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The ubiquitously expressed multifunctional cytolinker protein plectin is essential for muscle fiber integ-
rity and myofiber cytoarchitecture. Patients suffering from plectinopathy-associated epidermolysis bullosa 
simplex with muscular dystrophy (EBS-MD) and mice lacking plectin in skeletal muscle display pathologi-
cal desmin-positive protein aggregation and misalignment of Z-disks, which are hallmarks of myofibrillar 
myopathies (MFMs). Here, we developed immortalized murine myoblast cell lines to examine the patho-
genesis of plectinopathies at the molecular and single cell level. Plectin-deficient myotubes, derived from 
myoblasts, were fully functional and mirrored the pathological features of EBS-MD myofibers, including the 
presence of desmin-positive protein aggregates and a concurrent disarrangement of the myofibrillar appara-
tus. Using this cell model, we demonstrated that plectin deficiency leads to increased intermediate filament 
network and sarcomere dynamics, marked upregulation of HSPs, and reduced myotube resilience following 
mechanical stretch. Currently, no specific therapy or treatment is available to improve plectin-related or 
other forms of MFMs; therefore, we assessed the therapeutic potential of chemical chaperones to relieve 
plectinopathies. Treatment with 4-phenylbutyrate resulted in remarkable amelioration of the pathological 
phenotypes in plectin-deficient myotubes as well as in plectin-deficient mice. Together, these data demon-
strate the biological relevance of the MFM cell model and suggest that this model has potential use for the 
development of therapeutic approaches for EBS-MD.

Introduction
Protein aggregation is the characteristic pathomorphological hall-
mark of major neurodegenerative disorders such as Alzheimer’s 
and Parkinson’s disease, various forms of dementia, and amyo-
trophic lateral sclerosis. In analogy to this group of central ner-
vous system disorders, pathological protein aggregation also plays 
an important role in a variety of human myopathies. Myofibril-
lar myopathies (MFMs) are an expanding group of clinically and 
genetically heterogeneous muscle diseases characterized by patho-
logical desmin-positive protein aggregates, myofibrillar degener-
ation, and mitochondrial abnormalities. MFMs are caused by 
mutations in genes encoding a variety of sarcomeric and extrasar-
comeric proteins, including desmin, αB-crystallin, filamin C, VCP, 
myotilin, ZASP, FHL1, BAG3, DNAJB6, and plectin (1–3). To date, 
no specific therapy or even ameliorating treatment is available for 
this numerically significant cohort of hereditary myopathies.

Plectin, a giant (>500-kDa) multifunctional cytolinker protein of 
universal occurrence, plays a crucial role in stabilizing and orches-
trating intermediate filament (IF) networks in cells (4, 5). Besides 
interacting with and affecting the dynamics of cytoskeletal fila-
ment systems (IFs, actin filaments, microtubules), plectin serves 
as a scaffolding platform for signaling molecules, thereby expand-
ing its cytolinker function. Plectin’s diversity is in part due to an 
unusually high number of alternatively spliced first exons, which 
give rise to distinct plectin isoforms that just differ in their very 
N-terminal sequences (6). These variable sequences determine the 
cellular targeting of the isoforms, thus enabling them to fulfill dis-

tinct functions in different cell types and tissues (3–5). The 4 major 
plectin isoforms expressed in skeletal muscle, plectin 1d (P1d), P1f, 
P1b, and P1, are crucial for myofibers by specifically targeting and 
anchoring desmin IFs to Z-disks, costameres, mitochondria, and 
the nuclear/ER membrane system, respectively (7, 8). In the absence 
of plectin, skeletal muscle fibers lose their structural integrity, as 
observed in patients suffering from plectinopathies and plectin- 
deficient mice. The most common disease caused by mutations in 
the human plectin gene (PLEC) is epidermolysis bullosa simplex 
with muscular dystrophy (EBS-MD), a rare autosomal skin blis-
tering disorder associated with late-onset muscular dystrophy. In 
addition to EBS-MD, plectin mutations have been shown to cause 
EBS-MD with a myasthenic syndrome, EBS with pyloric atresia, 
limb-girdle muscular dystrophy type Q2, and EBS-Ogna (3).

Plectin-deficient (null) mice display multiple structural abnor-
malities reminiscent of minicore myopathies in skeletal muscle 
and disintegration of intercalated disks in heart (9). However, as 
an animal model for investigating the type of late-onset muscular 
dystrophy that is characteristic of plectinopathies, such mice are of 
limited use as they die within 2 to 3 days after birth. This problem 
has been overcome by generating conditional plectin knockout 
mice (MCK-Cre/cKO mice) with plectin deficiency restricted to 
skeletal muscle (8). Showing progressive degenerative alterations 
in striated muscle, including desmin IF network collapse, patho-
logical protein aggregation, misalignment of Z-disks, detachment 
of the contractile apparatus from the sarcolemma, changes in 
costameric cytoarchitecture, and disruption of the mitochondrial 
network combined with dysfunction and loss of mitochondria (8), 
MCK-Cre/cKO mice closely mimic the pathology of patients suf-
fering from plectinopathies (3, 8).
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For studying the pathogenesis of plectinopathies and other 
MFMs at the molecular and single cell level, ex vivo cell cultures 
derived from patients, or from transgenic mouse lines that mimic 
the pathologic features of MFM myofibers, could be highly ben-
eficial. Such systems would open the door to biochemical and/
or cell biological analyses, including live imaging techniques, 
which are barely applicable in tissue. Moreover, they have a great 
potential in serving as screening and test systems for the develop-
ment of novel treatment concepts. Primary cell cultures, directly 
derived from live skeletal muscle tissue, closely mimic the in vivo 
state but often represent heterogeneous mixtures of myoblasts 
and fibroblasts. Usually, fibroblasts double more rapidly and 
after several days become the predominant cell type. Moreover, 
primary cells display limited mitotic capacity in vitro, requiring 
repeated isolations, thus increasing interexperimental variability. 
We reasoned that such drawbacks could probably be avoided if 
myoblasts retaining a high myogenic potential could be immor-

talized and used instead of primary cultures. As spontaneously 
immortalized cell lines, such as commonly used C2C12 cells, 
show only a limited myogenic potential (10), we directly estab-
lished a cell line of immortalized myoblasts from plectin-deficient 
muscle tissue of mice that additionally were deficient in p53. We 
show here that myoblasts of this type can differentiate into fully 
functional (contractile) myotubes that closely mimic the pathol-
ogy of patients suffering from plectinopathies, including desmin 
aggregate formation and sarcomeric alterations, the hallmarks 
of MFMs. Using this new cell model, we could demonstrate that 
plectin deficiency leads to an increase in IF network and sarcom-
ere dynamics, lower resilience toward mechanical stretch, and a 
marked upregulation of heat shock proteins (HSPs). In assessing 
potential treatment options for patients, we found the chemical 
chaperon 4-phenylbutyrate (4-PBA) to ameliorate some of the 
pathological phenotypes not only in these cells, but also in the 
corresponding plectin-deficient mouse line.

Figure 1
Plec+/+ and Plec–/– myoblasts differentiate and form multinucleated myotubes in culture. (A) Immunostaining of plectin-positive (Plec+/+) and 
plectin-deficient (Plec–/–) myoblasts using pan-plectin antibodies and visualization of nuclei (Hoechst). (B) Myotubes differentiated for the time 
indicated were subjected to immunostaining (desmin) and staining with Hoechst dye. Scale bars: 100 μm (A and B). (C) Fusion indices (ratio of 
differentiated myotubes containing 2 or more nuclei to the total number of desmin-positive cells). (D) Length of myotubes. (E) Absolute number 
of myotubes per randomly chosen microscopic field. Data shown in C–E represent mean ± SEM, 3 experiments each. *P < 0.05, **P < 0.01, 
unpaired Student’s t test.

Downloaded on March 20, 2014.   The Journal of Clinical Investigation.   More information at  www.jci.org/articles/view/71919

http://www.jci.org
http://dx.doi.org/10.1172/JCI71919


research article

1146 The Journal of Clinical Investigation   http://www.jci.org   Volume 124   Number 3   March 2014

Results
Plectin-deficient myoblasts differentiate and form contractile multinu-
cleated myotubes in vitro. The strategy pursued in this study for 
isolating immortalized myoblasts was based on mouse lines (9) 
that had been crossed into a p53–/– background (11). Cultures 
of immortalized plectin-deficient (Plec–/–) and plectin-positive 
(Plec+/+) myoblasts were isolated and purified from fibroblasts to a 
homogeneity of >90% of desmin-positive cells (L. Winter, unpub-
lished observations). Plec–/– myoblasts (Figure 1A) isolated in this 
way resembled Plec+/+ cells in morphology and expressed desmin at 
comparative levels (Figure 1B). To evaluate the potential of Plec–/– 
myoblasts to undergo differentiation, their capacity to form mul-
tinucleated myotubes upon mitogen withdrawal was monitored. 
After 48 hours, Plec–/– myoblasts, similar to Plec+/+ myoblasts, dis-
played the typical elongated and multinucleated morphology of 
differentiated myotubes (Figure 1B).

Moreover, Plec–/– myotubes, like their counterparts, showed 
spontaneous contractions after 1 week of differentiation (Sup-
plemental Videos 1 and 2; supplemental material available online 
with this article; doi:10.1172/JCI71919DS1). When monitored 
over a 10-day period, similar fusion indices were observed within 
the first 6 days, with 83% of Plec+/+ cells and 79% of Plec–/– cells 
being differentiated at day 6. Thereafter, fusion indices of Plec–/–  
myotubes declined to 70%, whereas those of Plec+/+ myotubes 
increased to 91% (Figure 1C). Similarly, the average length of myo-
tubes and the total number of myotubes per randomly chosen 
microscopic field was comparable in both cultures within the first 
days of differentiation (Figure 1, D and E). Interestingly, however, 
the number of Plec–/– myotubes remaining attached to the culture 
dishes after 6 days of differentiation was decreased compared 
with Plec+/+ myotubes (Figure 1E), and the average length of Plec–/– 
myotubes remained constant while Plec+/+ cells were still growing 
(Figure 1D); no differences were observed in the diameter of dif-
ferentiated Plec+/+ and Plec–/– myotubes (L. Winter, unpublished 

observations). These observations indicated that, while the initial 
capacity of Plec–/– myoblasts to form myotubes was unimpaired, 
the myotubes formed displayed diminished survival rates com-
pared with those of Plec+/+ cells.

Spontaneous desmin IF network collapse in plectin-deficient myotubes. 
In skeletal muscle tissue, plectin was shown to directly bind 
to desmin and to orchestrate desmin IF network architecture 
throughout the cytoplasm, at the sarcolemma, and at the levels 
of Z-disks, thereby preserving the functional integrity of muscle 
fibers (8). Similarly, in differentiated Plec+/+ myotubes, plectin 
networks colocalized with desmin IFs and, beyond that, formed 
structures that clearly associated with α-actinin–positive Z-disks 
in a cross-striated staining pattern (Supplemental Figure 1). After 
differentiation for 20 days, part of the desmin networks also 
appeared to be associated with Z-disks. A comparison with teased 
myofibers generated from adult extensor digitorum longus mus-
cle (EDL) revealed that differentiated myotubes closely resembled 
mature intact fibers (Supplemental Figure 1).

In plectin-deficent muscle fibers, desmin IFs were no longer 
found to be organized as networks; instead, desmin-positive 
aggregates became apparent throughout the sarcoplasm and 
in subsarcolemmal regions (8). Similarly, after differentiation 
of Plec–/– myotubes for 10 days, a large proportion of myotubes 
showed desmin-positive aggregates at a level ranging from par-
tially collapsed networks in certain areas and intact networks in 
other areas of the same fiber (Figure 2A, top image) to fibers with 
massive desmin aggregates and hardly any IF network structures 
left (Figure 2A, middle image); aggregates of the latter category 
were never observed in Plec+/+ (control) myotubes (Figure 2A,  
bottom image). To monitor the formation of aggregates and the 
proportion of affected cells in the course of differentiation, Plec+/+ 
and Plec–/– myotubes were analyzed at days 5, 10, and 15 of differ-
entiation. At as early as 5 days, collapsed desmin networks were 
observed in 24% of Plec–/– myotubes, compared with 13% in Plec+/+ 

Figure 2
Spontaneous collapse of desmin IF networks upon plectin deficiency. (A) Desmin-specific immunostaining of Plec+/+ and Plec–/– myotubes (dif-
ferentiated for 10 days). Plec–/– myotubes with partially collapsed networks and massive desmin aggregates are shown in top and middle images, 
respectively. Scale bars: 10 μm. (B) Statistical analysis of desmin aggregate formation in Plec+/+ and Plec–/– myotubes differentiated for 5 (Plec+/+, 
n = 436 myotubes; Plec–/–, n = 383 myotubes), 10 (Plec+/+, n = 363 myotubes; Plec–/–, n = 356 myotubes), or 15 (Plec+/+, n = 420 myotubes; Plec–/–, 
n = 278 myotubes) days. Mean ± SEM, 4 experiments. (C) Statistical evaluation of desmin aggregate formation in primary myotubes differentiated 
for 10 days (Plec+/+, n = 87 myotubes; Plec–/–, n = 164 myotubes). Mean ± SEM, 3 experiments.
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cells. At days 10 and 15 after fusion, the proportion of affected 
fibers in plectin-deficient cultures increased to 57% and 60%, 
respectively, while the amount of fibers harboring collapsed IF 
networks in Plec+/+ cultures stayed more or less constant (14% at 
day 10, 15% at day 15; Figure 2B).

Being derived from p53–/– mice, and thus lacking p53 in addi-
tion to plectin, our immortalized cell lines represented a double-
knockout system. To rule out that p53 deficiency was causing, or 
contributing to, elevated desmin IF aggregation, similar experi-
ments were performed with primary myoblast cultures derived 
from plectin-deficient mice and their wild-type littermates that 
were p53-positive (p53+/+). As shown in Figure 2C, the percentage 
of primary plectin-deficient myotubes displaying collapsed IF 
networks after differentiation for 10 days was even higher (68%) 
than that observed in the case of their immortalized counter-
parts (compare with Figure 2B).

Isoform-specific rescue of sarcomere integrity in plectin-deficient myo-
tubes by P1d. To assess whether myofibrillar structures were 
affected by plectin deficiency, sarcomere formation in Plec–/– and 
Plec+/+ myotubes differentiated for 10 days was monitored by 
immunofluorescence microscopy using antibodies to Z-disk–asso-
ciated α-actinin. While sarcomeric structures with a fully developed 
cross-striated staining pattern were visualized in both cell lines 
(Figure 3A, middle and bottom images), a substantial proportion 
of Plec–/– myotubes manifested with disorganized myofibrillar 
structures, displaying disoriented rather than continuous trans-
verse α-actinin–specific staining patterns (Figure 3A, top image).

When immortalized cell lines were differentiated for 5, 10, or 15 
days, 50% of Plec+/+ myotubes were found to display well-organized 
sarcomeric structures at day 5, and the proportion of cells with 
clearly outlined sarcomeres was rather stable until day 15 (Figure 
3B). Similarly, 45% of Plec–/– myotubes displayed sarcomeric struc-

Figure 3
Z-disk formation in differentiated myotubes. (A) Z-disk formation was analyzed in Plec+/+ and Plec–/– myotubes (differentiated for 10 days) by immuno-
labeling using antibodies to α-actinin. Plec–/– myotubes displaying dissolution of sarcomeric structures (top image) or intact Z-striations (middle 
image) are shown. Scale bars: 10 μm. (B) Statistical evaluation of intact sarcomeric structures observed in myotubes differentiated for 5 (Plec+/+,  
n = 426 myotubes; Plec–/–, n = 279 myotubes), 10 (Plec+/+, n = 330 myotubes; Plec–/–, n = 384 myotubes), or 15 (Plec+/+, n = 353 myotubes; Plec–/–, 
n = 274 myotubes) days. Mean ± SEM, 4 experiments. (C) Statistical evaluation of intact sarcomere formation in primary myotubes differentiated 
for 10 days (Plec+/+, n = 87 myotubes; Plec–/–, n = 164 myotubes). Mean ± SEM, 3 experiments. (D) Immunoblotting of cell lysates prepared from 
Plec+/+ or Plec–/– myoblasts that were either undifferentiated (day 0) or differentiated for 5, 10, or 15 days. Antibodies used for detection are indi-
cated. GAPDH was used as loading control. (E) Plec–/– myotubes expressing P1d-EGFP were differentiated for 10 days and immunolabeled using 
antibodies to desmin and α-actinin. Note that Z-disk formation was restored and desmin was recruited to sarcomeres. Scale bar: 10 μm.
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tures at day 5. At later time points, however, plectin-deficient myo-
tubes showed drastic alterations of sarcomeric organization. In fact, 
only 24% of Plec–/– myotubes displayed regular α-actinin–positive 
striations at day 10, compared with 53% in Plec+/+ cultures. At day 15  
after fusion, 85% of Plec–/– myotubes myofibrillar structures were 
grossly disorganized, while 46% of Plec+/+ myo tubes still contained 
organized sarcomeres (Figure 3B). Similar results were obtained 
when primary myoblast cultures were analyzed, confirming the 
observed phenotype irrespective of p53 deficiency (Figure 3C).

In skeletal muscle tissue lysates, total desmin protein levels had 
been found to be reduced in MCK-Cre/cKO mice compared with 
those in wild-type mice, while α-actinin levels were similar in both 
cases (8). In contrast, when lysates of Plec+/+ and Plec–/– myoblast cell 
lines, differentiated for 5, 10, or 15 days, were subjected to immu-
noblotting analysis, we did not observe differences in desmin or 
α-actinin expression levels in any of the cases (Figure 3D).

To test the potential of the Z-disk–associated plectin isoform P1d 
to revert the phenotypes of Plec–/– myotubes, expression plasmids, 
encoding full-length P1d (C-terminally fused to EGFP), were tran-
siently transfected into Plec–/– myoblasts. After differentiation for 
10 days, myotubes were subjected to immunofluorescence micros-
copy using antibodies to α-actinin and desmin. As shown in Fig-
ure 3E, P1d was found to be fully capable of restoring sarcomere 
formation in Plec–/– cells (for a quantitative analysis of Z-disk res-
toration by P1d in comparison to other plectin isoforms see Sup-
plemental Figure 2D). Moreover, it effected the recruitment of IF 
networks to the Z-disks, as indicated by the cross-striated staining 
pattern of desmin (Figure 3E). In contrast, the forced expression 
of other isoforms, such as P1, P1b, and P1f, did not restore sarco-
meric structures (Supplemental Figure 2), clearly indicating that 
plectin’s rescue potential was specific for P1d, the only isoform 
that is exclusively associated with Z-disks.

Figure 4
Dynamics of GFP-labeled desmin and α-actinin in differentiated myotubes monitored by FRAP analyses. (A and B) Representative (A) desmin-
GFP– or (B) α-actinin–GFP–expressing Plec+/+ and Plec–/– myotubes (differentiation for 10 days) are shown prior to photobleaching, immediately 
after photobleaching, and after 10 and 28 minutes of recovery. Bleached areas are indicated by boxes. Scale bars: 10 μm. (C) FRAP analyses of 
desmin-GFP in Plec+/+ and Plec–/– myotubes differentiated for 5 or 10 days. Mean ± SEM, 2 experiments (5 days of differentiation: Plec+/+, n = 25 
analyzed ROIs; Plec–/–, n = 21 analyzed ROIs; 10 days of differentiation: Plec+/+, n = 54 analyzed ROIs; Plec–/–, n = 55 analyzed ROIs). (D) FRAP 
analysis of α-actinin–GFP under conditions similar to those in C. Mean ± SEM, 2 experiments (5 days of differentiation: Plec+/+, n = 25 analyzed 
ROIs; Plec–/–, n = 26 analyzed ROIs; 10 days of differentiation: Plec+/+, n = 38 analyzed ROIs; Plec–/–, n = 45 analyzed ROIs).
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Apart from desmin protein aggregation and Z-disk misalign-
ment, Plec–/– myoblasts showed a third major MFM hallmark, 
i.e., mitochondrial abnormalities (see Supplemental Figure 3 
and Supplemental Methods).

Plectin deficiency leads to increased IF network and sarcomere dynam-
ics. When myoblasts fuse to form multinucleated myotubes, they 
develop desmin filament networks and build up sarcomeres. As 
plectin deficiency leads to alterations in the cytoarchitecture of 
myofibers, we wondered whether it had an impact on the dynamic 
assembly of desmin networks and Z-disk–associated α-actinin–
containing structures. To assess this, we transfected Plec+/+ and 
Plec–/– myoblasts with EGFP coupled to desmin (Figure 4A) or 
α-actinin (Figure 4B) and analyzed protein dynamics inside living 
myotubes by fluorescence recovery after photobleaching (FRAP). 
After 5 days of differentiation, we found both proteins to be in 
a highly dynamic state, with 70% and 75% of desmin and α-acti-
nin molecules, respectively, contributing to the mobile fraction in 

Plec+/+ as well as Plec–/– myotubes. Reaching a plateau level after 
only approximately 10 minutes, the overall recovery rate of α-acti-
nin was faster compared with that of desmin (∼30 minutes); how-
ever, significant differences in recovery rates were not observed for 
either protein in Plec+/+ and Plec–/– myotubes at this time point of 
differentiation (Figure 4, C and D). Upon further differentiation 
and maturation of cytoskeletal and sarcomeric structures, protein 
mobilities decreased. Interestingly, while in Plec+/+ myotubes after 
10 days only 37% of desmin molecules exchanged within 28 min-
utes; in their Plec–/– counterparts, desmin fluorescence recovered to 
45% of the initial intensity within the same period. This indicated 
that the mobility of desmin molecules was increased in Plec–/– cells 
compared with that in Plec+/+ cells (Figure 4C). Similarly, when sar-
comeric structures were analyzed in Plec+/+ myotubes after 10 days 
of differentiation, we found α-actinin fluorescence to recover to 
52% of the initial intensity within 28 minutes, whereas in plectin- 
deficient specimens it reached 62% (Figure 4D). The conclusion 

Figure 5
Expression profiles of chaperones in plectin-deficient muscle fibers and differentiated myotubes. (A) Equal amounts of wild-type and plectin-defi-
cient (MCK-Cre/cKO) gastrocnemius muscle lysates were subjected to immunoblotting analysis using antibodies as indicated. GAPDH was used 
as loading control. (B) Signal intensities were densitometrically measured and normalized to total protein content. Mean ± SEM, 3 experiments. 
(C) Plec+/+ and Plec–/– myoblasts were differentiated for the time periods indicated, and cell lysates prepared at days 0, 5, 10, and 15 were ana-
lyzed by immunoblotting as in A. (D) Signal intensities of HSP27 protein bands shown in C were measured and normalized as in B. Mean ± SEM, 
3 experiments. *P < 0.05, **P < 0.01, unpaired Student’s t test.
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from these data was that at advanced stages of myotube differen-
tiation plectin deficiency led to a marked decrease in the stability 
of IF networks and sarcomeric structures.

Upregulation of chaperones in plectin-deficient myofibers. Molecular 
chaperones, including HSPs, assist in the establishment of proper 
protein conformation and prevent aggregation of partially denat-
urated proteins (12). HSPs, such as HSP27 (also known as HSP β1,  
HSPB1) and αB-crystallin (HSPB5), were found to be highly 
enriched in various myopathies (13).

When the expression levels of various HSPs (HSP27, αB-crys-
tallin, HSP70/HSPA, HSP90/HSPC, mitochondrial HSP60) were 
analyzed in lysates prepared from plectin-deficient muscle, several 
chaperones were found to be strongly upregulated (Figure 5A). 
The overall protein levels of HSP27 and αB-crystallin were found 
to be increased to 394% and 463%, respectively, compared with 

wild-type levels. Similarly, HSP70 and HSP90, which are consti-
tutively expressed under normal conditions to maintain protein 
homeostasis and become actively induced upon environmental 
stress, showed an increase in their protein levels to 360% and 145%, 
respectively, of wild-type levels (Figure 5B). In contrast, mitochon-
drial HSP60 expression levels were decreased to 73% of wild-type 
levels, reflecting the reduced amount of mitochondria character-
istic of plectin-deficient muscle (8).

To monitor chaperone expression during myoblast differenti-
ation, lysates prepared from undifferentiated (day 0) and differ-
entiated cells (days 5, 10, and 15) were analyzed in a similar way 
(Figure 5C). In this case, the expression of HSP27, αB-crystallin, 
and HSP70 was found to be induced upon differentiation of myo-
tubes, albeit to various degrees. Compared with those in Plec+/+ 
cells, highly increased HSP27 protein levels were detected in Plec–/– 

Figure 6
Accumulation of chaperones in desmin-positive protein aggregates in Plec–/– muscle fibers. Immunolocalization of HSPs on teased EDL fibers 
from 3-month-old wild-type and MCK-Cre/cKO mice. Note colocalization of all 4 chaperones tested with desmin-positive IF aggregates in plectin- 
deficient fibers. Scale bars: 20 μm.
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lysates. Similarly, a tendency for increased αB-crystallin expression 
was observed in Plec–/– myotubes during differentiation, albeit the 
difference to Plec+/+ cells was not statistically significant in this 
case. The most dramatic increase occurred with HSP27, whose 
level was more than twice as high in Plec–/– myotubes compared to 
that in Plec+/+ myotubes after only 5 days of differentiation, reach-
ing a peak around day 10 (Figure 5D).

When plectin-deficient teased EDL fibers were analyzed using 
immunohistochemistry to assess the subcellular localization 
of HSPs, colocalization of HSP27, αB-crystallin, HSP70, and 
HSP90 with desmin-positive protein aggregates was revealed 
in all cases, whereas wild-type fibers displayed striated stain-
ing patterns (Figure 6). Colocalization of these proteins with 
desmin-containing protein aggregates was also found when 
frozen sections of plectin-deficient muscle tissue were assessed 
(Supplemental Figure 4). In contrast, a colocalization of HSPs 
with desmin aggregates present in Plec–/– myotubes could not be 
observed (L. Winter, unpublished observations).

HSP27 (along with αB-crystallin) has been reported to interact 
with cellular IFs of the vimentin, keratin, and glial fibrillary acidic 
protein type as well as with their soluble subunit proteins (14). To 

investigate whether a similar situation prevailed in differentiated 
myotubes, we immunoprecipitated desmin from Plec+/+ and Plec–/– 
myotube cell lysates and analyzed interacting proteins by immuno-
blotting. As shown in Supplemental Figure 5, HSP27 was coimmu-
noprecipitated with desmin from both sources, indicating that the 
interaction between desmin and HSP27 was plectin independent. 
As expected, the immunocomplexes isolated from Plec+/+ myotube 
cell lysates also contained plectin, verifying that plectin, desmin, 
and HSP27 formed a triple complex (Supplemental Figure 5).  
Interestingly, the amount of soluble desmin immunoprecipi-
tated from Plec–/– myotubes was higher than that of their Plec+/+ 
counterparts, consistent with the data obtained by FRAP analysis  
(compare to Figure 4C).

Phenotype amelioration through chemical chaperone 4-PBA treatment 
demonstrated in ex vivo myotubes. We hypothesized that Plec–/– myo-
tubes, mimicking the hallmarks of plectin-related MFM, could be 
an ideal tool for screening potential treatment options for patients 
suffering from plectinopathies. As low-molecular-weight chemical 
chaperones, similar to HSPs, have the capability to prevent protein 
aggregation and contribute to the rescue of in vivo aggregated pro-
teins (15), we assessed the effects of 2 of such substances, 4-PBA and 

Figure 7
Treatment of differentiated Plec+/+ and Plec–/– myotubes with the chemical chaperone 4-PBA. (A) 4-PBA–treated (1 mM) Plec+/+ and Plec–/– myo-
tubes (differentiated for 10 days) were scored for cells with aggregated IFs. Mean ± SEM, 3 experiments (Plec+/+, n = 358; Plec–/–, n = 376). Note 
drastic reduction of affected myotubes in Plec–/– cells compared with untreated cells (dashed lines). (B) Dose response block diagram displaying 
the statistical evaluation of desmin protein aggregate formation in Plec–/– myotubes differentiated for 10 days in the presence of increasing concen-
trations of 4-PBA. (C) Z-disk formation in Plec+/+ and Plec–/– myotubes differentiated as in A. Mean ± SEM, 3 experiments (Plec+/+, n = 357; Plec–/–, 
n = 438). Note marked stabilization of sarcomeres in Plec–/– myotubes compared to untreated cells (dashed lines). (D) Dose response block 
diagram showing the statistical evaluation of Plec–/– cells with intact Z-disk formation after differentiation for 10 days in the presence of increasing 
concentrations of 4-PBA. Data in B and D represent mean ± SEM, 3 experiments. (E) Immunoblotting of cell lysates from 4-PBA–treated Plec+/+ 
and Plec–/– myotubes using antibodies to proteins indicated.
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trimethylamine N-oxide (TMAO), on aggregate formation in differ-
entiated myotubes. Both of them had been reported to protect EBS 
keratinocytes from heat stress-induced keratin aggregation (16).

When Plec–/– myotubes were differentiated for 10 days in the 
presence of 1 mM 4-PBA, we could identify desmin-positive aggre-
gates in only 20% of the myotubes examined (Figure 7A), com-
pared with 57% in the case of untreated cells (Figure 2B). This 
nearly 3-fold reduction clearly indicated a beneficial effect of this 
chemical, whereas no such effect was revealed when cells were dif-
ferentiated in the presence of up to 100 mM TMAO (L. Winter, 
unpublished observation). As shown in a control experiment, the 
effect of 4-PBA was dependent on the amount administered (Fig-
ure 7B). 4-PBA clearly exerted also a stabilizing effect on sarcomere 
structure, increasing the proportion of myotubes with α-actinin–
positive cross-striations from 24% (untreated cells, see Figure 3B) 
to 51% (Figure 7C), again in a dose-dependent manner (Figure 
7D). These observations not only support the notion that immor-
talized Plec–/– myoblasts provide a useful tool for drug screening, 
but also establish 4-PBA as a first promising candidate for allevi-
ating the symptoms of patients with EBS-MD.

The increase in HSP27 levels observed in Plec–/– myotubes dur-
ing differentiation (Figure 5, C and D) was likely occurring as a 
cellular reaction to aggregating desmin filaments. In fact, aggre-
gate formation and HSP27 expression both reached their peaks at 
around the same time (10 days) of differentiation (see Figure 2B 
and Figure 5D). To examine whether the treatment of cells with 
4-PBA had any effect on the expression levels of this protein, Plec+/+ 
and Plec–/– lysates (from cells differentiated for 0, 5, 10, or 15 days 
in the presence of 1 mM 4-PBA) were analyzed by immunoblot-
ting. In this case, no obvious differences in total protein levels of 
HSP27 were observed (Figure 7E), probably because in the pres-
ence of 4-PBA, aggregated protein levels were not high enough to 
trigger expression of the protein.

To study the mechanism behind 4-PBA’s ameliorating effect 
on IF aggregation and sarcomere destabilization, we monitored, 
using FRAP analyses, the molecular dynamics of desmin and  
α-actinin in myotubes that had been differentiated in the pres-
ence of the compound for 10 days. Interestingly, in both Plec+/+ and 

Plec–/– myotubes expressing desmin-EGFP, the amount of mobile 
desmin molecules was found to be decreased compared with that 
in untreated cells (Figure 8A). In fact, the fluorescence of desmin 
in photobleached Plec+/+ myotubes recovered within 28 minutes to 
only 24% of its initial intensity, compared with 37% in untreated 
cells. Similarly, in Plec–/– myotubes, the recovery rates decreased 
from 45% in untreated cells to 28% in 4-PBA–treated fibers. Con-
trary to untreated cells, after 4-PBA treatment, no significant dif-
ferences between Plec+/+ and Plec–/– cells were revealed, indicating a 
stabilizing effect of the compound on the IF cytoarchitecture (Fig-
ure 8A). Similarly, when recovery rates of α-actinin were analyzed 
in 4-PBA–treated Plec–/– myotubes, the reduced levels of 54% (from 
62%) closely resembled the rates observed in Plec+/+ myotubes (Fig-
ure 8B). Thus, in the absence of plectin, the treatment with 4-PBA 
led to a considerable increase in the rigidity of both the extrasarco-
meric desmin IF network and sarcomeric structures.

Finally, to assess whether 4-PBA could improve the resilience of 
Plec–/– myotubes against mechanical strain, we exposed cells spread 
on flexible membranes to cyclic stretch and assessed their vulner-
ability by microscopically monitoring their substrate detachment 
rates (17, 18). In this experiment, 51% of differentiated Plec–/– myo-
tubes detached, compared with only 15% of their Plec+/+ counter-
parts. In the presence of 4-PBA, the percentage of detached Plec–/– 
myotubes markedly decreased, reaching an intermediate level of 
31% (Supplemental Figure 6), supporting the hypothesis that a 
reduction of the protein aggregate load in Plec–/– myotubes leads 
to an improvement of cellular functions.

Reduction of desmin aggregate formation in muscles of 4-PBA–treated 
plectin-deficient mice. Given the rescue potential of 4-PBA for 
desmin aggregate formation in differentiating Plec–/– myotubes, 
we assessed whether a similar effect could be achieved in plectin- 
deficient mice. For this, we applied a treatment scheme in which 
wild-type and MCK-Cre/cKO mice were i.p. injected with 200 mg/
kg body weight of 4-PBA (or vehicle) for 10 days and sacrificed 
24 hours after the final injection. The analysis of skeletal mus-
cle cryosections of wild-type mice showed that desmin IFs were 
typically located underneath the sarcolemma and at the level of 
Z-disks, regardless of whether the animals were treated with 4-PBA 

Figure 8
4-PBA treatment of differentiated Plec–/– myotubes stabilizes desmin and α-actinin dynamics. (A) FRAP analyses of desmin-GFP in Plec+/+ and 
Plec–/– myotubes differentiated for 10 days with and without 1 mM 4-PBA. Mean ± SEM, 2 experiments (untreated: Plec+/+, n = 54 analyzed ROIs; 
Plec–/–, n = 55 analyzed ROIs; 4-PBA–treated: Plec+/+, n = 29 analyzed ROIs; Plec–/–, n = 31 analyzed ROIs). (B) FRAP analysis of α-actinin–GFP 
under conditions similar to those in A. Mean ± SEM, 2 experiments (untreated: Plec+/+, n = 38 analyzed ROIs; Plec–/–, n = 45 analyzed ROIs; 
4-PBA–treated: Plec+/+, n = 21 analyzed ROIs; Plec–/–, n = 30 analyzed ROIs).
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in samples of untreated and 4-PBA–treated MCK-Cre/cKO mice 
(Supplemental Figure 7, A and B); neither could changes in mito-
chondrial morphology be observed when tissue sections of control 
and 4-PBA–treated animals were stained for succinate dehydroge-
nase (Supplemental Figure 7C).

When the expression levels of HSPs, α-actinin, and desmin were 
assessed by immunoblotting of skeletal muscle lysates obtained 
from mice that had been injected with 4-PBA, neither in wild-type 
nor in MCK-Cre/cKO samples were alterations observed compared 
to control (noninjected) mice. The higher and lower expression levels 
of HSPs and desmin, respectively, compared with wild-type muscle 
were independent of whether 4-PBA was applied or not (Figure 9C).

To obtain quantitative estimates for the reduction of desmin- 
positive aggregates in myofibers upon 4-PBA application, cross sec-
tions of cryosectioned myofibers, immunolabeled for desmin, were 
analyzed using ImageJ software. To distinguish between signals in 
subsarcolemmal versus cytoplasmic regions, outer and inner perim-
eters of desmin-positive ring-like areas underneath the sarcolemma 
were outlined, as shown in Figure 10A, and the mean intensities of 

(Figure 9A). However, in plectin-deficient muscle (Figure 9A), 
the situation was different. In untreated (control) mice, massive 
aggregates of desmin filaments were found in subsarcolemmal 
regions and throughout the sarcoplasm, regardless of the mus-
cle fiber type (ref. 8 and L. Winter, unpublished data). Strikingly, 
in muscles from 4-PBA–treated mice, the amount of desmin- 
positive aggregates in the sarcoplasm appeared to be substantially 
reduced. Moreover, the signal intensity of subsarcolemmal desmin 
seemed to be considerably diminished compared with that in con-
trol muscle (Figure 9A). Similarly, when teased EDL fibers from 
control or 4-PBA–treated MCK-Cre/cKO mice were analyzed, the 
signal intensity of desmin-positive protein aggregates seemed to 
be markedly reduced upon 4-PBA treatment (Figure 9B). Other 
phenotypes, such as the disorganization of myofibrillar structures, 
in particular the misalignment of α-actinin–positive Z-disks, typ-
ical of plectin-deficient fibers, showed no improvement upon 
4-PBA treatment (Figure 9B). Furthermore, when muscle sections 
were stained with H&E, the number of centrally nucleated fibers, 
representing regenerating and immature fibers, was not altered 

Figure 9
4-PBA treatment ameliorates aggregate formation in plectin-deficient mice. (A) Wild-type and MCK-Cre/cKO mice were injected with 4-PBA or 
vehicle (control) for 10 days. Cryosections of soleus muscles immunolabeled using anti-desmin antibodies are shown. Note reduced formation of 
desmin aggregates in plectin-deficient muscle after 4-PBA treatment. Scale bar: 20 μm. (B) Teased EDL fibers from MCK-Cre/cKO mice (with or 
without 4-PBA) were coimmunolabeled for α-actinin and desmin. Scale bar: 20 μm. (C) Immunoblotting of gastrocnemius muscle lysates obtained 
from mice (with or without 4-PBA).
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Discussion
Further progress in our understanding of human protein aggregate 
diseases is generally hampered by the fact that diagnostic biopsies 
from affected patients often reflect late stages of the disease process 
and are available only in small amounts. Therefore, it is mandatory 
to establish physiological cell and animal models, which reflect the 
human pathology and allow analyses of early and intermediate dis-
ease stages and the evaluation of novel treatment concepts.

MFM disease-mimicking Plec–/– myoblasts display a drastic 
pathology of their extrasarcomeric as well as sarcomeric cytoskele-
ton, including protein aggregation. Although immortalized Plec–/–  
myoblasts have the capacity to differentiate from proliferating 
cells to mature, spontaneously contracting myotubes, they display 
a diminished survival potential compared with Plec+/+ controls. 
This may be attributed to drastic alterations of their IF network 
architecture, the presence of desmin-positive protein aggregates, 
and a consecutive disarrangement of the myofibrillar apparatus. 
Through forced expression of full-length P1d, the isoform respon-
sible for desmin IF network attachment to Z-disks, the observed 
pathology could be fully reversed. In contrast, the expression of 
other isoforms typical of skeletal muscle, such as P1, P1b, or P1f, 
showed no such effect, indicating that the striking desmin fila-
ment pathology in EBS-MD muscle tissue is primarily due to a 
loss of function of isoform P1d, which is most prominently, if not 
exclusively, expressed in muscle tissue where it is associated with 
Z-disk structures. Mutations in human desmin have been shown 
to compromise the assembly and maintenance of IF filaments on 
various levels (for a review see ref. 19). The loss of plectin, however, 
exerts its primary deleterious effects by affecting IF network orga-
nization in a more general way. Since in Plec–/– myoblasts, desmin 
appears to normally assemble into filaments, plectin seems not 
to be required for IF network formation per se but has an essen-
tial role in the proper attachment of IFs to the myofibrillar appa-
ratus and to other structures, such as the subsarcolemmal and 
nuclear cytoskeleton, and mitochondria. The faulty attachment 
and anchorage of IFs in EBS-MD muscle tissue inflicts among 
other things a misalignment of neighboring myofibrils, probably 

desmin-specific signals were determined in the two resulting cell 
compartments. The statistical evaluation of desmin-positive pro-
tein aggregates visualized per total cross-sectional area revealed a 
reduction of signal intensities to 65% of the value estimated for 
MCK-Cre/cKO mice upon 4-PBA application (Figure 10B). Consid-
ering the cytoplasmic area, in which desmin aggregates appear to 
be smaller than those underneath the sarcolemma, a dramatic drop 
to 51% of control levels was observed (Figure 10C). Thus, using the 
chemical chaperone 4-PBA, we achieved a remarkable amelioration 
of the protein aggregation phenotype characteristic of plectin- 
related MFM cell and animal models.

In vivo 4-PBA treatment leads to functional muscle improvement in plectin- 
deficient mice. To test whether in vivo treatment with 4-PBA leads 
to improved muscle function, two experimental approaches to 
measure muscle strength in vivo were used. Using a grip strength 
meter, measurements of forelimb muscle grip strength (Figure 
11A), or of total muscle grip strength (forelimbs and hind limbs; 
Figure 11B), revealed a dramatic decrease in the muscle strength of 
plectin-deficient mice to 65% and 69% of the respective wild-type 
levels. When wild-type and MCK-Cre/cKO mice were injected with 
4-PBA, already after 10 days of daily injections, a tendency toward 
improved forelimb grip strength (81% of wild-type level; Figure 
11A) and a significant increase in the total grip strength were 
observed (90% of wild-type level; Figure 11B). After 20 days, the 
forelimb grip strength of plectin-deficient mice was comparable 
to that of wild-type animals (Figure 11A). As an alternative, more 
challenging test for the animals, muscle grip strength was assessed 
using an inverted mesh grid. In this case, plectin-deficient mice 
lost their hold and dropped off after 13 seconds, whereas wild-type 
mice were able to hold on for more than 60 seconds (Figure 11C). 
Upon 10 and 20 days of 4-PBA treatment, the wire mesh hang time 
of MCK-Cre/cKO animals on the grid increased to 21 and 24 sec-
onds, respectively (Figure 11C). These data showed that, besides 
ameliorating the protein aggregate pathology of plectin-related 
MFM cell and animal models, 4-PBA treatment led to a substantial 
improvement of skeletal muscle function, setting a first basis for 
future therapeutic approaches.

Figure 10
Distribution of desmin aggregates in myofibers from 4-PBA–treated or untreated MCK-Cre/cKO mice. (A) Aggregates visualized on cryosections 
were quantified per individual fiber, or within cytoplasmic subcompartments (containing small desmin aggregates), by outlining the outer (red) and 
inner (blue) perimeters of the ring-like desmin-positive area underneath the sarcolemma and measuring areas and signal intensities. Scale bar: 
10 μm. (B and C) Statistical evaluations of signal intensities measured in (B) total fibers and (C) cytoplasmic subcompartments and normalized 
to total area (P < 0.01 and P < 0.01, respectively). Note reduced aggregate formation upon 4-PBA treatment. Fibers from untreated (n = 104) and 
4-PBA–treated (n = 97) mice were analyze in 4 independent experiments. Mean ± SEM. Three randomly chosen microscopic fields were analyzed 
per muscle per experiment (n = 4). Statistical significance was determined using an unpaired Student’s t test.
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also supports our concept that IFs that are not anchored via plectin 
at subcellular docking sites become destabilized, more mobile, and 
presumably more accessible to posttranslational modifications, 
which in turn might make them more prone to aggregation. Such 
a mechanism would explain previous results showing that hyper-
phosphorylation- and oxidative stress–induced (nitrosylation- 
induced) disruption and collapse of IF networks in plectin-defi-
cient keratinocyte and endothelial cells, respectively, occurred more 
readily in plectin-deficient cells compared with wild-type cells (20, 
21). The fact that plectin deficiency concurred with spontaneous 
protein aggregate formation in myotubes, but not in the other pre-
viously tested cell systems, probably reflects the higher mechanical 
load of these cells due to their spontaneous contraction.

The small HSP HSP27 has been reported to interact with IFs 
of the vimentin, keratin 18, and glial fibrillary acidic protein type 
even without heat shock, and it has been suggested to play a role 
in filament assembly and the control of interfilament interactions 
(14). The pull-down of HSP27 with desmin from myoblast cell 
lysates confirms this notion and extends its potential relevance to 
the muscle cell system. As plectin was also found to be part of the 
precipitated immunocomplexes, one might anticipate a stabilizing 
and orchestrating function of plectin for HSP27-desmin IF com-
plexes during myotube formation. In this context, the increased 
expression of chaperones, as observed in plectin-deficient muscle, 
presumably is a reaction of the cell to facilitate folding of damaged 
proteins or degradation of aggregated proteins. Similar to what 
we observed for plectin-related MFM, a predominant localization 
of chaperones (and of other proteins involved in protein degrada-
tion pathways) within protein aggregates has been described for 
other MFMs, such as filaminopathies (22), myotilinopathies, and 
desminopathies (23). Most strikingly, highly increased protein 
levels of HSP27 as well as a tendency for increased αB-crystallin 
became apparent even during differentiation of plectin-deficient 
myotubes, indicating that chaperones represented the first line of 
defense against desmin network aggregation. This is in line with 
other studies showing that IFs interact with HSPs like HSP70 and 
HSP90 and especially the small HSPs, HSP27 and αB-crystallin, 
under conditions of stress (24). Our results demonstrate that, in 
the case of MFM-mimicking myotubes, protein control mecha-
nisms and chaperone expression are activated but do not secure 
the cell against protein aggregate formation.

To date, no specific or ameliorating pharmacological therapy 
is available for plectin-related MFM and other genetic forms of 
MFMs. In general, HSPs function as molecular chaperones, pre-
venting stress-induced protein aggregation of partially denat-
urated proteins by stabilizing proteins against misfolding or 
removing them when misfolded (25). As the massive overexpres-
sion of individual chaperones observed in plectin-deficient muscle 
fibers evidently was insufficient to prevent protein aggregation, 
we used our newly established MFM cell model to investigate 

leading to their decreased stress resistance and higher mechani-
cal vulnerability. Along with the presence of pathological protein 
aggregates and mitochondrial dysfunction, these alterations seem 
to be the key to the molecular pathogenesis of plectin-related  
EBS-MD muscle pathology.

The molecular mechanism(s) of protein (desmin) aggregate for-
mation in plectin-deficient myofibers and, in particular the ques-
tion, whether there is a direct connection between this phenom-
enon and the observed increases in molecular mobility as well as 
solubility of desmin remain to be solved. Together with observa-
tions made in studies on several different cell systems (for details 
see Supplemental Information), the present study confirms not 
only plectin’s crucial role as IF network organizer in general, but 

Figure 11
4-PBA treatment increases muscle grip strength of plectin-deficient 
mice. (A) Forelimb grip strength or (B) total grip strength (forelimbs and 
hind limbs) of wild-type and MCK-Cre/cKO mice was assessed before, 
after 10 days, and after 20 days of i.p. 4-PBA treatment using a grip 
strength meter. Mean ± SEM (wild-type, n = 7; MCK-Cre/cKO, n = 5). 
(C) Muscle grip strength was evaluated by measuring the hang time on 
an inverted wire mesh grid. Mean ± SEM (wild-type, n = 6; MCK-Cre/
cKO, n = 5). *P < 0.05, **P < 0.01, paired Student’s t test.
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Methods
Cell culture. Skeletal myoblasts were isolated according to a protocol mod-
ified from refs. 34 and 35 using the limbs of neonatal Plec–/– (9) and wild-
type littermate mice. For the isolation of immortalized cell lines, corre-
sponding mouse lines crossed into a p53–/– background were used (11). 
Details of myoblast isolation, cultivation, and treatment are described in 
the Supplemental Methods.

Mouse model and treatment. Twelve-week-old wild-type mice homozygous 
for the floxed plectin allele (Plecfl/fl) or conditional (MCK-Cre) striated 
muscle-restricted plectin knockout mice (cKO; ref. 8), both in a C57BL/6 
background, were treated once daily with 4-PBA (200 mg/kg, i.p.) or vehicle 
for 10 days. Details for muscle strength assessments are provided in the 
Supplemental Methods.

Supplemental Methods. A list of antibodies used in this work as well as a 
description of immunofluorescence microscopy and histology, preparation 
of cell and tissue lysates, FRAP analysis, coimmunoprecipitation, and cell 
stretcher experiments are provided in detail in the Supplemental Methods.

Statistics. Comparison between the values of 2 groups was performed 
using an unpaired, 2-tailed Student’s t test. For statistical analyses of mus-
cle grip strength measurements, a paired, 2-tailed Student’s t test was used. 
A P value of less than 0.05 was considered statistically significant.

Study approval. Animal studies were approved by the Federal Ministry for 
Science and Research (BMWF), Vienna, Austria.
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whether a substance, such as the chemical chaperone 4-PBA, 
might have an ameliorating effect on the phenotype. Reduced 
formation of desmin-positive protein aggregates and increased 
sarcomere stability in plectin-deficient myotubes, as observed by 
immunofluorescence microscopy and FRAP analyses, indeed indi-
cated a beneficial and cell protective effect of this compound in a 
dose-dependent manner. Evidently, 4-PBA cannot restore plectin- 
mediated desmin IF anchorage, but it probably stabilizes the fil-
ament networks within the myofiber and reduces misfolding by 
increasing protein solubility. Similar phenotype-ameliorating 
effects have been reported for mutant (G165fsX8) γD-crystallin, 
for which 4-PBA treatment enhanced the solubility of the mutant 
protein (26), and for a rotenone-induced mouse model of Parkin-
son’s disease, for which 4-PBA treatment was shown to decrease 
the protein level of α-synuclein (27).

By monitoring a reduction in desmin aggregate formation in 
myofibers upon 4-PBA treatment of plectin-deficient mice, we 
demonstrated that immortalized MFM myoblasts represent a 
reliable tool for drug screening and thus provide a basis for the 
future development of therapeutic strategies. After just a rela-
tively short 10-day 4-PBA administration period, we achieved 
a marked reduction of the desmin aggregate load in plectin- 
deficient mice. Other features characteristic of human patients 
suffering from plectinopathies and MCK-Cre/cKO mice, such as 
increased amounts of centrally nucleated fibers or mitochondrial 
accumulations (8), were not changed during this time, albeit one 
may anticipate amelioration of additional pathologic altera-
tions with prolonged administration of the compound. Most 
strikingly, however, a treatment with 4-PBA for 10 days signifi-
cantly increased muscle functionality of plectin-deficient mice, 
as reflected by their increased grip strength. This functional 
improvement was further increased by prolonging the admin-
istration of 4-PBA to 20 days, consistent with a time-dependent 
effectiveness of the treatment.

Our study adds EBS-MD to a list of diseases that are improv-
able by treatment with 4-PBA. This compound has been shown to 
reduce protein mislocalization in diseases such as cystic fibrosis, 
cerebral ischemic injury, diabetes, Alzheimer’s disease, and familial 
Parkinson’s disease (28–32), and it has been approved for clinical 
use in patients with cystic fibrosis and to treat urea cycle disor-
ders (28, 33). Our results have potential clinical relevance, as they 
point out a pathological mechanism of desmin protein aggrega-
tion effected by plectin deficiency. MFM cell and animals models, 
like the ones we have described here, could be useful for large-scale 
screening and testing of pharmacological compounds, laying the 
basis for future therapeutic approaches.
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