
HAL Id: tel-02954345
https://theses.hal.science/tel-02954345

Submitted on 1 Oct 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Rôle du canal calcique TRPV1 dans
l’ischémie-reperfusion du myocarde

Nolwenn Tessier

To cite this version:
Nolwenn Tessier. Rôle du canal calcique TRPV1 dans l’ischémie-reperfusion du myocarde. Physiologie
[q-bio.TO]. Université de Lyon, 2019. Français. �NNT : 2019LYSE1165�. �tel-02954345�

https://theses.hal.science/tel-02954345
https://hal.archives-ouvertes.fr


 

 
 
 
N°d’ordre NNT : 2018LYSE1165 
 

THESE de DOCTORAT DE L’UNIVERSITE DE LYON 
opérée au sein de 

l’Université Claude Bernard Lyon 1 
 

École Doctorale N° ED 205  
École Doctorale Interdisciplinaire Sciences-Santé (EDISS) 

 
Spécialité de doctorat : Biologie, médecine et santé 

Discipline : Physiologie 
 

 
Soutenue publiquement le 30/09/2019, par : 

Nolwenn Tessier  
 

 
Rôle du canal calcique TRPV1 dans 

l’ischémie-reperfusion du myocarde 
 

 
 
 
Devant le jury composé de : 
 
 
Ovize, Michel, PU-PH     Université Claude Bernard  Président  
 
Belaidi, Élise, MCU    Université de Grenoble  Rapporteure 
Moha Ou Maati, Hamid, MCU  Université de Montpellier  Rapporteur 
Roudbaraki, Morad, Pr   Université de Lille   Rapporteur 
Vergely-Vandriesse, Catherine, Pr   Université de Dijon   Examinatrice 
 
Van Coppenolle, Fabien, Pr  Université de Lyon   Directeur de thèse 
Ducreux, Sylvie, MCU    Université de Lyon   Co-directrice de thèse 







 



 

 





 



•
•
•
•
•
•
•
•

•
•
•
•
•

•

•
•
•

•
•
•
•



•
•

•
•
•

• α
•
•

•
•
•
•
•



•
•
•
•

•
•

•
•

•
•
•
•



•
•
•
•
•

•
•
•

•
•



•
•

•
•



•
•

•
•
•

•
•



































•

•

•

•



•

•

•



•







•



•

•

•

•



•



•

•

α α



•

α β α δ γ α

•





•

•



•



•



•







•

•



•

















α



α



• α

α

•

•

α α

α





•



•

•



•

•



β
β
β

β









β



δ β









β





≈ ≈

δ



•

á



•

•

•



•

δ

•





•

•

γ γ



α α α

γ

•

•

•

•

































μ μ
μ

μ





 5183333











•

•



•

•

•

•



•

•





μ









•



•







τ
τ































permet de visualiser les produits amplifiés de la PCR en utilisant les amorces 
spécifiques (GAPDH et TRPV1) Les échantillons de cellules H9C2, le cerveau, la DRG et le cœur sont examinés. 
La première ligne correspond à l’échelle de standards d’ADN. 































•



•



•

•































•



•







•

± ± ±
±

•

±



•

±



















•



•







































Downloaded from www.physiology.org/journal/ajpcell at INSERM (193.054.110.061) on December 28, 2019.



In vitro

Downloaded from www.physiology.org/journal/ajpcell at INSERM (193.054.110.061) on December 28, 2019.



in vitro

Downloaded from www.physiology.org/journal/ajpcell at INSERM (193.054.110.061) on December 28, 2019.



.

.

Downloaded from www.physiology.org/journal/ajpcell at INSERM (193.054.110.061) on December 28, 2019.



Panel
1

Downloaded from www.physiology.org/journal/ajpcell at INSERM (193.054.110.061) on December 28, 2019.



Panel
2

Panel
3

Downloaded from www.physiology.org/journal/ajpcell at INSERM (193.054.110.061) on December 28, 2019.



Downloaded from www.physiology.org/journal/ajpcell at INSERM (193.054.110.061) on December 28, 2019.



Downloaded from www.physiology.org/journal/ajpcell at INSERM (193.054.110.061) on December 28, 2019.



in vitro

in vitro in vivo

Downloaded from www.physiology.org/journal/ajpcell at INSERM (193.054.110.061) on December 28, 2019.



in vitro

Downloaded from www.physiology.org/journal/ajpcell at INSERM (193.054.110.061) on December 28, 2019.



Biochem J

Circ Res

Cardiology

Basic Res Cardiol

J Appl Physiol Bethesda Md 1985

N Engl J Med

J Intervent Cardiol

Eur Heart J

Int J Cardiol

Downloaded from www.physiology.org/journal/ajpcell at INSERM (193.054.110.061) on December 28, 2019.



Cell Death Differ

Circulation

N
Engl J Med

Circ Res

J Am Coll Cardiol

Sci Rep

J Mol Cell Cardiol

Cardiovasc Res

PloS One

Circ Cardiovasc Interv

PLoS ONE

J Mol Cell Cardiol

Downloaded from www.physiology.org/journal/ajpcell at INSERM (193.054.110.061) on December 28, 2019.



Cerebrovasc 
Dis Basel Switz

Methods Mol Biol Clifton NJ

Circulation

Eur Heart J

Nat Protoc

J Mol 
Cell Cardiol

Int J Cardiol

J Mol Cell Cardiol

Circulation

Stem Cell Res Ther

Arterioscler Thromb Vasc Biol

Angiology

Downloaded from www.physiology.org/journal/ajpcell at INSERM (193.054.110.061) on December 28, 2019.



Downloaded from www.physiology.org/journal/ajpcell at INSERM (193.054.110.061) on December 28, 2019.



Downloaded from www.physiology.org/journal/ajpcell at INSERM (193.054.110.061) on December 28, 2019.



Downloaded from www.physiology.org/journal/ajpcell at INSERM (193.054.110.061) on December 28, 2019.



Downloaded from www.physiology.org/journal/ajpcell at INSERM (193.054.110.061) on December 28, 2019.



Downloaded from www.physiology.org/journal/ajpcell at INSERM (193.054.110.061) on December 28, 2019.



Downloaded from www.physiology.org/journal/ajpcell at INSERM (193.054.110.061) on December 28, 2019.





A modified calcium retention capacity assay clarifies the roles
of extra- and intracellular calcium pools in mitochondrial
permeability transition pore opening
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Calcium homeostasis is essential for cell survival and is pre-

cisely controlled by several cellular actors such as the sarco/

endoplasmic reticulum and mitochondria. Upon stress induc-

tion, Ca2� released from sarco/endoplasmic reticulum stores

and from extracellular Ca2� pools accumulates in the cytosol

and in the mitochondria. This induces Ca2� overload and ulti-

mately the openingof themitochondrial permeability transition

pore (mPTP), promoting cell death. Currently, it is unclear

whether intracellular Ca2� stores are sufficient to promote the

mPTP opening. Ca2� retention capacity (CRC) corresponds to

the maximal Ca2� uptake by the mitochondria before mPTP

opening. In this study, using permeabilized cardiomyocytes iso-

lated from adult mice, we modified the standard CRC assay by

specifically inducing reticular Ca2� release to investigate the

respective contributions of reticular Ca2� and extracellular

Ca2� tomPTP opening in normoxic conditions or after anoxia–

reoxygenation. Our experiments revealed that Ca2� released

from the sarco/endoplasmic reticulum is not sufficient to trig-

ger mPTP opening and corresponds to �50% of the total Ca2�

levels required to open themPTP.We also studiedmPTP open-

ing after anoxia–reoxygenation in the presence or absence of

extracellular Ca2�. In both conditions, Ca2� leakage from inter-

nal stores could not trigger mPTP opening by itself but signifi-

cantly decreased the CRC. Our findings highlight how a modi-

fied CRC assay enables the investigation of the role of reticular

and extracellular Ca2� pools in the regulation of the mPTP.We

propose that this methodmay be useful for screeningmolecules

of interest implicated in mPTP regulation.

Ca2� homeostasis supports the cell ability to integrate stim-

uli, trigger Ca2� signals, and ultimately controlmolecular path-

ways essential for cellular physiology. This cascade of events is

accurately controlled in space and time (reviewed in Ref. 1).

Ca2� channeling between the sarco/endoplasmic reticulum

and the mitochondria occurs in microdomains known as mito-

chondria-associated membranes, which have been reported to

control specific cell functions (reviewed in Ref. 2) such as mito-

chondrial bioenergetics, lipidmetabolism, and cell fate. Disrup-

tion of mitochondria-associated membranes has been associ-

ated to different pathologies including hypoxia–reoxygenation

(3–5). Ischemia or hypoxia induces a drop in ATP content,

which in turn decreases ATP-dependent Ca2� pumps in both

sarcolemma (plasma membrane Ca2� ATPase) and sarco/en-

doplasmic reticulum (SERCA),3 leading to an increase in cyto-

solic (6) and consequently mitochondrial (7) Ca2� concentra-

tion. This Ca2� overload and enhancing factors like reactive

oxygen species (8), partial mitochondrial membrane depolar-

ization (9), pH restoration at reperfusion (10, 11), gangliosides

(12), Pi (13), and outer mitochondrial membrane components

(14) induce mitochondrial swelling and the opening of mPTP

and ultimately promote cell death (1, 15, 16).

Although mitochondrial Ca2� overload has been well-iden-

tified as being a main contributor to the latter phenomena, the

origin of this Ca2� is still unclear. Little is known aboutwhether

the internal Ca2� stores alone are sufficient to promote mPTP

opening in cardiomyocytes or whether extracellular Ca2� entry

is also required. Growing evidences have involved sarcolemmal

channels and transporters such as the connexin and pannexin

hemichannels (17) or the Na�/Ca2� exchanger NCX (18).

Their inhibition reducedCa2� overload anddecreasedmyocar-

dial injury, suggesting the involvement of extracellular Ca2�.

However, none of these studies have evaluated the respective

participation of this extracellular Ca2� and the internal Ca2�

stores to the mitochondria Ca2� overload process. Answering

this questionmay help rationalizing therapeutic strategies rely-

ing on Ca2� fluxes modulation.

This maximum ability of Ca2� uptake by mitochondria

before mPTP opening and mitochondrial swelling is defined as

Ca2� retention capacity (CRC) (reviewed in Ref. 19). This fea-

ture ofmitochondriamay vary according to the cell type, as well

as the physiological (e.g. oxidative stress and pH) or pathologi-This work was supported by the Institut National de la Santé et de la Recher-
che Médicale (INSERM, U1060, Lyon, France). The authors declare that they
have no conflicts of interest with the contents of this article.
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cal cellular state. CRC measurement is experimentally per-

formed on isolated mitochondrial preparations or on cellular

models and is conventionally realizedwith the addition of exog-

enous Ca2� enabling the simple quantification of the Ca2�

amount required to openmPTP. Therefore, the role of reticular

Ca2� stores (themajor Ca2� store besides themitochondria) in

the mitochondrial Ca2� overload was not studied.

Although several factors are implicated in mPTP opening,

numerous studies have shown evidence of the crucial implica-

tion of Ca2� overload inmPTPopening especially during ische-

mia reperfusion (20, 21). In thisworkwe focused particularly on

Ca2� contribution. However, we ensure that the other factors

contributing to mPTP opening are still present in our experi-

mental condition by using a cellular environment. We investi-

gated concomitantly the role of reticular and extracellular Ca2�

in the regulation of mPTP on a model of isolated cardiomyo-

cytes. We modified the standard CRC method by combining

the effect of extracellular Ca2� (depicted by the addition of

Ca2� pulses) and reticular Ca2� mobilization by stimulating

ryanodine receptors using caffeine or ryanodine. We validated

our experimental model by showing that, as expected, both

pharmacological treatment of cardiomyocytes with cyclospo-

rine A (CsA), an inhibitor of cyclophilin D (CypD), or the

genetic ablation ofCypD in cyclophilinDknockout (CypD-KO)

cardiomyocytes required a greater amount of Ca2� in themito-

chondria to open mPTP. In addition, we demonstrated that in

both normoxia and anoxia–reoxygenation (AR) conditions,

reticular Ca2� stores alone were not sufficient to trigger mPTP

opening and that extracellular Ca2� import (Ca2� pulses addi-

tion) was required to openmPTP. Finally, we proposed an esti-

mation of these Ca2� sources contributions to mPTP opening.

Results

Validation of the experimental model

As shown in Fig. 1 (A and B), Ca2� transfers were properly

recorded with both probes in isolated cardiomyocyte prepara-

tion. Ca2� Green-5N probe reported Ca2� uptake by the mito-

chondria after each Ca2� pulse, followed by a spontaneous

cytoplasmic release indicating mPTP opening (Fig. 1A). Con-

versely, Ca2� uptake by mitochondria was reported by the

increase in Rhod2-AM fluorescence after each Ca2� pulse (Fig.

Figure 1. CRC in adult cardiomyocytes. A and B, CRC was performed in the presence of Ca2� Green-5N probe to detect extramitochondrial Ca2� (A) or in the
presence of Rhod2-AM probe to detect intramitochondrial free Ca2� (B). C, cardiomyocytes were incubated for 900 s in CRC medium before CRC measurement.
D, cardiomyocytes were incubated in CRC medium and recorded for 2000 s in the presence only of Ca2� Green-5N to assess cellular integrity and stability. For
all experiments, fluorescence (F) is expressed in A.U. Ca2� was added every 120 s by increments of 20 nmol/injection. E, confocal microscopy images were
acquired after 30 min incubation of cardiomyocytes with 5 �M Rhod2-AM in the presence or absence of 40 �M digitonin. F, confocal microscopy images were
acquired after 30 min of incubation of cardiomyocytes with 5 �M Rhod2-AM and 0.2 �M MitoTracker Green. 1024 � 1024 pixels images were acquired with an
average of four scanning lines. Displayed graphs and images are representative of three independent experiments.

External and reticular Ca2� stores in mPTP opening
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1B), proving that exogenous Ca2� added during the assay was

indeed taken up by the mitochondria. When cardiomyocytes

were subjected to�900 s of incubation before Ca2� pulses (Fig.

1C), CRC was still similar to basal condition (Fig. 1A) (i.e. 10

Ca2� pulses were needed to open mPTP). In addition, cardiac

mitochondria in situ and permeabilized cellular integrity was

preserved during at least 2000 s of incubation in the presence

of Ca2� Green-5N probe (Fig. 1D). Fluorescence was stable

throughout the experiment reflecting the absence of intracellu-

lar Ca2� leak and the absence of fluorescence bleaching. We

also used Rhod2-AM staining to confirm that the mitochon-

drial network was not affected in permeabilized cardiomyo-

cytes (40 �M digitonin) (Fig. 1E) and that Rhod2-AM colocal-

ized with MitoTracker Green, proving a strict mitochondrial

localization of Rhod2-AM staining in our experimental condi-

tions (Fig. 1F).

Another control experiment for our method validation was

performedon isolatedmitochondria (250�g of protein). Stand-
ardCRCwas performed in basal conditions (Fig. 2A), and in the

presence of 5mMcaffeine (Fig. 2B) or 10 nM ryanodine (Fig. 2C).

CRC values were similar in all experiments (Fig. 2D), indicating

that, at the used concentrations, these ryanodine receptors ago-

nists had no direct mitochondrial targets.

Effects of the reticular Ca2� release on mPTP opening

To study the effect of reticular Ca2� onmPTP opening, CRC

was evaluated either by adding exogenous Ca2� pulses alone

(Fig. 3A, black panel) or by using 5 mM caffeine or 10 nM ryan-

odine followed by exogenous Ca2� pulse addition (Fig. 3A, gray

and blue panels, respectively). In basal conditions (Fig. 3, B and

C, black plots), 10 pulses (20 nmol Ca2�/pulse) of exogenous

Ca2� were needed to openmPTP. The addition of caffeine (Fig.

3B, gray plot) or ryanodine (Fig. 3C, blue plot) did not induce

fluorescence elevation, suggesting that mitochondria take up

the amount of Ca2� released by caffeine or ryanodine stimula-

tion (Fig. 3, B and C, insets). This was confirmed when car-

diomyocytes preincubated with 1 �M FCCP were stimulated

with 5 mM caffeine: an increase in extramitochondrial fluores-

cence was observed (Fig. 3D), representing the caffeine-in-

duced reticular Ca2� release that cannot be taken up by the

mitochondria. The same observation was made after stimula-

tion with 5 mM caffeine in the presence of 1 �M RU360, a spe-

cific mitochondrial Ca2� intake inhibitor (Fig. 3E).

Nomassive Ca2� depletion frommitochondriawas observed

after a 900-s caffeine treatment, indicating that the amount

of Ca2� released from reticulum stores was not sufficient to

open mPTP. Five additional pulses of 20 nmol of Ca2� were

required to induce mPTP opening (Fig. 3, B and C). The same

experiments performed in Rhod2-AM–loaded cardiomyocytes

showed an increase in fluorescence after stimulation with 5mM

caffeine (Fig. 3F, gray plot and inset) or 10 nM ryanodine (Fig. 3F,

blue plot and inset). Overall, these experiments show that the

caffeine-induced Ca2� is quickly and efficiently taken up by

mitochondria with a limited Ca2� leak toward cytosol.

Maximal release of reticular Ca2� was triggered by three

repetitive stimulations with 5 mM caffeine. However, the

amount of Ca2� released was still insufficient, and additional

pulses of 20 nmol Ca2� were necessary to openmPTP (data not

shown).

After stimulation with 5 mM caffeine or 10 nM ryanodine,

the amount of Ca2� necessary to open mPTP significantly

decreased to 127� 13 nmol/mg protein (p� 0.0286) and 137�
16 nmol/mg protein (p� 0.0375), respectively, when compared

with basal condition value (267 � 22 nmol/mg protein) (Fig.

3G). In our conditions, reticular Ca2� released after stimulation

with 5 mM caffeine or 10 nM ryanodine represents �50% (48 �
7% and 52� 6%, respectively) of theCa2� amount necessary for

Figure 2. Effect of caffeine and ryanodine on isolated mitochondria. A–C, the effect of caffeine and ryanodine was tested on isolated mitochondria. CRC
was performed on isolated cardiac mitochondria using Ca2� Green-5N probe in basal condition (A) or in the presence of 5 mM caffeine (B) or 10 nM ryanodine
(C). D, CRC values were quantified for all conditions. Fluorescence (F) is expressed in A.U. Ca2� was added every 120 s by increments of 20 nmol/injection.
Displayed graphs are representative of three independent experiments. The CRC values in D are presented as means � S.D. nmol Ca2�/mg protein of three
independent experiments (Kruskal–Wallis; H � 0.6382, p � 0.7786).

External and reticular Ca2� stores in mPTP opening
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mPTP opening in the basal condition (Fig. 3G). This suggests

that the reticular Ca2� stores of cardiomyocytes cannot induce

mPTP opening by itself.

Involvement of extracellular Ca2� in mPTP opening

To confirm our previous results, we assessed whether pre-

loading cardiac mitochondria with 50% of the Ca2� amount

necessary to openmPTP could allow the reticular Ca2� content

to drive mPTP opening (Fig. 4A). In three independent experi-

ments, the addition of 5 mM caffeine (Fig. 4B) or 10 nM ryano-

dine (Fig. 4C) induced a strong and sustained increase in fluo-

rescence intensity indicating a massive mitochondrial Ca2�

leak. The reticular Ca2� release induced by either caffeine or

ryanodine was sufficient to trigger mPTP opening when car-

diomyocytes were loaded with 50% of the Ca2� amount neces-

sary to open mPTP. Both caffeine and ryanodine induced a

massive reticular Ca2� release after mitochondria Ca2� pre-

loading, suggesting an absence of or a limited induction of the

Ca2�-induced Ca2�-release (CICR) mechanism. This was con-

firmed by the addition of one 20-nmol Ca2� pulse after the

massive fluorescence increase induced by caffeine and ryano-

dine. This Ca2� pulse was not taken up by the mitochondria,

ensuring that the mPTPwas indeed opened. As a control of the

potential effect of the experiment duration on mPTP opening,

we preloaded cardiomyocytes with the same Ca2� amount and

recorded fluorescence without the addition of caffeine or ryan-

odine. In this condition, mPTP did not open, even after 2000 s

of incubation time (Fig. 4D), demonstrating that mPTP open-

ing observed in Fig. 4 (B and C) was triggered by caffeine- or

ryanodine-induced Ca2� release. In the presence of 110 �
10-nmol Ca2� load, no additional external Ca2� was needed to

open mPTP after internal Ca2� stimulation with caffeine or

Figure 3. Reticular Ca2� contribution to mPTP opening. A, CRC measurement was performed using Ca2� Green-5N probe and conditions. B and C, Ca2�

pulses added in basal condition (black plots) were compared with Ca2� pulses added after stimulation with 5 mM caffeine (B, gray plot) or 10 nM ryanodine (C,
blue plot) in adult cardiomyocytes. D and E, as a control, extramitochondrial Ca2� fluorescence was measured in cardiomyocytes preincubated with 1 �M FCCP
(D) or in the presence of 1 �M RU360 (E) after reticular Ca2� release stimulation with 5 mM caffeine. Mitochondrial free Ca2� was also stained using Rhod2-AM
after 5 mM caffeine or 10 nM ryanodine stimulation (F, gray plot and blue plot, respectively). At 900 s, a series of 20 nmol of Ca2� pulses were necessary to induce
mPTP opening. In B and C, insets represent Ca2� Green fluorescence variation from 0 to 500 s and reflect extramitochondrial Ca2� after ryanodine receptor
stimulation. In F, the inset represents Rhod2-AM fluorescence variation from 0 to 500 s and reflects mitochondrial free Ca2� uptake after ryanodine receptor
stimulation. G, Ca2� amount added to open mPTP in basal condition or after reticular Ca2� stimulation was quantified and presented as dot plots. Fluorescence
(F) is expressed in A.U. Ca2� was added every 120 s by increments of 20 nmol/injection. The displayed graphs are representative of three or four independent
experiments. The values in G are presented as means � S.D. nmol Ca2�/mg protein of four independent experiments (Kruskal–Wallis; H � 7.69, p � 0.0081),
followed by Dunn’s post-test. a, p � 0.05 versus basal.

External and reticular Ca2� stores in mPTP opening
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ryanodine (Fig. 4E). These results are consistent with the pre-

vious observation from Fig. 3 and confirm our estimation that

caffeine/ryanodine-induced reticular Ca2� release represented

�50% of the Ca2� amount necessary to open mPTP.

One of the most studied cardioprotective strategy within the

last decade has relied on either the pharmacological inhibition

or the genetic ablation of cyclophilin D, which, under Ca2�

stimulation, is known to enhance mPTP opening. Assuming that

the reticular Ca2� content is stable, we wondered whether CypD

inhibition/suppression would also shift the amount of extracellu-

lar Ca2� required to open mPTP in our experimental model. We

first determined the amount of Ca2� necessary to open mPTP

after CypD inhibition/suppression and then loaded cardiomyo-

cytes with 50% of this amount prior to inducing reticular Ca2�

release with 10 nM ryanodine (Fig. 5A). When CsA was added to

the preparation, an additional 63.3� 14.5 nmol Ca2�/mg protein

were necessary to inducemPTP opening after ryanodine stimula-

tion (Fig. 5B, blue plot). If rotenone, a complex I inhibitor, was

added to CsA, the amount of Ca2� required to open mPTP was

raised to 133.7 � 27.0 nmol Ca2�/mg protein (Fig. 5C, blue plot).

Similar results were observed in CypD-KO adult cardiomyocytes

(Fig. 5D, blue plot), in which the addition of 177.7 � 15.3 nmol

Ca2�/mg protein was necessary to induce mPTP opening. Com-

paredwith the control condition tested in Fig. 4C (where no addi-

tional Ca2� was needed to open mPTP after stimulation of retic-

ular Ca2� release), the inhibition/suppression of CypD in our

model significantly increase mitochondria capacity to uptake

Ca2� (Fig. 5E).

Effect of reticular Ca2� mobilization on mPTP opening after
AR

Altogether, our results emphasized themajor contribution of

both internal Ca2� stores and extracellular Ca2� to mitochon-

drial/cellular fate in normoxic condition. We next assessed

whether AR would modify this dynamic.

Cardiomyocytes were subjected to 30min of anoxia followed

by a 15-min reoxygenation period (in the presence or absence

of 1 mM extracellular Ca2�) prior to CRC measurement. As a

control (sham groups), cardiomyocytes were incubated for 45

min in normoxic condition also in the presence or absence of 1

mM extracellular Ca2� (Fig. 6A).

AR protocol was determined based on our previouswork and

on a recent study fromPanel et al. (22), to guarantee a sufficient

amount of viable cardiomyocytes after AR and to achieve a val-

uable measurement of mPTP opening. The amount of Ca2�

needed to openmPTPwas determined (as in Fig. 3) either using

only Ca2� pulses addition (sham groups and AR1 groups) or

Figure 4. mPTP opening triggered by a combination of external and reticular calcium. A, measurements conditions. CRC was measured after the addition
of a Ca2� load with 50% of the Ca2� amount necessary to open mPTP. B and C, at 900 s, ryanodine receptors were stimulated with 5 mM caffeine (B) or 10 nM

ryanodine (C). In both situations, mPTP was opened. An additional pulse of 20 nmol of Ca2� was added but was not taken up by the mitochondria, confirming
mPTP opening. D, as a control, cardiomyocytes were recorded during 2000 s after the addition of Ca2� load without caffeine or ryanodine stimulation. E, the
amount of external Ca2� added to open mPTP was quantified in basal condition and in the presence of Ca2� load (110 � 10 nmol) followed by caffeine or
ryanodine stimulation. All experiments were performed in the presence of Ca2� Green-5N probe. Fluorescence (F) is expressed in A.U. and represents
extramitochondrial Ca2�. Ca2� was added every 120 s by increments of 20 nmol/injection. Displayed graphs are representative of three independent exper-
iments. The values in E are presented as means � S.D. nmol Ca2�/mg protein of three independent experiments (Kruskal–Wallis; H � 7.624, p � 0.0357),
followed by Dunn’s post-test. a, p � 0.05 versus basal.
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using 5 mM caffeine (to induce reticular Ca2� release) followed

by Ca2� pulse addition (AR2 groups) (Fig. 6A).

As expected, the amount of Ca2� added to open mPTP

decreased after AR protocol. AR1 with or without 1 mM Ca2�

compared with respective sham (Fig. 6B): 108 � 19 versus

210 � 35 nmol Ca2�/mg protein (p � 0.0001; with 1 mM extra-

cellular Ca2�) and 193 � 22 versus 290 � 40 nmol Ca2�/mg

protein (p � 0.0001; without 1 mM extracellular Ca2�). In AR2,

our results showed that even after AR protocol, either with or

without 1 mM extracellular Ca2�, reticular Ca2� release after

caffeine stimulation was not sufficient to open mPTP. Addi-

tional Ca2� pulses were added to trigger mPTP opening.

Moreover, in the presence of 1 mM extracellular Ca2�, CRC

values significantly decreased when compared with the respec-

tive condition in the absence of 1mM extracellular Ca2� (sham,

AR1, and AR2 with 1 mM extracellular Ca2� versus sham, AR1,

and AR2 without 1 mM extracellular Ca2�, respectively; p �
0.0001). Strikingly, in none of these conditions were intracellu-

larCa2� stores sufficient to triggermPTPopening, even though

the presence of extracellular Ca2� during AR facilitates mPTP

opening. In all these conditions, the addition of exogenous

Ca2� pulses was needed to induce mPTP opening. Interest-

ingly, otherbiophysical featurescanbeevaluatedusingourmea-

surement method, which is described below.

The mobilized internal Ca2� stores—These stores can be esti-

mated by measuring the difference between CRC value in sham

without extracellular Ca2� and the CRC value in AR2 without

extracellularCa2� (Table1).Themobilized internalCa2� stores in

our model would be �187 � 38 nmol Ca2�/mg protein.

The remaining internal Ca2� stores after AR—Themeasured

CRC values without 1 mM extracellular Ca2� were significantly

different in AR1 compared with AR2 (p � 0.005). Therefore,

the remaining internal Ca2� stores afterAR can be estimated by

subtracting CRC value in AR1 from CRC value in AR2 without

1 mM extracellular Ca2� and were equivalent to 80 � 39 nmol

Ca2�/mg protein (Table 1).

The proportion of internal Ca2� stores leak during AR—

Knowing both the total internal Ca2� amount (187 � 38 nmol

Ca2�/mg protein) and the remaining internal Ca2� after AR

(80 � 39 nmol Ca2�/mg protein), we can estimate the internal

Ca2� that leaked during AR to 57 � 23% (Table 1).

The extracellular Ca2� amount that entered the cell during

AR—The difference between the CRC values of AR2 in the

absence and the presence of 1mMextracellular Ca2� represents

Figure 5. Effects of pharmacological and genetic protection on mPTP opening. A, Ca2� amount necessary to induce mPTP opening was determined
without reticular Ca2� stimulation (black) or after stimulation with 10 nM ryanodine (blue). B–D, measurements were performed in the presence of 1 �M CsA (B)
or 1 �M CsA � 1 �M rotenone (C) in WT adult cardiomyocytes or in CypD-KO adult cardiomyocytes (D). CRC was measured after the addition of 50% of the
amount of Ca2� necessary to open the mPTP. This amount was calculated based on basal CRC (black plots) with each CypD inhibition or suppression. At 900 s,
ryanodine receptors were stimulated with 10 nM ryanodine. 900 s later, fluorescence level did not increase, indicating no mPTP opening. Further pulses of 20
nmol of Ca2� were added to induce mPTP opening (B–D, blue plots). E, amount of Ca2� added to open mPTP after ryanodine stimulation: in control (without
CypD inhibition/suppression (i.e. Fig. 4C) or when CypD is inhibited/suppressed. The data are presented as means � S.D. nmol Ca2�/mg protein of three
independent experiments: one-way ANOVA (F(3, 8) � 62.41; p � 0.0001), followed by Tukey post-test. a, p � 0.05 versus control; b, p � 0.005 versus CsA. All
experiments were performed in the presence of Ca2� Green-5N probe. Fluorescence (F) is expressed in A.U. and represents extramitochondrial Ca2�. Ca2� was
added every 120 s by increments of 20 nmol/injection. Displayed graphs are representative of three independent experiments.
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an estimation of the amount of extracellular Ca2� that entered

the cells during AR and was equal to 48 � 14 nmol Ca2�/mg

protein (Table 1). The 48 � 14 nmol Ca2�/mg protein repre-

sented approximately half of the internal Ca2� stores that

leaked to the mitochondria (187 � 80 � 107 nmol Ca2�/mg

protein). Overall, we can conclude that in our experimental

conditions, two-thirds of the Ca2� loaded to the mitochondria

during AR may come from internal Ca2� stores (mainly from

the reticulum), whereas approximately one-third seems to be of

extracellular origin.

Discussion

Mitochondria are involved in multiple cell processes such as

the control of cytoplasmic Ca2� level because of their Ca2�

uptake capacity. This participation is particularly important

when the cellular environment is subjected tomajor stress such

as ischemia–reperfusion during which the absence of oxygen

induces the drop of ATP synthesis and consequently the inhi-

bition of SERCAactivity contributing thus to several physiolog-

ical mishandling including a massive intracellular Ca2� over-

load (23). In such a situation, mPTP transient activity could act

as a safety valve, which enables Ca2� leak with an increase rate

of efflux. Ultimately, this mechanism triggers mitochondrial

swelling, which has been associated with cell death. This finely

tuned regulation, balanced by Ca2� andmediated by CypD, has

been extensively studied (24–26). However, in most of the

studies, no distinctions weremade regarding the origin of Ca2�

(internal Ca2� stores and/or extracellular Ca2�) inducing the

opening of mPTP, more likely because there was no reliable

method to investigate it.

The proposed method in this study is derived from classical

CRC assay and proposes a simple mean to quantitatively esti-

mate the respective contribution of internal Ca2� stores and

extracellular Ca2� toward mPTP opening. CRC can be

achieved by the addition of exogenous Ca2� pulses to isolated

mitochondria (27) or permeabilized cells (28). However, this

classical CRCmethoddoes not allow the study of reticularCa2�

input. In parallel to CRC experiment, most of the standard pro-

tocols use Ca2� ionophores andCa2� addition to inducemPTP

opening. TheseCa2� ionophores can induce artifacts in cellular

models including in isolated adult cardiomyocytes (22) and can

also induce a release of internal Ca2� stores in a nonspecific

manner, as compared with caffeine or ryanodine treatment,

which specifically induces reticular Ca2� release.

Interestingly, our presented method relies on the analysis of

mitochondria–reticulum interaction in situ. We used freshly

isolated adult murine cardiomyocytes as a cellular model. Car-

diomyocytes plasma membranes were permeabilized with 40

�M digitonin. This chemical agent and the used concentration

are both respectful of the intracellular membrane structure

(29–31). The intracellular microdomains and organelle inter-

actions are thus preserved in this model, allowing the study of

mitochondria–reticulum interaction within an integrated

physiological-like cellular environment (31, 32). This was also

shown by confocal microscopy images showing no impact of 40

�M digitonin on the mitochondrial network in our model (Fig.

1E). We also confirmed the reliability of our cellular model and

our experimental conditions, as well as the absence of Ca2�

Green-5N fluorescence bleaching throughout the duration of

our experiments.

In our permeabilized model, the low ATP level ensures a

natural inhibition of SERCA activity and therefore excludes

reticular Ca2� uptake (33). In addition, with this method, one

can activate the reticular Ca2� release via ryanodine receptors

with specific agonists such as caffeine or ryanodine (34, 35) to

estimate its involvement in mPTP opening. In isolated adult

cardiomyocytes, we estimated that reticular Ca2� represents

�50% of the Ca2� amount necessary to open mPTP in basal

conditions. This proportion may represent an indicator of

physiological Ca2� steady state between the mitochondria and

the reticulum. A second biophysical parameter that can be

deduced with this method is the proportion of Ca2� content

that leaks from the internal stores during AR: �57% during a

15-min reoxygenation. Finally, the third biophysical parameter

that can be estimated is the proportion of extracellular Ca2�

entering the cells during AR, which represents �50% of the

Figure 6. CRC value variations after AR in the absence or presence of
extracellular Ca2�. A, design of the AR protocol and CRC measurement
methods are presented. Adult cardiomyocytes were stored for 45 min in nor-
moxic conditions (sham groups) or subjected to 30 min of anoxia followed by
15 min of reoxygenation (AR groups). Both sham and AR were performed in
the presence or in the absence of 1 mM extracellular Ca2�. Two methods were
used to measure CRC: in sham groups and AR1 groups, only Ca2� pulses were
added (20 nmol/pulse) until mPTP opens. In AR2 groups, caffeine (5 mM) was
added first to induce reticular Ca2� release, and then Ca2� pulses were added
(20 nmol/pulse) until mPTP opens. B, values of Ca2� amount added to open
mPTP are presented as means � S.D. nmol Ca2�/mg protein of four or five
independent experiments. Two-way ANOVA was conducted on the influence
of the presence of 1 mM extracellular Ca2� on mPTP opening in the different
above protocols. Both AR (F(2, 22) � 81.27; p � 0.0001) and 1 mM Ca2� addi-
tion (F(1, 22) � 48.2; p � 0.0001) had a significant effect on CRC. Tukey post-
test showed significant differences: a, p � 0.0001 versus respective sham; b,
p � 0.0001 with extracellular Ca2� versus without extracellular Ca2�; c, p �
0.005 AR1 versus AR2. The interaction was, however, not significant (F(2, 22) �
1. 228; p � 0.3121). Ctrl, control.
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internal Ca2� leaking during AR protocol. Considering these

two last parameters, we can suggest that �15–20% of the total

Ca2� content inducing mPTP opening comes from the extra-

cellular Ca2� pulses added during the CRC experiments mea-

sured after AR protocol. To our knowledge, this is the first

demonstration that internalCa2� leaks duringAR require addi-

tional factors like external Ca2� to open mPTP.

Another advantage offered by this method is the quantifi-

cation estimate of the relationship between extracellular

Ca2� content and steady-state mitochondrial Ca2� content.

It has always been assumed that Ca2� homeostasis translates

extracellular Ca2� changes to shifts in Ca2� concentration in

the cytosol and organelles. Although the quantification of

this interdependence could be realized in live cells with flu-

orescent probes, the calibration of these probes in mito-

chondria is much harder than in the cytosol. With our

method, we found that the CRC value in cardiomyocytes incu-

bated for 45 min (sham groups) in the absence of extracellular

Ca2� was increased by 80 nmol Ca2�/mg protein compared with

an incubation in the presence of 1 mM extracellular Ca2�. This

emphasizes the fact that extracellularCa2� contribute to themito-

chondrial Ca2� homeostasis. Future experiments will be per-

formed as a dose-effect response to fully quantify and understand

this interdependence.

One limitation of our method could be that a proportion of

the Ca2� released by caffeine leaks in the medium instead of

entering the mitochondria. However, this would mean that

upon caffeine stimulation, the fluorescence of Ca2� Green-5N

probe should rise. The dissociation constant of Ca2� Green-5N

probe is �14 �M. In our experimental conditions, the caffeine-

mediated Ca2� released is�70�M (187 nmol Ca2�/mg protein

with 750 �g of protein in 2 ml of CRC medium). It is thus very

unlikely that the probe could not detect a reticular Ca2� leak, if

there is any. Along the same line, it should be noted that the

insets in Fig. 3 (B andC) showed no significantCa2� variation in

the cytosol, suggesting that it was rapidly taken up by the

mitochondria, whereas a fluorescence increase was observed

in the mitochondria as shown by a Rhod2-AM probe, which

is sensitive to free Ca2� variation (insets Fig. 3F). This was

also confirmed by the absence of reticular Ca2� uptake in the

presence of the mitochondrial uncoupler FCCP (Fig. 3D) and

mitochondrial Ca2� uptake inhibitor, RU360 (Fig. 3E).

These results highlight the efficiency of mitochondria–

reticulum connection to channel Ca2� between both organ-

elles in isolated adult cardiomyocytes.

Another limitation is that in our experimental model, CICR

is very limited because of cellular permeabilization and very

low ATP amount. However, in the situation of ischemia–

reperfusion injury, the absence of ATPproductionmakesCICR

unlikely to occur, suggesting the absence of CICR contribution

to mPTP opening during ischemia–reperfusion (36) similarly

to our experimental model.

Finally, pH restoration during reperfusion, one of the factors

that could participate in enhancing mPTP opening (11, 37), is

probably underestimated in our experimentalmodel because of

the use of buffered medium in AR protocol. Further experi-

ments are needed to assess any synergetic activation of mPTP

with this factor.

In this work, we showed that the mitochondrial Ca2� level

required to openmPTP exceeded the reticular Ca2� content in

both sham and AR experimental conditions either when the

protocol was performed in the presence or in the absence of 1

mM extracellular Ca2�. In all these conditions, additional Ca2�

pulses were needed to induce mPTP opening. This work

emphasizes the prior knowledge that both extracellular Ca2�

and internal Ca2� stores are important triggers of mPTP open-

ing, by discerning, estimating, and contextualizing their respec-

tive contribution. Our results highlight the involvement of

extracellular Ca2� to mitochondrial Ca2� homeostasis but also

suggest that the mPTP opening process requires additional

mechanisms such as protein and membrane oxidation by reac-

tive oxygen species (38) or pH restoration (10, 11).

This original and simple approach could be applied to a large

panel of cell types and cellular models to detect in situ

reticulum–mitochondria Ca2� transfer dysfunction and would

open new perspectives for the study and screening of pharma-

cological molecules for mitochondrial and reticular targets.

This method could thus bring new and valuable insights into

the physiopathological investigation of numerous diseases.

Experimental procedures

Animals

We obtained 8–12-week-old male C57BL/6J mice from

Charles River Laboratories (L’arbresle, France). CypD-KOmice

under C57Bl/6/SV129 background were issued from Korsmey-

er’s laboratory (Dana Farber Cancer Institute, Boston, MA).

CypD-KOmale mice (8–12 weeks old, 20–30 g) were obtained

by homozygous intercross in our laboratory.

The present study was in accordance with the Guide for the

Care and Use of Laboratory Animals (National Institutes of

Health Publication 85-23, revised 1996), and all experiments

were approved by the University of Lyon Ethics Committee

(UCBL1 approval BH2007-07).

Cardiomyocytes isolation

Adult mouse cardiomyocytes were freshly isolated using two

different enzymatic digestions as previously described (39, 40).

Briefly, hearts from cervically dislocated male mice were

Table 1
Estimation of the mobilized Ca2� cross-talk during AR
The values represent means � S.D. of four or five independent experiments.

Mobilized internal Ca2� stores Remaining internal Ca2� stores
Proportion of internal stores

Ca2� leak during AR
External Ca2� amount that
entered the cell during AR

(Sham without Ca2�) � (AR2
without Ca2�)

(AR1 without Ca2�) � (AR2
without Ca2�)

100 � [(2) � 100/(1)] (AR2 without Ca2�) � (AR2
without Ca2�)

187 � 38 nmol/mg protein 80 � 39 nmol/mg protein 57 � 23% 48 � 14 nmol/mg protein
(1) (2) — —
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quickly removed and retrogradely perfused with Krebs–

Henseleit buffer. Ventricular cardiomyocytes were isolated

using enzymatic digestion with 0.167 mg�ml�1 Liberase

(Roche) and 0.14mg�ml�1 trypsin 2.5% (Invitrogen), or with 2.4

mg�ml�1 collagenase type II (Gibco). Cellular protein concen-

tration was measured using the Bradford method. Isolated car-

diomyocytes viability was between 85 and 95%. The cells were

used within 5 h after isolation.

Mitochondria isolation

Isolated mitochondria were used as part of the validation of

the study model. After being removed, the hearts were quickly

placed in an ice-cold isolation buffer (70 mM sucrose, 210 mM

mannitol, and 10 mM EGTA, 50 mM Tris-HCl, pH 7.4). Myo-

cardial tissue was finely minced and then homogenized in the

same buffer. Mitochondria were isolated in accordance with

our previous studies (39, 41). Briefly, the homogenate was cen-

trifuged at 1300 � g for 3 min, and the supernatant was centri-

fuged at 10,000 � g for 10 min. The mitochondrial pellet was

then suspended in a cold buffer containing: 70 mM sucrose and

210mMmannitol in 50mMTris-HCl, pH7.4, and centrifuged at

10,000 � g for 10 min. Mitochondrial protein concentration

was measured using the Bradford method. Mitochondria were

used within 3 h after isolation.

Ca2� retention capacity assay

This study wasmainly based on themeasurement of CRC, an

in vitro surrogate for the susceptibility of mPTP opening fol-

lowing a Ca2� overload. Briefly, the sample was placed in the

CRC medium (150 mM sucrose, 50 mM KCl, 2 mM KH2PO4, 20

mM Tris-HCl, and 5 mM succinate-Tris) and under continuous

stirring in the spectrofluorometer. After 120 s of stabilization

time, 20 nmol of CaCl2 (pulses) were added every 120 s. Modi-

fication of extramitochondrial Ca2� concentration was contin-

uously recorded in the presence of a Ca2� fluorescent probe.

After sufficient Ca2� loading, an increase in fluorescence inten-

sity represents an elevation of extramitochondrial Ca2� con-

centration, indicating a massive release of Ca2� by mitochon-

dria caused by mPTP opening. The amount of Ca2� necessary

to trigger a massive Ca2� release, expressed as the CRC value,

was used as an indicator of mPTP susceptibility to Ca2�

overload.

CRC assay can be performed on isolated mitochondria or

permeabilized cells and uses only exogenous Ca2� addition to

achieve mitochondrial Ca2� overload. The purpose of the

present study was to evaluate mitochondria–reticulum Ca2�

cross-talk.

Consequently, (a) CRC was specifically performed on a

model of permeabilized cardiomyocytes to benefit from the

entire intracellular environment. (b) Intracellular Ca2� store

release was triggered using caffeine or ryanodine addition.

Another specification of the permeabilized cell context is the

very low ATP amount. ATP is diluted in the assay medium and

is not sufficient to induce SERCA activity (33), which guaran-

tees no refilling of the sarco/endoplasmic stores and prevent

CICR. (c) CRC assay was then performed as previously

described. Ca2� fluorescence was measured using a spectro-

fluorometer (F-2500, Hitachi, High-tech) with two different

Ca2� probes: Ca2� Green-5N and Rhod2-AM (Invitrogen). (d)

Ca2� Green-5N probe (excitation, 506 nm; emission, 530 nm)

detects extramitochondrial calcium. Cardiomyocytes (750 �g
of protein) were added in 2ml of CRCmedium. This medium

was supplemented with 0.4 �M Ca2� Green-5N and 40 �M

digitonin for cardiomyocytes permeabilization (42). (e)

Rhod2-AM probe (excitation, 551 nm; emission, 582 nm)

detects free intramitochondrial Ca2� and attests that Ca2�

was actually taken up by the mitochondria. Cardiomyocytes

(750 �g of protein) were incubated with 5 �M of Rhod2-AM

for 30 min at room temperature and then washed for 30 min

with a buffer containing 50 mM Tris-HCl, 70 mM saccharose,

and 210 mM of mannitol, pH 7.4, to remove remaining

Rhod2-AM, as well as Ca2� traces.

Confocal microscopy

Cardiomyocytes (750 �g of protein) were incubated with 5

�M of Rhod2-AM and 0.2 �M MitoTracker Green under the

same conditions described above. Images were taken on a con-

focal microscope Nikon A1r using an oil-immersion 40�
objective (N.A. 1.3). MitoTracker Green and Rhod2-AM were

excited with 488 and 560-nm wavelength laser lines, respec-

tively. The emitted light was filtered by 525 � 25 and 595 � 25

bandpass filters, respectively. 1024 � 1024 pixels images were

acquired with an average of four scanning lines.

Anoxia–reoxygenation protocol

The effect of depleting reticulum Ca2� stores on mPTP

opening (as described above) was evaluated after AR in the

presence of Ca2� Green-5N. Cardiomyocytes (750 �g of pro-
tein) were subjected to 30 min of hypoxia followed by 15 min

of reoxygenation in the presence or absence of 1 mM extra-

cellular Ca2� (nonpermeabilized cardiomyocytes). Anoxia

was achieved using CRC medium (with or without 1 mM

Ca2�) degassed for 5 min with nitrogen and supplemented

with 0.5 mM dithionite. At the end of anoxia, the cells were

washed and centrifuged at 20 � g for 3 min and resuspended

with 2 ml of fresh oxygenated CRC medium. Sham groups

(cardiomyocytes placed for 45 min in normoxic conditions)

were subjected to centrifugation/resuspension and used as

controls for AR groups. At the end of reoxygenation time,

CRC was measured following two different procedures:

either using only Ca2� pulses addition (Sham groups and

AR1 groups) or after the addition of 5 mM caffeine first (to

release reticular Ca2�) followed by the addition of Ca2�

pulses to complete the measurement (AR2 groups).

Data processing and presentation

The animalswere randomly distributed between groups. The

data were analyzed using GraphPad Prism 6 (GraphPad soft-

ware, San Diego, CA). Displayed graphs are representative of

three independent experiments and presented as fluorescence

arbitrary unit (A.U.) as a function of time in seconds.

Histograms and scatter plots are represented as means �
S.D. nmol Ca2�/mg protein of three to five distinct experi-

ments. Interactions and comparisons between groups were

made using one-way ANOVAor two-way ANOVA followed by

Tukey multicomparison post-test. Kruskal–Wallis followed by
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Dunn’smulticomparison post-test were used as nonparametric

tests in absence of Gaussian normality. The values for p � 0.05

were considered significant.
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was used on a mouse model of MH (mice knock-in for the mutation 
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sensitive to volatile anesthetics this channel strongly suggests that 

disease (Figure 1) and that it could be a new therapeutic target in 

Figure 1: Proposed scheme of potential involvement of 
TRPV1 variants in malignant hyperthermia mechanism.
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TRPV1 variants impair intracellular Ca2+ signaling and may
confer susceptibility to malignant hyperthermia
Fabien Vanden Abeele, PhD1, Sabine Lotteau, PhD2,3,4, Sylvie Ducreux, PhD2,3,

Charlotte Dubois, PhD1, Nicole Monnier, PhD5, Amy Hanna, PhD6, Dimitra Gkika, PhD1,
Caroline Romestaing, PhD7, Lucile Noyer, MS1, Matthieu Flourakis, PhD1, Nolwenn Tessier, MS2,3,

Ribal Al-Mawla, MS2,3, Christophe Chouabe, PhD2,3, Etienne Lefai, PhD2,3, Joël Lunardi, PharmD-PhD5,
Susan Hamilton, Pr, PhD6, Julien Fauré, PhD5,8,9, Fabien Van Coppenolle, Pr, PhD2,3 and

Natalia Prevarskaya, Pr, PhD1

Purpose: Malignant hyperthermia (MH) is a pharmacogenetic
disorder arising from uncontrolled muscle calcium release due to an
abnormality in the sarcoplasmic reticulum (SR) calcium-release
mechanism triggered by halogenated inhalational anesthetics.
However, the molecular mechanisms involved are still incomplete.

Methods: We aimed to identify transient receptor potential
vanilloid 1 (TRPV1) variants within the entire coding sequence in
patients who developed sensitivity to MH of unknown etiology. In
vitro and in vivo functional studies were performed in heterologous
expression system, trpv1−/− mice, and a murine model of human
MH.

Results: We identified TRPV1 variants in two patients and their
heterologous expression in muscles of trpv1−/− mice strongly
enhanced calcium release from SR upon halogenated anesthetic
stimulation, suggesting they could be responsible for the MH

phenotype. We confirmed the in vivo significance by using mice
with a knock-in mutation (Y524S) in the type I ryanodine receptor
(Ryr1), a mutation analogous to the Y522S mutation associated with
MH in humans. We showed that the TRPV1 antagonist capsazepine
slows the heat-induced hypermetabolic response in this model.

Conclusion: We propose that TRPV1 contributes to MH and
could represent an actionable therapeutic target for prevention of
the pathology and also be responsible for MH sensitivity when
mutated.

Genetics in Medicine (2019) 21:441–450; https://doi.org/10.1038/s41436-
018-0066-9

Keywords: TRP channel; TRPV1; Calcium; Hereditary disease;
Malignant hyperthermia

INTRODUCTION
The role of Ca2+ as the main regulatory and signaling
molecule in skeletal muscle contraction is well described, and
pathogenic variants in several genes encoding Ca2+ signaling
and handling molecules are responsible for various myopa-
thies, yet understanding of the molecular mechanisms
involved is still incomplete.1–3

Altered regulation of Ca2+ release is a key contributor to the
pathophysiology of core myopathies such as central core
disease (CCD, OMIM 117000), as well as in the hypermeta-
bolic response associated with anesthesia-induced malignant
hyperthermia (MH, OMIM 145600), a triggered muscle
disease.4 These pathologies have so far been mainly linked

to mutations in the RYR1 gene, which encodes the main
intracellular Ca2+-release channel of skeletal muscle.5,6

Generally, these mutations lead to a hypersensitivity of the
RyR1 channel to activation by a wide range of triggers,
including caffeine, halothane, and Ca2+, or to a decrease in
voltage-induced activation.6–8 The enhanced intracellular
Ca2+ results in abnormal skeletal muscle metabolism
manifesting as activation of muscle contraction mediated by
the binding of Ca2+ on troponin, thereby allowing the
movement of tropomyosin on actin filaments. This abnormal
skeletal muscle metabolism is also characterized by increased
oxygen consumption, adenosine triphosphate (ATP) hydro-
lysis, and heat production.9,10 Although linkage to the RYR1
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gene is shown for more than 50% of all MH cases, mutations
in two other genes were associated to MH: CACNA1S
encoding the L-type plasma membrane channel regulating
RyR1, and STAC3, a small adaptor protein interacting with
both channels.
The search for a new candidate potentially involved in MH

led us to the TRPV1 channel. To date, although playing a
widely accepted role in nociception, this channel is not clearly
linked to any hereditary disease.11 Efforts have been mainly
focused on its implication in chronic pain syndromes,11

however, the latest available data suggest that TRPV1, as a
highly Ca2+-permeable channel, also plays an important role
in the physiology of skeletal muscle.12 Indeed, after initial
discovery as a neuronal sensory channel, TRPV1 was
subsequently found in a few non-neuronal tissues, including
skeletal muscle, and recent studies have clearly highlighted its
functional role as a sarcoplasmic reticulum (SR) Ca2+

channel.13,14 Interestingly, TRPV1 has recently been shown
to be sensitive to volatile anesthetics in neurons.15,16 However,
the potential implication of TRPV1 channel in the mechanism
leading to altered regulation of Ca2+ signaling in the
pathophysiology of MH has not yet been investigated.
Here, using complementary approaches and models, we

identify and functionally characterize human variants of
the TRPV1 channel that confer muscle sensitivity to
anesthetics exposure. Our results suggest that TRPV1
plays a critical role in the aberrant Ca2+ homeostasis in
MH.

MATERIAL AND METHODS
Patients
The 28 patients tested were referred to the laboratory for
genetic screening of the RYR1 (OMIM 180901) gene in the
context of malignant hyperthermia (MH, OMIM 145600). In
all cases a familial history of MH during anesthesia was
reported. They were all tested for MH susceptibility with an
in vitro contracture test (IVCT) according to recommenda-
tion of the European Malignant Hyperthermia Group (emhg.
org). All were sensitive for halothane but not for caffeine,
hence diagnosed as MHS(h).

Genetic analysis
Blood samples used for genetic screening were obtained after
a written informed consent was signed by patients according
to the French regulation for genetic studies. For each patient,
the 15 coding exons of the TRPV1 gene were amplified from
genomic DNA (OMIM 602076, transcript: NM_018727.5,
protein: 839 AA, Q8NER1, primer sequences available upon
request). The analysis of the entire coding sequence of TRPV1
was performed by direct sequencing on an ABI 3130 DNA
sequencer (PE Applied Biosystems®, Foster City, CA, USA).
Variations in the sequence were compared with databases
(National Center for Biotechnology Information's dbSNP,
1000 Genomes, and the Exome Variant Server), and selected
for the study when allele frequency was less than 1%.

Cells
HEK-293 cells (American Type Culture Collection) were
cultured in Dulbecco’s minimal essential medium (DMEM)
and GlutaMAX (Invitrogen, Life Technologies) supplemented
with 10% fetal bovine serum (Sigma-Aldrich). Cells were
maintained in 5% CO2, 95% air at 37 °C in a humidified
incubator. Cells (50–60% confluency) were transiently
transfected by either 1 μg (in 35-mm dishes) of plasmid
(transfecting either TRPV1 wild-type or mutants plus pEGFP-
N1 at a 5:1 ratio (pEGFP-N1 was used as a positive control of
transfection)) using X-tremeGENE 9 DNA Transfection
Reagent (Roche Diagnostics, France) as described by the
manufacturer. Cells transfected with 1 μg of pEGFP-N1
alone were used as control (CTL) condition. Cells were
mycoplasma-free.

Cloning
The coding sequence of human TRPV1 was amplified from the
pCAGGSM2-IRES-GFP-TrpV1 vector (a gift from B. Nilius,
Leuven, Belgium) and cloned into the pcDNA5/FRT vector
(Invitrogen, LifeTechnologies). TRPV1 mutants were obtained
using in vitro mutagenesis (QuikChange Site-directed
Mutagenesis kit, Agilent Technologies-Stratagene products)
and the following primer pairs: T612M ccgtctgagtccatgtcgca-
caggtgg / ccacctgtgcgacatggactcagacgg, R722C gtgagggcgtcaagtgc
accctgagcttc/gaagctcagggtgcacttgacgccctcac, and V1394del
cacctgcgagaagtcggtgctggagg/cctccagcaccgacttctcgcaggtg. TRPV1
wild-type and mutants were subcloned into the
pmCherry-C1 vector as an EcoRI-KpnI fragment. All
long polymerase chain reactions (PCRs) mentioned above
were carried out with the High Fidelity Phusion DNA
Polymerase (Finnzymes) and all constructs were verified by
sequence analysis.

Ethics statement
All experiments were performed in accordance with the
guidelines of the French Ministry of Agriculture (87/848) and
of the European Community (86/609/EEC). They were
approved by the local animal ethics committee of Rhône-
Alpes, approval number 692660602.

Indirect calorimetry
Wild-type (WT) and YS (heterozygous RyR1Y524S/WT

knock-in) male mice (on C57/B6 background, 6–10 weeks
old) were weighed and injected with 5 mg/kg (IP) capsaze-
pine dissolved in 2% DMSO and 10% Tween 20 in sterile
saline (vehicle) or with vehicle alone. Ten minutes after
injection, mice were placed individually into indirect
calorimetry chambers (Oxymax System, Columbus Instru-
ments) contained with a temperature controlled environ-
ment chamber set at 37 °C. Maximum oxygen consumption
(VO2, mL/kg/min) was monitored for 15 min before mice
were removed from the chambers. All procedures were
approved by the Animal Care Committee at Baylor College
of Medicine.
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Isolation of muscle fibers
Single skeletal muscle fibers were isolated from the flexor
digitorum brevis muscles of 4 to 8-week-old wild-type
(C57BL6J from Charles Rivers Laboratories) or TRPV1−/−

(from Jackson Laboratories) male mice. Mice were killed by
cervical dislocation. Muscles were removed and treated with
type 1 collagenase (45–60 min at 37 °C) in the presence of
Tyrode as external solution. Single fibers were then obtained
by triturating muscles within the experimental chamber. Cells
were mounted into a glass bottom dish. Fibers were bathed in
the presence of Fluo-4 AM (5 μM) during 30 min. Cells were
then washed with Tyrode solution.

In vivo transfection
Expression of TRPV1 variants by electroporation was per-
formed in the flexor digitorum brevis of 4 to 8-week-old
trpv1−/− male mice using a previously described procedure.17–19

Mice were anesthetized by isoflurane inhalation (5min, 3% in
air, air flow at 300 ml.min−1) using a commercial delivery
system (Univentor 400 Anaesthesia Unit, Uninventor, Zejtun,
Malta). During anesthesia, 25 μl of a solution containing
2mg/ml hyaluronidase dissolved in sterile saline was injected
into the footpads of each hind paw. Mice recovered from
anesthesia. Forty minutes later, mice were reanesthetized by
isoflurane inhalation. First, 20 μl of plasmid DNAs (mcherry-
hTRPV1, mcherry-T612M, or mcherry-N394del) were injected
into the footpads of the animal (1.5 mg/ml in standard Tyrode
solution). Then, 10 min after plasmid injection, two gold-plated
stainless steel acupuncture needles connected to the electro-
poration apparatus were inserted under the skin, near the
proximal and distal portion of the foot, respectively. Twenty
pulses of 110 V/cm amplitude and 20ms duration were
delivered at a 2-Hz frequency by a BTX ECM 830 square
wave pulse generator (Harvard Apparatus, Holliston, MA,
USA). Mice recovered from anesthesia and experimental
observations and measurements were carried out 8 days later.

Immunostaining
Fluorescence of immunostaining was measured on a Zeiss
LSM 5 Exciter laser scanning confocal microscope.

Confocal Ca2+ imaging and image analysis
Unless otherwise specified, imaging was achieved on a Zeiss
LSM 5 Exciter laser scanning confocal microscope. The
microscope was equipped with a 63× oil immersion objective
(numerical aperture (NA)= 1.4). Fluo-4 was excited with 488-
nm argon laser. The emitted fluorescent light was measured at
wavelengths >505 nm. Because Ca2+ responses to TRPV1
agonists revealed slow kinetics, images (512/512 pixels) were
taken with a 5- or 15-second interval. Fluorescence of regions
of interest was normalized to baseline fluorescence (F0).
Experiments realized on HEK cells were performed using the
membrane-permeable Ca2+-sensitive dye fura-2AM, as
detailed previously.20 Each experiment was repeated three
times (field of 35 to 45 cells) and representative experiments
are presented (mean ± SE).

Reagents and preparation of anaesthetics
Capsaicin, capsazepine, and halothane were purchased
from Sigma-Aldrich (Saint-Quentin Fallavier, France); iso-
flurane from Laboratoires Belamont (Neuilly Sur Seine,
France). Other reagents were purchased from Sigma-
Aldrich.

Biotinylation
Cells were transfected with 2 μg of each construct. Control
experiments were performed by transfecting the empty
vectors. Forty-eight hours after transfection, cells were
subjected to cell-surface biotinylation and precipitated
after lysis with neutravidin–agarose beads (Pierce
Rockford, IL, USA) as described in.21 Anti-TRPV1 antibody
(1/500, Santa Cruz) and anti-calnexin (1/2000, Millipore)
were used.

Data analysis
Results were expressed as the means ± S.E.M. Normality was
check using the D’Agostino–Pearson test. Normally distributed
data are expressed as mean ± S.E.M and statistical comparison
were made using Student’s t test. Data that were not normally
distributed were made using the Mann–Whitney test or the
Kruskal–Wallis tests with Dunn's post hoc test. Differences were
considered significant when p < 0.05 and Origin 5 software was
used (Microcal Software, Inc.). Skeletal muscle fibers data were
obtained from ≥6 cells from at least four different flexor
digitorum brevis muscle from four mice. For animal studies, no
randomization was used and no blinding was done. The
investigators were not blinded to the group allocation during
the experiment and/or when assessing the outcome. The
variance is similar between the groups that are statistically
compared.

RESULTS
TRPV1 expressed in HEK-293 cells is activated by volatile
anesthetics
First, to assess the clinical relevance of studying TRPV1 in
MH, we tested the effects of volatile anesthetics (VAs) on
TRPV1 activity expressed in HEK-293 cells. Whole-cell
patch-clamp experiments showed that isoflurane activated
TRPV1 (Fig. 1a,b). No currents were observed in similar
condition in untransfected HEK-293 cells as well as in cells
transfected with pEGFP-N1 alone (CTL condition; see
Materials and methods section). Next, we asked how VAs
activate TRPV1. To address this, we hypothesized that VAs
sensing could be tightly linked to voltage-dependent sensing
as it has been demonstrated for temperature or the chemical
agonist capsaicin.22 We investigated this possibility by
performing the same patch-clamp protocol that has been
used to demonstrate that the agonist capsaicin functions as
a gating modifier shifting activation curves toward physio-
logical membrane potentials.22 Comparison of the steady-
state activation curves of the background membrane current
carried through TRPV1 channels (ITRPV1) in HEK-293
cells with or without exposure to halothane showed that
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anesthetic produces a depolarizing shift in the voltage
dependence of the TRPV1 channel activation by about 100
mV (Fig. 1c,d), which may underlie its agonistic action
mechanism.

TRPV1 is a SR Ca2+ channel activated by VAs in skeletal
muscle cells
We have previously shown that Trpv1 is a functional SR
Ca2+-leak channel in adult mouse skeletal muscle cells.14 The
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Fig. 1 Volatile anesthetics activate TRPV1 channels heterologously expressed in HEK-293 cells and in flexor digitorum brevis (FDB) isolated
fibers. (a,b) Original recordings of the baseline TRPV1 current (ITRPV1) (acquired at point 1 of the time course in (a)) and isoflurane-activated (0.125mM)
(acquired at point 2 of the time course) in response to pulse protocol with voltage-ramp portion shown above the recordings. Isoflurane activated a
membrane current with biophysical properties, such as a prominent outward rectification and close to 0mV reversal potential, which is similar to the current
activated by the established TRPV1 stimulus, capsaicin (data not shown) (n= 7). (c) Examples of the baseline and halothane-activated ITRPV1 in response to
the depicted voltage-clamp protocol, which were used to measure voltage dependence of TRPV1 channel open probability (Po in (d); experiments were
performed at 20 °C); arrows in (c) point to the ITRPV1 tail currents at + 60mV. Tail currents were measured during the first millisecond of the final step
+60mV and normalized to the maximal tail current. Normalized amplitude as a function of conditioning depolarizing pulse (ranging from –120 to +160
mV) corresponds to the apparent Po (mean ± S.E.M., n= 3). Membrane currents were recorded in the whole cell configuration using the Axopatch 200B
amplifier (Molecular Devices, Union City, CA). Extracellular solution containing (in mM): 150 NaCl, 1 MgCl2, 5 glucose, 10 HEPES, pH 7.3. Intracellular
solution containing (in mM): 150 NaCl, 3 MgCl2, 5 EGTA, 10 HEPES, pH 7.3. (e) Traces show representative curve obtained after stimulation of single fibers
with isoflurane (6 mM; black line) or in presence of capsazepine (CPZ; 100 μM; light gray line). (f) Changes in fluorescence ratio F/F0 (peak-resting) induced
by drugs as indicated in table above graphs. Capsazepine was added 25min prior to isoflurane. Corresponding scatterplots of Δ max expressed as median;
data are from 16 cells (without CPZ) and 6 cells (with CPZ) from at least 4 independent fibers preparations. Changes in fluorescence ratio F/F0 (peak-resting)
induced by (g) capsaicin (100 μM) or by (h) isoflurane (0.5 mM; 1mM; 6mM) in C57Bl6J (black) or trpv1−/− mice (red). Corresponding scatterplots of max
value expressed as median; for the capsaicin response, data are from 42 cells (wild-type, WT), 7 cells (WT+ CPZ), and 10 cells (trpv1−/−) from at least 4
independent fibers preparations. For the isoflurane response, data are from 6 and 5 cells (0.5 mM isoflurane, WT and TRPV1−/− respectively); 9 and 8 cells
(1 mM isoflurane, WT and TRPV1−/− respectively); and 12 and 10 cells (6 mM isoflurane, WT and TRPV1−/− respectively) from at least 4 independent fiber
preparations. Mann–Whitney tests were used: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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question remained as to whether endogenous Trpv1 could be
involved in halothane-induced release of Ca2+ from internal
stores in skeletal muscle. We tested this possibility on skeletal
muscle cells isolated from C57BL6J mice flexor digitorum
brevis (FDB) muscle in an external Ca2+-free solution. Fig. 1e
shows that Fluo-4-loaded cells undergo massive increase of
cytosolic [Ca2+] after isoflurane perfusion (median of Δmax
= 1.09; n= 29) (Fig. 1e,f). Interestingly a pretreatment with
capsazepine (CPZ), an inhibitor of Trpv1 significantly reduces
isoflurane-induced Ca2+ release (median of Δmax= 0.3;
n= 6), suggesting that muscle response to isoflurane is linked
with Trpv1 activation. To confirm these results, we repeated
those experiments in trpv1−/− mice muscle cells. As expected
for these cells, the response to capsaicin (100 μM) was not
observed (Fig. 1g). Next a dose-dependent response to
isoflurane on SR Ca2+release in WT and trpv1−/− muscle
cells was tested. Isoflurane’s maximal effect was obtained at a
concentration of 1mM isoflurane in WT cells, but in the
same conditions a clear reduction in trpv1−/− muscle cells' Ca2+

release was recorded. This strongly suggests that SR Ca2+-store
release in differentiated skeletal muscle cells stimulated by
isoflurane is mediated by the Trpv1 channel (Fig. 1h).

Identification of TRPV1 rare variants from patients who
suffer from malignant hyperthermia
To date, TRPV1 has not been clearly linked to any hereditary
disease, but we hypothesized that TRPV1 channel may be
involved at a genetic level in MH, because it is well established
that other MH-susceptible genes than RYR1 exist, and that
TRPV1 can be activated by volatile anesthetics and mediate
Ca2+ release in skeletal muscle. We sequenced the TRPV1
gene in a cohort of 28 MH patients who had been previously
shown to have enhanced in vitro sensitivity to halothane in a
presymptomatic test relying on the contraction developed by
a skeletal muscle biopsy upon either caffeine or halothane
stimulation (in vitro contracture test, IVCT), which is the gold
standard for screening MH-susceptible patients. Because
muscle biopsies from patients with RYR1 mutations trigger
strong contractions in the presence of both caffeine and
halothane, we focused our search on patients showing only
hypersensitivity to halothane, and not caffeine, during IVCT.
These patients are referred to as MHSh. Two rare genetic
variations in the TRPV1 gene were found in two independent
patients (Fig. 2a, b). The first variant corresponded to a
missense variation (c.1836C>T;p.Thr612Met), leading to the
substitution of threonine 612 by a methionine (T612M), and
was identified in a patient who developed postoperative
hyperthermia after anesthesia. The patient was tested MHSh
several months after the event. The second variant (c.1180-
82delAAC;p.Asn394del) corresponded to the inframe deletion
of three nucleotides leading to the deletion of asparagine 394
(N394del) in an asymptomatic patient tested MHSh during a
family study. The RYR1 gene of the two patients was
completely sequenced and only one displayed a significant
change in the RyR1 sequence. The patient with the N394del
variant was also carrier of a nonsense RYR1 mutation in the

heterozygous state. This mutation leading to a premature stop
codon in one allele of the gene could however not account for
a MHS phenotype. Indeed, MH has a dominant mode of
inheritance and a pathophysiology related to a hypersensitive
RyR1 channel only caused by missense or inframe deletion
variants. The T612M variation was found in the databases
(rs199539626) with a minor allele frequency (MAF) of 0.0013
(ExAC browser), and classified as tolerated or benign by SIFT
and Polyphen prediction software. The N394del was not
reported, but the Asn in the 394 position was found to have
mutated to Ser in only one allele in the ExAC database.
Overall, the two TRPV1 variants were either unknown or
below a low MAF threshold, as compatible with rare and
triggered diseases such as MH.

Impact of the TRPV1 variants on Ca2+ homeostasis
We characterized the impact of the two TRPV1 variants on
Ca2+ homeostasis by performing Ca2+ imaging experiments
in HEK-293 cells. We found that both TRPV1 variants display
a fast and transient Ca2+ response to isoflurane exposure
compared with wild-type TRPV1 transfected cells (CTL)
(Fig. 2c–h). Importantly, capsaicin does not alter [Ca2+]i in
cells transfected with the variant. We checked that the same
level of TRPV1 proteins (wild-type or variants) were
expressed at the plasma membrane as detected by cell-
surface biotinylation assays (Fig. 2i). We also confirmed
similar level of total fraction and ER enrichment of
TRPV1WT, TRPV1 N394del, and TRPV1 T612M transiently
transfected in HEK-293 (Fig. 2j). This suggests that the
modification of the channel activity is not due to an altered
trafficking of the mutated channels.

TRPV1 variants transfected in skeletal muscle cells are
highly sensitive to VAs
We evaluated the consequences of the TRPV1 variants on SR
Ca2+-leak in skeletal muscle. For this, we transfected trpv1−/−

FDB muscles with plasmids coding for the wild-type or
mutants human TRPV1 (T612M or N394del). Previously, we
localized native mouse Trpv1 in the longitudinal part of SR in
skeletal muscle fibers14 as illustrated in Fig. 2k. We confirmed
with tagged versions of the human or mutant TRPV1 that
they were also expressed in longitudinal SR (Fig. 2, panels
2, 3, 4). Intensity profiles clearly show single peaks repeated
every 2 μM, similar to the Trpv1 native profile previously
obtained in mouse skeletal cells.14 Thus, human Trpv1 and its
mutated forms seem to localize in the longitudinal part of SR
(Fig. 2k, l). In accordance with our previous results, we did
not notice any plasma membrane labeling.
To assess the role of TRPV1 mutants in the SR Ca2+

response to general anesthetics or capsaicin, we compared
the sensitivity to isoflurane and capsaicin of WT mouse
Trpv1 (C57BL6J) and human TRPV1 (hTRPV1), TRPV1,
T612M, or TRPV1 N394del expressed in the FDB fibers of
trpv1−/− mice. Nontransfected cells of trpv1−/− mice were
used as a negative control. Cells were loaded with Fluo-4
AM to measure the increase in cytosolic Ca2+ level due to

ABEELE et al ARTICLE

GENETICS in MEDICINE | Volume 21 | Number 2 | February 2019 445



0 60 120 180 240
0.0

0.2

0.4

0.6

0.8

1.0

1.2

F
34

0/
38

0

Time, s

Isoflurane

TRPV1 T612M

0 120 240 360 480
0.0

0.2

0.4

0.6

0.8

1.0

1.2

CTL

TRPV1
 

F
34

0/
F

38
0

Time, s

Isoflurane Wash

0 60 120 180 240 300 360 420
0.0

0.2

0.4

0.6

0.8

1.0

TRPV1 Asn394del

F
34

0/
F

38
0

Time, s

Capsaicin

a b

c d e

f

0 60 120 180 240 300 360 420
0.0

0.2

0.4

0.6

0.8

1.0 Isoflurane

F
34

0/
F

38
0

Time, s

TRPV1 Asn394del

0 60 120 180 240
0.0

0.2

0.4

0.6

0.8

1.0

1.2

F
34

0/
38

0

Time, s

Capsaicin

TRPV1 T612M

g h

0 60 120 180 240 300
0.0

0.5

1.0

1.5

2.0

F
34

0/
38

0

Time, s

CTL

TRPV1

Capsaicin

k l

i j

+/–

–/–

Family 1: TRPV1 T612M Family 2: TRPV1 N394del

c.1836C>T; pThr612Met

–/–

TRPV1:+/–

TRPV1:+/– TRPV1:+/–

TRPV1:+/–

RYR1: R3885X +/–

RYR1: R3885X +/–
M402T +/–

RYR1: R3885X +/–
M402T +/–

RYR1: M402T +/–

100
TRPV1PM

TRPV1

Total fraction ER fraction

La
dd

er

HEK WT HEK WTN394del N394delT612M T612M

GRP78

GAPDH

β-actin
TRPV1TL

CalnexinTL

M
oc

k

T
R

P
V

1

T
R

P
V

1 
T

61
2M

T
R

P
V

1 
N

39
4d

el

kDa

100

100

1

3 4

10 μM

2
35,000

In
te

ns
ity

 (
A

.U
.) 30,000

25,000

20,000

15,000

10,000
0 2 4

Distance (μm)

6 8 10

c.1180-82delAAC; pAsn394del

ARTICLE ABEELE et al

446 Volume 21 | Number 2 | February 2019 | GENETICS in MEDICINE



SR Ca2+ release. As illustrated by Fig. 3a, b, except for the
nontransfected FDB muscle fibers of trpv1−/− mice,
capsaicin (100 μM) induced an increase in cytosolic Ca2+

level. Capsaicin response was similar in endogenous mouse
Trpv1 and hTRPV1 (median of max value= 1.74; n= 42
and 2.81; n= 11 respectively). Nevertheless, we noticed a
significant decrease in amplitude of capsaicin response in
cells expressing T612M variant (median of max value=
0.76; n= 12) and in cells expressing N394del variant
(median of max value= 0.61; n= 10).
We further measured the amplitude of isoflurane response

of these constructs (Fig. 3c, d) and found no differences
between endogenous mouse Trpv1 and human TRPV1
(median of max value= 1.09; n= 29 and median of max
value= 0.98; n= 18 respectively). Interestingly, the amplitude
of isoflurane response in trpv1−/− cells expressing T612M and
N394del variants was significantly higher (2.80; n= 11 and
3.65; n= 12 respectively). The delay and time to peak of
isoflurane responses were similar (data not shown). Alto-
gether, these experiments strongly suggest that the T612M
and N394del variants of TRPV1 have an altered channel
function and are in particular much more sensitive to
isoflurane that the wild-type channel.
On the basis of our previous experiments, we hypothesized

that the TRPV1 channel could be an important part in the
pathophysiology of MH triggering. We reasoned that TRPV1
activation could either directly result in massive Ca2+release
whenever mutations enhance its sensitivity to VAs, or that
initial Ca2+ release by TRPV1 stimulated by VAs could
trigger or enhance RYR1-mediated Ca2+ release. To explore
this hypothesis, we investigated the role of Trpv1 in the
phenotype of an MH mice model, the mice line with a
knocked-in Y524S mutation in Ryr1 channel. These mice bear
a mutation analogous to the Y522S mutation that is associated
with MH in humans,23 and die after exposure to 37 °C for
longer than 15 min. The Y524S mice display a dramatic heat-

induced hypermetabolic response when exposed to 37 °C
compared with WT mice that can be measured by VO2

consumption. We showed that treatment with the Trpv1
antagonist capsazepine significantly slows down the heat-
induced hypermetabolic response in this mouse model
(Fig. 3e). This suggested that Trpv1 may be contributing to
the mechanism underlying the hyperthermia response of this
Y524S Ryr1 model. These findings suggest that TRPV1 and
related mutants could be a new therapeutic target for treating
muscle diseases due to altered regulation of Ca2+ release.

DISCUSSION
In the present study, we show that Trpv1 functions as a
Ca2+-release/Ca2+-leak channel in adult skeletal muscle in
response to VAs exposure. TRPV1 is a well-known polymodal
cellular sensor for heat and other physiological stimuli.24–27

However, how this channel is activated by diverse physical
and chemical stimuli remains largely unknown. Recently, we
demonstrated that anesthetic produces a depolarizing shift in
the voltage dependence of the TRPM8 channel activation,28

which might underlie its agonistic action mechanism. Our
results suggest that TRPV1 shares a similar behavior, because
VA exposure also produces a depolarizing shift in the voltage
dependence of TRPV1.
Here, we also identified a new role of TRPV1 in a human

pathology and we proposed it as a new therapeutic target.
We have also identified, for the first time, two TPV1
mutations in patients suffering from a human pathology
and, to our knowledge, TRPV1 has never been involved
before in any genetic disorders. Indeed, regarding our
previous data14 and the fact that we identified VAs as
potent activators of this channel in skeletal muscle cells, we
hypothesized that TRPV1 could be part of malignant
hyperthermia (MH) crisis. MH is a triggered muscle disease
and is known to be a hereditary disease. Moreover, Ca2+

signaling is so far known to be linked to different muscle

Fig. 2 TRPV1 variations from patients who suffer from malignant hyperthermia. (a) Segregation of TRPV1 variations. Individuals tested MHEh are
depicted with hatched symbols. Black symbols refer to patients diagnosed with a congenital myopathy and MH sensitivity. Arrows indicate probands
referred to the laboratory for genetic studies according to initial diagnosis: malignant hyperthermia crisis for family 1 and myopathy for family 2. Family 1:
the proband was referred to genetic investigation for postoperative hyperthermia after anesthesia. No significant variant was found in the RYR1 gene
sequence. The c.1836C>T; pThr612Met variation was found in targeted analysis of the gene. Family 2: the proband was referred to genetic investigation for
muscle weakness. He responded positively to the in vitro contracture test (MHS) and further familial studies were undertaken for MH sensitivity. Two
mutations in the RYR1 gene (c.1205T>C;p.Met402Thr and c.11653C>T;p.Arg3885X) were found inherited from each of the parents in the proband and his
symptomatic sister’s DNA. The haplo insufficiency that was revealed during sequencing of the father RYR1 messenger RNA (mRNA) cannot account for its
MH sensitivity to halothane in the in vitro contracture test (MHSh). The c.1180-82delAAC; pAsn394del variant was found in a targeted analysis of the TRPV1
gene. The variation was also found in his daughter’s DNA. (b) Electropherograms from DNA sequencing showing TRPV1 variation c.1835C>T; pThr612Met
and c.1180-82delAAC; pAsn394del respectively for family 1 and 2. (c–h) Ca2+ imaging experiments were performed using the cytosolic Ca2+ probe fura-2
(at 37 °C). Representative time course of cytosolic Ca2+ concentration following capsaicin (10 μM) or isoflurane (0.5 mM) exposure in HEK-293 cells
transfected with the wild-type TRPV1 or the TRPV1 mutants. Each experiment was repeated three times (field of 35–45 cells) and representative experiments
are presented (mean ± SE). (i) Cell-surface biotinylation analysis of TRPV1 wild-type and mutants transfected cells. The empty vector was used as a control
(mock). TRPV1 expression was analyzed by immunoblotting for the biotinylated plasma membrane fraction (TRPV1PM) or total cell lysates (TRPV1TL) and
calnexin was used as a loading control. (j) Endoplasmic reticulum (ER) enrichment of WT HEK or transiently transfected with TRPV1 N394del or T612M and
total fraction. GRP78 is used as an ER loading control, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) for the cytosol compartment, and B-actin as a
general loading control. (k,l) Patterns of expression of human or mutant (T612M and N394del) TRPV1 transfected in flexor digitorum brevis (FDB) muscle
fibers of trpv1−/− mice. Representative confocal images of immunofluorescence labeling of (1) Trpv1, (2) human TRPV1-mcherry, (3) TRPV1 T612M-mcherry,
and (4) TRPV1 N394del-mcherry. (l) Average intensity profiles superposed: native Trpv1 (black line), hTRPV1-mcherry (gray line), TRPV1 T612M- mcherry
(blue line), and TRPV1 N394del-mcherry (green line)
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pathologies such as MH. For this reason, the regulation of
intracellular Ca2+ signaling is an area of intense research to
better understand muscle pathophysiology. Concerning MH,
the pathogenic implications of different mutants of the main
intracellular Ca2+ channel, RYR1, are well accepted in MH,
where the release of Ca2+ through an abnormal RYR1 in the
presence of volatile anesthetic activates an uncontrolled
increase in Ca2+ release. This increase in cytosolic Ca2+

leads to the hypermetabolic response characteristic of MH.

Although central for MH susceptibility, RYR1 mutations do
not constitute the exclusive genetic cause for this pathology.
Accordingly, two TRPV1 variants were discovered in
patients who tested MH sensitive. The first TRPV1 variant
(T612M) was found in a patient with a postoperative
hyperthermia after anesthesia. The second variant (N394del)
was discovered in an asymptomatic patient. The two
variations were either unknown or with very low prevalence
in human genetic databases, as compatible with a triggered
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mouse (WT). n= 8 for each condition
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pathology such as MH, but genetic evidence that these
TRPV1 variations were responsible for MH was difficult to
obtain for these cases. In the second family (N394del), RYR1
compound heterozygous mutations led to myopathy in the
two children. Moreover, family members studied were
limited, thus it is difficult to clearly establish a genotype to
phenotype correlation.
We have also shown previously that Ca2+ release in skeletal

muscle stimulated by the TRPV1 agonist capsaicin was a two-
phase process consisting of a first step of Ca2+ release that is
dantrolene resistant and a second step that is inhibited by
dantrolene, which is a known inhibitor of RYR1 function.14

This suggested that Ca2+ released directly by TRPV1 from the
SR could in turn activate a RYR1-mediated Ca2+ release.
Therefore, TRPV1 could also directly be related to RYR1
function as an intracellular channel able to prime massive
Ca2+ release by RYR1. To check this hypothesis, we
performed in vivo experiments in transgenic mice expressing
a ryr1 mutation responsible for MH.23 As already described,
environmental heat induces increase in body temperature of
these animals and a hypermetabolic response that can lead to
death. A pretreatment of the mice with capsazepine, an
inhibitor of Trpv1, significantly decreased the hypermetabolic
crisis, suggesting that Trpv1-mediated Ca2+ release at least
participates to the pathophysiology of this MH mouse model.
Altogether, our data highlight the potential role of TRPV1 in
skeletal muscle Ca2+ homeostasis. It raises the possibility that
mutations in TRPV1 could induce uncontrolled Ca2+ release,
either directly raising intracellular Ca2+ concentration above a
threshold sufficient to trigger MH or able to trigger RYR1-
mediated Ca2+release that will reach this threshold. Accord-
ingly, we propose a new mechanism in MH pathogenesis
induced by an initial reticular Ca2+ release through
endogenous TRPV1 channels activated by volatile anesthetics.
Our data also suggest that Ca2+ mobilization occurring
through a channel composed of TRPV1 would represent a
dantrolene-resistant step in RYR1 activation by drugs during
MH. Dantrolene represents the only drug to reverse
anesthetic-induced MH episodes approved by the US Food
and Drug Administration (FDA); however, because it is not
always effective, other drugs are needed. Finally, TRPV1 could
represent a new therapeutic target for treating various
myopathies characterized by a key altered regulation of
Ca2+release. This study also uncovers the possibility that
TRPV1 mutants may contribute to various muscle pheno-
types related to Ca2+ homeostasis.
In conclusion, our study provides crucial understandings

concerning the SR Ca2+-release/Ca2+-leak mechanism and
highlights a potential actionable therapeutic target, thereby
opening up a new avenue of research into the physiology and
physiopathology of skeletal muscle.
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Abstract: By inhibiting Insulin-Like Growth Factor-1-Receptor (IGF-1R) signaling, Klotho (KL) acts
like an aging- and tumor-suppressor. We investigated whether KL impacts the aggressiveness of
liposarcomas, in which IGF-1R signaling is frequently upregulated. Indeed, we observed that a
higher KL expression in liposarcomas is associated with a better outcome for patients. Moreover,
KL is downregulated in dedifferentiated liposarcomas (DDLPS) compared to well-differentiated
tumors and adipose tissue. Because DDLPS are high-grade tumors associated with poor prognosis,
we examined the potential of KL as a tool for overcoming therapy resistance. First, we confirmed the
attenuation of IGF-1-induced calcium (Ca2+)-response and Extracellular signal-Regulated Kinase 1/2
(ERK1/2) phosphorylation in KL-overexpressing human DDLPS cells. KL overexpression also reduced
cell proliferation, clonogenicity, and increased apoptosis induced by gemcitabine, thapsigargin, and
ABT-737, all of which are counteracted by IGF-1R-dependent signaling and activate Ca2+-dependent
endoplasmic reticulum (ER) stress. Then, we monitored cell death and cytosolic Ca2+-responses
and demonstrated that KL increases the reticular Ca2+-leakage by maintaining TRPC6 at the ER and
opening the translocon. Only the latter is necessary for sensitizing DDLPS cells to reticular stressors.
This was associated with ERK1/2 inhibition and could be mimicked with IGF-1R or MEK inhibitors.
These observations provide a new therapeutic strategy in the management of DDLPS.

Keywords: klotho; cancer; liposarcoma; calcium; ER stress; translocon; IGF-1; ERK; gemcitabine;
TRPC6; channels

1. Introduction

The heterogeneous family of soft-tissue sarcomas (STS) encompasses rare malignant tumors
that arise from mesenchymal tissue. The histological and molecular analyses of these tumors
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allow for the identification of numerous histotypes, including liposarcomas (LPS) that display an
adipocytic differentiation and are divided into four histological subtypes: well-differentiated (WDLPS),
dedifferentiated (DDLPS), myxoid round cell (MRCLPS), and pleomorphic (PLPS) liposarcomas [1,2].
WDLPS are the most frequent LPS (40% of cases) and are associated with good prognosis. However,
in 10% of cases, they can dedifferentiate and give rise to DDLPS that are high-grade tumors. DDLPS
mainly occur de novo and account for 25% of all LPS. These tumors are associated with a poor
outcome [3] due to metastatic progression (17–30%), high local recurrence rates (41–57%) [4,5] and
high chemoresistance. By contrast, MRCLPS are radiosensitive and chemoresponsive. PLPS are highly
aggressive but, fortunately, very rare tumors (5% of LPS).

For now, complete surgical resection is the mainstay of therapy for LPS patients. Due to
the resistance of these tumors to standard chemotherapies [6], patients suffering from advanced,
unresectable, or metastatic LPS receive adriamycin- or gemcitabine-based regimens as palliative
treatments. Identifying new therapeutic strategies and response biomarkers is of the utmost importance
in order to manage high-grade LPS.

One of the altered pathways that is subject to targeted therapy is IGF-1R signaling. Indeed, IGF-1R
is upregulated in osteosarcoma (OS) tumors compared to normal tissue [7] and is associated with
a poor overall [8] and metastasis-free survival in cohorts of OS and STS patients [8,9]. Moreover,
its downstream effectors p-AKT and p-ERK were suggested as biomarkers for the local recurrence in
STS [10]. Both IGF-1 and IGF-2 mRNA [11] and IGF-1R [12] are upregulated in LPS tumors compared
to adipose tissue. Considering the importance of insulin/IGF-1 signaling in adipose tissue homeostasis,
as demonstrated by mice lacking IGF-1R/IR (Insulin Receptor) expression [13], and in oncogenesis [14],
IGF-1R inhibitors are attractive for LPS therapy. A drug synergistic screen suggested the combined
inhibition of IGF-1R and Cyclin-Dependent Kinase 4 (CDK4) as a promising strategy for DDLPS [15].
However, IGF-1R targeted therapies have proved to be disappointing in clinical trials [16], even in OS
and STS [17]. So, new strategies for inhibiting insulin/IGF-1 signaling are still needed as a monotherapy
or in combination with other drugs to overcome resistance.

KL (klotho) was first discovered in mice mutated for this gene: the animals displayed multiple
aging-like phenotypes and died prematurely [18]. The overexpression of kl in mice increases their
lifespan up to 19–30% [19]. KL encodes a transmembrane protein whose extracellular domain can
be shed by secretases and act as a soluble hormone [20]. The alternative splicing of the gene can
also produce a soluble form of the protein (KLs) that will be directly secreted into the extracellular
environment [21]. The transmembrane protein is an obligatory co-factor for FGF23 (Fibroblast Growth
Factor 23) and so, has a crucial role in the normal renal function and in phosphate and calcium (Ca2+)
homeostasis [22]. Moreover, KLs and membrane-bound KL exhibit anti-aging properties mainly by
inhibiting insulin/IGF-1 signaling and reducing oxidative stress [19]. Interestingly, kl knockout in mice
results in the absence of adipose tissue [18]. Indeed, Klotho regulates proliferation and adipogenic
differentiation of adipose-derived stem cells [23].

Numerous studies have shown that KL is frequently downregulated in cancer (gliomas, breast,
colorectal, lung cancers, etc.). KL exerts a tumor suppressive effect mainly through inhibition of
IGF-1 signaling [24,25]. Considering its role in adipose tissue homeostasis, we examined the clinical
relevance of KL in terms of the survival of LPS patients and the hypothetical alteration of its expression
in these tumors. Then, in a DDLPS cell line, we investigated the effect of KL overexpression on IGF-1
signaling and on tumoral phenotypes, especially chemoresistance. Finally, we identified the molecular
targets of KL and confirmed the involved mechanisms with two other DDLPS cell lines. Based on our
findings, we suggest a new potential therapeutic approach for the management of DDLPS, relying on
the disruption of intracellular Ca2+ homeostasis combined with endoplasmic reticulum (ER) stressors.
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2. Results

2.1. KL Expression Has a Prognostic Value for Liposarcoma Patients and Is Downregulated in DDLPS Tumors

First, we examined whether KL expression has a clinical relevance in terms of survival for
LPS patients. A Kaplan Meier analysis of 140 primary human LPS samples profiled on gene
expression microarrays (GSE30929) revealed a significant difference in survival times between the
two groups dividing patients according to KL expression level in tumors (Figure 1A). In the same
cohort, we compared histotypes and noticed that the KL expression is higher in WDLPS compared
to other tumors (Figure 1B). We next focused on DDLPS because of their relatively high prevalence
and chemoresistance.

 

Figure 1. Klotho (KL) expression has a prognostic value for liposarcoma patients and is downregulated
in dedifferentiated liposarcomas (DDLPS) tumors (A) Kaplan-Meier curves of the overall survival in
140 liposarcoma patients divided into high- and low-risk groups according to the expression level
of KL in tumors (high or low, cut-off = mean) determined by microarrays (dataset ID: GSE30929).
Higher KL expression is significantly associated with a better survival for liposarcomas (LPS) patients
(Log-rank test, p < 0.001). (B) A boxplot of KL mRNA expression in dedifferentiated (DDLPS, n = 40),
myxoid round cell (MRCLPS, n = 28), pleomorphic (PLPS, n = 20), and well-differentiated (WDLPS,
n = 52) liposarcomas profiled on a gene expression microarray (dataset ID: GSE30929). KL expression
is significantly (** p < 0.01 and *** p < 0.001) higher in WDLPS tumors compared to other histotypes.
(C) A boxplot of KL mRNA expression in adipose tissue (n = 49) and DDLPS tumors (n = 61) profiled
on gene expression microarray (GSE13506 and GSE21050, respectively) and normalized by GENT
database. KL expression is significantly (p < 0.001) reduced in DDLPS tumors compared to adipose
tissue. On the boxplots, the line in the middle of the box is the median; the whiskers are drawn down
to the 10th percentile and up to the 90th. Points below and above the whiskers are represented as
individual points.
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Since KL is expressed in normal adipose tissue [26], we investigated whether its expression is
significantly altered in DDLPS tumors. For that purpose, we used free publicly available data from
the GENT database, which provides processing and normalization of datasets produced by different
laboratories (Figure 1C). The data pointed out that KL is significantly downregulated in the 61 DDLPS
samples (GSE21050) analyzed by a gene expression microarray as compared to the 49 samples of
normal adipose tissue (GSE13506). As for now, unfortunately, there is no available dataset on KL
expression in tumors at the protein level. These results altogether show that KL mRNA expression is
downregulated in DDLPS, compared to normal tissue and well-differentiated tumors, and that a lower
expression is associated with a poorer prognosis for LPS patients. This turns Klotho into a potential
clinical biomarker in high-grade LPS and suggests that its loss could be a selective advantage for tumor
development. We hypothesized that this might be related to its action on IGF-1R signaling [27].

2.2. In the DDLPS Cell Line, Klotho Reduces IGF-1R-Dependent Signaling

To assess the cellular role of Klotho in high-grade LPS, we established a DDLPS cell line stably
expressing KL (IB115-KL) (Figure 2A). No KL expression was detected by western blotting in the
control cell line (IB115-empty vector). Then, we investigated whether Klotho inhibits IGF-1 signaling
in these cells.

Ligand binding induces IGF-1R auto-phosphorylation and activates two major pathways: the
Ras-Raf-mitogen activated protein kinase (MEK)-ERK (MAPKs) and the phosphatidylinositol 3-kinase
(PI3K)/AKT pathways. In addition, it also promotes an intracellular Ca2+-response whose effectors
remain to be clearly elucidated but include PI3K [28,29] and MEK activity (Supplemental Figure S1A).

First, AKT and ERK1/2 phosphorylation during IGF-1 stimulation were analyzed by western
blotting (Figure 2B). In contrast to previously published work on breast cancer [27], no difference
regarding IGF-1R auto-phosphorylation on Tyr1131 and no reproducible AKT inhibition were observed
between the control and KL-overexpressing cells. However, in resting conditions, Klotho significantly
reduced the ERK1/2 phosphorylation ratio about 30% compared to the control cell line (Figure 2B,C).
Moreover, upon IGF-1 stimulation, the ERK1/2 phosphorylation ratio remained significantly higher
in IB115-empty vector cells than in IB115-KL cells until 1 h of treatment. Maximal ERK1/2
phosphorylation was reached 15 min after IGF-1 addition, with a ratio of around 2.1 and 1.4 for
control and KL-overexpressing cell lines, respectively. Of note, ERK1/2 abundance did not significantly
vary across time and between cell lines (Figure 2D). Therefore, in the IB115 cell line, Klotho reduces
ERK1/2 phosphorylation level and prevents its hyperactivation during IGF-1 stimulation.

Then, we studied the cytosolic Ca2+-response to IGF-1 (Figure 2E). Whereas control cells
responded by large Ca2+ oscillations, only rare and small Ca2+ transients were obtained in
KL-overexpressing cells. Pretreating control cells with BMS-754807, a specific inhibitor of
IGF-1R/insulin receptor (Supplemental Figure S1B), mimicked the response profile of IB115-KL
cells (Figure 2E). Klotho has been described as an inhibitor of Transient Receptor Potential Canonical 6
(TRPC6) channel by blocking its exocytosis stimulated by serum growth factors as IGF-1 (through PI3K)
and reducing its plasma membrane expression [30–32]. Therefore, we investigated the implication
of TRPC6 in an IGF-1-induced Ca2+-response (Supplemental Figure S1C). No cytosolic oscillations
were observed in IB115 cells stimulated with IGF-1 in a Ca2+-free medium, thus showing that the
Ca2+-entry at the plasma membrane is necessary for an IGF-1-induced Ca2+-response. Furthermore,
pretreating control cell line with larixyl acetate, the specific inhibitor of TRPC6, prevented cytosolic
Ca2+ oscillations following IGF-1 stimulation.

This demonstrates that Klotho abrogates an IGF-1-induced Ca2+-response, which requires
TRPC6-dependent currents and is not completely inhibited by MEK inhibition (Supplemental
Figure S1A). So, in addition to ERK1/2, Klotho might eventually inhibit PI3K signaling independently
of AKT activation.
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Figure 2. In the DDLPS cell line, Klotho reduces IGF-1R-dependent signaling (A) Validation of
KL-overexpression in the IB115 cell line by western blotting after lentiviral transduction. The 135
kDa-band was not detected in the control cell line expressing the empty vector. Actin was used as a
loading control. (B) Western blot analysis of IGF-1Rβ, AKT, and ERK1/2 phosphorylation statuses
during stimulation with 20 nM IGF-1. For the comparison of the ratios between the phosphorylated
form and total protein during treatment, the results were all normalized to the control condition
(IB115-empty vector, t0) set to 1. Actin was used as the loading control. Images shown are representative
of at least three independent experiments. (C) Evolution of the ratio between phosphorylated ERK1/2
and the total ERK1/2 (normalized to control condition set to 1) during IGF-1 (20 nM) stimulation.
Histograms sum up six independent experiments and correspond to the mean ± Standard Deviation
(SD) (* p < 0.05, ** p < 0.01 and *** p < 0.001). (D) Evolution of the total ERK1/2 abundance (normalized
to control condition set to 1) during IGF-1 (20 nM) stimulation. Data shown summarize six independent
experiments and correspond to medians with the interquartile range (IQR). (E) Variations of relative
cytosolic Ca2+ concentration ([Ca2+]cyt) were monitored by fluorescence video imaging in Fluo2-loaded
cells bathed in HBSS (2 mM Ca2+) medium, pretreated or not during 24 h with BMS-754807 (50 nM).
Human IGF-1 (20 nM) was added in the bath medium at 200 s. Each trace corresponds to the evolution
of [Ca2+]cyt in one cell. Data shown are representative of three independent experiments.
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2.3. KL Overexpression in a DDLPS Cell Line Decreases Its Tumorigenic Phenotypes

Since KL overexpression affects IGF-1R signaling in DDLPS cells, we investigated its effect
on several tumoral phenotypes modulated by IGF-1R including cell proliferation, clonogenicity,
and chemoresistance.

KL overexpression significantly decreased cell proliferation from the third day on, resulting in
about 30% reduction of cell count (on average 61,204 and 42,993 cells for the IB115-empty vector
and IB115-KL cell lines, respectively) after 6 days of cell culture (Figure 3A). Moreover, IB115-KL
cells had fewer clonogenic capacities than the control cell line (Figure 3B), thus confirming its tumor
suppressor role. On the other hand, the main cytotoxic molecules used for LPS patients were screened
(Figure 3C–E). After 72 h treatment, cell death was assessed using TMRM-staining (gemcitabine,
docetaxel) or MTT assay (doxorubicin). No relevant difference between the two cell lines was observed
with doxorubicin (Figure 3C) and docetaxel (Figure 3D). In contrast, KL overexpression significantly
sensitized to gemcitabine-induced cell death (Figure 3E). KL overexpression does not decrease EC50
but rather enhances the magnitude of the plateau observed on the dose-response curve: maximal cell
death rates reach about 39% and 63% in the IB115-empty vector and IB115-KL cells, respectively.

Gemcitabine targets dividing cells and differently alters cell cycle depending on the concentration,
as described by Cappella and collaborators [33] and noticed in IB115 cells (Supplemental Figure S2).
Indeed, after its activation by phosphorylation, gemcitabine has a biphasic effect: first a cytostatic and
then a cytotoxic effect. This explains the delayed apoptosis, but alterations of cell cycle vary from one
concentration to another. Considering that Klotho does not interfere with the cell cycle disruption
induced by gemcitabine (Supplemental Figure S2), we hypothesized that, after 72 h of treatment,
its pro-apoptotic action mainly occurs at moderate (100 nM) and high concentrations (100 μM) of
gemcitabine at the end of the cytostatic phase and during the recovery phase. The fact that Klotho
promotes caspase-dependent apoptotic signaling was confirmed with a dual AnnexinV/PI staining
(Supplemental Figure S3).

These results are consistent with previous work showing that IGF-1 signaling protects cells from
gemcitabine-induced cell death in pancreatic cancer [34]. It is worth noting that IGF-1 signaling is
also well-known for protecting cells from ER stress-induced apoptosis by increasing the adaptive
capacity of ER [35]. ER stress was already implicated in resistance to gemcitabine [36,37]. Therefore,
we tested the hypothesis that, by inhibiting IGF-1 signaling, Klotho could sensitize DDLPS cells
to ER stress-inducing agents. Therefore, DDLPS cell lines were incubated with thapsigargin (TG),
an inhibitor of Sarco-Endoplasmic Reticulum Ca+-ATPase (SERCA) pumps (Figure 3F) and thus,
an ER stress inducer. TMRM-staining demonstrates that Klotho dramatically sensitizes DDLPS
cells to TG-induced cell death (EC50 = 28.2 vs. 6.32 nM for IB115-empty vector and IB115-KL cells,
respectively). Similar results were obtained with ABT-737, a BH3-mimetic that inhibits anti-apoptotic
proteins and consequently increases the Ca2+ transfer from ER to mitochondria, thus reducing reticular
Ca2+ content [38] (Figure 3G). Indeed, the EC50 of ABT-737 was shifted from 995 nM in IB115-empty
vector cells to 407 nM in IB115-KL cells.

These results indicate the specific role of Klotho in gemcitabine and ER-stress-induced apoptosis
in DDLPS cells. In order to confirm IGF-1R implication in resistance to apoptosis, the control cell
line was incubated with sub-lethal concentrations of BMS-754807 (Figure 3H,I). IGF-1R inhibition
significantly increased the cell death caused by TG (Figure 3H) or gemcitabine (Figure 3I) in a
dose-dependent manner.

These data confirm that IGF-1R signaling, which is partially inhibited by Klotho, promotes DDLPS
cell survival during TG and gemcitabine treatments.
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Figure 3. KL overexpression in a DDLPS cell line decreases its tumorigenic phenotypes. (A) Cell
proliferation was assessed by flow cytometry as described in Material and Methods. KL significantly
decreased the cell number at days 3, 5, and 6 (with * p < 0.05, ** p < 0.01 and *** p < 0.001,
respectively). Results summarize the three independent experiments and correspond to the medians
with IQR. (B) Clonogenicity was measured by crystal violet staining in accordance with the protocol
explained in the Material and Methods. Data shown are representative of the results obtained in three
independent experiments. (C) The viability of IB115 cell lines after 72 h of incubation with several
concentrations of doxorubicin was assessed by MTT assay. The results are represented as a percentage
of the control condition (with the median and IQR) and summarize three independent experiments.
(D–G) Mitochondrial potential loss assay was evaluated by flow cytometry with TMRM-loaded cells
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after 72 h of incubation with (D) docetaxel, (E) gemcitabine, (F) thapsigargin (TG), and (G) ABT-737,
according to the protocol described in the Material and Methods. Compared to corresponding
conditions with IB115-empty vector cells, KL-overexpression significantly (p < 0.001) enhanced cell
death induced by gemcitabine, thapsigargin, and ABT-737. Dose-response curves were interpolated
as standard slopes. The data shown summarize the results obtained in at least three independent
experiments and correspond to median and IQR. Cell death of IB115 cell lines was measured
by TMRM-staining and flow cytometry. IB115 cell lines were pretreated for 1 h with indicated
concentrations of BMS-7548074 and then treated for 72 h with (H) 10 nM thapsigargin (TG) or (I) 100 nM
gemcitabine. Compared to non-pretreated IB115-empty vector cells, BMS-7548074 significantly
increased the TG and gemcitabine-induced cell death in a dose-dependent manner. Histograms
sum up (H) four and (I) three independent experiments. Data shown correspond to medians with IQR.

2.4. KL-Overexpression Sensitizes DDLPS to ER Stress by Disrupting Intracellular Calcium Homeostasis

Klotho might sensitize cells to TG by affecting the SERCA expression. According to gene
expression microarray analysis, SERCA1 and SERCA3 genes are not (or only a few) transcribed
while the SERCA2 gene is highly expressed in IB115 cells (Supplemental Figure S4). Furthermore,
in adipose tissue, no SERCA1 protein is detected and SERCA3 is only slightly expressed according to
the Human Protein Atlas database. In contrast, SERCA2 is upregulated in LPS compared to normal
tissues and high SERCA2 expression is associated with high malignant LPS such as DDLPS [39,40].
Through western blotting, we found that Klotho does not affect the expression of SERCA2 (Figure 4A).

Long-term exposition to TG induces ER stress and activation of the Unfolded Protein Response
(UPR), which encompasses several pathways that activate both cell death and survival mechanisms.
The balance between these pathways determines cell fate and is modulated by IGF-1 signaling.
In pancreatic cancer, actors of the UPR are activated by gemcitabine and some of them, especially
XBP-1 (X-box binding protein 1), are implicated in chemoresistance [36,37]. We hypothesized that
Klotho might sensitize DDLPS cells to apoptosis by affecting ER stress pathways.

The analysis of the activation of several arms of the UPR (Figure 4A) confirmed that gemcitabine
treatment activates ER stress signaling in the IB115 cell line, although it has only a modest effect on
the expression of the chaperone protein GRP78/BiP (Binding immunoglobulin Protein), which is a
well-known marker of ER stress and so, is massively expressed during TG treatment.

Interestingly, Klotho enhances BiP expression (Figure 4A), even in resting conditions with about
a 4-fold increase, suggesting either a basal reticular stress in these cells or an effect related to the
Ca2+-binding activity of BiP in the lumen of the ER.

During the TG treatment, KL overexpression reduces XBP-1 splicing but enhances the
eIF2α activation as illustrated by the stronger induction of the pro-apoptotic CHOP (Figure 4A),
an observation that is consistent with increased apoptosis and reduced IGF-1 signaling [41].
With gemcitabine, this effect of Klotho on eIF2α-dependent signaling is also observed, while the
detection of spliced XBP-1 here rather reflects a more intense ER stress. An increased cell death in
KL-overexpressing cells is illustrated by higher PARP cleavage (Figure 4A).

Enhanced ER stress in IB115-KL cells might originate from a depletion of reticular Ca2+. To address
whether Klotho increases the ER stress by modulating the ER Ca2+-content, we measured the relative
cytosolic Ca2+ concentration ([Ca2+]cyt) in cells bathed in a Ca2+-free medium and applied TG
(Figure 4B), which passively depletes ER stores, or ionomycin (Figure 4C), a Ca2+ ionophore that
reveals the size of the Ca2+ stores. Strikingly, the Ca2+-release following TG treatment was greatly
increased in KL-overexpressing cells, as the subsequent capacitive Ca2+-entry (Figure 4B), whereas
the Ca2+-response to ionomycin was similar in both cell lines. These data suggested that the KL
overexpression enhances reticular Ca2+-leak but has no effect on the size of the Ca2+ stores. Direct
assessment of reticular calcium concentration ([Ca2+]ER) with a genetic Ca2+-sensor specifically targeted
to ER confirmed that Klotho neither alters resting [Ca2+]ER nor enhances the reticular Ca2+ pools
releasable by ionomycin, but significantly enhances the amplitude of the [Ca2+]ER decrease induced by
TG (Supplemental Figure S5).
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This implies that, in resting conditions, an increased Ca2+-leakage is compensated by active ER
re-filling, probably through the increased activity of SERCA pumps. On the other hand, Ca2+ released
into cytosol might probably be buffered by mitochondria. The estimation of mitochondrial Ca2+-content
by addition of CCCP (mitochondrial oxidative phosphorylation uncoupler) confirmed a greater
accumulation of Ca2+ in mitochondria of IB115-KL cells (Supplemental Figure S6A). Moreover,
the application of TG into the extracellular medium induced a significantly higher increase of relative
mitochondrial [Ca2+] in KL-overexpressing cells compared to the control cell line (Supplemental
Figure S6B). Therefore, during the long-term TG treatment, increased cell death observed in IB115-KL
cells may originate from increased ER stress (through reticular Ca2+-stores depletion) and a probable
mitochondrial Ca2+ overload.

Afterward, we investigated the effect of gemcitabine on reticular Ca2+-content of control cell line
after 24 and 48 h of treatment (Figure 4D,E). Intracellular Ca2+-mobilization following TG addition and
subsequent capacitive Ca2+-entry are increased in a time-dependent manner (Figure 4D): the amplitude
of Ca2+-responses have doubled after 48 h of treatment with gemcitabine. However, no significant
difference is observed with ionomycin (Figure 4E). So, gemcitabine-induced ER stress is associated
with a reticular Ca2+-leak that increases over time.

In this context, increased capacitive Ca2+-entry seems to be a consequence of enhanced
intracellular Ca2+-mobilization rather than a direct target of Klotho. Moreover, the inhibition
of Calcium Release-Activated Channels (CRAC) by BTP2 did not protect IB115-KL cells from
gemcitabine-induced cell death (Supplemental Figure S7). Actually, BTP2 even tended to
sensitize control cell line to gemcitabine, although the differences were not statistically significant.
So, the enhanced capacitive Ca2+-entry might be mainly involved in intracellular stores refilling and
does not play a major role in gemcitabine-induced cell death.

Figure 4. Cont.
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Figure 4. KL-overexpression sensitizes DDLPS to endoplasmic reticulum (ER) stress by disrupting the
intracellular Ca2+ homeostasis. (A) Abundance and phosphorylation ratios of proteins implicated in ER
stress were analyzed by western blotting after 48 h of incubation with no drugs, 10 nM thapsigargin
(TG) or 100 nM gemcitabine. Actin was used as a loading control. To compare the ratios between
phosphorylated form and the total protein during treatments, the results were all normalized to control
condition (IB115-empty vector, no treatment) set to 1. Results are representative of three independent
experiments. (B–E) Variations of relative cytosolic Ca2+ concentration were monitored by fluorescence
videomicroscopy in Fluo2-loaded cells bathed in a Ca2+-free HBSS medium. Results are represented as
means ± SD. (B,D) TG (10 nM) was added at 200 s to evaluate the intracellular Ca2+ mobilization and
(B) 2 mM Ca2+ was applied at 600 s to measure the capacitive Ca2+-entry. (C,E) Ionomycin (100 nM)
was added at 200 s to visualize the ER Ca2+-content. (B) KL overexpression increased intracellular Ca2+

response to TG and the subsequent capacitive Ca2+ entry (n = 143 and n = 183 for the IB115-empty vector
and IB115-cells, respectively), but (C) did not affect the Ca2+ ER content, compared to IB115-empty vector
cell line (n = 79 and n = 123 for the IB115-empty vector and IB115-cells, respectively). (D,E) IB115-empty
vector cells were pretreated with gemcitabine (100 nM) during 24 and 48 h. Gemcitabine increased
(D) TG-induced Ca2+ response (control n = 96; 24 h, n = 82; 48 h, n = 34) but (E) did not alter the size of
the reticular Ca2+ pools (control n = 102; gemcitabine n = 81).

To conclude, TG application revealed that Klotho promotes a constitutive reticular Ca2+-leakage.
This probably contributes to the greater sensitivity to ER stressors such as TG, ABT-737, or gemcitabine,
resulting in a higher CHOP induction, possible mitochondrial Ca2+-overload, and cell death.

2.5. Intracellular Localization of TRPC6 Contributes to Reticular Ca2+-Leakage in KL-Overexpressing
DDLPS Cells

In order to identify the molecular mechanisms by which Klotho increases reticular Ca2+-leakage,
we first hypothesized that this could involve the Transient Receptor Potential Canonical 6 (TRPC6)
channel. Indeed, in neural cancer cells, TRPC6 can be translocated to the reticulum and this localization
results in an increase in passive Ca2+-efflux without any modification of the reticular Ca2+ content [42].
So, as previously reported in other models, Klotho could modulate the TRPC6 intracellular localization
in DDLPS cells, thereby explaining its inhibitory action on the IGF-1-induced Ca2+-response.

To test this hypothesis, DDLPS cells were stimulated with 50 μM of OAG, a structural analog
of DAG (DiAcylGlycerol) that activates Ca2+ entry through TRPC-3,-6 channels [43]. After the OAG
addition, a large cytosolic [Ca2+] increase was observed in IB115-empty vector cells bathed in the
Ca2+-containing medium, but not in Ca2+-free medium, meaning that the previous cytosolic Ca2+

increase was due to a Ca2+ influx through TRPC channels at the plasma membrane (Figure 5A).
In IB115-KL cells bathed in a Ca2+-containing extracellular medium, OAG induced a smaller (about
50% decrease) transient Ca2+ peak, which was only partially affected by the absence of Ca2+ in the
extracellular medium (Figure 5B). This suggests that in these cells, OAG mainly mobilized calcium
ions stored in an intracellular compartment. The pretreatment of IB115-KL cells with TG abolished
OAG-induced intracellular Ca2+ release (Figure 5C), suggesting that the OAG-sensitive channels are
mainly located at the ER membrane and mobilize Ca2+ from TG-sensitive reticular stores.
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To confirm the TRPC6 implication, the cells were bathed in a Ca2+-free medium and stimulated
with Hyp9, a specific activator of TRPC6. Similar to OAG stimulation, a cytosolic Ca2+-response was
recorded in IB115-KL but not the B115-empty vector cells (Figure 5D). The pretreatment of IB115-KL
cells with TRPC6 inhibitors (U73343 or larixyl acetate) significantly reduced the amplitude of the
Ca2+-response to OAG (Figure 5E) and to TG (Figure 5F), thus confirming the role of TRPC6 in both
OAG-induced response and the passive reticular Ca2+-leak. Pretreatment with a specific inhibitor
of TRPC3 (Pyr3) combined to larixyl acetate suppressed OAG-response (Supplemental Figure S8).
Therefore, it can be hypothesized that the residual Ca2+-response to OAG in larixyl acetate-treated
cells is mediated by TRPC3 channels. However, to our knowledge, there is no evidence of the role of
TRPC3 at the ER or for a link between IGF-1, KL, and TRPC3 in the literature. So, the mechanisms
involving TRPC3 would require further investigation. Comparing Ca2+-response of Pyr3- and larixyl
acetate-treated cells suggests that TRPC3 is less implicated than TRPC6 in Ca2+-response to OAG
(Supplemental Figure S8).

The analysis of TRPC6 abundance by western blotting revealed that TRPC6 expression is increased
after 48 h incubation with 10 nM TG or 100 nM gemcitabine and, more importantly, in IB115-KL cells
(Figure 5G). This suggests that TRPC6 might play a role in TG- and gemcitabine-induced cell death.

Though larixyl acetate (the specific TRPC6 inhibitor) reduced the TG-induced Ca2+-response,
no protection against TG-induced apoptosis was observed in IB115-KL cells (Figure 5H). Actually,
TRPC6 inhibition aggravated TG-induced apoptosis in both cell lines (Figure 5H), while it did not
meaningfully modify cell death after gemcitabine treatment (Figure 5I). However, larixyl acetate does
not allow for the distinction between respective roles of reticular- and plasma membrane-located
TRPC6 channels. Previous studies reported that TRPC6 takes part in the Ca2+-entry induced by
TG [44–46]. The sensitization to apoptosis observed in IB115-empty vector cells (Figure 5H) suggests
that the influx of Ca2+ through the TRPC6 channels at the plasma membrane is involved in cell survival.

Despite the fact that intracellular TRPC6 channels take part in TG-induced Ca2+-release and
so, probably promote ER stress, these last results altogether suggest that TRPC6 sequestration at
the ER is probably not the only and major mechanism by which Klotho sensitizes to TG- and
gemcitabine-induced cell death.

Figure 5. Cont.
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Figure 5. The intracellular localization of TRPC6 contributes to reticular Ca2+-leakage in
KL-overexpressing DDLPS cells, but is not necessary to increase cell death. (A–F) Variations of relative
cytosolic Ca2+ concentration were monitored by fluorescence videomicroscopy in Fluo2-loaded cells.
Each experiment was repeated three times and the average of more than 20 single-cell traces was
analyzed. The effect of OAG (50 μM) addition was evaluated in (A) IB115-empty vector or (B) IB115-KL
cells bathed in HBSS medium ± 2 mM Ca2+, and in (C) IB115-KL cells pretreated with TG (10 nM)
at 200 s in a Ca2+-free HBSS medium. (D) IB115 empty-vector and IB115-KL cells were bathed in
a Ca2+-free HBSS medium and stimulated at 200 s by the specific activator of TRPC6 Hyp9 (1 μM).
(E) OAG (50 μM) was added at 200 s to Ca2+-free HBSS medium on IB115-KL cells control or pretreated
with inhibitors of TRPC6 (U73343 and larixyl acetate both at 1 μM, 1 h). (F) Ca2+-leakage was estimated
by the application of 10 nM TG at 200 s on IB115-empty vector or IB115-KL cells, which were pretreated
or not with larixyl acetate (1 μM, 1 h), in a Ca2+-free HBSS medium. (G) The abundance of TRPC6 was
analyzed in IB115-empty vector and IB115-KL cells by western blotting after 48 h of incubation with no
drugs, 10 nM TG, or 100 nM gemcitabine. Actin was used as a loading control. To compare TRPC6
abundance between conditions, results were all normalized to control conditions (IB115-empty vector,
no treatment). Results shown are representative of three independent experiments. (H,I) Cell death
was measured with a TMRM-staining analyzed by flow cytometry after 72 h incubation of IB115 cell
lines, which were pretreated during 1 h with indicated concentrations of larixyl acetate and then treated
with (H) 20 nM and 10 nM TG for the IB115-empty vector and IB115-KL cells, respectively (in order
to have nearly similar cell death rates), or (I) 100 nM gemcitabine. Histograms sum up (H) four and
(I) two independent experiments. Data shown correspond to medians (IQR).

2.6. In DDLPS Cells, Klotho Promotes Reticular Ca2+ Leakage and Apoptosis by Opening the Translocon

According to the literature, the major effector of the reticular Ca2+-leak is the translocon (TLC) [47],
a protein complex that allows for the translocation of nascent polypeptides into the ER lumen for
elongation and maturation. When the polypeptidic chain is released, Ca2+ leaks through the pore of
the TLC, which is, at that time, in an open state for Ca2+. Puromycin and anisomycin are antibiotics
that inhibit protein synthesis but, respectively, open and close the TLC [47].

Interestingly, puromycin had no effect in IB115-empty vector cells (Figure 6A), whereas it elicited
a huge transient increase in [Ca2+]cyt followed by Ca2+-oscillations in IB115-KL cells (Figure 6B).
These were drastically reduced by anisomycin pretreatment (Figure 6C). TLC closure by anisomycin
significantly reduced the TG-induced Ca2+-release (Figure 6D), thereby confirming that TLC is
implicated in the basal reticular Ca2+-leakage.
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Figure 6. In DDLPS cells, Klotho promotes reticular Ca2+-leakage and apoptosis by opening the
translocon. (A–E) Variations of relative cytosolic Ca2+ concentration were monitored by fluorescence
videomicroscopy in Fluo2-loaded cells. Data shown are representative of three independent
experiments. (A–C) In a Ca2+-free HBSS medium, puromycin (25 μg/mL) was applied at 200 s
on (A) IB115-empty vector cells, (B) IB115-KL cells, and on (C) IB115-KL cells pretreated 30 min with
200 nM anisomycin, a translocon-closing molecule. Each trace corresponds to the evolution of [Ca2+]cyt

in one cell. (D) In a Ca2+-free HBSS medium, IB115-KL cells, pretreated (n = 114) or not (n = 76) with
200 nM anisomycin during 30 min, were stimulated at 200 s with TG (10 nM) to evaluate reticular
Ca2+-leakage. Results are represented as means ± SD. (E) In a Ca2+-free HBSS medium, IB115-empty
vector cells, pretreated (n = 78) or not (n = 81) with 100 nM gemcitabine during 24 h, were stimulated
at 200 s with puromycin (25 μg/mL) to assess Ca2+-leakage through the translocon. Results are
represented as means ± SD. (F,G) Cell death was measured by TMRM-staining and flow cytometry in
IB115 cell lines pretreated for 1 h with 200 nM anisomycin and then incubated for 72 h with (F) 10 nM
TG or (G) 100 nM gemcitabine. Histograms sum up (F) three and (G) four independent experiments.
Data shown correspond to medians and IQR.

In addition, puromycin triggered a cytosolic Ca2+-response in IB115-empty vector cells pretreated
with gemcitabine (Figure 6E). This demonstrates that the gemcitabine-induced Ca2+-leakage is
mediated at least in part by opening the TLC.
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Anisomycin significantly reduced the death rates of IB115-KL cells after 72 h incubation with TG
(Figure 6F) or gemcitabine (Figure 6G). The protective effect towards gemcitabine in both cell lines
was not due to protein synthesis inhibition because puromycin did the opposite and was counteracted
by anisomycin on the wild-type IB115 cell line (Supplemental Figure S9A). Moreover, the long-term
treatment with anisomycin did not affect KL-overexpression (Supplemental Figure S9B). Furthermore,
anisomycin reduced BiP expression in resting conditions and during gemcitabine treatment, but not
the other reticular chaperone protein calreticulin (Supplemental Figure S9B). To conclude, anisomycin
reduces ER stress by limiting the TLC-mediated Ca2+-leakage, which is induced by gemcitabine and
enhanced by Klotho.

Altogether, these results demonstrate that in KL-overexpressing cells, a higher proportion of TLCs
is in an open-state. This contributes to the basal reticular Ca2+-leakage revealed by TG treatment and
aggravates the gemcitabine-induced TLC opening. This results in reticular Ca2+-depletion in IB115-KL
cells after 48 h of treatment (Supplemental Figure S9C), in contrast to control cells (Figure 4D,E), and in
increased apoptosis.

All major results concerning the effect of Klotho on TLC opening and reticular stress were
confirmed in two other DDLPS cell lines (IB111 and IB143) (Supplemental Figure S10). Indeed,
KL overexpression increases BiP expression (Supplemental Figure S10A), Ca2+-response to puromycin
(Supplemental Figure S10B) and to TG (Supplemental Figure S10C), and also cell death rates following
long-term treatment with TG (Supplemental Figure S10D) or gemcitabine (Supplemental Figure S10E).
To conclude, despite different genetic backgrounds and an intrinsic greater resistance to ER stress
in IB111 and IB143 compared to IB115, Klotho increases TLC-opening and reticular Ca2+-leakage in
both cell lines and significantly sensitizes them to cell death induced by TG or gemcitabine. Lower
expression of KL in transduced IB111 and IB143 cells compared to IB115-KL cell line is one possible
explanation for the more discrete effects on the phenotypes (Supplemental Figure S10A).

Then, we investigated which IGF-1 signaling pathway is implicated in the resistance to ER
stressors and is inhibited by Klotho and addressed its impact on reticular Ca2+-leakage.

2.7. Klotho Regulates Drug Sensitivity and Reticular Ca2+-Leakage by Inhibiting ERK1/2 Signaling

Two pathways of the IGF-1R signaling, ras/raf/MEK/ERK and PI3K/AKT, are known to
play a role in the resistance to gemcitabine [48,49] and ER stress [50–52]. Since Klotho inhibits
the IGF-1-induced Ca2+-response (mainly dependent on PI3K, see Supplemental Figure S1A) and
ERK1/2 activation, we have studied the phosphorylation status of AKT and ERK1/2 after the TG and
gemcitabine treatments (Figure 7A). AKT was de-phosphorylated after incubation with TG and only
slightly phosphorylated after gemcitabine treatment. In contrast, ERK1/2 is phosphorylated in control
cells after each treatment, but this activation is inhibited in KL-overexpressing cells. Thus, suggesting
that ERK1/2 is implicated in resistance to TG and gemcitabine but not AKT.

This was confirmed with the use of PI3K (Wortmannin) and MEK (PD98059) inhibitors
(Supplemental Figure S11). The Wortmannin pretreatment had only a slight effect on TG-induced cell
death of IB115-empty vector cells (Figure 7B), but not of IB115-KL cells, and had no significant effect
on apoptosis induced by gemcitabine (Figure 7C) in both cell lines. By contrast, PD98059 significantly
potentiated the apoptotic response to TG and gemcitabine (Figure 7B,C) in both cell lines. These results
altogether demonstrate that ERK1/2 but not AKT exerts a relevant pro-survival activity against ER
stressors and is inhibited by Klotho in this DDLPS cell line.

Finally, we addressed the consequence of IGF-1R and MEK inhibition on reticular Ca2+-leakage. First,
the pretreatment of control cells with BMS-754807 (Figure 7D) or PD98059 (Figure 7E) restored the reticular
Ca2+-leakage induced by puromycin and observed in IB115-KL cells. Then, both inhibitors mimicked
the effect of Klotho on TG-induced Ca2+-response (Figure 7F) without affecting the ER Ca2+-content
(Supplemental Figure S12). Therefore, IGF-1R and, more precisely, the ERK inhibition is at least one
mechanism by which Klotho promotes reticular Ca2+-leakage through the TLC and so, sensitizes these
DDLPS cells to ER stressors releasing Ca2+ from reticular stores (such as TG, gemcitabine, and ABT-737).
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Figure 7. Klotho regulates drug sensitivity and reticular Ca2+-leakage by inhibiting ERK1/2 signaling
(A) Analysis by Western blotting of the abundance of phosphorylated AKT and ERK1/2 compared
to total protein expression, in IB115-empty vector and IB115-KL cells after 48 h of incubation with
no drugs, 10 nM thapsigargin (TG) or 100 nM gemcitabine. Actin was used as a loading control.
To compare the ratios between phosphorylated form and total protein during treatments, results
were all normalized to the control condition (IB115-empty vector, no treatment) set to 1. Results are
representative of three independent experiments. (B,C) Cell death was measured by TMRM-staining
and flow cytometry. IB115 cell lines were pretreated for 2 h with Wortmannin or PD98059 as indicated
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and then incubated for 72 h with (B) 20 nM or 10 nM TG for IB115-empty vector and IB115-KL cells,
respectively (in order to have an almost similar cell death), or (C) 100 nM gemcitabine. Histograms
sum up (B) four (with median and IQR) and (C) three (represented as means ± SD) independent
experiments. (D–F) Variations of relative cytosolic Ca2+ concentration were monitored by fluorescence
videomicroscopy, in Fluo2-loaded cells bathed in a Ca2+-free HBSS medium. (D,E) Puromycin
(25 μg/mL) was added at 200 s to IB115-empty vector cells pretreated with (D) BMS-754807 (50 nM,
24 h) or (E) PD98059 (1 μM, 2 h). Each trace corresponds to the evolution of [Ca2+]cyt in one cell.
Data shown are representative of three independent experiments. (F) TG (10 nM) was added at
200 s to IB115-KL cells (n = 83) and IB115-empty vector cells, which were not pretreated (n = 77) or
pretreated with BMS-754807 (50 nM, 24 h, n = 78) or PD98059 (1 μM, 2 h, n = 75). Results correspond to
means ± SD.

3. Discussion

In this work, we evaluated the relevance of Klotho as a biomarker and as a tool for overcoming
drug resistance in high-grade LPS.

We reported that a higher KL expression is associated with better survival of LPS patients.
Moreover, its expression is detected at higher levels in WDLPS, which has a good prognosis.
KL expression is critical for adipose tissue homeostasis but is altered in DDLPS, probably by epigenetic
regulations as in several other cancers [53,54]. If in the future the normal tissue of each patient were
to be systematically sampled during tumor excision, it would be interesting to confirm these clinical
results at the protein level by comparing KL abundance in DDLPS tumors with matched-adipose
tissue. Meanwhile, considering our observations at the transcriptomic level, KL downregulation may
represent a selective advantage for tumor cells and so, may be associated with tumor evolution as
for DDLPS.

In compliance with this observation, we did not detect, by western blotting, endogenous KL
expression in any of the six DDLPS cell lines, isolated from the patients’ tumors, available in the lab.
Moreover, for most of these cell lines, KL overexpression was rapidly eliminated by the transduced
cells despite effective lentiviral transduction and cell selection.

To assess the cellular role of Klotho in DDLPS, we successfully established a DDLPS cell line
stably overexpressing KL. Its inhibitory action on IGF-1-dependent Ca2+-signaling was shown through
TRPC6 sequestration at the ER and on ERK1/2 activation. Analysis of tumor phenotypes indicated
that Klotho reduces cell proliferation, clonogenicity, and has a major effect on drug sensitivity and
Ca2+ homeostasis.

Because Ca2+ signaling is involved in several hallmarks of cancer, Ca2+ remodeling in cancer cells
is a research field of growing interest [55]. Here, we have demonstrated for the first time, in three
DDLPS cell lines, that Klotho increases reticular Ca2+-leakage by opening the TLC. This effect on the
TLC is supported by the compensatory upregulation of BiP in KL-overexpressing cells because BiP
interacts with the TLC complex and by this way limits Ca2+-leakage through the pore [56]. However,
to the best of our knowledge, the link between the permeability of the TLC to Ca2+ and IGF-1R or
ERK1/2 activity is unknown. This new and unexpected mechanism will require further investigation.

The constitutive Ca2+-leakage confers to the DDLPS cells overexpressing KL a greater susceptibility
to apoptosis mediated by ER-stressors such as thapsigargin (TG), ABT-737, and gemcitabine,
whose effect on TLC openings had never been described until now. This sensitization by Klotho
is also related to a greater induction of CHOP, which promotes the transcription of pro-apoptotic
genes and aggravates the reticular Ca2+-leakage [57]. In addition, an increased Ca2+-transfer from the
ER to mitochondria might stimulate ATP production in resting conditions and promote ER refilling
by SERCA pumps, but probably also results in mitochondrial Ca2+-overload and mitochondrial
membrane potential loss during the exposure to these ER stressors.

These results are in conflict with previous work showing that Klotho protects from ER stress [58].
However, KL-overexpressing DDLPS cells share interesting similarities with dwarf fibroblasts during
TG treatment, like increased apoptosis, reduced XBP-1 splicing, and preserved activation of eIF2α [41].



Cancers 2018, 10, 439 17 of 24

These fibroblasts were isolated from Snell dwarf mice, a longevity model that bears a homozygous
mutation in the gene encoding Pit-1, resulting in several deficiencies in growth hormones including
IGF-1. Indeed, insulin/IGF-1 signaling inhibition is a mechanism shared by many animal longevity
models including KL-overexpressing mice [19,59]. Moreover, IGF-1 signaling was reported as a
cytoprotective pathway against canonical ER stress [35,60], but also against gemcitabine [34] and
ABT-737 [61]. All these observations are consistent with our results showing a potentiated apoptotic
response to ER stressors mediated by the inhibition of IGF-1-dependent signaling in KL-overexpressing
DDLPS cells. Therefore, the role of Klotho on ER stress might depend on a cellular context.
Discrepancies between results might also arise from the fact that Banerjee et al. overexpressed
mouse KL [58], which is not identical to human KL and could differ in terms of interactions with
human proteins.

The inhibition of IGF1-R and MEK mimicked the effect of Klotho on Ca2+ homeostasis and
sensitized to TG- and gemcitabine-induced cell death. Actually, there are numerous crosstalks between
MAPK signaling and ER stress [62]. The MEK-ERK pathway was shown to promote cell survival
during ER stress. ER stress signaling can also directly activate ERK1/2. Indeed, IRE-1 activation can
stimulate ERK1/2 through an unknown mechanism. Reduced XBP-1 splicing in KL-overexpressing
cells, which suggests a reduced IRE-1 activation, can be involved in attenuated ERK1/2 activation and
so, in increased cell death. In addition, BiP can be translocated to the plasma membrane and activate
the signaling cascade Ras-Raf-MEK-ERK. So, given that ERK1/2 is less activated in KL-overexpressing
cells despite enhanced ER stress, Klotho may probably act through additional pathways in parallel
to IGF-1R in order to avoid the hyperactivation of MAPK signaling. Considering that Ca2+ and the
reactive oxygen species can modulate ERK1/2 activity and that Klotho regulates both, this provides
new possibilities for investigation. Moreover, Klotho is a regulator of pathways that are commonly
altered in cancer and activate MAPK, such as Wnt and FGF [25]. Its use in the therapeutic management
of DDLPS is thus probably not restricted to IGF-1R inhibition.

Regarding reticular TRPC6, its activity as a passive leaky channel had already been reported but,
until now, the only regulator identified for that mechanism was the Stromal Interacting Molecule 1
(STIM1) [42]. Here, we observed that the IGF-1-induced Ca2+ response requires TRPC6 and that MEK
inhibition promotes the sequestration of active TRPC6 channels at the ER. So, the effects of Klotho on
IGF-1-induced Ca2+ signaling and reticular Ca2+-leak through TRPC6 could be related to the regulation
of STIM-1 by ERK1/2 [63]. Nevertheless, additional experiments are needed to test this hypothesis
and physiological consequences remain to be studied.

For the first time, we bring evidence of a role for Klotho in LPS. If our results were confirmed
in vivo, combining Klotho’s mechanism of action and ER stressors might be an alternative for DDLPS
patient care. Indeed, LPS frequently overexpress SERCA2 and calreticulin [39,64] and, consequently,
are sensitive to ER stressors [39]. By enhancing Ca2+-leakage-mediated ER stress, Klotho could
increase the calreticulin exposure at the surface of tumor cells and so, facilitate immunogenic cell death.
Considering the emerging improvements in immunotherapy, this question will certainly be addressed
in the future.

4. Materials and Methods

4.1. Chemicals

Doxorubicin (Adriamycin; Pfizer, New York, NY, USA) and gemcitabine (Gemzar; Eli Lilly and
Company, Neuilly-sur-Seine, France) were obtained from the pharmacy of the Bergonié Institute
(Bordeaux, France). Docetaxel (Taxotere; Sanofi-Aventis, Gentilly, France) was obtained from
Sigma-Aldrich (St. Quentin Fallavier, France). ABT-737 was purchased from Selleckchem (Munich,
Germany).

About the other chemicals—thapsigargin, puromycin, anisomycin, ionomycin, Hyp9, OAG,
U73343, and Wortmannin—were from Sigma-Aldrich. BMS-754807 and PD98059 were purchased from
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Selleckchem. Larixyl acetate was obtained from Santa Cruz Biotechnology (Dallas, TX, USA). Pyr3 was
from Calbiochem (Merck Millipore, Darmstadt, Germany). Human IGF1 was from Miltenyi Biotec
(Paris, France). QVD-OPh was purchased from R&D Systems (Minneapolis, MN, USA).

4.2. Cell Lines

The dedifferentiated liposarcoma cell lines IB111, IB115, and IB143 were a generous gift
from F. Chibon (INSERM U1218, Bergonié Cancer Institute, Bordeaux) and were established and
authenticated as previously described [65]. DDLPS and HEK-293T cell lines were respectively
cultured in RPMI-1640/GlutaMAX-I and DMEM/GlutaMAX-I media (Life Technologies Inc., brand of
ThermoFisher Scientific, Waltham, MA, USA) supplemented with 10% Foetal Bovine Serum (FBS).
Cells were grown at 37 ◦C in a humidified atmosphere containing 5% CO2. Cultures were periodically
tested for mycoplasma contamination.

IB111, IB115, and IB143 cells were infected with a lentiviral vector encoding human
transmembrane KL (EX-Z9677-Lv105, GeneCopoeia, Rockville, MD, USA). Control cell lines were
established with lentiviral transduction of an empty vector (pReceiver-Lv105, GeneCopoeia, Rockville,
MD, USA). VSV-G-pseudotyped lentiviral particles were produced by co-transfection of HEK293T
cells with previous vectors and the compatible packaging plasmids psPAX2 and pVSVg. Cell lines
were incubated overnight with lentiviral supernatants and 8 μg/mL of polybrene (Sigma-Aldrich,
St. Quentin Fallavier, France). Stably transduced cells were selected with puromycin (1 μg/mL, Sigma).
Then, puromycin was removed from the culture medium. KL overexpression was regularly verified
over passages by Western blotting.

4.3. Western Blot

For IGF-1 stimulation, the cells were harvested overnight before IGF-1 addition into an FBS-free
culture medium. For protein extraction, cells were rinsed with ice-cold PBS and lysed for 30 min
at 4 ◦C in RIPA lysis and extraction buffer (Sigma) supplemented with a protease/phosphatase
inhibitor cocktail (Sigma-Aldrich, St. Quentin Fallavier, France), 5 mM sodium orthovanadate
(New England Biolabs, Ipswich, MA, USA), 1 mM EGTA, and 10 mM sodium fluoride (Sigma-Aldrich,
St. Quentin Fallavier, France). Lysates were pelleted 10 min at 17,000× g, 4 ◦C and supernatants were
collected for protein quantitation (DC protein assay kit, Biorad, Hercules, CA, USA). After denaturation,
25 μg total proteins of each sample were separated by sodium dodecyl sulfate–polyacrylamide
gel electrophoresis and transferred to polyvinylidene difluoride membranes (iBlot2, ThermoFisher
Scientific, Waltham, MA, USA) for immunoblotting with the appropriate primary antibody at 4 ◦C
overnight. Anti-KL antibodies were purchased from Sigma-Aldrich (St. Quentin Fallavier, France)
(#SAB2104815 and #SAB2105026) and ThermoFisher Scientific (Waltham, MA, USA) (PA5-21078).
Antibodies for detection of P-IGF1Rβ (Tyr1131) (#3021), p-AKT (Ser473) (#4060), AKT (#4685),
p-ERK1/2 (Thr202/Tyr204) (#9101), ERK1/2 (#9101), BiP (#3177), p-eIF2α (Ser51) (#3597), XBP-1s
(#12782), c-PARP (Asp214) (#5625), SERCA2 (#4388) and calreticulin (#12238) were obtained from Cell
Signaling Technology (Danvers, MA, USA). Antibodies for IGF-1Rβ (#sc-713), eIF2α (#sc-11386), and
CHOP (#sc-793) were from Santa Cruz Biotechnology (Dallas, TX, USA). Anti-TRPC6 (#ACC-120)
was provided by Alomone Labs (Jerusalem, Israel). Anti-actin (#A2066) was from Sigma-Aldrich
(St. Quentin Fallavier, France). After washing, blots were incubated for 1 h with a horseradish
peroxidase-linked anti-rabbit antibody (Sigma-Aldrich, St. Quentin Fallavier, France) and processed
for a chemiluminescent substrate (ThermoFisher Scientific, Waltham, MA, USA) according to the
manufacturer’s instructions. The signal was detected using Fusion Fx7 (ThermoFisher Scientific,
Waltham, MA, USA) imaging system. Actin was used as a loading control and the quantification of
protein abundance was performed by blot densitometry using the ImageJ 1.48v software (Rasband,
W.S., ImageJ, U. S. National Institutes of Health, Bethesda, MD, USA).
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4.4. Cell Proliferation

A total of 2500 cells were plated into 24-well plates in four replicates. Culture medium was
changed at days 0-3-5 (0.5 mL per well). After trypsinization, the cell number was evaluated by
flow cytometry (FACS Calibur, BD Biosciences, San Jose, CA, USA) based on their morphological
features (FSC/SSC). Data acquisition and analysis were performed with the BD PlateManager and BD
CellQuestPro software.

4.5. Clonogenic Assay

Totals of 100, 500, and 1000 cells were plated onto 6-well plates. Fresh culture medium was added
every 2 to 3 days. After 10 days, cells were washed with PBS, fixed with 70% ethanol, washed again
and then stained with a 1% Crystal Violet solution (Sigma-Aldrich, St. Quentin Fallavier, France).
After several rinses with water and drying, the plates were scanned.

4.6. MTT Assay

A total of 5000 cells were seeded into 96-well plates in six replicates. The day after, the culture
medium was replaced by a doxorubicin-containing medium (0.2 mL per well). After 72 h, 20 μL
of 5 mg/mL MTT substrate (Sigma-Aldrich, St. Quentin Fallavier, France) solution were added to
each well. Plates were incubated 2 h at 37 ◦C in a humidified atmosphere containing 5% CO2. Then,
the medium was discarded and formazan was dissolved in DMSO. Absorbance of each well was
measured with the microplate reader FlexStation 3 (Molecular Devices, San Jose, CA, USA) and
calculated (A570nm–A630nm). For each condition, the viability was calculated as a percent of control.
Dose-response curves were interpolated with Prism6 v6.01 (GraphPad Software Inc, La Jolla, CA, USA)
software as standard slopes.

4.7. Mitochondrial Potential Loss Assay (Tetramethylrhodamine, Methyl Ester, TMRM)

A total of 5000 cells were seeded into 96-well plates in at least three replicates. The day after, the
culture medium was replaced by drug-containing medium (0.2 mL per well). After 72 h of incubation,
200 nM TMRM dye (Fluka, brand of ThermoFisher Scientific, Waltham, MA, USA) and 20 μM verapamil
(Sigma-Aldrich, St. Quentin Fallavier, France) were added into medium. Plates were incubated at
37 ◦C, 5% CO2 for 30 min. Then, supernatants were collected, cells were trypsinized and resuspended
in their respective supernatants. TMRM-staining was analyzed by flow cytometry (FACS Calibur,
BD Biosciences, San Jose, CA, USA). Data acquisition and analysis were performed with the BD
PlateManager and BD CellQuestPro software. Cell population was determined on a FSC/SSC dot plot.
Then, the region corresponding to cells that lost their mitochondrial electric potential (TMRM-negative
cells) was selected on a SSC/FL2 dot plot diagram. The number of TMRM-negative cells is shown as a
percentage of the analyzed cell population. Dose-response curves were interpolated with Prism6 v6.01
(GraphPad Software Inc., La Jolla, CA, USA) software as standard slopes.

4.8. Cytosolic Calcium Imaging

For calcium imaging, 100,000 cells were seeded onto glass coverslips (25 mm dia.) and incubated in
a complete culture medium for 48 h. Single-cell cytosolic calcium imaging was performed, using Fluo2
LR-AM calcium dye as previously described [66]. Fluorescence intensity changes were normalized
to the initial fluorescence value F0 and expressed as F/F0 (relative [Ca2+]cyt). One field was acquired
from each coverslip and the data were pooled from six independent coverslips on three different days.
Data were processed using OriginPro 7.5 software (Origin Lab, Northampton, MA, USA). On graphs,
data were summarized as the mean ± standard deviation (SD).
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4.9. Statistical Analysis

The cohort of 140 primary liposarcomas is from Gobble et al. [67] (GSE30929). Data about patient
survival, histotypes and KL expression values (estimated with robust multi-array average (RMA)) were
obtained with the web tool GEO2R. Patients were divided into groups according to the KL expression
value (“high” or “low”, cut-off = mean). Survival rates were estimated using the Kaplan–Meier method
and compared using the log-rank test using XL-STAT v2018.1 (Addinsoft, Paris, France) software.

Each experiment was repeated at least three times. To examine the statistical significance of
the results, analyses were performed with the Prism6 v6.01 (GraphPad Software Inc, La Jolla, CA,
USA) software. The normal distribution of datasets was examined with a Shapiro–Wilk normality
test. If the data passed the normality test, the statistical significance between the two conditions was
assessed with an unpaired t-test and the results were represented as the mean ± standard deviation
(SD). Otherwise, a Mann–Whitney test was used and the median with interquartile range (IQR) was
plotted. For western blot experiments, paired tests were used. Significant differences are represented
as * if p-value p < 0.05, ** if p < 0.01 and *** if p < 0.001.

5. Conclusions

In this study, we evidence that Klotho is downregulated in DDLPS tumors and that its
re-expression in DDLPS cell lines enhances the apoptotic response to ER stressors. Its mechanism of
action mainly relies on the opening of the TLC, which mediates reticular Ca2+ leak and is induced by at
least the attenuation of the IGF-1/ERK signaling pathway. Further experiments should be performed
in order to identify the molecular players modulating TLC opening and regulated by ERK and Klotho.
This would provide new therapeutic targets for overcoming drug resistance of DDLPS.
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uptake, Figure S7: Capacitive Ca2+ entry has no significant impact on gemcitabine-induced cell death, Figure S8:
Impact of TRPC3,6 channels inhibition on the response to OAG in IB115-KL cells, Figure S9:Anisomycin reduces
ER stress whereas gemcitabine depletes the reticular Ca2+ stores of IB115-KL cells, Figure S10: Sensitization to ER
stressors by TLC opening was confirmed in two other DDLPS cell lines overexpressing KL, Figure S11. Western
blot analysis of AKT and ERK1/2 phosphorylation status in IB115-empty vector cells after 24 h incubation with no
drug, BMS-754807 (50 nM), Wortmannin (1 μM) or PD98059 (20 μM), Figure S12. Pretreatments with BMS-754807
or PD98059 does not affect reticular Ca2+ content.
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