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Abstract— Intermediate filaments (IFs) represented by a diverse range of proteins, are one of the three main 

cytoskeleton components in different types of animal cells. IFs provide mechanical strength to cells and help 

position the nucleus and organelles in the cell. Desmin is an IF protein typical of muscle cells, while vimentin, 

which has a similar structure, is expressed in many mesenchymal cells. Both proteins are synthesized during 

myogenesis and regeneration of damaged muscle tissue and form a mixed IF network. Both desmin and vi-

mentin regulate mitochondrial activity, including mitochondrial localization and maintenance of mitochondrial 

membrane potential, in the corresponding cells, but the role of mixed IFs in the control of mitochondrial 

functions remains unclear. To investigate how a simultaneous presence of these proteins affects mitochondrial 

membrane potential, we used BHK21 cells expressing both vimentin and desmin IFs. Expression of vimentin 

or  desmin individually or both proteins simultaneously was suppressed using gene knockout and/or RNA 

interference. It was found that disruption of biosynthesis of either vimentin or desmin did not affect the 

mitochondrial membrane potential, which remained unchanged compared to cells expressing both proteins. 

Simultaneous abolishment of both proteins resulted in a 20% reduction in the mitochondrial membrane po-

tential, indicating that both vimentin and desmin play an equally important role in its maintenance. 
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INTRODUCTION

Mitochondria are eukaryotic cell organelles that 

play a critical role in cell functioning under both nor-

mal and pathological conditions. They are essential 

for ATP synthesis, generation of reactive oxygen spe-

cies, regulation of apoptosis and intracellular calcium 

concentration, and numerous other cellular functions 

[1-4]. At the organismal level, mitochondria are in-

volved in the immune response, stress response, and 

adaptation to exercise, as well as play an important 

role in the development of various pathologies, includ-

ing cancer and aging  [5-10]. Most mitochondrial func-

tions directly depend on the mitochondrial membrane 

potential (MMP), which is maintained by the respirato-

ry chain complexes located in the inner mitochondrial 

membrane  [11]. Electron transport and proton trans-

fer across the membrane during respiration result in 

the establishment of the electrical potential of about 

–180  mV between the cytosol and the mitochondrial 

matrix  [11]. The importance of maintaining the MMP 

is emphasized by the fact that depolarized mitochon-

dria, i.e., those with unacceptably low membrane 

potential, are selectively eliminated through mitopha-

gy  [12]. Extensive depolarization of mitochondria can 

activate apoptosis, resulting in cell death  [13].

Numerous intracellular factors involved in the 

MMP regulation have been identified  [14], including 

intermediate filament  (IF) proteins that play a signifi-

cant role in this process  [15]. For example, mutations 
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in keratins have been shown to cause mitochondri-

al fragmentation in hepatocytes, leading to the ag-

gregation of mitochondria and impaired respiratory 

function [16-18]. Vimentin (type  III IF protein) regu-

lates MMP in fibroblasts; its removal decreases MMP 

by  20% [19]. Desmin, an IF protein specific for mus-

cle cells, has also been demonstrated to participate 

in the mitochondrial respiratory function  [20-24]. 

Previously, we found that recombinant vimentin and 

desmin expressed and isolated from bacteria, bound 

to mitochondria in  vitro  [25,  26], suggesting that they 

may be directly involved in regulating mitochondrial 

properties.

Although vimentin is typically found in various 

mesenchymal cells, while desmin IFs are characteris-

tic of muscle cells, these proteins can form mixed IF 

networks under certain conditions. For instance, vi-

mentin and desmin are expressed simultaneously at 

the early stages of muscle fiber differentiation and 

during regeneration  [27]. Therefore, both vimentin 

and desmin can be present in the same cell, as well 

as interact with mitochondria and influence their 

properties.

The role of vimentin in regulating MMP in the 

presence of desmin has been investigated insufficient-

ly. Although several studies have provided compelling 

evidence that desmin is involved in the distribution, 

morphology, and respiratory function of mitochon-

dria [20-23], its role in the MMP regulation remains 

poorly understood. Here, we studied the role of vi-

mentin and desmin in this process in BHK21 cells 

expressing both proteins. By selectively suppressing 

expression of either desmin or vimentin using RNA 

interference (RNAi) and/or the CRISPR-Cas9 system, 

we found that each protein could independently 

maintain the MMP.

MATERIALS AND METHODS

Cell culture. BHK21 cells and two derivative 

cell lines generated using the CRISPR/Cas9 system, 

BHK21(Vim–/–) and BHK21(Des–/–), were cultured in 

DMEM (PanEco, Russia) supplemented with 10% fetal 

bovine serum (Biolot, Russia), penicillin (100  µg/ml), 

and streptomycin (100  µg/ml) (Sigma-Aldrich, USA) at 

37°C in a humidified atmosphere with 5%  CO2. For mi-

croscopy, the cells were seeded on sterile coverslips 

and incubated for 16-20  h.

RNAi. To deplete desmin in BHK21 cells via 

RNAi, we used the pG-SHIN2-des plasmid encoding 

shRNA 5′-AAGCAGGAGAUGAUGGAGU-3′ [28] and GFP 

as a reporter. Vimentin was knocked down using 

the pG-SHIN2-vim plasmid encoding shRNA 5′-CAGA-

CAGGAUGUUGACAAU-3′ [29,  30] (kindly provided by 

Prof.  R.  Goldman; Northwestern University, Chicago). 

Control cells were transfected with the pG-SHIN2-scr 

plasmid encoding scrambled shRNA sequence of the 

same length (5′-AUGUACUGCGCGUGGAGA-3′).

Vimentin and desmin knockouts. To knock  out 

the vimentin gene, BHK21 cells, were transfected 

with the pSpCas9n(BB)-Puro-(1+2)Vim plasmid en-

coding two guide RNAs: 5′-CACCGAACTCGGTGTTGAT-

GGCGT-3′ and 5′-CACCGAACACCCGCACCAACGAGA-3′ 

[31]. The gene for desmin was knocked out using the 

pSpCas9(BB)-Puro-Des plasmid encoding the guide 

RNA 5′-CACCGCGGCGACCCGGGUCGGCUCG-3′. Cell were 

transfected using Transfectin reagent (Evrogen, Rus-

sia) in complete DMEM medium. Briefly, 1  µg of plas-

mid DNA was mixed with 1  µl of Transfectin in 0.1  ml 

of serum-free DMEM and added to cells in 1  ml of 

complete DMEM. BHK21(Vim–/–) and BHK21(Des–/–) 

cells were selected in DMEM containing 2  µg/ml pu-

romycin and 1  µg/ml verapamil.

Fluorescent microscopy of live cells. Mito-

chondria were stained by incubating cells with 5  nM 

tetramethylrhodamine (TMRM; Molecular Probes, 

USA) in the presence of 2.2  µM verapamil for 30  min 

at  37°C. Following incubation, the coverslips with 

the cells were placed in a sealed chamber contain-

ing DMEM and imaged with a Keyence BZ-9000 mi-

croscope (USA) equipped with an incubator for live-

cell imaging. The temperature in the incubator was 

maintained at 36  ±  2°C. The cells were imaged with a 

PlanApo 63× objective and a 12-bit digital CCD camera. 

The images were transferred to a computer using the 

BZ  II Viewer software (Keyence, USA) and saved as 

12-bit graphic files for further analysis.

Immunofluorescence and immunoblotting. For 

IF staining, the cells were fixed with methanol at –20°C 

for 10 min and incubated with mouse monoclonal an-

ti-vimentin antibodies V9 (Sigma-Aldrich) and mouse 

monoclonal anti-desmin antibodies DE-U-10 Sigma- 

Aldrich). FITC- and TRITC-conjugated anti-mouse sec-

ondary antibodies (Jackson, USA) were used for pro-

tein detection. Microphotographs were acquired using 

a Keyence BZ-9000 microscope (USA) with a PlanApo 

63× objective and a 12-bit digital CCD camera.

Super-resolution structured illumination micros-

copy (SR-SIM) was performed with a Nikon N-SIM mi-

croscope (Nikon, Japan) with a ×100/1.49  NA oil im-

mersion objective and a 561  nm diode laser; Z-stacks 

were acquired at 0.12-µm intervals with an EMCCD 

camera (iXon 897, Andor, Japan). Exposure was opti-

mized to maintain an average brightness of ~5000  a.u. 

to minimize photobleaching. Images were acquired 

with the NIS-Elements  5.1 software (Nikon).

SDS-PAGE was conducted according to Laemmli’s 

method [32], followed by immunoblotting as previous-

ly described  [26]. The membranes were stained with 

V9 antibodies (vimentin), DE-U-10 antibodies (desmin), 

and DM1A monoclonal antibodies (tubulin) and then 
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Fig.  1. SR-SIM imaging of vimentin (green) and desmin (red) IFs in BHK21 cells (immunostaining). Scale bar: 10  µm.

with secondary anti-mouse antibodies conjugated to 

horseradish peroxidase (Jackson). Protein bands were 

visualized using hydrogen peroxide and diaminoben-

zidine as peroxidase substrates.

MMP measurements. MMP was evaluated by 

measuring TMRM fluorescence as reported in [19]. Mi-

tochondrial contours were defined using the “analyze 

particles” plugin of the ImageJ software in a region 

with a single layer of cells, and the average fluores-

cence intensity of all pixels within each contour was 

calculated. For each experiment, 10-15 regions each 

containing 15-40 mitochondria were analyzed. The 

data are presented as the mean fluorescence intensity 

for all mitochondria ±  standard error. The normality 

of data distribution was assessed with the Shapiro–

Wilk test; the homogeneity of variance was checked 

with the F-test. The significance of differences was 

estimated with the paired Student’s t-test.

RESULTS

Fibroblast-like BHK21 cells contain IFs com-

posed of vimentin and desmin (type  III proteins), 

with small amounts of nestin (type  VI protein)  [33]. 

As demonstrated by the high-resolution immunofluo-

rescence microscopy, these filaments were formed by 

co-polymerization of vimentin and desmin. Figure  1 

shows that the distribution of these proteins was not 

perfectly uniform, suggesting different proportions 

of vimentin and desmin in individual filaments. IFs 

in the perinuclear region were enriched in desmin, 

while vimentin predominantly localized to the cell pe-

riphery. The overall organization of IFs was a radial 

network, which implies participation of the microtu-

bule transport system in the intracellular distribution 

of  IFs. To  investigate the role of desmin and vimentin 

in regulating mitochondrial function, we decided to 

selectively delete each protein from the cells.

First, we assessed how disruption of vimentin or 

desmin biosynthesis would affect the IF network in 

BHK21 cells. Using RNAi with the plasmids based on 

the pG-SHIN2 carrying the GFP reporter gene [29,  30], 

we generated BHK21 cells with IFs composed solely 

of vimentin or desmin. As shown in Fig.  2, expres-

sion of the corresponding interfering RNAs resulted in 

almost complete absence of desmin  (Fig.  2,  a and  b) 

or vimentin  (Fig.  2,  c and  d) in the transfected cells 

(identified by co-expression of GFP). In contrast, con-

trol cells transfected with pG-SHIN2-scr displayed no 

changes in the levels of either desmin (Fig. 2, e and f) 

or vimentin (not shown).

Previously, we found that suppression of vimen-

tin biosynthesis in fibroblasts led to a decrease in the 

MMP  [16]. Here, we investigated the effect of vimentin 

knockdown in BHK21 cells also expressing desmin and 

found that the absence of vimentin did not affect the 

MMP in these cells. (Fig.  3). This suggests that desmin 

was able to maintain the MMP at a high level, similar 

to vimentin. The knockdown of desmin did not lead 

to the decrease in the MMP either (Fig.  3), likely due 

to the presence of vimentin in the cells. These data 

suggest that both vimentin and desmin independently 

regulate MMP in BHK21 cells.

The next step in testing our hypothesis was to as-

sess the MMP in cells lacking both proteins. To achieve 

this, we used a two-step approach. First, BHK21 cells 

expressing vimentin or desmin only were generated 

using the CRISPR-Cas9 system. Next, the remaining 

protein was knocked down by RNAi. The data of 

Western blotting (Fig.  4) showed that the obtained 

BHK21(Des–/–) and BHK21(Vim–/–) cell lines completely 

lacked the knocked-out proteins and, according to im-

munofluorescence microscopy analysis, contained IFs 

composed solely of vimentin (Fig.  5,  a,  b) or desmin 

(Fig. 5, c, d), respectively. Vimentin IFs in BHK21(Des–/–) 

cells form a normal, uniformly distributed radial net-

work. In contrast, desmin IFs in BHK21(Vim–/–) cells 
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Fig.  2. Disruption of desmin (a, b) and vimentin  (c,  d) IFs by RNAi in BHK21 cells transfected with pG-SHIN2-des and 
pG-SHIN2-vim plasmids, respectively. Control cells (e, f) were transfected with pG-SHIN2-scr. IFs were stained with antibodies 
against desmin  (Des) and vimentin  (Vim). Transfected cells were identified by GFP expression. Scale bar: 10  µm.

were partially aggregated, suggesting that the proper 

distribution of desmin IFs depends on the presence 

of vimentin.

Transfection of BHK21(Des–/–) cells with the plas-

mid encoding interfering RNA against vimentin al-

lowed us to significantly reduce the content of this 

protein and to obtain the cells lacking vimentin IFs 

(Fig.  6,  a and  b). However, complete removal of de-

smin IFs in BHK21(Vim–/–) cells proved to be more 

challenging. As shown in Fig.  6,  c and  d, the trans-

fected cells contained desmin aggregates, while the 

filament network at the cell periphery was entirely 

absent. In contrast, cells transfected with the control 

plasmid retained the IF network (data not shown).

Disruption of vimentin biosynthesis in 

BHK21(Des–/–) cells decreased the MMP compared 

to the control cells (Fig.  7a), indicating involvement 

of vimentin IFs in the MMP maintenance. A similar 

effect was observed when desmin expression was 

suppressed in BHK21(Vim–/–) cells, even though de-

smin was not completely eliminated from the cells. 

Presumably, the remaining desmin aggregates did 

not impact the MMP. Interestingly, the reduction in 

the MMP  (~20%) was similar in BHK21(Des–/–) and 
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Fig.  3. RNAi-mediated knockdown of desmin (shRNA-des) and 
vimentin (shRNA-vim) in BHK21 cells did not affect the MMP. 
Control cells were transfected with pG-SHIN2-scr. The data 
are presented as mean fluorescence intensity of mitochon-
dria in the indicated number of cells ±  standard error, ex-
pressed as a percentage of the average fluorescence intensity 
in non-transfected cells (none); p  >  0.10.

Fig.  4. Western blot analysis of cell homogenates from the 
original BHK21 cells and BHK21(Des–/–) and BHK21(Vim–/–) 
cell lines generated by the knock-out of desmin and vimen-
tin genes, respectively. Alpha-tubulin was used as a loading 
control.

BHK21(Vim–/–) cells, suggesting that both IF proteins 

independently contribute to the MPP maintenance 

in BHK21 cells.

DISCUSSION

Various IF proteins play a critical role in the mi-

tochondrial motility, shape, and functions in different 

types of cells [34,  35]. However, the molecular mech-

anisms governing the interaction between IF proteins 

and mitochondria remain largely unexplored. Analysis 

of amino acid sequences of IF proteins has identified 

in some of them regions that could function as mi-

tochondrial localization signals [19,  25,  26]. Hence, at 

least some IF proteins can bind directly to the mi-

tochondria, as was demonstrated in in  vitro experi-

ments for vimentin and desmin [25,  26]. In this study, 

Fig.  5. IFs in BHK21(Des–/–) (a, b) and BHK21(Vim–/–)  (c,  d) cells. Immunofluorescent staining with anti-vimentin and anti- 
desmin antibodies. Scale bar: 10  µm.
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Fig.  6. RNAi-mediated deletion of vimentin (a, b) in BHK21(Des–/–) cells and desmin (c, d) in BHK21(Vim–/–) using transfection 
with the pG-SHIN2-vim and pG-SHIN2-des plasmids, respectively. IFs were visualized by staining with anti-vimentin  (b) and 
anti-desmin (d) antibodies. Transfected cells (indicated by arrows) were identified by GFP expression (a, c). Scale bar: 10 µm.

Fig. 7. Decrease in the MMP in BHK21(Vim–/–) cells  (a) and BHK21(Des–/–) cells  (b) as a result of RNAi. BHK21 cells transfect-
ed with the pG-SHIN2-scr plasmid were used as a control. The data are presented as mean fluorescence intensity of mito-
chondria in the indicated number of cells ±  standard error, expressed as a percentage of the average fluorescence intensity 
in  non-transfected cells; p  <  0.05.

we  used BHK21 cells expressing both vimentin and 

desmin to show that desmin can maintain a high 

MMP, similar to vimentin, which had been previously 

shown to possess this ability as well [19]. Based on 

these data, it can be concluded that mitochondria 

in muscle cells can function normally both in the 
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presence of desmin IFs only and in the case of simul-

taneous expression of vimentin and desmin. Expres-

sion of vimentin gene in muscle cells seems to have 

no effect on the functioning of mitochondria, at least 

not on their membrane potential.

It remains unclear how the interaction between 

mitochondria and vimentin or desmin IFs leads to 

the MMP increase. It can be suggested that despite 

a relatively small effect of IFs on the MMP, their in-

fluence on the mitochondrial properties is still sig-

nificant  [35]. The data from this study indicate that 

both proteins, whether acting together or individual-

ly, have a similar impact on the membrane potential. 

This implies that vimentin and desmin may operate 

through a common mechanism, otherwise, an addi-

tive effect would be expected. As mentioned above, 

both proteins contain regions that could serve as mi-

tochondrial localization signals [19,  25,  26] potentially 

recognized by mitochondrial complexes responsible 

for protein import. Future research will determine 

whether these complexes are involved in regulating 

the MMP.

CONCLUSION

Our data also suggest that vimentin expression 

in muscle cells during differentiation or regeneration 

after injury may play a role in the establishment of 

normal desmin IF network, as follows from the partial 

aggregation of desmin IFs in the vimentin-deficient 

cells. However, further studies are needed to validate 

this hypothesis.

Acknowledgments. The authors express their 

gratitude to J. Agnetti (Bologna, Italy) for kindly pro-

viding anti-desmin antibodies, R. Goldman (Chicago, 

USA) for providing genetic constructs, I. Kireev (Lo-

monosov Moscow State University, Russia) for help 

with the high-resolution microscopy, and N. Minina 

for her skilled technical assistance.

Contributions. A.A.M. developed the concept 

and supervised the study; A.A.D., O.I.P., and W.H. per-

formed experiments; A.A.D., O.I.P., and A.S.S. discussed 

research results; A.A.D. and A.A.M. wrote the manu-

script; I.B.A. and A.S.S. edited the text of the article; 

A.A.D. translated the text into English.

Funding. This work was supported by the Russian 

Science Foundation (grant no. 23-74-00036 to A.A.M).

Ethics declarations. This work does not con-

tain any studies involving human or animal sub-

jects. The authors of this work declare that they have 

no conflicts of interest.

Open access. This article is licensed under a Cre-

ative Commons Attribution  4.0 International License, 

which permits use, sharing, adaptation, distribution, 

and reproduction in any medium or format, as long 

as you give appropriate credit to the original author(s) 

and the source, provide a link to the Creative Com-

mons license, and indicate if changes were made. The 

images or other third party material in this article are 

included in the article’s Creative Commons license, un-

less indicated otherwise in a credit line to the materi-

al. If material is not included in the article’s Creative 

Commons license and your intended use is not permit-

ted by statutory regulation or exceeds the permitted 

use, you will need to obtain permission directly from 

the copyright holder. To view a copy of this license, 

visit http://creativecommons.org/licenses/by/4.0/.

REFERENCES

 1. Kennedy, E.  P., and Lehninger, A.  L. (1949) Oxida-

tion of fatty acids and tricarboxylic acid cycle inter-

mediates by isolated rat liver mitochondria, J.  Biol. 

Chem., 179, 957-972, https://doi.org/10.1016/S0021-

9258(19)51289-3.

 2. Muller, F. (2000) The nature and mechanism of super-

oxide production by the electron transport chain: its 

relevance to aging, J.  Am. Aging Assoc., 23, 227-253, 

https://doi.org/10.1007/s11357-000-0022-9.

 3. Thayer, S.  A., and Miller, R.  J. (1990) Regulation of 

the intracellular free calcium concentration in single 

rat dorsal root ganglion neurones in  vitro, J.  Physi-

ol., 425, 85-115, https://doi.org/10.1113/jphysiol.1990.

sp018094.

 4. Wolvetang, E. J., Johnson, K. L., Krauer, K., Ralph, S. J., 

and Linnane, A.  W. (1994) Mitochondrial respiratory 

chain inhibitors induce apoptosis, FEBS Lett., 339, 40-

44, https://doi.org/10.1016/0014-5793(94)80380-3.

 5. Nakahira,  K., Haspel, J.  A., Rathinam, V.  A., Lee, S.  J., 

Dolinay, T., Lam, H. C., Englert, J. A., Rabinovitch, M., 

Cernadas, M., Kim, H. P., Fitzgerald, K. A., Ryter, S. W., 

and Choi, A.  M. (2011) Autophagy proteins regulate 

innate immune responses by inhibiting the release of 

mitochondrial DNA mediated by the NALP3 inflam-

masome, Nat. Immunol., 12, 222-230, https://doi.org/

10.1038/ni.1980.

 6. Cavalli, L.  R., Varella-Garcia,  M., and Liang, B.  C. 

(1997) Diminished tumorigenic phenotype after de-

pletion of mitochondrial DNA, Cell Growth Differ., 8, 

1189-1198.

 7. Morais, R., Zinkewich-Péotti, K., Parent, M., Wang, H., 

Babai, F., and Zollinger, M. (1994) Tumor-forming abil-

ity in athymic nude mice of human cell lines devoid 

of mitochondrial DNA, Cancer Res., 54, 3889-3896.

 8. Manoli,  I., Alesci,  S., Blackman, M.  R., Su, Y.  A., Ren-

nert, O.  M., and Chrousos, G.  P. (2007) Mitochondria 

as key components of the stress response, Trends En-

docrinol. Metab., 18, 190-198, https://doi.org/10.1016/

j.tem.2007.04.004.



INTERMEDIATE FILAMENTS MAINTAIN MITOCHONDRIAL MEMBRANE POTENTIAL 2035

BIOCHEMISTRY (Moscow) Vol. 89 No. 11 2024

 9. Davies, K.  J.  A., Packer,  L., and Brooks, G.  A. (1981) 

Biochemical adaptation of mitochondria, muscle, 

and whole-animal respiration to endurance train-

ing, Arch. Biochem. Biophys., 209, 539-554, https://

doi.org/10.1016/0003-9861(81)90312-X.

 10. Linnane, A. W., Marzuki, S., Ozawa, T., and Tanaka, M. 

(1989) Mitochondrial DNA mutations as an import-

ant contributor to ageing and degenerative dis-

eases, Lancet, 333, 642-645, https://doi.org/10.1016/

S0140-6736(89)92145-4.

 11. Mitchell, P. D. (1981) Chemiosmotic Proton Circuits 

in Biological Membranes (Skulachev, V. P., and Hin-

kle, P. C., eds) Addison-Wesley, Advanced Book Pro-

gram/World Science Division, University of Michigan, 

pp. 633.

 12. Tanaka,  A., Cleland, M.  M., Xu,  S., Narendra, D.  P., 

Suen, D. F., Karbowski, M., and Youle, R. J. (2010) Pro-

teasome and p97 mediate mitophagy and degrada-

tion of mitofusins induced by Parkin, J. Cell Biol., 191, 

1367-1380, https://doi.org/10.1083/jcb.201007013.

 13. Green, D. R., and Reed, J. C. (1998) Mitochondria and 

apoptosis, Science, 281, 1309-1312, https://doi.org/

10.1126/science.281.5381.1309.

 14. Vasan,  K., Clutter,  M., Fernandez Dunne,  S., George, 

M.  D., Luan, C.  H., Chandel, N.  S., and Martínez-

Reyes,  I. (2022) Genes involved in maintaining mi-

tochondrial membrane potential upon electron 

transport chain disruption, Front. Cell Dev. Biol., 10, 

781558, https://doi.org/10.3389/fcell.2022.781558.

 15. Begum, H.  M., and Shen,  K. (2023) Intracellular and 

microenvironmental regulation of mitochondrial 

membrane potential in cancer cells, WIREs Mech. Dis., 

15, e1595, https://doi.org/10.1002/wsbm.1595.

 16. Uttam,  J., Hutton,  E., Coulombe, P.  A., Anton-Lam-

precht,  I., Yu, Q.  C., Gedde-Dahl,  T., Fine, J.  D., and 

Fuchs,  E. (1996) The genetic basis of epidermolysis 

bullosa simplex with mottled pigmentation, Proc. Natl. 

Acad. Sci. USA, 93, 9079-9084, https://doi.org/10.1073/

pnas.93.17.9079.

 17. Kumar, V., Bouameur, J.-E., Bär,  J., Rice, R. H., Hornig-

Do, H.-T., Roop, D.  R., Schwarz,  N., Brodesser,  S., 

Thiering,  S., Leube, R.  E., Wiesner, R.  J., Vijayaraj,  P., 

Brazel, C.  B., Heller,  S., Binder,  H., Löffler-Wirth,  H., 

Seibel,  P., and Magin, T.  M. (2015) A keratin scaffold 

regulates epidermal barrier formation, mitochondrial 

lipid composition, and activity, J. Cell Biol., 211, 1057-

1075, https://doi.org/10.1083/jcb.201404147.

 18. Kumemura,  H., Harada,  M., Yanagimoto,  C., Koga,  H., 

Kawaguchi, T., Hanada, S., Taniguchi, E., Ueno, T., and 

Sata,  M. (2008) Mutation in keratin 18 induces mito-

chondrial fragmentation in liver-derived epithelial 

cells, Biochem. Biophys. Res. Commun., 367, 33-40, 

https://doi.org/10.1016/j.bbrc.2007.12.116.

 19. Chernoivanenko, I.  S., Matveeva, E.  A., Gelfand, V.  I., 

Goldman, R. D., and Minin, A. A. (2015) Mitochondrial 

membrane potential is regulated by vimentin inter-

mediate filaments, FASEB  J., 29, 820, https://doi.org/

10.1096/fj.14-259903.

 20. Capetanaki,  Y. (2002) Desmin cytoskeleton: a poten-

tial regulator of muscle mitochondrial behavior and 

function, Trends Cardiovasc. Med., 12, 339-348, https://

doi.org/10.1016/S1050-1738(02)00184-6.

 21. Guichard, J.  L., Rogowski,  M., Agnetti,  G., Fu,  L., 

Powell,  P., Wei, C.  C., Collawn,  J., and Dell’Italia, L.  J. 

(2017) Desmin loss and mitochondrial damage pre-

cede left ventricular systolic failure in volume over-

load heart failure, Am.  J. Physiol. Heart Circ. Physi-

ol., 313, H32-H45, https://doi.org/10.1152/ajpheart.

00027.2017.

 22. Milner, D. J., Weitzer, G., Tran, D., Bradley, A., and Ca-

petanaki,  Y. (1996) Disruption of muscle architecture 

and myocardial degeneration in mice lacking desmin, 

J.  Cell Biol., 134, 1255-1270, https://doi.org/10.1083/

jcb.134.5.1255.

 23. Milner, D.  J., Mavroidis,  M., Weisleder,  N., and Capet-

anaki, Y. (2000) Desmin cytoskeleton linked to muscle 

mitochondrial distribution and respiratory function, 

J.  Cell Biol., 150, 1283-1298, https://doi.org/10.1083/

jcb.150.6.1283.

 24. Vrabie,  A., Goldfarb, L.  G., Shatunov,  A., Nägele,  A., 

Fritz,  P., Kaczmarek,  I., and Goebel, H.  H. (2005) 

The enlarging spectrum of desminopathies: new 

morphological findings, eastward geographic 

spread, novel exon 3 desmin mutation, Acta Neuro-

pathol., 109, 411-417, https://doi.org/10.1007/s00401-

005-0980-1.

 25. Dayal, A. A., Medvedeva, N. V., and Minin, A. A. (2022) 

N-Terminal fragment of vimentin is responsible for 

binding of mitochondria in  vitro, Biochemistry (Mos-

cow) Suppl. Ser. A Membr. Cell Biol., 16, 151-157, https://

doi.org/10.1134/S1990747822030059.

 26. Dayal, A.  A., Medvedeva, N.  V., Nekrasova, T.  M., Du-

halin, S.  D., Surin, A.  K., and Minin, A.  A. (2020) De-

smin interacts directly with mitochondria, Int. J. Mol. 

Sci., 21, 8122, https://doi.org/10.3390/ijms21218122.

 27. Bornemann,  A., and Schmalbruch,  H. (1992) Desmin 

and vimentin in regenerating muscles, Muscle Nerve, 

15, 14-20, https://doi.org/10.1002/mus.880150104.

 28. Mohamed, J.  S., and Boriek, A.  M. (2012) Loss of de-

smin triggers mechanosensitivity and up-regulation 

of Ankrd1 expression through Akt-NF-κB signaling 

pathway in smooth muscle cells, FASEB J., 26, 757-765, 

https://doi.org/10.1096/fj.10-160291.

 29. Mendez, M. G., Kojima, S., and Goldman, R. D. (2010) 

Vimentin induces changes in cell shape, motility, and 

adhesion during the epithelial to mesenchymal tran-

sition, FASEB J., 24, 1838-1851, https://doi.org/10.1096/

fj.09-151639.

 30. Kojima,  S., Vignjevic,  D., and Borisy, G.  G. (2004) 

Improved silencing vector co-expressing GFP and 

small hairpin RNA, Biotechniques, 36, 74-79, https://

doi.org/10.2144/04361ST02.



DAYAL et al.2036

BIOCHEMISTRY (Moscow) Vol. 89 No. 11 2024

 31. Cong,  L., Ran, F.  A., Cox,  D., Lin,  S., Barretto,  R., 

Habib,  N., Hsu, P.  D., Wu,  X., Jiang,  W., Marraffini, 

L.  A., and Zhang,  F. (2013) Multiplex genome engi-

neering using CRISPR/Cas systems, Science, 339, 819-

823, https://doi.org/10.1126/science.1231143.

 32. Laemmli, U. K. (1970) Cleavage of structural proteins 

during the assembly of the head of bacteriophage 

T4, Nature, 227, 680-695, https://doi.org/10.1038/

227680a0.

 33. Steinert, P.  M., Chou, Y.  H., Prahlad,  V., Parry, D.  A., 

Marekov, L.  N., Wu, K.  C., Jang, S.  I., and Goldman, 

R.  D. (1999) A high molecular weight intermediate 

filament-associated protein in BHK-21 cells is nes-

tin, a type VI intermediate filament protein. Limit-

ed co-assembly in vitro to form heteropolymers with 

type III vimentin and type IV alpha-internexin, J. Biol. 

Chem., 274, 9881-9890, https://doi.org/10.1074/jbc.

274.14.9881.

 34. Schwarz,  N., and Leube,  R. (2016) Intermediate fila-

ments as organizers of cellular space: how they af-

fect mitochondrial structure and function, Cells, 5, 30, 

https://doi.org/10.3390/cells5030030.

 35. Alieva, I.  B., Shakhov, A.  S., Dayal, A.  A., Parfenteva, 

O. I., and Minin, A. A. (2024) Unique role of vimentin 

in the intermediate filament proteins family, Biochem-

istry (Moscow), 89, 726-736, https://doi.org/10.1134/

S0006297924040114.

Publisher’s Note. Pleiades Publishing remains 

neutral with regard to jurisdictional claims in published 

maps and institutional affiliations. AI tools may have 

been used in the translation or editing of this article.


