
RESEARCH ARTICLE

Voltage-Dependent Anion Channel 1(VDAC1)

Participates the Apoptosis of the

Mitochondrial Dysfunction in Desminopathy

Huanyin Li☯, Lan Zheng☯, Yanqing Mo, Qi Gong, Aihua Jiang, Jing Zhao*

Department of Internal Neurology, Central Hospital of Minhang District, Shanghai (Minhang Hospital, Fudan

University), Minhang District, Shanghai, P.R.China

☯ These authors contributed equally to this work.

* zjmzx16f@126.com

Abstract

Desminopathies caused by the mutation in the gene coding for desmin are genetically pro-

tein aggregation myopathies. Mitochondrial dysfunction is one of pathological changes in

the desminopathies at the earliest stage. The molecular mechanisms of mitochondria dys-

function in desminopathies remain exclusive. VDAC1 regulates mitochondrial uptake across

the outer membrane and mitochondrial outer membrane permeabilization (MOMP). Rela-

tionships between desminopathies and Voltage-dependent anion channel 1 (VDAC1)

remain unclear. Here we successfully constructed the desminopathy rat model, evaluated

with conventional stains, containing hematoxylin and eosin (HE), Gomori Trichrome (MGT),

(PAS), red oil (ORO), NADH-TR, SDH staining and immunohistochemistry. Immunofluores-

cence results showed that VDAC1 was accumulated in the desmin highly stained area of

muscle fibers of desminopathy patients or desminopathy rat model compared to the normal

ones. Meanwhile apoptosis related proteins bax and ATF2 were involved in desminopathy

patients and desminopathy rat model, but not bcl-2, bcl-xl or HK2.VDAC1 and desmin are

closely relevant in the tissue splices of deminopathies patients and rats with desminopathy

at protein lever. Moreover, apoptotic proteins are also involved in the desminopathies, like

bax, ATF2, but not bcl-2, bcl-xl or HK2. This pathological analysis presents the correlation

between VDAC1 and desmin, and apoptosis related proteins are correlated in the desmino-

pathy. Furthermore, we provide a rat model of desminopathy for the investigation of desmin

related myopathy.

Introduction

Desminopathies, also known as genetically skeletal myopathy and/or cardiomyopathy, is the

most common subtype of protein aggregated myopathies. This disease ranged from childhood

to late adulthood is severely disabling disease, was due to the mutation of human desmin gene

on chromosome 2q35 [1]. Most of patients with desminopathy loss their kinetism for 10 to 20

years of pathogenesis and died of cardiomyopathy or respiratory failure. The muscle pathology
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is characterized by enlarged myofibrillar diameter, desmin protein aggregate. The precise

pathology of myopathies is myofibrillar intermediate sediments. Desminopathies are mainly

reported in Northern American, less in China and Japan.

Desminis an important muscle-specific type III intermediate filament cytoskeletal protein,

containing the 470 amino acids. Its spherical ends mainly interact with intracellular proteins

and a variety of substances and the middle rod-shaped are mainly α- helix cytoskeleton[2].

Protein filaments within the muscle cells formed skeleton, and are widely connected to the fas-

cia, Z-disc, nucleus, mitochondria, lysosomes, endoplasmic reticulum, Golgi apparatus and

other structures. Meanwhile, special spiral-helix domain of desmin molecule can play a perfect

role in power transmission, so that when the muscle fiber contraction or relaxation, the junc-

tion cytoskeleton structure will constitute an integrated whole body, muscle cells and organ-

elles make their effective adaptation in systolic and diastolic changes[3]. Mutant desmin will

lose the function of the previous frame, resulting in not only mechanical power transmission

dysfunction of myocyte, but also the obstacle of the mechanical signals of different molecules

within the cells and myocytes. However, why the desmin gene mutations lead to abnormal

accumulation of more than 60 proteins appeared in muscle cells, muscle cells, and what kinds

of pathophysiological changes in organelles happened after desmin mutation, these problems

have still not been fully understood clearly[4].

Mitochondrial dysfunction in the development of the disease has been the research high-

lights. It has been confirmed, and mitochondria are the principal target of pathological mecha-

nisms involved in a variety of inflammatory muscle disease and hereditary muscle disease[5].

Recent studies have found that after the desmin gene mutation, mitochondrial morphology

and function of muscle cells also appeared abnormal pathological changes. Desmin knockout

mouse muscle cells, mitochondrial dysfunction are the earliest pathological changes, mainly

increased the number of mitochondria, mitochondrial swelling and abnormal accumulation

in the muscle membrane, mitochondrial membrane potential dissipation, and decreased activ-

ity of the mitochondrial respiratory chain enzyme complexes. In the mutant desmin L345P

transgenic mice, the muscle fibers within the mitochondrial function and morphology also

showed abnormal mitochondrial Ca2+levelsincreased considerably apoptosis start the mito-

chondria-mediated pathway at the same time[6]. Schroder R et al. found that mutant desmin

K239fsX242 patient muscle cells appear abnormal distribution of mitochondria, the activity of

mitochondrial respiratory chain enzyme complexes I and IV decreased[7]. Above clinical and

basic studies have shown that abnormal muscle mitochondria is one of the earliest pathological

changes in the desmin mutations, not only for structural mitochondrial abnormalities and

abnormal position, but also, the performance of the energy metabolism and Ca2+dysregulation.

Mitochondrial voltage-dependent anion channel (VDAC), also called mitochondrial mem-

brane pore protein, is an imperative mitochondrial membrane permeability material transport

channel [8]. The main functions of VDAC include the following aspects: (1) VDAC controls

the transport of metabolites between the mitochondria and cytoplasm, VDAC polymers form

channels to modulate ATP transportation the outer mitochondrial membrane; (2) VDAC is

an important part of mitochondrial permeability transformation channels (permeability tran-

sition pore, PT hole), PT hole is composed of mitochondrial proteins and cytoplasmic proteins

(including: VDAC, creatine kinase, adenylate transporter, cyclophilin D, etc.), mainly localised

in the inner mitochondrial membrane and the outer membrane contact sites. cytochrome C

(CytoC), apoptosis inducing factor (AIF), Smac/DIABLO, nucleic acid within various apopto-

tic factors, endonuclease G, etc. were released into the cytosol when the mitochondrial PT

pore are opening; (3) VDAC is the important protein cross-talk between mitochondria and

endoplasmic reticulum, VDAC connected to endoplasmic reticulum calcium release channel

IP3R physically with chaperone GRP75 (glucose-regulated protein 75) and play an important
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regulatory role in modulating the inner mitochondrial Ca2+ levels. In addition, VDAC con-

nected to the mitochondria and endoplasmic reticulum through phosphorylation cluster sort-

ing protein 2 (PACS2), regulating Bid of Bcl2pro-apoptotic factor family mediated apoptotic

pathways; (4) VDAC is involved in the regulation of intracellular redox substances. On the one

hand, VDAC can promote mitochondrial free oxygen radicals to release into the cytoplasm,

on the other hand, nitric oxide (NO) and VDAC interacts directly, inhibits VDAC channel

permeability, thereby inhibiting the opening of the mitochondrial PT pores [9]. In conclusion,

VDAC is the important intersectional target of mitochondrial regulation of cell survival and

death pathways [10].

Apoptosis is completed through the extrinsic pathway and intrinsic pathway, the extrinsic

pathway is considered to be leaded by a number of extracellular signals, such as Fas or tumor

necrosis factor (TNF); intrinsic pathway usually begins with the mitochondria response to dif-

ferent stimuli[11]. VDAC is uniquely positioned in the outer mitochondrial membrane chan-

nel, control crosstalk between mitochondria and other parts of cell metabolism. VDAC is a

powerful lever in the regulation of mitochondrial metabolism [12].There are a lot of proteins

interacting with VDAC1 in the cell, adjusting the permeability of PT pore and the release of

the apoptotic material of mitochondrial membrane gap, thereby regulating cell apoptosis. The

bcl-2 protein family is one of the key factors in the regulation of apoptosis, and plays an impor-

tant role in apoptosis signal transduction pathway. Bcl-2 and bax are the most representative

the anti-apoptotic and pro-apoptotic genes of bcl-2 family respectively, and bax is the main

regulator of bcl-2 activity [12]. bax can interact with VDAC to increase VDAC aperture and

increases mitochondrial permeability, promoting apoptosis [13]. The bcl-2 protein is an essen-

tial anti-apoptotic proteins, preventing the release of cytochrome C and the activity of caspase.

The proper proportion of bax and bcl-2 maintains the cell homeostasis to ensure cell survival

[14].

In the studies of tumor cells, it was found that tumor cells still maintain energy supply even

in the presence of oxygen by enhancing the glucose anaerobic glycolysis, this enhanced charac-

teristics of tumor cell is called aerobic glycolysis tile Berg effects (Warburg effect) [15]. Further

studies showed that the conjunction of mitochondrial and hexokinase is the key of Warburg

effect [16,17]. Additional studies showed that hexokinase (HK) and mitochondrial outer mem-

brane through VDAC associated [18]. There are four genes encoding four kinds of HK subtypes

in the human genome. HKI and HKII are positioned in the outer mitochondrial membrane.

HKIII is localized in the nucleoside, HKIV is localized in the cytoplasm [19]. Evidences suggest

that HKII of four subtypes is really related to VDAC in 1998 [20]. HKII and VDAC mitochon-

drial membrane gap prevents the release of binding protein and apoptosis [12].

Evidence suggested that activated into factor (ATF2) of cytoplasmic localization is associ-

ated with the cell death and stress of disease process [21]. Genotoxic stress stimulates nuclear

ATF2 to translocate to the cytoplasm. ATF2 within the cytoplasm is positioned on the outer

membrane of mitochondrial, and then mitochondrial membrane potentially reduced, causing

mitochondrial depolarization, which increases the permeability of mitochondria, causing

mitochondrial-dependent cell apoptosis. ATF2-Bim-VDAC1 hierarchically regulates apopto-

sis, ATF2 damages HK-VDAC1 complex, inspires Bim-mediated BAX-VDAC complex for-

mation to increase the permeability and the release of mitochondrial cytochrome C, resulting

in induction of apoptosis [22].

In mammals, VDAC have three kinds of isoforms: VDAC1, VDAC2 and VDAC3, which

VDAC1 is the most abundant and mainly studied. In HeLa cells, the amount of VDAC1 is ten

times more than VDAC2, 100 times more than VDAC3 [23].

Desmin is the most important protein in muscle cells intermediate filament cytoskeletal.

Whether there is interaction between desmin and VDAC, and when desmin changes, what
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changes of VDAC function will occur, how mitochondrial happen to change, it is not clear.

The study adenovirus coated protein gene mutation junction constructs desmin disease animal

model, by contrasting immunohistochemical results of desminopathy patient-related diseases

and animal models of desminopathy disease, we found that desmin mutation and VDAC1,

bax, bcl-2, HKII, ATF2 are closely related, it provided ideas for the study of other neurological

protein aggregation diseases, also provides a new approach for drug development.

Materials and Methods

Cell and Regents

HEK-293 cells were purchased from ATCC (USA).Incision enzymes were purchased from

NEB Company and Takara Company. LR ClonaseIIwas bought from Invitrogen. METAFEC-

TENETM (Biotex, USA) were used for transduction in HEK-293 cells.

Construction of rAd5-DES (pad-DES)

Adenovirus vectors ofrAd5-DES were performed by Jingsai biotechnology (Wuhan, China),

coated with mutation protein of DES at c.821T>C; L274P (S5 Fig). Vectors of pad-DES were

transferable intoHEK-293 cells with METAFECTENETM followed the manufactural instruc-

tion. The titer of adenovirus was obtained by Tissue Culture Infectious dose 50 Assay.

Ethics statement

All animal works were conducted according to relevant national and international guidelines.

They were approved by the Committee on the Ethics of Animal Experiments of Shanghai Jiao

tong University and monitored by the Department of Experimental Animals of Shanghai Jiao

tong University. Clinical specimens of desminopathy patients were acquired by surgery or

biopsy from desminopathy patients, which were approved by the Ethical Committee of Central

Hospital of Minhang District of Shanghai. Written Informed consent was provided by all

patients in this study.

Animal experiment

Male SD rats (18–25 days old) were supplied by the Animal Scientific Department of Shanghai

Jiaotong University. The rats were maintained in the accredited animal facility of Shanghai

Jiao tong University, and animal care was in accordance with institutional guidelines. The rats

were received intramuscular injection with rAd5-DES (1010pfu per rat) at the left legs with 9

palace grids method, every grid is 0.5cm×0.5cm (S6A Fig),and accordingly the rats were

received intramuscular injection with the same voltage of normal saline as control. The rats

run in a wheel at the time of 6 and 9 o’clock everyday (S6B Fig). Rats were sacrificed at d14

after injection. The muscle tissues of left or right legs were collected and stored in the -80˚C.

The skeletal muscle was cut by using CM1950 frozen section machine (Leica, Germany) and

prepared for the Conventional stain or Immunohistochemistry.

We have any efforts to alleviate suffering for rats used in this study as the following steps:

Anesthesia: The chloral hydrate was formulated into 5% solution with sterile saline. Rats were

received intraperitoneal injection of 5% chloral hydrate following 0.6ml / 100g, and the anes-

thetic into three equal parts, injection of 1each at interval 3min, observe the effect before the

third injection, cancel the third injection if it has entered the anesthesia; and the injection con-

tinues if it fails to reach anesthesia. After injection of narcotic drugs, pull out the needles lightly

to avoid leakage. Two rats of each were sacrificed respectively at the time points: 2 days, 7 days

14 days, 21 days or 28 days. After we accessed the rat model of different time points, 14 days
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were chosen in this model for further immunohistochemistry and immunofluorescence analy-

sis. Eight rats of each group were performed in the further experiment. The rats were received

intramuscular injection with rAd5-DES (1010pfu per rat) at the left legs with 9 palace grids

method.

Participant recruitment and patient tissue collection. Select the patients(S1 Table) diag-

nosed with desmin myopathy in the neurological department of our hospital between October

2014 and January 2016, and the patients with the same electrophysiological neuromuscular

symptoms and muscle biopsy but the normal final diagnosis in the same period, were set as the

control group. After obtaining the approval of the hospital ethics committee, and patients and

their families signed the informed consent of patients and routine physical examination, an

open surgical incision was selected at the left biceps biopsy site after local anesthesia to obtain

muscle specimens between October 2014 and January 2016.

Histology

Conventional Stain. The frozen sections of the skeletal muscle of desminopathy patients

and desminopathy rat model were prepared for conventional stain, containing hematoxylin

and eosin (HE), Gomori Trichrome (MGT), (PAS), red oil (ORO), NADH-TR, SDH stain, the

method of these staining followed the previously published [24].

Immunohistochemistry and immunofluorescence. Tissue sections were prepared and

subjected to immunohistochemical analysis or immunofluorescence. Murine anti-desmin Ab

(Abcam) and Goat anti-murine second Ab (DAKO) were used for immunohistochemistry.

Murine anti-desmin monoclonal Ab (Abcam), Rabbit anti-bcl-xl monoclonal Ab (Abcam),

Rabbit anti-ATF2 polyclonal Ab (Abcam), Rabbit anti-bax polyclonal Ab (Protein Tech), Rab-

bit anti-HK2 polyclonal Ab (Protein Tech), Rabbit anti-bcl-2 polyclonal Ab (GeneTex),

TRITC-labeled goat anti murine IgG (Protein Tech) and FITC-labeled goat anti rabbit IgG

(Protein Tech) were used for immunofluorescence. Images were obtained using a NIKON-Ds-

RIL microscope at 40 x10 magnifications. Statistics of these proteins were analyzed by using

Image-pro plus 6.0.

Results

Pathological characteristics of patients with desmin-related myopathy

Firstly, we collected the frozen sections of the left biceps of patients with desmin-related myop-

athy, then analyze by using routine staining and immunohistochemical staining. It suggested

that the border of muscle cross-section is still clearly displayed and mild hyperplasiain the con-

nective tissues within the muscle bundle. Small blood vessels were normal without significant

cardiovascular infiltration of the inflammatory cells and deposits of abnormal materials. There

are some angular muscle fibers within the bundle loosely arranged due to the proliferation of

internal connective tissues.The muscle fiber diameters displayed the unimodal distribution.

Normal muscle fiber diameter is between 30–90 microns, and the group scattered distribution

of small circular or angular muscle fiber atrophyhas a diameter of between 5–30 microns. Little

muscle fibers hypertrophy occurs; the maximum diameter is 110 microns. Eosinophilic materi-

als appeared in the visible part of the muscle fibers lumps or patchy distribution, the phenome-

non of some muscle fibers shift in the nucleus occurs (Fig 1A), there are rimmed vacuoles

within few muscle fibers. Individual muscle fiber necrosis, necrotic muscle fibers with the old

phagocytic cell infiltration, and necroticfresh-like muscle fibers showed homogeneous changes.

Basophilic material deposited appears in broken individual muscle fiber therein. We found no

muscle membrane-like changed fibers without regeneration occurred, or cyclic, spiral and split

changed. Homogeneous substances and visible individual atypical RRF (Fig 1B) occurred
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within few muscle fibers. The fat droplets increased substantially inindividual muscle fibers (Fig

1B). PAS staining showed no stained muscle fibers and lack of glycogen substance in abnormal

Fig 1. VDAC1 is involved in the desminopathy patients. The skeletal muscle fibers of desminopathy patients were treated

with HE, MGT, immunohistochemical, NADH, SDH or PAS stain (A); individual atypical RRF and individual lipid droplets by

MGT and ORO stains were shown in (B); desmin in the muscle fibers of patients were detected by immunohistochemistry as

shown in (C), the muscle fiber of normal person was set as a control (C); VDAC1 and desmin in the muscle fibers of

desminopathy patients were analyzed by immunofluorescence as shown in (D). Scale bars, 50μm.

doi:10.1371/journal.pone.0167908.g001
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material deposition zone (Fig 1A). NADH-TR staining showed few stained atrophic muscle

fibers, the material deposited activity within abnormal muscle fibers appeared flaky deletion

(Fig 1A). SDH staining showed that the lack of activity in the central portion of the muscle

fibers, and a small amount of residual activity (Fig 1A) at its periphery. NSE staining showed

the lesions visible stained part of muscle fibers and infiltration of inflammatory cells. Immuno-

histochemical staining of desmin revealed that corresponding positive deposits also emerged in

the majority of MGT stained muscle fibers (Fig 1A).

Normal desmin displayed grid-like pulp diffuse expression under sarcolemma and package

(Fig 1C and S1A Fig), while desmin aggregated in muscle fiber of patients with desminopathy,

which appeared the following characteristics: (1) diffuse positive aggregation within the pack-

age pulp or under sarcolemma (Fig 1C and S1A Fig); (2) strong positive lumpy deposits in the

package pulp, pellet-like deposition (Fig 1C and S1A Fig); (3) strongly positive irregularly

aggregates in the pulp (Fig 1C and S1A Fig). VDAC1 is involved in desmin aggregation in the

patients with desminopathy.

Immunofluorescence analysis of desminand VDAC1 in the frozen sections of left biceps of

patients with double detection of muscle fibers within desmin strong positive irregular mass

gathering like high signal (Fig 1D and S1B Fig), VDAC1 fluorescent display appears VDAC1

high in the corresponding muscle fibers signal aggregates (Fig 1D and S1B Fig); Skeletal des-

min in muscle membrane, evenly distributed in the cytoplasm (Fig 1D and S1B Fig), VDAC1

normally evenly distributed in the cytoplasm (Fig 1D and S1B Fig).

Apoptosis related proteins are involved in the desmin aggregation of the

patients with desminopathy

VDAC1 are closely related to the apoptosis of cells, especially bax interacts with VDAC1 to

enhance the permeability of mitochondria, and then promote the apoptosis. Bcl-2 is an anti-

apoptotic protein, which maintains the survival of cells with bax at the proper percentage.

ATF2 forms a complex ATF2-Bim-VDAC1, which regulates the apoptosis. So we analyze bax,

bcl2,bcl-xl, and HK2 expression and location in the muscle fibersof patients with desminopa-

thy by using immunofluorescences. Fluorescent desmin displayed irregular aggregation high

signal (Fig 2 and S2 Fig) muscle fibers, bax fluorescent display high signal accumulation also

appear in the corresponding muscle fibers (Fig 2A and S2 Fig); Skeletal desmin in muscle

membrane, evenly distributed in the cytoplasm (Fig 2A and S2 Fig); bax evenly distributed

within the normal muscle fibers, muscle fibers showed a mosaic-like distribution (Fig 2A and

S2 Fig). Immunofluorescence staining of bax in muscle fibers appeared the mosaic distribution

of lightly stained, stained (Fig 2A and S2 Fig), corresponding to HE staining (Fig 2A, right and

S2 Fig) type 1, type 2 muscle fibers. bax fluorescence was lightly stained in Type 1 muscle fibers

and thickly stained in type 2 muscle fibers.

Fluorescent desmin showed diffuse hyperintensity in the muscle fibers of patients(Fig 2B

and S2 Fig), bcl-2 fluorescence display no significant abnormality between fluorescence the

corresponding muscle fibers and normal muscle fibers(Fig 2B and S2 Fig); desminevenly dis-

tributed in muscle membrane and the cytoplasm of normal skeletal muscle (Fig 2B and S2

Fig), bcl-2displayeduniformly low signal within the normal muscle fibers(Fig 2B and S2 Fig).

Fluorescent desmin in muscle fibers diffusely display high signal (Fig 2C and S2 Fig), fluores-

cent bcl-xl display no significant differences between corresponding muscle fibers and normal

muscle fibers (Fig 2C and S2 Fig); desmin evenly distributed in the normal cytoplasmand the

normal muscle membrane (Fig 2C and S2 Fig), bcl-xl displayed uniformly low signal within

normal skeletal muscle (Fig 2C and S2 Fig). High fluorescent desmin signal appeared in sarco-

lemma and their regular lumps aggregation of muscle fibers (Fig 2D and S2 Fig), high signal of

VDAC1 in Desminopathy
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fluorescent ATF2 display in the correspondingly irregular aggregation of the muscle fibers (Fig

2D and S2 Fig); Skeletal desmin in muscle membrane, evenly distributed in the cytoplasm (Fig

2D and S2 Fig), ATF2 distributed evenly in the cytoplasm of normal human skeletal muscle

(Fig 2D and S2 Fig). Fluorescent desmin display muscle fibers diffuse hyperintensity (Fig 2E

and S2 Fig), HK2 fluorescent display corresponds to the fluorescence signal than normal mus-

cle fibers slightly reduced (Fig 2E and S2 Fig); normal desmin in muscle membrane, evenly

distributed in the cytoplasm (Fig 2E and S2 Fig), HK2 within normal muscle fibers evenly dis-

tributed (Fig 2E and S2 Fig).

Construction of the desminopathy rat model

We constructed the plasmid pad-DES which including the point mutation of desmin. Then

pad-DES was injected into skeletal muscle of SD rats (see methods in detail). 14 days later rats

Fig 2. Apoptosis related proteins are involved in the desminopathy patients. The apoptosis related proteins bax

(A), bcl-2 (B), bcl-xl (C), ATF2 (D) and HK2 (E) of normal person (control) or desminopathy patients were detected by

immunofluorescence; in the normal muscle fibers, bax was lightly stained in type 1 muscle fiber, and deeply stained in type 2

muscle fiber as shown in (A, right). Scale bars, 50μm.

doi:10.1371/journal.pone.0167908.g002
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were sacrificed and skeletal muscle was collected for frozen section. The desmin aggregation

displayed typically in the desminopathy-like muscle fibers by immunohistochemistry (Fig 3A

and S3A Fig). Then we repeated that 4 SD rats were injected with pad-DES and rats displayed

the desmin aggregation in the muscle fibers (Fig 3A and S3A Fig). In this model, desmin

aggregates in the muscle fibers (Fig 3B) within a small amount of occasional eosinophilic mate-

rial deposition (Fig 3B). Parts of the muscle fibers shift to the nucleus with the occasional

nuclear aggregation. MGT staining showed no abnormalities (Fig 4B). PAS staining showed

no abnormal desmin deposition within the muscle fibers (Fig 3B). NADH staining showed the

individual stained muscle fibers were atrophy; desmin deposition in muscle fibers appears the

patchy lack of enzyme activity (Fig 3B). SDH staining confirmed the lack of activity in the

muscle fibers (Fig 3B).

Correlation of VDAC1 and desmin was validated in the desminopathy rat model. Des-

minand VDAC1 were detected in the frozen sections of skeletal muscle specimens of model

using the immunofluorescence staining, The diffuse high signal or strong positive expression

of abnormal desmin regularly aggregated in muscle fibers (Fig 3C and S3B Fig), VDAC1

aggregates within the corresponding muscle fibers (Fig 3C and S3B Fig), and the normal des-

min distributed in the muscle membrane or cytoplasmic (Fig 3C and S3B Fig), normal

VDAC1 expressed diffuse in the cytoplasm (Fig 3C and S3B Fig).

Fig 3. VDAC1 is involved in the desminopathy rat model. In the desminopathy rat model, normal (control) or mutant

desmin(rAd5-DES) transferred muscle fibers were analyzed by immunohistochemistry (A); desminopathy muscle fibers

were detected by HE, MGT, NSE, immunohistochemical, PAS, ORO, NADH or SDH stain (B); VDAC1 and desmin in the

normal or desminopathy muscle fibers were detected by immunofluorescence as shown in (C). Scale bars, 50μm.

doi:10.1371/journal.pone.0167908.g003
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Correlation of apoptotic proteins and desmin were validated in the desminopathy rat

model. Desmin, bax, bcl-2, bcl-xl, ATF2 and HK2were detected in the frozen sections of

muscle fibers by using immunofluorescence staining. In the abnormal muscle fibers, it showed

the diffuse high signal or strong positive expression of desmin aggregationin the muscle fibers

(Fig 4 and S4 Fig); sarcolemma, bax positively aggregated in pulp (Fig 4A and S4 Fig); Bcl-2

expressed weaker compare to the normal muscle fibers(Fig 4B and S4 Fig); There was no sig-

nificant difference of bax expression compare to the normal muscle fibers (Fig 4A and S4 Fig);

The signaling of ATF2 aggregated highly in the corresponding muscle fibers of abnormal des-

min (Fig 4D and S4 Fig). There was no difference of the expression of HK2 between the normal

muscle fibers and abnormal ones (Fig 4E and S4 Fig). Correspondingly, in the normal muscle

Fig 4. Apoptosis related proteins are involved in the deminopathy rat model. Apoptosis related proteins bax (A), bcl-2 (B),

bcl-xl (C), ATF2 (D) or HK2 (E) was analyzed by immunofluorescence in the normal (control) or desminopathy muscle fibers.

Scale bars, 50μm.

doi:10.1371/journal.pone.0167908.g004
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fibers, desmin distributed in normal muscle membrane, evenly distributed in the cytoplasm (Fig

4 and S4 Fig); bax distributed evenly within the muscle fibers (Fig 4A and S4 Fig), where type 1

muscle fibers were lightly stained, type 2 muscle fibers were thickly stained. Bax exhibits the pale

stain mosaic-like stained in the muscle fibers. Bcl-2 distributed evenly in the skeletal muscle(Fig

4B and S4 Fig the distribution of Bcl-xl was even in the muscle fibers (Fig 4C and S4 Fig). ATF2

was distributed evenly in the nucleus or cytoplasm (Fig 4D and S4 Fig). HK2 be distributed evenly

in the normal skeletal muscle membrane and cytoplasm (Fig 4E and S4 Fig).

Discussion

Desminopathyis hereditary myopathy caused by mutations of desminin the skeletal or cardiac

muscle [25, 26]. In this study, we have successfully constructed desminopathy disease animal

model by direct intramuscular transduction with adenovirus coding mutations of the gene des-
min, the high stability of the model was validated. In frozen sections of skeletal muscle of the

desminopathy patients or animal model, we found that desmin and VDAC1 deposition with

high signals in muscle fibers, and the related pro-apoptotic proteins (bax, ATF2) also appeared

high signal aggregation, and about related anti-apoptotic proteins (bcl-2, bcl-xl, HK2), HK2 in

patients and bcl-2 in desminopathy rat model are slightly lower expressed than the normal

ones, the other anti-apoptotic proteins are unclear. Thus, we propose the following model:

(1)gathered desmin caused bax from polymerization channel in the mitochondrial outer mem-

brane, bax and VDAC1 are combined. (2) bcl-2 was reduced caused by desmin aggregation,

the ratio of bax and bcl-2 is more than 1.(3) desmin aggregation caused the increase of ATF2,

stimulating the formation of bim-mediated bax-VDAC1 complex, or ATF2 was directly tar-

geted to the outer mitochondrial membrane, reducing mitochondrial membrane potential. (4)

Desmin aggregation inhibited the expression of HK2, reducing the formation of HK2-VDAC

complex and increasing bax/bak formed polymerization hole channel in the outer mitochon-

drial membranes. High expression of VDAC1 increased the permeability of the mitochondrial

membrane, then the pro-apoptotic factors released from the mitochondrial membrane gap to

the cytoplasm, eventually leading to apoptosis.

In the previous study, Pierre Joanne constructed desminopathy model by direct intramus-

cular transduction with the protein of the mutant desmin coated adeno-associated virus [27].

Because adenoviral vector can also be transfected into the dividing or non-dividing cells, the

virus titer is high and is easily prepared and purificated, does not integrate into the host cell

genome, the current adenovirus has become recognized the most ideal gene vectors. In this

study, desminopathy model was constructed by direct intramuscular transduction with the

adenoviral vector containing mutations of desmin(c.821T> C; L274P). We successfully con-

structed the desminopathy rat model with intramuscular transduction and re-verify the high

stability of the model. Mitochondrial dysfunction in the progress of the disease has been a

highlighted topic. Muscle mitochondrial morphology and function showed the abnormal sig-

nificantly increased Ca2+ levels in mitochondria starts mitochondria-mediated apoptotic path-

way [6]. Varying amounts of cytochrome C negative (COX-) muscle fibers and not the typical

ragged red muscle fibers (RRF) appeared in the muscle biopsy specimens of desminopathy

patients [28]. The clinical and basic studies have shown that mutations mitochondria abnor-

mality is one of the earliest pathological changes in the abnormal muscle with desmin muta-

tion, not only for structural mitochondrial abnormalities and abnormal position, but also the

dysregulation of the energy metabolism and Ca2+.

Permeability transition (PT) pore were formed by the combination of mitochondrial pro-

teins and cytoplasmic protein comprising: a voltage-dependent anion channel (VDAC), crea-

tine kinase, adenylate transporter, cyclophilin D etc. PT hole was mainly located in the contact
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sites of the mitochondrial inner membrane and the outer membrane. Cytochrome C (CytoC)

apoptosis inducing factor (apoptosis inducing factor, AIF), Smac / DIABLO, a variety of apo-

ptotic factors endonuclease G, etc. were released into the cytosol when the mitochondrial PT

pore is opening and induce apoptosis; VDAC also called mitochondrial porin is an important

part of PT holes, located in the outer mitochondrial membrane. Further Ca2+, ATP, glutamate,

and many other proteins of NADH and VDAC interaction regulate the permeability of the

VDAC channel[8,29]. Eukaryotic VDAC have VDAC1, VDAC2, VDAC3 subtype III, respec-

tively, by three distinct genes encoding [8], which VDAC1 is the most studied subtype cur-

rently. In this study, patients and desmin Construction disease model, row frozen section of

skeletal muscle desmin and VDAC1 double staining detected desmin accumulation in muscle

fibers VDAC1 there gathered high signal. Tip desmin and muscle disease VDAC1 highly

expressed genes are closely related.

There are many proteins combining with VDAC to regulate the permeability of the mito-

chondrial membrane and apoptosis. Bcl-2 family proteins play a key role in the regulation of

apoptosis, so far, there are at least 19 kinds of proteins of human bcl-2 family are found. This

family includes seven kinds of anti-apoptotic proteins:bcl-2, bcl-Xl, Mcl-1, Bcl-B, Bcl-w, A1 /

Bfl1; and other pro-apoptotic proteins: Bax, Bak, Bok, bim, Bmf, Puma, Noxa, Bad, Bid, Bcl-

Xs, BiNP3, Hrk, respectively [30]. Bcl-2 and bax of Bcl-2 family proteins in apoptosis are most

important [31, 32]. Bax mainly distributed in the cytoplasm of the package and is shifted to

mitochondrial outer membrane to form dimers, trimers, and adenylate transporter combina-

tion response to the stimulation of apoptosis signaling, or combines with VDAC directly to

induce VDAC open and increases the permeability of mitochondrial membrane, thereby

causing induction of apoptosis [33]. The major anti-apoptotic protein Bcl-2 is an integral

membrane protein of bcl-2 family proteins, mainly anchored in the outer membrane of mito-

chondria, endoplasmic reticulum, cytoplasmic side of the nuclear membrane, and competitive

inhibition of bax, thereby inhibiting apoptosis [34, 35]. The ratio of bax/bcl-2 regulates the

apoptosis or inhibition of apoptosis, while bax / bcl-2 is more than 1, the cells tend to apopto-

sis; when bax / bcl-2 is less than 1, the cell s tend to anti-apoptosis [36].

Bcl-xl and bcl-2 are highly homological[37].The overexpression of bcl-xl will protect the

hippocampus and cortex nerve cells against ischemia and hypoxia [38]. Under hypoxic-ische-

mic brain damage condition, bcl-xl gene may also inhibit caspase-3, caspase-9 activity, inhibit-

ing the shift of apoptosis inducing factor (AIF) to the nucleus [39]. Overexpression of bcl-xl

can also protect primary neurons antioxidant sugar deprivation and hypoglycemia stress in

rats [40]. Studies have shown that bcl-xl plays an important role in the number of mitochon-

dria and its division or integration [41], and also maintains the stability of mitochondrial

membrane potential [42] and ATP synthase effect. Recent studies have shown that theBH4

area of bcl-xl, targeting the VDAC1, reduces mitochondrial Ca2+ influx mediated by VDAC1

to inhibit apoptosis [43]. Abnormal accumulation of bax appears in skeletal muscle fibers of

desminopathy patients and desminopathy the content of baxin type 1 muscle fibers is lower

than type 2 muscle fibers; there is no difference of bcl-2 and bcl-xl in muscle fibers withdesmin

aggregation of between patients and normal people,. Within desminopathy animal models,

bcl-2 signal is slightly lower in muscle fibers with desmin aggregation of animal model than

normal, while bcl-xl no significant difference compared with normal. It suggested that desmin

deposition in muscle fibers tends to apoptosis.

Under normal circumstances, activated into factor 2 (ATF2) can be found in the nucleus

and cytoplasm. Overexpression of Cytoplasmic ATF2 predicts low malignancy and good prog-

nosis [44]. ATF2 aggregation can be observed in the cytoplasm of prostate cancer rafter radio-

therapy[45]. Overexpression of cytoplasmic ATF2 induced cell death in melanoma, thereby

reducing the transcriptional activity of endogenous ATF2 [46]. Evidence suggested BH3
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protein (BH3s), such as Bim, can induce BAX and VDAC restructure in the mitochondrial

outer membrane to form the new channels [47, 48]. Recent studies have found that ATF2,

Bim, VDAC1 hierarchically regulate apoptosis, ATF2 damages HK-VDAC1 complex, stimu-

lating Bim-mediated the formation BAX-VDAC complex to increase permeability and the

release mitochondrial cytochrome C, and induce death [22]. We have found that ATF2 depos-

ited in the skeletal muscle fibers with desmin deposition of desminopathy patients and animal

models, which suggests that desmin deposition in muscle fibers and tends to apoptosis.

HKII-VDAC complexes interfere the conjunction of bcl-xl with VDAC, leading to an

increase of free bcl-xl. Increased bcl-xl and bax binding inhibits the formation of bax/bak in

the outer mitochondrial membrane, inhibiting apoptosis [43]. Recent studies showed that

mechanistic target of rapamycin kinase inhibitor (mTOR-KI) promotes HKII to bind to

VDAC binding to shut down the PT hole, while the dissociation of HK2 from the VDAC loss

the function of mTOR-KI[49]. Our study found that HKII slightly weakened within muscle

fibers of the desminopathy patients than normal, Indicating that the occurrence of desminopa-

thy is related to the reduction of HKII.

In this study, there are also some shortcomings. First of all, a small sample volume and the

lack of large sample statistics. Secondly, it is a short time observed in this animal model, dis-

crepancies of proteins in animal models and patients with desminopathy. Thirdly, proteins are

lack of quantitative comparison in this study observed morphological changes of muscle fibers.

However, we have successfully constructed desmin disease animal models with the validation

of high stability of the model. Furtherly, we present the understanding of desmin related

myopathies by studying the mitochondrial apoptotic proteins. All above, we presented power-

ful evidences that VDAC1 are correlated with the desminopathies. Moreover, apoptosis related

protein are also associated with desmin mutation in the patients with desminopathies or rat

desminopathies model. The deeply mechanism of VDAC1 in the desminopathies need to be

furtherly explored, so as to the mitochondrial dysfunction.

Supporting Information

S1 Fig. VDAC1 participates in the desminopathy patients. (A)Statistical analysis of Fig 1C.

(B)Statistical analysis of Fig 1D.

(TIF)

S2 Fig. Apoptosis related proteins are correlated with desmin in desminopathy patients.

Statistical analysis of Fig 2.

(TIF)

S3 Fig. VDAC1 participates in the desminopathy rat model. (A)Statistical analysis of Fig

3A. (B)Statistical analysis of Fig 3C.

(TIF)

S4 Fig. Apoptosis related proteins are correlated with desmin in desminopathy rat model.

Statistical analysis of Fig 4.

(TIF)

S5 Fig. The construction of rAd5-DES. The point mutation of desmin as shown at the arrow
(A),mutation position: c.821T>C, L2Ad5-DES as shown in (B), M1: Wide Range 2000 Marker

(Takara):2kb,1kb,750bp,500bp,250bp,100bp; M2: Wide Range 500–15000 Marker(Takara):

15kb, 8kb, 5kb, 2.5kb, 1kb, 0.5kb; p1: the identification of rAd5-DES with restrictive endonu-

clease XbaI; p2: repeated p1.

(TIF)

VDAC1 in Desminopathy

PLOS ONE | DOI:10.1371/journal.pone.0167908 December 12, 2016 13 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167908.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167908.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167908.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167908.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167908.s005


S6 Fig. Desminopathyrats model. The 9 grids’ area of intramuscular injection was shown at

(A), then the rats run at the designed time in the wheel everyday (B).

(TIF)

S1 Table. The information of desminopathy patients in our hospital.

(DOCX)

Author Contributions

Conceptualization: JZ HL.

Data curation: HL.

Formal analysis: JZ HL.

Funding acquisition: JZ.

Investigation: HL.

Methodology: HL.

Project administration: JZ HL.

Resources: LZ.

Software: LZ YM QG AJ.

Supervision: JZ.

Validation: HL LZ YM QG AJ.

Visualization: HL.

Writing – original draft: HL.

Writing – review & editing: JZ.

References
1. Capetanaki Y, Papathanasiou S,Diokmetzidou A, Vatsellas G, Tsikitis M. Desmin related disease: a

matter of cell survival failure. Current opinion in cell biology. 2015; 32:113–20. Epub 2015/02/14.

PubMed Central PMCID: PMCPMC4365784. doi: 10.1016/j.ceb.2015.01.004 PMID: 25680090

2. Sugawara M, Kato K, Komatsu M, Wada C, Kawamura K, Shindo PS, et al. A novel de novo mutation in

the desmin gene causes desmin myopathy with toxic aggregates. Neurology. 2000; 55(7):986–90.

Epub 2000/11/04. PMID: 11061256

3. Bar H, Strelkov SV, Sjoberg G, Aebi U, Herrmann H. The biology of desmin filaments: how do mutations

affect their structure, assembly, and organisation? Journal of structural biology. 2004; 148(2):137–52.

Epub2004/10/13. doi: 10.1016/j.jsb.2004.04.003 PMID: 15477095

4. Ferrer I, Olive M. Molecular pathology of myofibrillar myopathies. Expert reviews in molecular medicine.

2008; 10:e25. Epub 2008/09/04. doi: 10.1017/S1462399408000793 PMID: 18764962

5. Breuer ME, Willems PH, Russel FG, Koopman WJ, Smeitink JA. Modeling mitochondrial dysfunctions

in the brain: from mice to men. Journal of inherited metabolic disease. 2012; 35(2):193–210. Epub

2011/07/15.PubMed Central PMCID: PMCPMC3278625. doi: 10.1007/s10545-011-9375-8 PMID:

21755361

6. Kostareva A, Sjoberg G, Bruton J, Zhang SJ, BaloghJ,Gudkova A, et al. Mice expressing L345P mutant

desmin exhibit morphological and functional changes of skeletal and cardiac mitochondria. Journal of

muscle research and cell motility. 2008; 29(1):25–36. Epub 2008/06/20. doi: 10.1007/s10974-008-

9139-8 PMID: 18563598

7. Schroder R, Goudeau B, Simon MC, Fischer D, Eggermann T, Clemen CS, et al. On noxious desmin:

functional effects of a novel heterozygous desmin insertion mutation on the extrasarcomericdesmin

VDAC1 in Desminopathy

PLOS ONE | DOI:10.1371/journal.pone.0167908 December 12, 2016 14 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167908.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167908.s007
http://dx.doi.org/10.1016/j.ceb.2015.01.004
http://www.ncbi.nlm.nih.gov/pubmed/25680090
http://www.ncbi.nlm.nih.gov/pubmed/11061256
http://dx.doi.org/10.1016/j.jsb.2004.04.003
http://www.ncbi.nlm.nih.gov/pubmed/15477095
http://dx.doi.org/10.1017/S1462399408000793
http://www.ncbi.nlm.nih.gov/pubmed/18764962
http://dx.doi.org/10.1007/s10545-011-9375-8
http://www.ncbi.nlm.nih.gov/pubmed/21755361
http://dx.doi.org/10.1007/s10974-008-9139-8
http://dx.doi.org/10.1007/s10974-008-9139-8
http://www.ncbi.nlm.nih.gov/pubmed/18563598


cytoskeleton and mitochondria. Human molecular genetics. 2003; 12(6):657–69. Epub 2003/03/07.

PMID: 12620971

8. Shoshan-Barmatz V, De Pinto V, Zweckstetter M, Raviv Z, Keinan N, Arbel N. VDAC, a multi-functional

mitochondrial protein regulating cell life and death. Molecular aspects of medicine. 2010; 31(3):227–85.

Epub 2010/03/30. doi: 10.1016/j.mam.2010.03.002 PMID: 20346371

9. Cheng Q, Sedlic F, Pravdic D, Bosnjak ZJ, Kwok WM. Biphasic effect of nitric oxide on the cardiac volt-

age-dependent anion channel. FEBS letters. 2011; 585(2):328–34. Epub 2010/12/16.PubMed Central

PMCID: PMCPMC3035949. doi: 10.1016/j.febslet.2010.12.008 PMID: 21156174

10. Shoshan-Barmatz V, Ben-Hail D. VDAC, a multi-functional mitochondrial protein as a pharmacological

target. Mitochondrion. 2012; 12(1):24–34. Epub 2011/05/03. doi: 10.1016/j.mito.2011.04.001 PMID:

21530686

11. Chowdhury I, Tharakan B, Bhat GK. Current concepts in apoptosis: the physiological suicide program

revisited. Cellular & molecular biology letters. 2006; 11(4):506–25. Epub 2006/09/16.

12. Krasnov GS, Dmitriev AA, Lakunina VA, Kirpiy AA, Kudryavtseva AV. Targeting VDAC-bound hexoki-

nase II: a promising approach for concomitant anti-cancer therapy. Expert opinion on therapeutic tar-

gets. 2013; 17(10):1221–33. Epub 2013/08/30. doi: 10.1517/14728222.2013.833607 PMID: 23984984

13. Banerjee J, Ghosh S. Bax increases the pore size of rat brain mitochondrial voltage-dependent anion

channel in the presence of tBid. Biochemical and biophysical research communications. 2004; 323

(1):310–4. Epub 2004/09/08. doi: 10.1016/j.bbrc.2004.08.094 PMID: 15351738

14. Wang T, Li Y, Wang Y, Zhou R, Ma L, Hao Y, et al. Lyciumbarbarum polysaccharide prevents focal

cerebral ischemic injury by inhibiting neuronal apoptosis in mice. PloS one. 2014; 9(3):e90780. Epub

2014/03/07. PubMed Central PMCID: PMCPMC3940937. doi: 10.1371/journal.pone.0090780 PMID:

24595452

15. Warburg O, Wind F, Negelein E. THE METABOLISM OF TUMORS IN THE BODY. The Journal of gen-

eral physiology. 1927; 8(6):519–30. Epub 1927/03/07. PubMed Central PMCID: PMCPMC2140820.

PMID: 19872213

16. Bustamante E, Morris HP, Pedersen PL. Energy metabolism of tumor cells. Requirement for a form of

hexokinase with a propensity for mitochondrial binding.The Journal of biological chemistry. 1981; 256

(16):8699–704. Epub 1981/08/25. PMID: 7263678

17. Bustamante E, Pedersen PL. High aerobic glycolysis of rat hepatoma cells in culture: role of mitochon-

drial hexokinase. Proceedings of the National Academy of Sciences of the United States of America.

1977; 74(9):3735–9. Epub 1977/09/01. PubMed Central PMCID: PMCPMC431708. PMID: 198801

18. Nakashima RA, Mangan PS, Colombini M, Pedersen PL. Hexokinase receptor complex in hepatoma

mitochondria: evidence from N,N’-dicyclohexylcarbodiimide-labeling studies for the involvement of the

pore-forming protein VDAC. Biochemistry. 1986; 25(5):1015–21. Epub 1986/03/11. PMID: 3008816

19. Wilson JE. Isozymes of mammalian hexokinase: structure, subcellular localization and metabolic func-

tion. The Journal of experimental biology. 2003; 206(Pt 12):2049–57. Epub 2003/05/21. PMID:

12756287

20. Nakashima RA, Paggi MG, Scott LJ, Pedersen PL. Purification and characterization of a bindable form

of mitochondrial bound hexokinase from the highly glycolytic AS-30D rat hepatoma cell line. Cancer

research. 1988; 48(4):913–9. Epub 1988/02/15. PMID: 3338084

21. Lau E, Kluger H, Varsano T, Lee K, Scheffler I, Rimm DL, et al. PKCepsilon promotes oncogenic func-

tions of ATF2 in the nucleus while blocking its apoptotic function at mitochondria. Cell. 2012; 148

(3):543–55. Epub 2012/02/07.PubMed Central PMCID: PMCPMC3615433. doi: 10.1016/j.cell.2012.01.

016 PMID: 22304920

22. Liu Z, Luo Q, Guo C. Bim and VDAC1 are hierarchically essential for mitochondrial ATF2 mediated cell

death. Cancer cell international. 2015; 15:34. Epub 2015/04/09.PubMed Central PMCID:

PMCPMC4387661. doi: 10.1186/s12935-015-0188-y PMID: 25852302

23. De Pinto V, Guarino F,Guarnera A, Messina A, Reina S, Tomasello FM, et al. Characterization of

human VDAC isoforms: a peculiar function for VDAC3? Biochimicaetbiophysicaacta. 2010; 1797(6–

7):1268–75. Epub 2010/02/09.

24. Dong Y, Sun Q, Liu T, Wang H, Jiao K, Xu J, et al. Nitrative Stress Participates in Endothelial Progenitor

Cell Injury in Hyperhomocysteinemia. PloS one. 2016; 11(7):e0158672. Epub 2016/07/09. doi: 10.

1371/journal.pone.0158672 PMID: 27391949

25. Dalakas MC, Park KY, Semino-Mora C, Lee HS, Sivakumar K, Goldfarb LG. Desmin myopathy, a skele-

tal myopathy with cardiomyopathy caused by mutations in the desmin gene. The New England journal

of medicine. 2000; 342(11):770–80. Epub 2000/03/16. doi: 10.1056/NEJM200003163421104 PMID:

10717012

VDAC1 in Desminopathy

PLOS ONE | DOI:10.1371/journal.pone.0167908 December 12, 2016 15 / 17

http://www.ncbi.nlm.nih.gov/pubmed/12620971
http://dx.doi.org/10.1016/j.mam.2010.03.002
http://www.ncbi.nlm.nih.gov/pubmed/20346371
http://dx.doi.org/10.1016/j.febslet.2010.12.008
http://www.ncbi.nlm.nih.gov/pubmed/21156174
http://dx.doi.org/10.1016/j.mito.2011.04.001
http://www.ncbi.nlm.nih.gov/pubmed/21530686
http://dx.doi.org/10.1517/14728222.2013.833607
http://www.ncbi.nlm.nih.gov/pubmed/23984984
http://dx.doi.org/10.1016/j.bbrc.2004.08.094
http://www.ncbi.nlm.nih.gov/pubmed/15351738
http://dx.doi.org/10.1371/journal.pone.0090780
http://www.ncbi.nlm.nih.gov/pubmed/24595452
http://www.ncbi.nlm.nih.gov/pubmed/19872213
http://www.ncbi.nlm.nih.gov/pubmed/7263678
http://www.ncbi.nlm.nih.gov/pubmed/198801
http://www.ncbi.nlm.nih.gov/pubmed/3008816
http://www.ncbi.nlm.nih.gov/pubmed/12756287
http://www.ncbi.nlm.nih.gov/pubmed/3338084
http://dx.doi.org/10.1016/j.cell.2012.01.016
http://dx.doi.org/10.1016/j.cell.2012.01.016
http://www.ncbi.nlm.nih.gov/pubmed/22304920
http://dx.doi.org/10.1186/s12935-015-0188-y
http://www.ncbi.nlm.nih.gov/pubmed/25852302
http://dx.doi.org/10.1371/journal.pone.0158672
http://dx.doi.org/10.1371/journal.pone.0158672
http://www.ncbi.nlm.nih.gov/pubmed/27391949
http://dx.doi.org/10.1056/NEJM200003163421104
http://www.ncbi.nlm.nih.gov/pubmed/10717012


26. Goldfarb LG, Olive M, Vicart P, Goebel HH. Intermediate filament diseases: desminopathy. Advances

in experimental medicine and biology. 2008; 642:131–64. Epub 2009/02/03. PubMed Central PMCID:

PMCPMC2776705. PMID: 19181099

27. Joanne P, Chourbagi O, Hourde C, Ferry A, Butler-Browne G, Vicart P, et al. Viral-mediated expression

of desmin mutants to create mouse models of myofibrillar myopathy. Skeletal muscle. 2013; 3(1):4.

Epub 2013/02/22.PubMed Central PMCID: PMCPMC3599656. doi: 10.1186/2044-5040-3-4 PMID:

23425003

28. Hong D, Wang Z, Zhang W, Xi J, Lu J, Luan X, et al. A series of Chinese patients with desminopathy

associated with six novel and one reported mutations in the desmin gene. Neuropathology and applied

neurobiology. 2011; 37(3):257–70. Epub 2010/08/11. doi: 10.1111/j.1365-2990.2010.01112.x PMID:

20696008

29. Shoshan-Barmatz V, Gincel D. The voltage-dependent anion channel: characterization, modulation,

and role in mitochondrial function in cell life and death. Cell biochemistry and biophysics. 2003; 39

(3):279–92. Epub 2004/01/13. doi: 10.1385/CBB:39:3:279 PMID: 14716081

30. Vela L, Marzo I. Bcl-2 family of proteins as drug targets for cancer chemotherapy: the long way of BH3

mimetics from bench to bedside. Current opinion in pharmacology. 2015; 23:74–81. Epub 2015/06/17.

doi: 10.1016/j.coph.2015.05.014 PMID: 26079328

31. Hsu YT, Wolter KG, Youle RJ. Cytosol-to-membrane redistribution of Bax and Bcl-X(L) during apopto-

sis. Proceedings of the National Academy of Sciences of the United States of America. 1997; 94

(8):3668–72. Epub 1997/04/15. PubMed Central PMCID: PMCPMC20498. PMID: 9108035

32. Martinou JC, Youle RJ. Mitochondria in apoptosis: Bcl-2 family members and mitochondrial dynamics.

Developmental cell. 2011; 21(1):92–101. Epub2011/07/19.PubMed Central PMCID:

PMCPMC3156409. doi: 10.1016/j.devcel.2011.06.017 PMID: 21763611

33. Szabadkai G, Rizzuto R. Participation of endoplasmic reticulum and mitochondrial calcium handling in

apoptosis: more than just neighborhood? FEBS letters. 2004; 567(1):111–5. Epub 2004/05/29. doi: 10.

1016/j.febslet.2004.04.059 PMID: 15165902

34. Yi X, Yin XM, Dong Z. Inhibition of Bid-induced apoptosis by Bcl-2. tBid insertion, Bax translocation, and

Bax/Bakoligomerization suppressed. The Journal of biological chemistry. 2003; 278(19):16992–9.

Epub 2003/03/08. doi: 10.1074/jbc.M300039200 PMID: 12624108

35. Tait SW, Green DR. Mitochondria and cell death: outer membrane permeabilization and beyond. Nature

reviews Molecular cell biology. 2010; 11(9):621–32. Epub 2010/08/05. doi: 10.1038/nrm2952 PMID:

20683470

36. Chami M, Prandini A, Campanella M, Pinton P, Szabadkai G, Reed JC, et al. Bcl-2 and Bax exert

opposing effects on Ca2+ signaling, which do not depend on their putative pore-forming region. The

Journal of biological chemistry. 2004; 279(52):54581–9. Epub 2004/10/16. doi: 10.1074/jbc.

M409663200 PMID: 15485871

37. Gonzalez-Garcia M, Perez-Ballestero R, Ding L, Duan L, Boise LH, Thompson CB, et al. bcl-XL is the

major bcl-x mRNA form expressed during murine development and its product localizes to mitochon-

dria. Development (Cambridge, England). 1994; 120(10):3033–42. Epub 1994/10/01.

38. Parsadanian AS, Cheng Y, Keller-Peck CR, Holtzman DM, Snider WD. Bcl-xL is an antiapoptotic regu-

lator for postnatal CNS neurons. The Journal of neuroscience: the official journal of the Society for Neu-

roscience. 1998; 18(3):1009–19. Epub 1998/02/14.

39. Yin W, Cao G, Johnnides MJ, Signore AP, Luo Y, Hickey RW, et al. TAT-mediated delivery of Bcl-xL

protein is neuroprotective against neonatal hypoxic-ischemic brain injury via inhibition of caspases and

AIF. Neurobiology of disease. 2006; 21(2):358–71. Epub 2005/09/06. doi: 10.1016/j.nbd.2005.07.015

PMID: 16140540

40. Panickar KS, Nonner D, Barrett JN. Overexpression of Bcl-xl protects septal neurons from prolonged

hypoglycemia and from acute ischemia-like stress. Neuroscience. 2005; 135(1):73–80. Epub 2005/08/

23. doi: 10.1016/j.neuroscience.2005.02.052 PMID: 16111822

41. Berman SB, Chen YB, Qi B, McCaffery JM, Rucker EB 3rd, Goebbels S, et al. Bcl-x L increases mito-

chondrial fission, fusion, and biomass in neurons. The Journal of cell biology. 2009; 184(5):707–19.

Epub 2009/03/04.PubMed Central PMCID: PMCPMC2686401. doi: 10.1083/jcb.200809060 PMID:

19255249

42. Chen YB, Aon MA, Hsu YT, Soane L, Teng X, McCaffery JM, et al. Bcl-xL regulates mitochondrial ener-

getics by stabilizing the inner membrane potential. The Journal of cell biology. 2011; 195(2):263–76.

Epub 2011/10/12.PubMed Central PMCID: PMCPMC3198165. doi: 10.1083/jcb.201108059 PMID:

21987637

43. Monaco G, Decrock E, Arbel N, van Vliet AR, La Rovere RM, De Smedt H, et al. The BH4 domain of

anti-apoptotic Bcl-XL, but not that of the related Bcl-2, limits the voltage-dependent anion channel 1

(VDAC1)-mediated transfer of pro-apoptotic Ca2+ signals to mitochondria. The Journal of biological

VDAC1 in Desminopathy

PLOS ONE | DOI:10.1371/journal.pone.0167908 December 12, 2016 16 / 17

http://www.ncbi.nlm.nih.gov/pubmed/19181099
http://dx.doi.org/10.1186/2044-5040-3-4
http://www.ncbi.nlm.nih.gov/pubmed/23425003
http://dx.doi.org/10.1111/j.1365-2990.2010.01112.x
http://www.ncbi.nlm.nih.gov/pubmed/20696008
http://dx.doi.org/10.1385/CBB:39:3:279
http://www.ncbi.nlm.nih.gov/pubmed/14716081
http://dx.doi.org/10.1016/j.coph.2015.05.014
http://www.ncbi.nlm.nih.gov/pubmed/26079328
http://www.ncbi.nlm.nih.gov/pubmed/9108035
http://dx.doi.org/10.1016/j.devcel.2011.06.017
http://www.ncbi.nlm.nih.gov/pubmed/21763611
http://dx.doi.org/10.1016/j.febslet.2004.04.059
http://dx.doi.org/10.1016/j.febslet.2004.04.059
http://www.ncbi.nlm.nih.gov/pubmed/15165902
http://dx.doi.org/10.1074/jbc.M300039200
http://www.ncbi.nlm.nih.gov/pubmed/12624108
http://dx.doi.org/10.1038/nrm2952
http://www.ncbi.nlm.nih.gov/pubmed/20683470
http://dx.doi.org/10.1074/jbc.M409663200
http://dx.doi.org/10.1074/jbc.M409663200
http://www.ncbi.nlm.nih.gov/pubmed/15485871
http://dx.doi.org/10.1016/j.nbd.2005.07.015
http://www.ncbi.nlm.nih.gov/pubmed/16140540
http://dx.doi.org/10.1016/j.neuroscience.2005.02.052
http://www.ncbi.nlm.nih.gov/pubmed/16111822
http://dx.doi.org/10.1083/jcb.200809060
http://www.ncbi.nlm.nih.gov/pubmed/19255249
http://dx.doi.org/10.1083/jcb.201108059
http://www.ncbi.nlm.nih.gov/pubmed/21987637


chemistry.2015; 290(14):9150–61. Epub 2015/02/15.PubMed Central PMCID: PMCPMC4423701. doi:

10.1074/jbc.M114.622514 PMID: 25681439

44. Berger AJ, Kluger HM, Li N, Kielhorn E, Halaban R, Ronai Z, et al. Subcellular localization of activating

transcription factor 2 in melanoma specimens predicts patient survival. Cancer research. 2003; 63

(23):8103–7. Epub 2003/12/18. PMID: 14678960

45. Liu H, Deng X, Shyu YJ, Li JJ, Taparowsky EJ, Hu CD. Mutual regulation of c-Jun and ATF2 by tran-

scriptional activation and subcellular localization.The EMBO journal. 2006; 25(5):1058–69. Epub 2006/

03/03.PubMed Central PMCID: PMCPMC1409714. doi: 10.1038/sj.emboj.7601020 PMID: 16511568

46. Bhoumik A, Fichtman B, Derossi C, Breitwieser W, Kluger HM, Davis S, et al. Suppressor role of activat-

ing transcription factor 2 (ATF2) in skin cancer. Proceedings of the National Academy of Sciences of

the United States of America. 2008; 105(5):1674–9. Epub 2008/01/30.PubMed Central PMCID:

PMCPMC2234203. doi: 10.1073/pnas.0706057105 PMID: 18227516

47. Nordigarden A, Kraft M, Eliasson P, Labi V, Lam EW,Villunger A, et al. BH3-only protein Bim more criti-

cal than Puma in tyrosine kinase inhibitor-induced apoptosis of human leukemic cells and transduced

hematopoietic progenitors carrying oncogenic FLT3. Blood. 2009; 113(10):2302–11. Epub 2008/12/10.

PubMed Central PMCID: PMCPMC3272395. doi: 10.1182/blood-2008-07-167023 PMID: 19064725

48. Vela L, Gonzalo O, Naval J, Marzo I. Direct interaction of Bax and Bak proteins with Bcl-2 homology

domain 3 (BH3)-only proteins in living cells revealed by fluorescence complementation. The Journal of

biological chemistry. 2013; 288(7):4935–46. Epub 2013/01/04.PubMed Central PMCID:

PMCPMC3576097. doi: 10.1074/jbc.M112.422204 PMID: 23283967

49. Kim JE, He Q, Chen Y, Shi C, Yu K. mTOR-targeted therapy: differential perturbation to mitochondrial

membrane potential and permeability transition pore plays a role in therapeutic response. Biochemical

and biophysical research communications. 2014; 447(1):184–91. Epub 2014/04/08. doi: 10.1016/j.

bbrc.2014.03.124 PMID: 24704448

VDAC1 in Desminopathy

PLOS ONE | DOI:10.1371/journal.pone.0167908 December 12, 2016 17 / 17

http://dx.doi.org/10.1074/jbc.M114.622514
http://www.ncbi.nlm.nih.gov/pubmed/25681439
http://www.ncbi.nlm.nih.gov/pubmed/14678960
http://dx.doi.org/10.1038/sj.emboj.7601020
http://www.ncbi.nlm.nih.gov/pubmed/16511568
http://dx.doi.org/10.1073/pnas.0706057105
http://www.ncbi.nlm.nih.gov/pubmed/18227516
http://dx.doi.org/10.1182/blood-2008-07-167023
http://www.ncbi.nlm.nih.gov/pubmed/19064725
http://dx.doi.org/10.1074/jbc.M112.422204
http://www.ncbi.nlm.nih.gov/pubmed/23283967
http://dx.doi.org/10.1016/j.bbrc.2014.03.124
http://dx.doi.org/10.1016/j.bbrc.2014.03.124
http://www.ncbi.nlm.nih.gov/pubmed/24704448

