Our study shows that the presence of ATO throughout differentiation leads to the formation of morpho-
logically and functionally altered cardiomyocytes and endorses the use of ESCs as an in vitro model to
study the effects that ATO exerts at each step of differentiation. Also, this work highlights the importance
of monitoring the whole process throughout, since the molecule has adverse effects at different time
points. As a whole, our results may contribute insights into the mechanistic comprehension of specific
human cardiac diseases caused by in utero arsenic exposure®,

Methods

Cell lines. R1 mouse embryonic stem cell line (kindly provided by Dr. Nagy from Samuel Lunenfeld
Research Institute, Mount Sinai Hospital, Toronto, Ontario, Canada) and STO cell line were cultivated
as previously described™.

Differentiation of mESCs into cardiomyocytes. mESCs were induced to differentiate in vitro
by removing the Leukemia Inhibitory Factor from the culture medium and through the formation of
embryoid bodies (EBs), using the hanging drop method?>¢ either in the presence or absence of ATO.
ATO (Sigma, cat. n. 11099) was dissolved in 0.IN NaOH in milliQ water (Millipore) to a final concen-
tration of 100 M. This solution was added to the culture medium on day 0 to a final concentration of
0.1, 0.5 or 1.0 M. As control samples, cells were cultured in the presence (CTR) of 0.01 N NaOH. ATO
or NaOH were present in the culture medium throughout the 15 days differentiation.

For EBs formation, about seventy 20pL droplets of culture medium containing 10> mESCs were
plated on the lid of p55 Petri dish. On day 3 of culture, the developing EBs were transferred on 0.1%
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agarose-coated tissue dishes (Corning) and from day 5, about 5-8 EBs were plated in single 1.9 cm? well
and cultivated up to 15 days. This procedure was repeated for three independent experiments. For each
experiment, on day 4, 7 and 15 EBs were collected for real-time PCR analysis; on day 15 some EBs were
video recorded for the analysis of their contractile properties, others were disaggregated for immuno-
fluorescence analysis.

RNA extraction. On day 4, 7 and 15 RNA was extracted using the GenElute Mammalian Total RNA
Kit (Sigma, according to the manufacturer’s instruction) from about 250 EBs from CTR or 0.1, 0.5,
1.0pM ATO-treated samples. Three independent experiments were performed and a total of about 3000
EBs analysed.

Reverse transcription and quantitative Real-Time PCR. Reverse transcription and quantitative
Real-Time PCR reactions were performed as previously described®’. The sequences of specific primers
used were reported in Table 1S. 3-2-microglobulin gene expression® was used for the normalization of
the samples.

Disaggregation of embryoid bodies. The immunofluorescence analysis was performed on EBs dis-
aggregated at the end of the differentiation (day 15) process using a modified protocol (see supplemen-
tary materials) from Rebuzzini et al..

Immunofluorescence. Immunostaining was performed using specific antibodies against the cardiac
a-actinin (1:800, rabbit, Sigma-Aldrich), the cardiac isoform of troponin T (1:200, mouse, Thermo
Scientific) and the connexin 43 (Cx43; 1:75, rabbit, Cell Signalling), as previously described™.

For each antibody and for each of the three independent experiments performed, one coverslip was
examined and a total of about 400 cells were photographed and analysed.

Protein extraction. Protein extraction from prenatal (E18) and newborn (P1) hearts of CD1 mice
(Charles River), from CTR and ATO-treated (0.1, 0.5 and 1.0p.M) cells at day 15 of differentiation was
performed as previously described™.

Animals were maintained in the department animal facility under temperature and humidity con-
trolled conditions with a 12/12hr dark/light cycle. All experiments were conducted in accordance to the
protocol approved by our University and the European (n. 86/609/CEE) and Italian (n. 110 116/92, 8/94)
legislation. The protocols were approved by the Ethical Committee of the University of Pavia (Protocol
Number: 1; 2010).

Western blotting. Five pg proteins were separated on 15% polyacrylamide gels and transferred on
membranes (GE) overnight (4°C, 40 V). Membranes were blocked with 1% BSA in PBS/0.05% Tween
20 for 30’ at room temperature. Cardiac myosin (Abcam, 1:1000 in PBS), troponin T (Thermo Scientific,
1:1000 in PBS), cardiac a-actinin (Sigma, 1:1500 in PBS) and gapdh (Abcam, 1:5000 in PBS) antibodies
were incubated for 1h and revealed with the appropriate secondary antibody (Sigma, 1:1000 in PBS)
conjugated with horseradish peroxidase and detected using a commercial kit (BioRad). The intensity of
the bands was quantified with Image J software (National Institute of Health, http://imagej.nih.gov/ij/).

Contraction assays. On day 5 of culture, about 5-8 EBs were plated in 1.9 cm? wells for a total of

20 wells. On a daily basis, from day 7 to 15 of differentiation, the number of beating EBs was counted®.
On a separate set of three independent experiments, about 20 EBs were plated onto 22mm

gelatin-coated Glass Bottom Dish (WillCo Wells), cultured up to day 15 and then transferred into the

culture chamber of the Nikon BioStation IM at 37°C and 5% CO, for video recording. For each exper-

iment, AVI videos of the beating syncytia were recorded, using the BioStation software, from ten ran-

domly chosen CTR or ATO-treated cultures; the videos were then processed as previously described®’.
For both assays, three sets of independent experiments were performed.

Statistics. All data are presented as means =+ standard deviation (SD), with the exception of the syn-
cytium contractile properties that are expressed as mean =+ 95% confidence interval for the differences
between means. Data were analysed by the one-way ANOVA and by the post hoc LSD test. For immu-
nofluorescence analysis, results are expressed as cell frequency (%) and analysed by the Chi-squared test.
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