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SUMMARY
Calreticulin, a multifunctional endoplasmic reticulum resident protein, is required for TGF-b-induced epithelial-to-mesenchymal tran-

sition (EMT) and subsequent cardiomyogenesis. Using embryoid bodies (EBs) derived from calreticulin-null and wild-type (WT) embry-

onic stem cells (ESCs), we show that expression of EMT and cardiac differentiation markers is induced during differentiation of WT EBs.

This induction is inhibited in the absence of calreticulin and can bemimicked by inhibiting TGF-b signaling inWTcells. The presence of

calreticulin inWTcells permits TGF-b-mediated signaling via AKT/GSK3b and promotes repression of E-cadherin by SNAIL2/SLUG. This

is paralleled by induction of N-cadherin in a process known as the cadherin switch. We show that regulated Ca2+ signaling between cal-

reticulin and calcineurin is critical for the unabated TGF-b signaling that is necessary for the exit from pluripotency and the cadherin

switch during EMT. Calreticulin is thus a key mediator of TGF-b-induced commencement of cardiomyogenesis in mouse ESCs.
INTRODUCTION

Ca2+-mediated signaling is essential for differentiation of

embryonic stem cells (ESCs) into functional cardiomyo-

cytes (Tonelli et al., 2012). Previous studies in embryos,

cardiomyocytes in vitro, and ESCs show the regulatory

role of Ca2+ in various stages of heart development and

cardiomyogenesis (Liu et al., 2002; Porter et al., 2003; Ya-

nagida et al., 2004; Puceat and Jaconi, 2005; Itzhaki et al.,

2006; Janowski et al., 2006). The expression of Ca2+

pumps, channels, and regulatory and handling proteins

is tightly controlled as cardiac differentiation progresses

(Imanaka-Yoshida et al., 1996; Park et al., 1998; Liu

et al., 2002; Franzini-Armstrong et al., 2005). Among the

Ca2+-handling proteins, calreticulin, an evolutionarily

conserved, major Ca2+ storage protein of the endoplasmic

reticulum (ER) (Michalak et al., 2009), is highly expressed

in the early embryonic heart. It is silenced in the adult

heart, highlighting its importance as a key regulator of

cardiac differentiation (Michalak et al., 2002a, 2004;

Papp et al., 2009b; Faustino et al., 2016). The crucial

role of calreticulin during cardiogenesis has been demon-

strated by the lethal phenotype of calreticulin-deficient

mice due to cardiac defects (Mesaeli et al., 1999; Rauch

et al., 2000) and disorganized cardiomyogenesis in calreti-

culin-deficient ESCs (Li et al., 2002; Papp et al., 2009a,

2009b; Faustino et al., 2010). On the other hand, overex-

pression of calreticulin is also lethal due to conductivity

problems (Nakamura et al., 2001; Mery et al., 2005; Hat-

tori et al., 2007), underscoring the importance of calreti-

culin in both cardiac development and function (Papp

et al., 2008; Wang et al., 2012).

The molecular mechanisms underlying calreticulin’s ef-

fects on cardiac development continue to be elucidated.
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It is known that intranuclear translocation of cardiogenic

transcription factors is affected by calcineurin, a Ca2+∕cal-
modulin-regulated cytosolic phosphatase (Crabtree, 1999;

Frey et al., 2000; Crabtree and Schreiber, 2009). The Ca2+

influx required to activate calcineurin depends on the sus-

tained release of Ca2+ from ER stores (Crabtree, 2001),

which is dependent on calreticulin abundance (Michalak

et al., 2002b). Importantly, overexpression of constitu-

tively activated calcineurin specifically targeted to the

heart rescues the lethal cardiac phenotype in calreticulin-

null (CRT-KO)mice (Guo et al., 2002). Lynch andMichalak

(2003) and Lynch et al. (2005) elegantly demonstrated

that calreticulin is an upstream regulator of calcineurin,

thus providing a mechanism for the control of early

cardiogenesis.

Gene regulation, cellularmigration, and cell-cell and cell-

substratum communication during cardiogenesis involve a

variety of intrinsic and extrinsic factors (Maltsev et al.,

1993; Hescheler et al., 1997; Sachinidis et al., 2003). Epi-

thelial-to-mesenchymal transition (EMT), has been identi-

fied as one of the first steps of cardiac differentiation (Thiery

and Sleeman, 2006; Thiery et al., 2009; Kovacic et al., 2012).

Expression of N-cadherin and the transcription factors

SNAIL1 (SNAIL), SNAIL2 (SLUG), TWIST1, delta-EF1/

ZEB1, and SIP1/ZEB2 are increased during EMT, while

E-cadherin expression is decreased (Lee et al., 2006; Zeisberg

and Neilson, 2009). A multitude of transcription factors

play a role in cardiomyocyte specification, including

NKX2-5, MEF2c, GATA 4,5,6, MESP1, MYOCARDIN,

TBX5, and TBX20, which work in a combinatorial manner

to turn on the transcriptional activity of cardiac gene pro-

moters (Durocher and Nemer, 1998; Brand, 2003; Olson,

2006). Also, pleiotropic growth factors, most notably

transforming growth factor b (TGF-b), induce cardiac
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Figure 1. Calreticulin Absence Impairs Cardiac Differentiation in Mouse ES Cells In Vitro
(A) Functional analysis of EBs during cardiac differentiation in WT and CRT-KO and CN cells. WT and CN EBs begin to beat earlier and the
percentage of beating is higher in WT and CN EBs throughout the differentiation compared with the CRT-KO. Beating EBs were counted at
day 3 (D3), day 5 (D5), day 10 (D10), and day 14 (D14) of differentiation.
(B) Quantification of cardiac marker protein expression by intracellular flow cytometry using anti-cardiac troponin I (Alexa Fluor 488)
antibody on D14 WT, CRT-KO, and CN EBs, with rabbit monoclonal IgG (Alexa Fluor 488) used at the same concentration and conditions as
primary antibody in WT EBs as control. Representative plot analysis corresponds to the fluorescence intensity at 488 nm on the x axis and
the y axis corresponds to live cell counts. The graph shows mean florescent intensity (MFI), and the bars represent the SEM of the values
from three individual experiments.
(C) Western blot analysis shows the protein level of cardiac MHC increases in WT and CRT-KO cells during differentiation.
(D) Bar graph shows quantification of cardiac MHC band density versus GAPDH from three independent experiments.

(legend continued on next page)
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development in general (Schneider and Parker, 1991;

MacLellan et al., 1993; Schneider et al., 1994) and cardiac

differentiation from ESCs in particular (Behfar et al., 2002;

Sachinidis et al., 2003; Lim et al., 2007; Faustino et al.,

2008), reviewed in (Puceat, 2007; Kovacic et al., 2012). It

has also been established that TGF-b induces EMT (Zavadil

and Böttinger, 2005; Xu et al., 2009; Lamouille et al., 2014),

therebypromoting exit frompluripotency inESCs (Acloque

et al., 2009; Lamouille et al., 2014; Kim et al., 2014).

Importantly, Joanne Murphy-Ullrich’s lab has demon-

strated that calreticulin-regulated Ca2+ signaling controls

TGF-b-induced deposition of extracellularmatrix bymouse

embryonic fibroblasts (Zimmerman et al., 2013) and of

collagen I by vascular smooth muscle cells both in vitro

and in vivo (Zimmerman et al., 2015). This has been

extended to pathological settings such as fibrosis (Kypreou

et al., 2008; VanDuyn et al., 2010; Prakoura et al., 2013). By

controlling intracellular Ca2+ homeostasis, calreticulin has

been firmly placed at the crossroads of several signaling

pathways (Michalak et al., 2009). The aim of the present pa-

perwas to elucidate interconnectionsbetween calreticulin’s

role as a Ca2+ homeostasis regulator and TGF-b signaling in

the context of cardiomyogenesis of mouse ESCs.
RESULTS

Calreticulin Promotes Cardiac Differentiation

To examine if the absence of calreticulin impairs cardiac

differentiation of mouse ESCs, we counted contracting

(‘‘beating’’) EBs during differentiation from day 3 to day

14 (D3-D14) in wild-type (WT), CRT-KO, and con-

stitutively activated calcineurin-overexpressing CRT-KO

(CN) cultures. The percentage of beating EBs was higher

in WT versus CRT-KO EBs; the difference was already sub-

stantial at D7, became 2-fold at D10, and 3-fold by D14.

In addition, the percentage of beating in CN EBs was

significantly higher than in CRT-KO EBs (Figure 1A).

Flow cytometry analysis on D14 WT, CRT-KO, and CN

EBs using anti-cardiac troponin I antibody Alexa Fluor

488 conjugated showed higher cardiac troponin I in

WT and CN EBs compared with CRT-KO EBs (Figure 1B).

WT EBs showed increasing levels of cardiac myosin

heavy chain (MHC) as differentiation progressed, while

in CRT-KO cells MHC levels remained low (Figures 1C

and 1D). During cardiomyogenesis of mouse ESCs,

expression of the mesodermal and cardiac markers

Mesp1, Gata4, and Nkx2-5 was induced in the WT cells
(E) qPCR analysis shows the mRNA expression of cardiac markers Mesp1
D14 of differentiation. All of the qPCR results were normalized to th
reference, which is 1.
The qPCR data are the average of three individual experiments; *p %
but not in the CRT-KO cells, in which all markers re-

mained at very low levels (Figure 1E).
Calreticulin Is Required for the Cadherin Switch and

EMT during Cardiac Differentiation

Immunoblot analysis was carried out to examine the

expression levels of E- and N-cadherins in WT, CRT-KO,

and CN cells throughout the differentiation period (Figures

2A and 2B). The expression of E-cadherin in WT EBs pro-

gressively decreased as differentiation progressed, while re-

maining abundant in CRT-KO EBs. In contrast, the N-cad-

herin expression increased significantly starting at D7 in

WT EBs and continued to increase up to D14. N-Cadherin

expression remained very low in CRT-KO EBs. CN cells

showed a similar trend as the WT cells for both cadherins.

We also analyzed the mRNA expression level of E-Cad-

herin, N-Cadherin and their upstream transcription factors

Snail1, Snail2/Slug, and Twist1 (Figure 2C). Similar to the

protein expression pattern, E-Cadherin mRNA was higher

overall in CRT-KO cells, peaking at D10. Snail2 expression,

a repressor of E-Cadherin, remained very low throughout

differentiation in these CRT-KO cells. On the other hand,

N-CadherinmRNAexpressionwas very low inCRT-KO cells,

while it was high and increased with time in WT cells.

Twist1, an upstream regulator of N-Cadherin, also increased

during differentiation in WT cells. Snail1 expression did

not show any significant difference between CRT-KO and

WT cells, and was thus not further examined.
Calreticulin Regulates TGF-b-Induced EMT during

Cardiac Differentiation

TGF-b regulates GSK3b activity and SNAIL2/SLUG nuclear

translocation, thereby affecting E-Cadherin expression

(Zhou et al., 2004; Kim et al., 2012; Wakefield and Hill,

2013). We thus examined the expression of TGF-b receptor

genes in WT and CRT-KO EBs throughout cardiac differen-

tiation. The expression of all three TGF-b receptors was

suppressed in CRT-KO EBs (Figure 3A). We then evaluated

E- and N-cadherin expression, phosphorylation status of

AKT on serine 473 (S473), indicative of AKT activation,

and GSK3b phosphorylation on serine 9 (S9), indicative

of GSK3b inactivation (Fang et al., 2000). Figure 3B shows

that, in contrast to WT cells, N-cadherin was significantly

lower in CRT-KO cells, while E-cadherin was elevated.

The CN cells followed a similar trend to that of theWTcells

(Figure 3B). Phosphorylation of AKTon S473 andGSK3b on

S9 was higher in WT and CN cells at D14 compared with
, Gata4, and Nkx2-5. RNA samples were collected at D0, D5, D10, and
e expression level of L32, WT pluripotent cells (D0) are taken as

0.05, **p % 0.01, ***p % 0.001, ****p % 0.0001.

Stem Cell Reports j Vol. 8 j 1299–1311 j May 9, 2017 1301



Calreticulin is responsible for Cadherin switch and EMT during cardiac differentiation 
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Figure 2. Calreticulin Absence Impairs E-Cadherin/N-Cadherin Switch during EMT
(A) Western blot analysis shows the expression of E-cadherin and N-cadherin in WT and CRT-KO cells during differentiation at D0, D3, D5,
D7, D10, and D14. In WT cells E-cadherin is decreasing, while N-cadherin is increasing during differentiation. E-cadherin expression is high
in CRT-KO cells and it remains high throughout the differentiation, while N-cadherin expression is very low. The graphs are the quanti-
fication of band density for N- and E-cadherin normalized versus GAPDH of these particular western blots.
(B) Western blot analysis the E-Cadherin and N-Cadherin expression in CN cells.
(C) qPCR showed that N-Cadherin, Snail2/Slug, and Twist1 mRNA expression increased in WT cells during differentiation and they were low
in CRT-KO cells, while the E-Cadherin mRNA level is higher in CRT-KO cells.
The qPCR data are the average of three individual experiments; *p % 0.05, **p % 0.01, ****p % 0.0001.
CRT-KO cells. Total AKTandGSK3b levels were similar in all

three cell lines. Since S9 phosphorylation renders GSK3b

inactive, this indicates that the enzyme is more active in

the absence of calreticulin. A detailed phosphorylation

pattern for AKT and GSK3b in earlier days of cardiac differ-

entiation is provided in Figure S1. We also assessed the nu-

clear localization of SNAIL2/SLUG inWTand CRT-KO cells

by subcellular fractionation. Figure 3C shows that SNAIL2/

SLUG expression is high in the nucleus of WT cells

throughout cardiomyocyte differentiation, while the pro-

tein is almost undetectable in the nucleus of the CRT-KO

cells.
1302 Stem Cell Reports j Vol. 8 j 1299–1311 j May 9, 2017
Next, we examined the expression levels of E-cadherin,

N-cadherin, and GSK3b (S9) phosphorylation in the pres-

ence or absence of the GSK3b inhibitor SB415286 and the

TGF-b inhibitor SB431542 by western blot analysis (Fig-

ures 4A and 4B). GSK3b inhibition reduced E-cadherin

levels in both WT and KO cells, with no significant effect

on N-cadherin in WT cells. This is in stark contrast to

CRT-KO cells, where N-cadherin abundance increased by

2-fold following GSK3b inhibition. TGF-b inhibition

caused significant effects only in WT cells and was

without effect on the CRT-KO cells. Specifically, TGF-b in-

hibition caused an increase in E-cadherin expression and
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Figure 3. Calreticulin Absence Reduces S9 Phosphorylation of GSK3b and Affects SNAIL2/SLUG Nuclear Translocation
(A) qPCR analysis shows the mRNA expression of TGF-b receptor markers TgfbR1, TgfbR2, and TgfbR3 in WT and CRT-KO cells during
differentiation.
(B) N-cadherin, E-cadherin, pAKT (S473), and pGSK3b (S9) versus total GSK3b and total AKT were examined in WT, CRT-KO, and CN cells at
D14 of cardiac differentiation from total cell lysates by western blot analysis. Compared with calreticulin-containing WT cells, in KO cells
E-cadherin is more abundant, while in contrast N-cadherin is more abundant in WT cells than in calreticulin-deficient KO cells. CN cells
express less E-cadherin and more N-cadherin. AKT phosphorylation at serine 473 and GSK3b phosphorylation at S9 is low in CRT-KO cells.
The bar graphs show the quantification of E-cad/N-cad, pAKT, and pGSK3b band density versus GAPDH from three independent experi-
ments; *p % 0.05, **p % 0.01, ***p % 0.001, ****p % 0.0001.
(C) Western blot detection of SNAIL2/SLUG in nuclear fractions of in WT, CRT-KO, and CN cells during cardiac differentiation in D10
and D14.
a decrease in N-cadherin expression in WT cells. GSK3b

inhibition did not appreciably affect the level of S9 phos-

phorylation of GSK3b in WT cells, while it increased S9

phosphorylation of GSK3b in CRT-KO cells. Finally,

TGF-b inhibition effectively abolished S9 phosphoryla-

tion of GSK3b in the calreticulin-containing WT cells,

while it did not affect the already low level of S9 phos-

phorylation of GSK3b in CRT-KO cells.

Double-label confocal immunocolocalization of EBs

(Figure 4C) shows that in control WT EBs (DMSO only),

the E-cadherin signal was weak compared with the N-cad-

herin signal. In the untreated CRT-KO EBs (DMSO only),

the E-cadherin signal was much stronger than the N-cad-

herin signal and it was predominantly cytoplasmic with a

weak junctional component. GSK3b inhibition (GSK3b

inh.) in WT EBs further lowers the weak E-cadherin signal.

In contrast, GSK3b inhibition in WT EBs had a similar
effect on the intensity of N-cadherin fluorescence as WT

DMSO EBs. In CRT-KO EBs treated with GSK3b inhibitor

(GSK3b inh.), the E-cadherin signal became very weak

while there was a visible increase the N-cadherin signal.

TGF-b inhibition in WT EBs increased the intensity of

E-cadherin labeling in comparison with the control EBs;

however, it substantially reduced N-cadherin fluorescence

labeling, again in comparison with the untreated EBs. In

CRT-KO EBs, TGF-b inhibition did not appear to bring

about any substantial changes in labeling with either anti-

body in comparison with the control CRT-KO EBs.

Finally, we examined GATA4 protein level and its nuclear

localization. GATA4 was more abundant in WT and CN

cells comparedwith CRT-KO cells (Figure 5A). Cell fraction-

ation showed that GATA4was substantially enriched in the

nucleus of WT and CN cells at D10 and D14 of differentia-

tion, while it was absent from the nuclei of the CRT-KO
Stem Cell Reports j Vol. 8 j 1299–1311 j May 9, 2017 1303
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Figure 4. Inhibition of TGF-b Impairs E-Cadherin/N-Cadherin Switch during Mouse ESC Cardiac Differentiation
(A) The effects of GSK3b inhibitor (SB415286) and TGF-b inhibitor (SB431542) on the expression of E- and N-cadherin in WT and CRT-KO
cells at D14 of differentiation following treatments at D3–D5.
(B) The graph shows the quantification of band density normalized to GAPDH for the blot shown at left. Further details in the text. Results
are average of at least three independent experiments for each condition; error bars, SD. *p % 0.05, **p % 0.01.
(C) Double-label confocal microscopy of EBs at D14 of differentiation labeled with anti-E-cadherin and anti-N-cadherin antibodies.
Microscope settings were kept identical for all conditions during imaging. Scale bar, 10 mm.
cells (Figure 5B). qPCR showed that, in WT cells, GSK3b

inhibition did not affect Gata4 mRNA expression but

TGF-b inhibition reduced Gata4 mRNA expression signifi-

cantly (Figure 5C). In contrast, GSK3b inhibition signifi-

cantly increased mRNA expression of Gata4 in CRT-KO

cells, and TGF-b inhibition significantly decreased Gata4

mRNA expression (Figure 5D). The effect of TGF-b and

GSK3b inhibition on mRNA expression of Gata4 in earlier

days of differentiation is shown in Figure S2.
1304 Stem Cell Reports j Vol. 8 j 1299–1311 j May 9, 2017
DISCUSSION

Ca2+ has been identified as a major second messenger in

directing stem cells toward cardiomyocyte differentiation

(Puceat and Jaconi, 2005). In vitro cardiomyocyte differ-

entiation of EBs revealed that CRT-KO cells failed to differ-

entiate and beat properly (Mesaeli et al., 1999; Papp et al.,

2009a, 2009b; Faustino et al., 2010, 2016), but its mecha-

nism has remained elusive. Depleting Ca2+ using BAPTA
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Figure 5. Inhibition of GSK3b Induces
GATA4 Expression in the Absence of
Calreticulin
(A) Western blot analysis shows that the
expression of GATA4 is low in the absence of
calreticulin (CRT-KO) compared with calreticu-
lin-containing cells (WT) and calcineurin-over-
expressing cells (CN) at D14 of differentiation.
(B) Western blot detection of GATA4 in nuclear
fractions of WT, CRT-KO, and CN cells during
cardiac differentiation at D10 and D14. (C) and
(D) show qPCR of Gata4 mRNA at D14.
(C) In WT cells, GSK3b inhibition does not
significantly affect Gata4 mRNA, while TGF-b
inhibition significantlydecreases its abundance.
(D) In CRT-KO cells, GSK3b inhibition signifi-
cantly increases the abundance of Gata4
mRNA, while TGF-b inhibition significantly
decreases it. Results are average of three in-
dependent experiments.
***p % 0.001, ****p % 0.0001.
mimics the CRT-KO phenotype in ESC-generated EBs,

which can be rescued by treatment with the Ca2+ iono-

phore, ionomycin (Li et al., 2002; Papp et al., 2009b; Faus-

tino et al., 2016). Therefore, calreticulin as a regulator of

Ca2+ homeostasis has a fundamental role in the early

stages of ESC differentiation and cardiomyogenesis (Mi-

chalak et al., 2004; Bedard et al., 2005; Puceat and Jaconi,

2005). Events downstream of calreticulin mediated by

Ca2+ involve calcineurin (Lynch and Michalak, 2003;

Lynch et al., 2005). While it is generally accepted that

multiple TGF-b-dependent pathways affect Ca2+ homeo-

stasis, the reverse is also true as calcineurin affects TGF-

b-dependent effects (Alevizopoulos et al., 1997; Gooch

et al., 2006; Cobbs and Gooch, 2007; Zhao et al., 2013).

In the present work, we show that calreticulin is essential

for the induction of TGF-b-mediated EMT during cardiac

differentiation of mouse ESCs. Using calreticulin-contain-

ing WT ESCs, we show increased N-cadherin expression

and very low E-cadherin expression, known as the cad-

herin switch, which is a hallmark of EMT (Maeda et al.,

2005; Wheelock et al., 2008). The mRNA and protein

expression of the EMT biomarkers Snail1, Snail2/Slug,

Twist1, and N-Cadherin were all low in the absence of

calreticulin throughout cardiomyocyte differentiation.

This is in contrast to the expression of E-Cadherin mRNA

and protein, which are both highly expressed in CRT-

KO ESCs. We thus conclude that the cadherin switch is

impaired in the absence of calreticulin. A corresponding

effect has been observed in a different cell system, the

Madin-Darby canine kidney epithelial cells, where EMT

is induced by calreticulin overexpression (Hayashida

et al., 2006; Ihara et al., 2011).
In the presence of calreticulin, a cadherin switch occurs

between E- and N-cadherins during the course of cardio-

myocyte differentiation. This is exhibited by a decrease in

E-cadherin abundance with a progressive increase in (and

replacement by) N-cadherin. The presence of N-cadherin

at the cell surface is necessary for the proper formation

and function, as demonstrated by contraction, of cardio-

myocytes (Radice et al., 1997; Ong et al., 1998; Luo and Ra-

dice, 2003). Accordingly, we show an induction of TWIST1,

a transcriptional regulator of N-cadherin (Derycke and

Bracke, 2004), and increases in both N-Cadherin mRNA

and protein, as the calreticulin-containing ESCs begin to

express cardiac MHC and EBs start to beat. The expression

of E-cadherin is downregulated by the SNAIL2/SLUG tran-

scription factor, which suppresses the E-cadherin promoter

(Batlle et al., 2000; Kim et al., 2012). GSK3b phosphorylates

SNAIL2/SLUG exposing its nuclear export sequence (Dom-

inguez et al., 2003; Kim et al., 2012). In calreticulin-con-

taining WT cells, GSK3b is inactivated by phosphorylation

at S9, whereby it is unable to facilitate export of SNAIL2/

SLUG from the nucleus to the cytoplasm. SNAIL2/SLUG re-

mains in the nucleus where it suppresses E-cadherin

expression (Cano et al., 2000; Dominguez et al., 2003;

Zhou et al., 2004; Ko et al., 2007); our current findings

are in full accordance with these reports. Thus, in the

absence of calreticulin, the expression of SNAIL2/SLUG is

low and its nuclear translocation is impaired as well. This

explains the absence of a cadherin switch in CRT-KO cells

and the abundant expression of E-cadherin throughout

their dysregulated cardiomyocyte differentiation period.

TGF-b is a potent inducer of EMT during differentiation

(Derynck et al., 2014). We thus asked if the effect of
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calreticulin on EMT may be due to impaired TGF-b

signaling in the absence of calreticulin. We show that the

expression of TGF-b receptor mRNA is downregulated in

the absence of calreticulin. Moreover, we analyzed AKT

activation by phosphorylation on S473 downstream of

TGF-b receptor activation (Alessi et al., 1996; Shin et al.,

2001) and we show that AKT activation is impaired in the

absence of calreticulin. Normally, activated, S473-phos-

phorylated AKT inhibits GSK3b activity by phosphory-

lating it on S9 (Fang et al., 2000). In the absence of calreti-

culin, GSK3b phosphorylation on S9 is diminished, and

thus activity of this kinase is increased. In brief, we

show here that inhibition of signaling from AKT/GSK3b

causes downstream inhibition of nuclear accumulation of

SNAIL2/SLUG and, in the end result, E-cadherin overex-

pression. Furthermore, we show that overexpression of

calcineurin in CRT-KO cells rescues AKT activation. It is

important to note here that calcineurin is an effector of

calreticulin, in that Ca2+ influx required to activate calci-

neurin depends on Ca2+ stored in the ER by calreticulin

(Michalak et al., 2002b). Conversely, it has been shown

that inhibition of calcineurin impacts negatively, signaling

downstream of AKT/GSK3b (De Windt et al., 2000; Solei-

manpour et al., 2010). Collectively, in the absence of calre-

ticulin, phosphorylation of AKT on S473 and GSK3b on

S9 are diminished, thus rendering the TGF-b signaling

pathway dysregulated.

Our results show that inhibition of TGF-b during meso-

dermal formation in WT EBs from D3 to D5 with

SB431542-compound, which interferes with Tgfbr1-medi-

ated TGF-b signaling, significantly decreases the abun-

dance of N-cadherin and increases E-cadherin levels to

that seen in CRT-KO EBs. Inhibition of TGF-b does not

have any significant effect on either E-cadherin or N-cad-

herin levels in CRT-KO EBs, as TGF-b signaling is already

impaired in the absence of calreticulin. Consequently, we

infer that the impairment in TGF-b signaling is the cause

of the impaired EMT in the absence of calreticulin and, as

a result, impaired cardiomyogenesis. TGF-b is one of the

main regulators of GSK3b, whereby TGF-b decreases activ-

ity of this kinase (Yoshino et al., 2007; Millet et al., 2009;

Byun et al., 2014; Cheng et al., 2014; Lal et al., 2014; see

Guo and Wang, 2009; Xu et al., 2015 for reviews). This is

in agreement with our findings that GSK3b S9 phosphory-

lation is high (i.e., activity is low) in the calreticulin-con-

taining WT EBs, while GSK3b S9 phosphorylation is lower

in the absence of calreticulin. SNAIL2/SLUG expression is

higher in WT EBs and it is enriched in the nucleus, which

may account for the lower levels of E-cadherin in WT

EBs compared with CRT-KO EBs. Furthermore, GSK3b is

phosphorylated on S9 in calreticulin-containing WT EBs.

Hence, in these EBs, inhibition of GSK3b lacks substantial

effect on either E- or N-cadherin expression as GSK3b is
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already inactive in the presence of calreticulin. Conversely,

in CRT-KO cells, inhibition of GSK3b induces EMT as

demonstrated by reduced levels of E-cadherin and

increased levels of N-cadherin. TGF-b signaling is impaired

in CRT-KO EBs where GSK3b remains active; hence GSK3b

inhibition can rescue EMT in CRT-KO EBs. Finally, low

mRNA expression levels of the cardiac transcription factor

Gata4 in CRT-KO EBs can be rescued by inhibition of

GSK3b during mesodermal formation. TGF-b inhibition

completely impairs Gata4 mRNA expression in both WT

and CRT-KO EBs. Thus, we conclude that the absence of

calreticulin impairs TGF-b-mediated EMT and also impairs

expression and nuclear translocation of cardiac transcrip-

tion factors such as GATA4.

In summary, we show that calreticulin and TGF-b

signaling intersect downstream of TGF-b receptors I and

II. The presence of calreticulin permits TGF-b-mediated

inactivation of GSK3b and thus promotes SNAIL2/SLUG-

regulated repression of E-cadherin. This condition is sine

qua non for the expression and activation of EMT compo-

nents and, further downstream, cardiac factors during car-

diomyocyte differentiation. We demonstrate here, that

regulated Ca2+ signaling from calreticulin to calcineurin is

critical for unabated TGF-b signaling necessary for the exit

from pluripotency and cadherin switch during EMT, and

commencement of cardiomyogenesis from mouse ESCs.
EXPERIMENTAL PROCEDURES

Cell Culture and Cardiomyocyte Differentiation from

Mouse ESCs
Calreticulin-null R1 ESC lines (Li et al., 2002) and their WT

counterparts were used to obtain cardiomyocytes via the hanging

dropmethod (Hescheler et al., 1997). TheWTCGR8 cell line (Nich-

ols et al., 1990) was used as an additional control. Calcium-inde-

pendent constitutively activated calcineurin-overexpressing CRT-

KOESCs (CN)were a kind gift fromDr.MarekMichalak (University

of Alberta). ESCs were grown on amitomycin C-treated (10 mg/mL;

Sigma) mouse embryo fibroblast feeder layer to passage two in

propagationmedium consisting of high glucose DMEM (Multicell,

Wisent), 10% fetal bovine serum (FBS; Multicell Wisent), 2 mM

L-glutamine, 1 mM sodium pyruvate, 0.1 mM minimum essential

medium non-essential amino acids, 0.007 mL/mL b-mercaptoetha-

nol, and 1,000 U/mL of mouse leukemia inhibitory factor (LIF;

Millipore). The differentiation medium was identical to the

propagation medium, except that it contained 15% FBS without

LIF. A total of 500 ESCs per 25 mL drops was placed on the lids of

tissue culture dishes in differentiation medium for 2 days. The

aggregated ESCs, now termed EBs, were floated in bacteriological

dishes in differentiation medium for 3 days, after which they

were plated onto tissue culture dishes (coated with 0.1% gelatin

in PBS for 1 hr at 37�C). Spontaneously beating areas could be de-

tected in the CRT-KO EBs as early as D7 (D0 = creation of hanging

drops).



Quantification of Beating Activity of EBs
Individual EBs were plated on D5 into separate wells of a 24-well

tissue culture plate (Falcon) in 1 mL of differentiation medium.

At the same time on the indicated days, the EBs were viewed under

a Nikon TMS inverted lightmicroscope and the number of sponta-

neously beating EBs were recorded. The size of the area of beating

was not taken into consideration. Of the EBs, 48 were counted for

each cell line, and the number of beating EBswere graphed as a per-

centage of the total number of EBs plated.

Immunolabeling and Microscopy
For immunolocalization, cells were cultured on 0.1% gelatin in 13

PBS covered four-chamber polystyrene culture slides (BD Falcon)

and fixed in 3.7% formaldehyde in PBS for 10 min. After washing

(three times for 5 min) in PBS, the cells were permeabilized with

0.1% Triton X-100 in buffer containing 100 mmol/L of PIPES,

1 mmol/L EGTA, and 4% (w/v) of polyethylene glycol 8000 (pH

6.9) for 20 min, and the cells were washed again (three times for

5min in PBS). Staining with primary antibodies E- and N-cadherin

(Abcam) diluted 1:100 in 13 PBS was done overnight in 4�C. After
the final wash (three times for 5 min) in PBS, the slides were

mounted in prolongGoldAntifadewithDAPI (Cell Signaling Tech-

nology). A Zeiss spinning disk confocal was used for fluorescence

imaging and images were processed with ZEN software.

Flow Cytometry
EBs fromD14 cultures were harvested and washed in ice-cold PBS.

Cells were trypsinized for 2 min. Single-cell suspensions were

created and adjusted to a concentration of 1 3 106 cells/mL in

ice-cold PBS with 1% FBS. Cells were stained with fixable viability

dye eFluor 780 (1:1,000; Life Technologies) for 15 min at 4�C. Af-
ter washing three times with ice-cold PBS, cells were fixed in 3.7%

formaldehyde in PBS for 15 min, followed by blocking with 1%

FBS in PBS 13 for 30 min at 4�C. Anti-cardiac troponin I antibody

(Alexa Fluor 488) (Abcam catalog no. 196384) was diluted 1:50 in

1% FBS in PBS and incubated with cells for 30 min at 4�C
following washing three times with PBS. Isotype control antibody

was rabbit monoclonal IgG Alexa Fluor 488 (Abcam catalog no.

199091) used at the same concentration and conditions as the pri-

mary antibody. Non-viable cells were excluded from analysis. An

LSR II flow cytometer was used for cell sorting, where at least

10,000 events of viable cells were collected. FlowJo V10 (Trestar)

was used for data analysis and gating of positive populations

was performed based on appropriate isotype-matched antibody

control. Different repeats were analyzed using the same settings

for gating.

SDS-PAGE and Western Blotting
Cells were lysed in 13 RIPA buffer containing 10 mL/mL of

phosphatase inhibitor cocktail (Sigma) and 10 mL/mL of protease

inhibitor cocktail (Sigma). Protein samples were quantified by

using the Bio-Rad Protein Assay (Bio-Rad) according to the manu-

facturer’s instructions. Finally, protein samples were subjected to

SDS-PAGE and western blotting as described previously (Mery

et al., 1996). The primary antibodies were used at the following di-

lutions in Tris-buffered saline supplemented with 0.1% Tween 20:

mouse anti-calreticulin (Abcam catalog no. 92516), 1:1,000; rabbit
anti-glyceraldehyde-3-phosphate dehydrogenase (Cell Signaling

catalog no. 14C10), 1:2,000; mouse anti-cardiac MHC from (Ab-

cam catalog no. 50967), 1:1,000; rat anti-E-cadherin (Abcam cata-

log no. 11512), 1:1,000; rabbit anti-N-cadherin (Abcam catalog

no. 12221), 1:1,000; rabbit anti-pGSK3b (S9) (Abcam catalog no.

131092), 1:1,000; rabbit anti-GSK3b (Cell Signaling catalog no.

27C10), 1:1,000; rabbit anti-pAKT (S473) (Cell Signaling catalog

no. 9271S), 1:1,000; mouse anti-AKT (Cell Signaling catalog no.

9272S), 1:1,000; rabbit anti-SNAIL2/SLUG (Thermo Fisher Scienti-

fic catalog no. PA1-86737), 1:1,000; rabbit anti-Histone 3 (Cell

Signaling catalog no. 5192); 1:1000, rabbit anti-GATA4 (Abcam

catalog no. 134057), 1:100. All secondary antibodies were conju-

gated to horseradish peroxidase and used at a dilution of

1:10,000 (Abcam). The protein bands were visualized by using

the ECL-Plus Detection System (Amersham).

Subcellular Fractionation
Nuclear fractions were obtained by a modification of the method

described previously (Dimauro et al., 2012). Briefly, cells were

collected and washed with ice cold 13 PBS, lysed on ice for

30 min in cold cytosolic extraction buffer (20 mM sucrose,

50mMTris-HCl [pH 7.4], 5mMMgCl2, and protease and phospha-

tase inhibitors). The cytosolic protein was collected by centrifuga-

tion at 800 3 g for 15 min at 4�C. The pelleted nuclei were treated

with nuclear extraction buffer (NEB) (20 mM HEPES [pH 7.9],

1.5 mM MgCl2, 0.5 mM EDTA, 20% glycerol, 1% Triton X-100,

and protease and phosphatase inhibitors). The nuclei were incu-

bated with NEB on ice for 30 min followed by centrifugation at

9,000 3 g for 30 min at 4�C to remove cellular debris from the

nuclear extract. Protein concentration was measured for both the

nuclear and cytosolic fractions using the Bio-Rad DC Protein Assay

followed by denaturing and boiling with 23 SDS-PAGE sample

buffer.

Quantitative RT-PCR
Total RNAwas extracted from EBs using the QIAGEN RNeasy Mini

Kit according to the manufacturer’s instructions: 4 mg of RNA was

reverse transcribed to cDNA using Superscript II (Invitrogen) in a

total reaction volume of 48 mL. To examine the mRNA expression

of cardiac and EMT markers, cDNA was amplified using real-time

PCR. Real-time PCR analysis was performed in a Bio-Rad CFX384

Touch detection system. The PCR products were monitored by

measuring the fluorescence caused by the binding of SYBR green

(Applied Biosystems) to double-stranded DNA. The cDNA levels

were normalized using L32 (a housekeeping gene). Reaction condi-

tions were as follows: 10min at 95�C, 10 s at 95�C, and 30 s at 60�C
for 40 cycles. The primer sequences used are detailed in Table S1.

Statistical Analysis of the Data
All data are presented as mean ± SD. Differences between mean

values for different treatments were calculated by using the two-

way ANOVA with a Bonferroni correction for multiple compari-

sons. Differences between two groups were assessed with the

Student’s t test for normally distributed data. Data were processed

in GraphPad Prism version 6.0 (GraphPad Software). p Values less

than 0.05 were considered to be significant (*p% 0.05, **p% 0.01,

***p % 0.001, ****p % 0.001).
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Treatments
TGF-b inhibitor, SB431542 (Sigma) (Callahan et al., 2002), was

added to the differentiation medium at 10 mM from D3 to D5,

and GSK3b inhibitor, SB415286 (Sigma) (Coghlan et al., 2000)

was added at 1 mg/mL from D3 to D5. Both inhibitors were diluted

in DMSO and DMSO used as negative control.
SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental

Procedures, two figures, and one table and can be found

with this article online at http://dx.doi.org/10.1016/j.stemcr.

2017.03.018.

AUTHOR CONTRIBUTIONS

Conception and Design, F.K. and M.O.; Collection and Assembly

of Data, F.K.; Data Analysis and Interpretation, F.K. and M.O.;

Manuscript Writing, F.K. and M.O.; Final Approval, M.O.

ACKNOWLEDGMENTS

We are indebted to Dr. Joanne E. Murphy-Ullrich and Dr. Sylvia

Papp for critical reading of the manuscript. M.O. is a member of

the Ontario Stem Cell initiative and a member of the Heart &

Stroke/Richard Lewar Centre of Excellence. This work was sup-

ported by grants from CIHR MOP-102549 and MOP-106461

to M.O.

Received: July 8, 2016

Revised: March 16, 2017

Accepted: March 17, 2017

Published: April 20, 2017
REFERENCES

Acloque, H., Adams, M.S., Fishwick, K., Bronner-Fraser, M., and

Nieto, M.A. (2009). Epithelial-mesenchymal transitions: the

importance of changing cell state in development and disease.

J. Clin. Invest. 119, 1438–1449.

Alessi, D.R., Andjelkovic, M., Caudwell, B., Cron, P., Morrice, N.,

Cohen, P., and Hemmings, B.A. (1996). Mechanism of activation

of protein kinase B by insulin and IGF-1. EMBO J. 15, 6541–6551.

Alevizopoulos, A., Dusserre, Y., Ruegg, U., andMermod, N. (1997).

Regulation of the transforming growth factor beta-responsive tran-

scription factor CTF-1 by Calcineurin and calcium/calmodulin-

dependent protein kinase IV. J. Biol. Chem. 272, 23597–23605.

Batlle, E., Sancho, E., Franci, C., Dominguez, D., Monfar, M., Bau-

lida, J., and Garcia de Herreros, A. (2000). The transcription factor

snail is a repressor of E-Cadherin gene expression in epithelial

tumour cells. Nat. Cell Biol. 2, 84–89.

Bedard, K., Szabo, E., Michalak, M., and Opas, M. (2005). Cellular

functions of endoplasmic reticulum chaperones Calreticulin,

calnexin, and ERp57. Int. Rev. Cytol. 245, 91–121.

Behfar, A., Zingman, L.V., Hodgson, D.M., Rauzier, J.M., Kane,

G.C., Terzic, A., and Puceat, M. (2002). Stem cell differentiation re-

quires a paracrine pathway in the heart. FASEB J. 16, 1558–1566.
1308 Stem Cell Reports j Vol. 8 j 1299–1311 j May 9, 2017
Brand, T. (2003). Heart development: molecular insights into car-

diac specification and early morphogenesis. Dev. Biol. 258, 1–19.

Byun, H.O., Jung, H.J., Kim, M.J., and Yoon, G. (2014). PKCdelta

phosphorylation is an upstream event of GSK3 inactivation-medi-

ated ROS generation in TGF-beta1-induced senescence. Free Radic.

Res. 48, 1100–1108.

Callahan, J.F., Burgess, J.L., Fornwald, J.A., Gaster, L.M., Harling,

J.D., Harrington, F.P., Heer, J., Kwon, C., Lehr, R., Mathur, A.,

et al. (2002). Identification of novel inhibitors of the transforming

growth factor beta1 (TGF-beta1) type 1 receptor (ALK5). J. Med.

Chem. 45, 999–1001.

Cano, A., Perez-Moreno, M.A., Rodrigo, I., Locascio, A., Blanco,

M.J., del Barrio,M.G., Portillo, F., and Nieto, M.A. (2000). The tran-

scription factor snail controls epithelial-mesenchymal transitions

by repressing E-Cadherin expression. Nat. Cell Biol. 2, 76–83.

Cheng, L., Zhang, C., Li, D., Zou, J., and Wang, J. (2014). Trans-

forming growth factor-beta1 (TGF-beta1) induces mouse precarti-

laginous stem cell proliferation through TGF-beta receptor II

(TGFRII)-AKT-beta-catenin signaling. Int. J. Mol. Sci. 15, 12665–

12676.

Cobbs, S.L., and Gooch, J.L. (2007). NFATc is required for TGFbeta-

mediated transcriptional regulation of fibronectin. Biochem. Bio-

phys. Res. Commun. 362, 288–294.

Coghlan, M.P., Culbert, A.A., Cross, D.A., Corcoran, S.L., Yates,

J.W., Pearce, N.J., Rausch, O.L., Murphy, G.J., Carter, P.S., Roxbee,

C.L., et al. (2000). Selective small molecule inhibitors of glycogen

synthase kinase-3 modulate glycogen metabolism and gene tran-

scription. Chem. Biol. 7, 793–803.

Crabtree, G.R. (1999). Generic signals and specific outcomes:

signaling through Ca2+, Calcineurin, and NF-AT. Cell 96, 611–614.

Crabtree, G.R. (2001). Calcium, Calcineurin, and the control of

transcription. J. Biol. Chem. 276, 2313–2316.

Crabtree, G.R., and Schreiber, S.L. (2009). SnapShot: Ca2+-Calci-

neurin-NFAT signaling. Cell 138, 210, 210.e1.

De Windt, L.J., Lim, H.W., Taigen, T., Wencker, D., Condorelli, G.,

Dorn, G.W., II, Kitsis, R.N., and Molkentin, J.D. (2000).

Calcineurin-mediated hypertrophy protects cardiomyocytes from

apoptosis in vitro and in vivo - an apoptosis-independent model

of dilated heart failure. Circ. Res. 86, 255–263.

Derycke, L.D., and Bracke, M.E. (2004). N-Cadherin in the spot-

light of cell-cell adhesion, differentiation, embryogenesis, inva-

sion and signalling. Int. J. Dev. Biol. 48, 463–476.

Derynck, R., Muthusamy, B.P., and Saeteurn, K.Y. (2014). Sig-

naling pathway cooperation in TGF-beta-induced epithelial-

mesenchymal transition. Curr. Opin. Cell Biol. 31, 56–66.

Dimauro, I., Pearson, T., Caporossi, D., and Jackson, M.J. (2012). A

simple protocol for the subcellular fractionation of skeletal muscle

cells and tissue. BMC Res. Notes 5, 513.

Dominguez, D., Montserrat-Sentis, B., Virgos-Soler, A., Guaita, S.,

Grueso, J., Porta, M., Puig, I., Baulida, J., Franci, C., and Garcia de

Herreros, A. (2003). Phosphorylation regulates the subcellular loca-

tion and activity of the snail transcriptional repressor. Mol. Cell.

Biol. 23, 5078–5089.

Durocher, D., and Nemer, M. (1998). Combinatorial interactions

regulating cardiac transcription. Dev. Genet. 22, 250–262.

http://dx.doi.org/10.1016/j.stemcr.2017.03.018
http://dx.doi.org/10.1016/j.stemcr.2017.03.018
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref1
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref1
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref1
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref1
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref2
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref2
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref2
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref3
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref3
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref3
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref3
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref4
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref4
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref4
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref4
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref5
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref5
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref5
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref6
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref6
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref6
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref7
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref7
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref8
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref8
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref8
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref8
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref9
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref9
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref9
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref9
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref9
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref10
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref10
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref10
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref10
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref11
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref11
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref11
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref11
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref11
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref12
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref12
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref12
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref13
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref13
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref13
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref13
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref13
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref14
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref14
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref14
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref15
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref15
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref16
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref16
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref17
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref17
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref17
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref17
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref17
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref18
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref18
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref18
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref19
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref19
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref19
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref20
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref20
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref20
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref21
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref21
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref21
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref21
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref21
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref22
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref22


Fang, X., Yu, S.X., Lu, Y., Bast, R.C.J.,Woodgett, J.R., andMills, G.B.

(2000). Phosphorylation and inactivation of glycogen synthase ki-

nase 3 by protein kinase A. Proc. Natl. Acad. Sci. USA 97, 11960–

11965.

Faustino, R.S., Behfar, A., Perez-Terzic, C., and Terzic, A. (2008).

Genomic chart guiding embryonic stem cell cardiopoiesis.

Genome Biol. 9, R6.

Faustino, R.S., Chiriac, A., Niederlander, N.J., Nelson, T.J., Behfar,

A., Mishra, P.K., Macura, S., Michalak, M., Terzic, A., and Perez-

Terzic, C. (2010). Decoded Calreticulin-deficient embryonic stem

cell transcriptome resolves latent cardiophenotype. Stem Cells

28, 1281–1291.

Faustino, R.S., Behfar, A., Groenendyk, J.,Wyles, S.P., Niederlander,

N., Reyes, S., Puceat, M., Michalak, M., Terzic, A., and Perez-Terzic,

C. (2016). Calreticulin secures calcium-dependent nuclear pore

competency required for cardiogenesis. J. Mol. Cell. Cardiol. 92,

63–74.

Franzini-Armstrong, C., Protasi, F., and Tijskens, P. (2005). The as-

sembly of calcium release units in cardiac muscle. Ann. N. Y. Acad.

Sci. 1047, 76–85.

Frey, N., McKinsey, T.A., andOlson, E.N. (2000). Decoding calcium

signals involved in cardiac growth and function. Nat. Med. 6,

1221–1227.

Gooch, J.L., Gorin, Y., Zhang, B.X., and Abboud, H.E. (2006).

Involvement of Calcineurin in transforming growth factor-beta-

mediated regulation of extracellular matrix accumulation. J. Biol.

Chem. 279, 15561–15570.

Guo, X., andWang, X.F. (2009). Signaling cross-talk between TGF-

beta/BMP and other pathways. Cell Res. 19, 71–88.

Guo, L., Nakamura, K., Lynch, J., Opas, M., Olson, E.N., Agellon,

L.B., andMichalak, M. (2002). Cardiac-specific expression of Calci-

neurin reverses embryonic lethality in Calreticulin-deficient

mouse. J. Biol. Chem. 277, 50776–50779.

Hattori, K., Nakamura, K., Hisatomi, Y., Matsumoto, S., Suzuki, M.,

Harvey, R.P., Kurihara, H., Hattori, S., Yamamoto, T., Michalak, M.,

and Endo, F. (2007). Arrhythmia induced by spatiotemporal over-

expression of Calreticulin in the heart. Mol. Genet. Metab. 91,

285–293.

Hayashida, Y., Urata, Y.,Muroi, E., Kono, T., Miyata, Y., Nomata, K.,

Kanetake, H., Kondo, T., and Ihara, Y. (2006). Calreticulin represses

E-Cadherin gene expression in Madin-Darby canine kidney cells

via Slug. J. Biol. Chem. 281, 32469–32484.

Hescheler, J., Fleischmann, B.K., Lentini, S., Maltsev, V.A., Rohwe-

del, J., Wobus, A.M., and Addicks, K. (1997). Embryonic stem cells:

a model to study structural and functional properties in cardio-

myogenesis. Cardiovasc. Res. 36, 149–162.

Ihara, Y., Inai, Y., and Ikezaki, M. (2011). Alteration of integrin-

dependent adhesion and signaling in EMT-like MDCK cells estab-

lished through overexpression of Calreticulin. J. Cell. Biochem.

112, 2518–2528.

Imanaka-Yoshida, K., Amitani, A., Ioshii, S.O., Koyabu, S., Yama-

kado, T., and Yoshida, T. (1996). Alterations of expression and dis-

tribution of the Ca2+-storing proteins in endo/sarcoplasmic reticu-

lum during differentiation of rat cardiomyocytes. J. Mol. Cell.

Cardiol. 28, 553–562.
Itzhaki, I., Schiller, J., Beyar, R., Satin, J., and Gepstein, L. (2006).

Calcium handling in embryonic stem cell-derived cardiac myo-

cytes: of mice and men. Ann. N. Y. Acad. Sci. 1080, 207–215.

Janowski, E., Cleemann, L., Sasse, P., and Morad, M. (2006). Diver-

sity of Ca2+ signaling in developing cardiac cells. Ann. N. Y. Acad.

Sci. 1080, 154–164.

Kim, J.Y., Kim, Y.M., Yang, C.H., Cho, S.K., Lee, J.W., and Cho, M.

(2012). Functional regulation of Slug/Snail2 is dependent on GSK-

3beta-mediated phosphorylation. FEBS J. 279, 2929–2939.

Kim, Y.S., Yi, B.R., Kim, N.H., and Choi, K.C. (2014). Role of the

epithelial-mesenchymal transition and its effects on embryonic

stem cells. Exp. Mol. Med. 46, e108.

Ko, H., Kim, H.S., Kim, N.H., Lee, S.H., Kim, K.H., Hong, S.H., and

Yook, J.I. (2007). Nuclear localization signals of the E-Cadherin

transcriptional repressor Snail. Cells Tissues Organs 185, 66–72.

Kovacic, J.C., Mercader, N., Torres, M., Boehm, M., and Fuster, V.

(2012). Epithelial-to-mesenchymal and endothelial-to-mesen-

chymal transition: from cardiovascular development to disease.

Circulation 125, 1795–1808.

Kypreou, K.P., Kavvadas, P., Karamessinis, P., Peroulis, M., Alberti,

A., Sideras, P., Psarras, S., Capetanaki, Y., Politis, P.K., and Charonis,

A.S. (2008). Altered expression of Calreticulin during the develop-

ment of fibrosis. Proteomics 8, 2407–2419.

Lal, H., Ahmad, F., Zhou, J., Yu, J.E., Vagnozzi, R.J., Guo, Y., Yu, D.,

Tsai, E.J., Woodgett, J., Gao, E., and Force, T. (2014). Cardiac fibro-

blast glycogen synthase kinase-3beta regulates ventricular re-

modeling and dysfunction in ischemic heart. Circulation 130,

419–430.

Lamouille, S., Xu, J., and Derynck, R. (2014). Molecular mecha-

nisms of epithelial-mesenchymal transition. Nat. Rev. Mol. Cell

Biol. 15, 178–196.

Lee, J.M., Dedhar, S., Kalluri, R., and Thompson, E.W. (2006). The

epithelial-mesenchymal transition: new insights in signaling,

development, and disease. J. Cell Biol. 172, 973–981.

Li, J., Puceat, M., Perez-Terzic, C., Mery, A., Nakamura, K., Micha-

lak, M., Krause, K.H., and Jaconi, M.E. (2002). Calreticulin reveals

a critical Ca2+ checkpoint in cardiac myofibrillogenesis. J. Cell

Biol. 158, 103–113.

Lim, J.Y., Kim, W.H., Kim, J., and Park, S.I. (2007). Involvement

of TGF-beta1 signaling in cardiomyocyte differentiation from

P19CL6 cells. Mol. Cells 24, 431–436.

Liu, W., Yasui, K., Opthof, T., Ishiki, R., Lee, J.K., Kamiya, K.,

Yokota, M., and Kodama, I. (2002). Developmental changes of

Ca(2+) handling in mouse ventricular cells from early embryo to

adulthood. Life Sci. 71, 1279–1292.

Luo, Y., and Radice, G.L. (2003). Cadherin-mediated adhesion is

essential for myofibril continuity across the plasma membrane

but not for assembly of the contractile apparatus. J. Cell Sci. 116,

1471–1479.

Lynch, J., and Michalak, M. (2003). Calreticulin is an upstream

regulator of Calcineurin. Biochem. Biophys. Res. Commun. 311,

1173–1179.

Lynch, J., Guo, L., Gelebart, P., Chilibeck, K., Xu, J., Molkentin,

J.D., Agellon, L.B., and Michalak, M. (2005). Calreticulin signals
Stem Cell Reports j Vol. 8 j 1299–1311 j May 9, 2017 1309

http://refhub.elsevier.com/S2213-6711(17)30124-8/sref23
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref23
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref23
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref23
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref24
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref24
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref24
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref25
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref25
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref25
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref25
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref25
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref26
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref26
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref26
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref26
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref26
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref27
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref27
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref27
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref28
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref28
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref28
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref29
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref29
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref29
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref29
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref30
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref30
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref31
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref31
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref31
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref31
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref32
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref32
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref32
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref32
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref32
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref33
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref33
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref33
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref33
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref34
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref34
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref34
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref34
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref35
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref35
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref35
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref35
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref36
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref36
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref36
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref36
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref36
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref36
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref37
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref37
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref37
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref38
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref38
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref38
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref39
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref39
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref39
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref40
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref40
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref40
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref41
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref41
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref41
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref42
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref42
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref42
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref42
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref43
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref43
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref43
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref43
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref44
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref44
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref44
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref44
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref44
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref45
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref45
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref45
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref46
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref46
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref46
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref47
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref47
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref47
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref47
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref48
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref48
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref48
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref49
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref49
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref49
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref49
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref50
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref50
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref50
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref50
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref51
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref51
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref51
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref52
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref52


upstream of Calcineurin and MEF2C in a critical Ca2+-dependent

signaling cascade. J. Cell Biol. 170, 37–47.

MacLellan, W.R., Brand, T., and Schneider, M.D. (1993). Trans-

forming growth factor-beta in cardiac ontogeny and adaptation.

Circ. Res. 73, 783–791.

Maeda, M., Johnson, K.R., and Wheelock, M.J. (2005). Cadherin

switching: essential for behavioral but not morphological changes

during an epithelium-to-mesenchyme transition. J. Cell Sci. 118,

873–887.

Maltsev, V.A., Rohwedel, J., Hescheler, J., and Wobus, A.M. (1993).

Embryonic stem cells differentiate in vitro into cardiomyocytes

representing sinusnodal, atrial and ventricular cell types. Mech.

Dev. 44, 41–50.

Mery, L., Mesaeli, N., Michalak, M., Opas, M., Lew, D.P., and

Krause, K.H. (1996). Overexpression of Calreticulin increases intra-

cellular Ca2+-storage and decreases store-operated Ca2+ influx.

J. Biol. Chem. 271, 9332–9339.

Mery, A., Aimond, F., Menard, C.,Mikoshiba, K.,Michalak,M., and

Puceat,M. (2005). Initiationof embryonic cardiac pacemaker activ-

ity by inositol 1,4,5-trisphosphate-dependent calcium signaling.

Mol. Biol. Cell 16, 2414–2423.

Mesaeli, N., Nakamura, K., Zvaritch, E., Dickie, P., Dziak, E., Krause,

K.H., Opas, M., MacLennan, D.H., and Michalak, M. (1999).

Calreticulin is essential for cardiac development. J. Cell Biol. 144,

857–868.

Michalak, M., Lynch, J., Groenendyk, J., Guo, L., Parker, J.M.R.,

and Opas, M. (2002a). Calreticulin in cardiac development and pa-

thology. Biochim. Biophys. Acta 1600, 32–37.

Michalak, M., Robert Parker, J.M., and Opas, M. (2002b). Ca2+

signaling and calcium binding chaperones of the endoplasmic re-

ticulum. Cell Calcium 32, 269–278.

Michalak, M., Guo, L., Robertson, M., Lozak, M., and Opas, M.

(2004). Calreticulin in the heart. Mol. Cell. Biochem. 263,

137–142.

Michalak, M., Groenendyk, J., Szabo, E., Gold, L.I., and Opas, M.

(2009). Calreticulin, a multi-process calcium-buffering chaperone

of the endoplasmic reticulum. Biochem. J. 417, 651–666.

Millet, C., Yamashita, M., Heller, M., Yu, L.R., Veenstra, T.D., and

Zhang, Y.E. (2009). A negative feedback control of transforming

growth factor-beta signaling by glycogen synthase kinase 3-medi-

ated Smad3 linker phosphorylation at Ser-204. J. Biol. Chem. 284,

19808–19816.

Nakamura, K., Robertson, M., Liu, G., Dickie, P., Nakamura, K.,

Guo, J.Q., Duff, H.J., Opas, M., Kavanagh, K., and Michalak, M.

(2001). Complete heart block and sudden death in mice overex-

pressing Calreticulin. J. Clin. Invest. 107, 1245–1253.

Nichols, J., Evans, E.P., and Smith, A.G. (1990). Establishment of

germ-line-competent embryonic stem (ES) cells using differentia-

tion inhibiting activity. Development 110, 1341–1348.

Olson, E.N. (2006). Gene regulatory networks in the evolution and

development of the heart. Science 313, 1922–1927.

Ong, L.L., Kim, N., Mima, T., Cohen-Gould, L., and Mikawa, T.

(1998). Trabecular myocytes of the embryonic heart require

N-Cadherin for migratory unit identity. Dev. Biol. 193, 1–9.
1310 Stem Cell Reports j Vol. 8 j 1299–1311 j May 9, 2017
Papp, S., Zhang, X., Szabo, E., Michalak, M., and Opas, M. (2008).

Expression of endoplasmic reticulum chaperones in cardiac devel-

opment. Open Cardiovasc. Med. J. 2, 31–35.

Papp, S., Dziak, E., Kabir, G., Backx, P., Clement, S., and Opas, M.

(2009a). Evidence for cardiac hypertrophy attenuation by Calreti-

culin induction using pressure overload and soluble agonists. Am.

J. Pathol. 176, 1113–1121.

Papp, S., Dziak, E., and Opas, M. (2009b). Embryonic stem cell

derived cardiomyogenesis: a novel role for Calreticulin as a regu-

lator. Stem Cells 27, 1507–1515.

Park, K.W., Goo, J.H., Chung, H.S., Kim, H., Kim, D.H., and Park,

W.J. (1998). Cloning of the genes encodingmouse cardiac and skel-

etal calsequestrins: expression pattern during embryogenesis.

Gene 217, 25–30.

Porter, G.A., Jr., Makuck, R.F., and Rivkees, S.A. (2003). Intracellular

calcium plays an essential role in cardiac development. Dev. Dyn.

227, 280–290.

Prakoura, N., Politis, P.K., Ihara, Y., Michalak, M., and Charonis,

A.S. (2013). Epithelial Calreticulin up-regulation promotes profi-

brotic responses and tubulointerstitial fibrosis development. Am.

J. Pathol. 183, 1474–1487.

Puceat, M. (2007). TGFbeta in the differentiation of embryonic

stem cells. Cardiovasc. Res. 74, 256–261.

Puceat, M., and Jaconi, M. (2005). Ca(2+) signalling in cardio-

genesis. Cell Calcium 38, 383–389.

Radice, G.L., Rayburn, H.,Matsunami, H., Knudsen, K.A., Takeichi,

M., and Hynes, R.O. (1997). Developmental defects in mouse em-

bryos lacking N-Cadherin. Dev. Biol. 181, 64–78.

Rauch, F., Prud’homme, J., Arabian, A., Dedhar, S., and St-Arnaud,

R. (2000). Heart, brain, and body wall defects in mice lacking

Calreticulin. Exp. Cell Res. 256, 105–111.

Sachinidis, A., Fleischmann, B.K., Kolossov, E., Wartenberg, M.,

Sauer, H., and Hescheler, J. (2003). Cardiac specific differentiation

of mouse embryonic stem cells. Cardiovasc. Res. 58, 278–291.

Schneider, M.D., and Parker, T.G. (1991). Cardiac growth factors.

Prog. Growth Factor Res. 3, 1–26.

Schneider, M.D., Kirshenbaum, L.A., Brand, T., and MacLellan,

W.R. (1994). Control of cardiac gene transcription by fibroblast

growth factors. Mol. Reprod. Dev. 39, 112–117.

Shin, I., Bakin, A.V., Rodeck, U., Brunet, A., and Arteaga, C.L.

(2001). Transforming growth factor beta enhances epithelial cell

survival via AKT-dependent regulation of FKHRL1. Mol. Biol. Cell

12, 3328–3339.

Soleimanpour, S.A., Crutchlow, M.F., Ferrari, A.M., Raum, J.C.,

Groff, D.N., Rankin, M.M., Liu, C., De Leon, D.D., Naji, A., Kush-

ner, J.A., and Stoffers, D.A. (2010). Calcineurin signaling regulates

human islet {beta}-cell survival. J. Biol. Chem. 285, 40050–40059.

Thiery, J.P., and Sleeman, J.P. (2006). Complex networks orches-

trate epithelial-mesenchymal transitions. Nat. Rev. Mol. Cell

Biol. 7, 131–142.

Thiery, J.P., Acloque, H., Huang, R.Y., and Nieto, M.A. (2009).

Epithelial-mesenchymal transitions in development and disease.

Cell 139, 871–890.

http://refhub.elsevier.com/S2213-6711(17)30124-8/sref52
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref52
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref53
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref53
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref53
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref54
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref54
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref54
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref54
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref55
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref55
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref55
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref55
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref56
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref56
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref56
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref56
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref56
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref56
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref57
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref57
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref57
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref57
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref58
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref58
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref58
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref58
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref59
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref59
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref59
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref60
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref60
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref60
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref61
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref61
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref61
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref62
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref62
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref62
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref63
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref63
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref63
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref63
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref63
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref64
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref64
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref64
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref64
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref65
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref65
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref65
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref66
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref66
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref67
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref67
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref67
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref68
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref68
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref68
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref69
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref69
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref69
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref69
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref70
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref70
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref70
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref71
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref71
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref71
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref71
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref72
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref72
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref72
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref73
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref73
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref73
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref73
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref74
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref74
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref75
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref75
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref76
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref76
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref76
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref77
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref77
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref77
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref78
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref78
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref78
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref79
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref79
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref80
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref80
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref80
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref81
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref81
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref81
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref81
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref82
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref82
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref82
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref82
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref83
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref83
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref83
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref84
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref84
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref84


Tonelli, F.M., Santos, A.K., Gomes, D.A., da Silva, S.L., Gomes, K.N.,

Ladeira, L.O., and Resende, R.R. (2012). Stem cells and calcium

signaling. Adv. Exp. Med. Biol. 740, 891–916.

Van Duyn, G.L., Sweetwyne, M.T., Pallero, M.A., and Murphy-Ull-

rich, J.E. (2010). Intracellular Calreticulin regulates multiple steps

in fibrillar collagen expression, trafficking, and processing into

the extracellular matrix. J. Biol. Chem. 285, 7067–7078.

Wakefield, L.M., and Hill, C.S. (2013). Beyond TGFß: roles of other

TGFß superfamilymembers in cancer.Nat. Rev.Cancer13, 328–341.

Wang,W.A., Groenendyk, J., andMichalak,M. (2012). Calreticulin

signaling in health and disease. Int. J. Biochem. Cell Biol. 44,

842–846.

Wheelock, M.J., Shintani, Y., Maeda, M., Fukumoto, Y., and

Johnson, K.R. (2008). Cadherin switching. J. Cell Sci. 121,

727–735.

Xu, J., Lamouille, S., and Derynck, R. (2009). TGF-beta-induced

epithelial to mesenchymal transition. Cell Res. 19, 156–172.

Xu, W., Yang, Z., and Lu, N. (2015). A new role for the PI3K/AKT

signaling pathway in the epithelial-mesenchymal transition. Cell

Adh. Migr. 9, 317–324.

Yanagida, E., Shoji, S., Hirayama, Y., Yoshikawa, F., Otsu, K.,

Uematsu, H., Hiraoka, M., Furuichi, T., and Kawano, S. (2004).

Functional expression of Ca2+ signaling pathways in mouse em-

bryonic stem cells. Cell Calcium 36, 135–146.
Yoshino, J., Monkawa, T., Tsuji, M., Inukai, M., Itoh, H., and Hay-

ashi, M. (2007). Snail1 is involved in the renal epithelial-mesen-

chymal transition. Biochem. Biophys. Res. Commun. 362, 63–68.

Zavadil, J., and Böttinger, E.P. (2005). TGF-ß and epithelial-to-

mesenchymal transitions. Oncogene 24, 5764–5774.

Zeisberg, M., and Neilson, E.G. (2009). Biomarkers for epithelial-

mesenchymal transitions. J. Clin. Invest. 119, 1429–1437.

Zhao, F., Zhang, S., Shao, Y., Wu, Y., Qin, J., Chen, Y., Chen, L., Gu,

H., Wang, X., Huang, C., and Zhang, W. (2013). Calreticulin over-

expression correlates with integrin-alpha5 and transforming

growth factor-beta1 expression in the atria of patients with rheu-

matic valvular disease and atrial fibrillation. Int. J. Cardiol. 168,

2177–2185.

Zhou, B.P., Deng, J., Xia, W., Xu, J., Li, Y.M., Gunduz, M., and

Hung, M.C. (2004). Dual regulation of Snail by GSK-3beta-medi-

ated phosphorylation in control of epithelial-mesenchymal transi-

tion. Nat. Cell Biol. 6, 931–940.

Zimmerman, K.A., Graham, L.V., Pallero, M.A., and Murphy-Ull-

rich, J.E. (2013). Calreticulin (CRT) regulates transforming growth

factor-beta (TGF-beta) stimulated extracellular matrix production.

J. Biol. Chem. 288, 14584–14598.

Zimmerman, K.A., Xing, D., Pallero, M.A., Lu, A., Ikawa, M., Black,

L., Hoyt, K.L., Kabarowski, J.H.,Michalak,M., andMurphy-Ullrich,

J.E. (2015). Calreticulin regulates neointima formation and

collagen deposition following carotid artery ligation. J. Vasc. Res.

52, 306–320.
Stem Cell Reports j Vol. 8 j 1299–1311 j May 9, 2017 1311

http://refhub.elsevier.com/S2213-6711(17)30124-8/sref85
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref85
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref85
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref86
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref86
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref86
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref86
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref87
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref87
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref88
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref88
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref88
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref89
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref89
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref89
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref90
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref90
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref91
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref91
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref91
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref92
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref92
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref92
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref92
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref93
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref93
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref93
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref94
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref94
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref95
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref95
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref96
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref96
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref96
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref96
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref96
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref96
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref97
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref97
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref97
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref97
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref98
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref98
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref98
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref98
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref99
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref99
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref99
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref99
http://refhub.elsevier.com/S2213-6711(17)30124-8/sref99

	Induced Epithelial-to-Mesenchymal Transition during Cardiogenesis in Mouse Embryonic Stem Cells
	Introduction
	Results
	Calreticulin Promotes Cardiac Differentiation
	Calreticulin Is Required for the Cadherin Switch and EMT during Cardiac Differentiation
	Calreticulin Regulates TGF-β-Induced EMT during Cardiac Differentiation

	Discussion
	Experimental Procedures
	Cell Culture and Cardiomyocyte Differentiation from Mouse ESCs
	Quantification of Beating Activity of EBs
	Immunolabeling and Microscopy
	Flow Cytometry
	SDS-PAGE and Western Blotting
	Subcellular Fractionation
	Quantitative RT-PCR
	Statistical Analysis of the Data
	Treatments

	Supplemental Information
	Author Contributions
	Acknowledgments
	References


