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Inclusion body myopathy with early-onset Paget disease and frontotemporal dementia (IBMPFD), which is an autosomal dominant
inheritance multisystem disease, is rare, occurring in adulthood, progressive progression, and often results in the death of patients. Clini-
cally, IBMPFD is characterized by limb-girdle muscle dystrophy syndrome sighted proximal and distal muscle weakness, early-onset
bone Paget's disease, and premature frontotemporal dementia. First, in 2004, the IBMPFD disease locus was mapped at the p2l-pl2
locus of chromosome 9 and was associated with mutations observed in the p97/VCP gene. Biologically, p97/VCP has been shown fo
have a regulatory and catalyzing role in many cellular processes, including postmitotic homotypic membrane fusion, nuclear sheath
regeneration and packaging, cell cycle regulation, programed cell death, endoplasmic reticulum-associated degradation, organelle bio-
genesis, regulation of transcription factors, Endoplasmic reticulum membrane fusion, stimulation of B and T cells, and inhibition and sep-
aration of protein aggregates. IBMPFD has been associated with mutations observed in the p97/VCP gene. Currently, the number of
p97/VCP mutations identified in IBMPFD patients is 28. The molecular mechanisms of only a few of these mutations in IBMPFD patho-
genesis were understood. In this review, all of the p97 /VCP mutations associated with IBMPFD are discussed, and the molecular mech-
anisms of p97/VCP in disease process are examined.

Keywords: p?7/VCP, inclusion body myopathy with early-onset Paget disease and frontotemporal dementia, endoplasmic reticulum-
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INTRODUCTION

Inclusion Body Myopathy with Early-Onset Paget Disease and Frontotemporal Dementia

Inclusion body myopathy with early-onset Paget disease and frontotemporal dementia (IBMPFD; OMIM #605382) is
rare, occurring in adulthood, gradually progression, and often results in the death of patients. IBMPFD has autosomall
dominant inheritance and onset in adults between 20 and 40 years of age. IBMPFD was mapped at 9p2l.1-pl2 locus of
chromosome 9. This locus, which is very rich in gene diversity, is characterized as a multiple disease locus with different
myopathies. IBMPFD is observed with myopathy, Paget's disease, and dementia in various penetrations.?

Clinically, IBMPFD is characterized by limb-girdle muscle dystrophy syndrome sighted proximal and distal muscle weak-
ness, early-onset bone Paget’s disease (PDB), and premature frontotemporal dementia (FTD). The first symptoms of the
disease are observed in the brain and bone tissue.®* The muscle weakness observed in the patients gradually pro-
gressed, affecting the muscles of the other limbs and respiratory tract. It has also been reported that deformation and
enlargement of long bones and occasionally pathological fractures of the bones could be seen in some patients. Cur-
rently, dilated cardiomyopathy, amyotrophic lateral sclerosis (ALS), and Parkinson'’s disease are known to be part of the
spectrum of findings associated with IBMPFD.*

IBMPFD was first reported in 2004 due to mutations in the gene encoding valosin-containing protein (VCP and p%7/
VCP) located at pl3-pl2 locus of chromosome 9.2 p97/\V/CP is known as a molecular chaperone that plays an active
role in many cellular processes.” The first symptoms of IBMPFD are observed in brain and bone tissue.® Typically, clinical
muscle phenotype seen in IBMPFD patients is characterized by weakness in the lower extremities and upper proximal,
often with axial myopathy, wing-like extensions of the shoulder blades, and variable involvement of the distal muscles. It
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has been observed that respiratory failure and cardiomyopa-
thy findings are encountered in some patients due fo
myopcﬁhy.2

Inclusion body myopathy (IBM) with autosomal dominant
inheritance exhibits a heterogeneous course profile, in which
clinical reflections and genetic disorders are observed. IBM is
characterized by late-onset shoulder and pelvic weakness in
patients and creatine kinase (CK) levels that are clinically
above the desired range. The reflection of myopathic changes
in patients’ cells is observed as cytoplasm, and more rarely,
vacuoles observed in the nucleus of cells.®

PDB is more common in male individuals than in women. The
pathology of the disease is characterized by increased resorp-
tion of bone by osteoclasts and subsequent reshaping of bone
formation. Although it is generally asymptomatic, it is charac-
terized by abnormal, overactive osteoclasts, bone thickening,
and usually large, excessively large nuclei and often
paramyxovirus-like inclusions. Ubiquitinated cytoplasmic and
nuclear inclusions were observed in pagetoid osteoclasts. PDB
was found to occur at similar ages with myopathy in 50% of
IBMPFD patients® In PDB patients, clinical symptoms are
observed, including bone deformation, spine, hip and skull pain,
and bone fractures. Increased alkaline phosphatase enzyme
levels were also defermined in patients.?

FTD in IBMPFD patients is an important part of primary degen-
erative dementia before the age of 65. FTD is observed as fron-
tal lobe functions associated with disproportionately
weakened behavioral changes. It is observed that memory,
visual, and spatial abilities are partially preserved in the early
stages of the disease, but the symptoms strongly support the
diagnosis of FTD. The underlying cause of all these symptoms is
due fo the changes observed in the frontal lobe. Patients also
have localized atrophy of the frontal and anterior temporal
lobes. 38-45% of all FTD cases have a strong hereditary trans-
mission, and approximately 80% of this group has an autoso-
mal dominant inheritance.® In IBMPFD patients, the penetrance
of FTD was determined to be 30%, and it was determined that
the onset of FTD occurred much later than myopathy.?

Further studies show that cytosolic and intranuclear sections of
IBMPFD tissue were found to be significantly ubiquitinated
inclusions.”™ In the studies that healthy muscle samples were
used as a control group, it was observed that p?7/VCP was
localized in the endomysial capillary structure, which is mostly
the structure of the ligament layer in muscle by staining with
polyclonal primer antibody. The formation of ubiquitinated
small inclusions and vacuolar structures in the cytosolic seg-
ments of muscle fibers of IBM patients was determined. In the
same examples, p97 /VCP was found to be strongly involved in
endomysial inflammatory cells surrounding muscle fibers.
Besides, p97/VCP levels increased in the regenerated muscle
fibers, and p97/VCP was found to be involved in wide focal
inclusions of muscle fibers belonging to IBMPFD patients.

When IBMPFD was examined in terms of central nervous
system pathology, it was observed that these cells were nega-
tive for tau protein and positive for ubiquitin, consistent with
ubiquitinated inclusions and frontotemporal lobar degenera-
tion." IBMPFD is characterized by disturbances in the degrada-
tion of the accumulation of proteins, and ubiquitinated protein
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aggregates targeted by p97/VCP.**'* Cellular degeneration
and ubiquitinated protein inclusions combine the pathology of
these three separate tissues (bone, muscle, and brain) in
IBMPFD. It is known that p97/VCP is a multifunctional protein
and plays a major role as a molecular chaperone in the transfer
of proteins that unfolded and misfolded proteins in the ER'°
Furthermore, the pathogenicity exhibited by p97/VCP is
emphasized by p97/VCP positive protein aggregates
observed in neurons and skeletal muscle cells located in the
central nervous system of IBMPFD patients” It has been
reported that p97/VCP positive inclusions are mainly concen-
trated in the nucleus of neuron cells in IBMPFD patients, and
only in cytoplasmic aggregate foci in skeletal muscle cells.’”

Nuclear inclusions containing ubiquitin were found to be colo-
calized with p97/VCP in various neurodegenerative disorders
such as Huntfington’s disease, Lewy body disease, Parkinson’s
disease, spinocerebellar ataxia type Il (Machado-Joseph dis-
ease), and ALS'? In studies conducted by different groups,
these aggregates, which were positive for p97 /VCP, were not
reported to be specific to IBMPFD pathology. Similarly, different
proteins such as ubiquitin, f-amyloid, apolipoprotein E, and
phospho-Tau in the cytoplasmic aggregates in the muscles of
IBMPFD patients were found to accumulate in the brain cells of
Alzheimer’s patients.”

The phenotypically related features of IBMPFD are also found
in 90% of patients and are offen characterized in the 40s,
which is the adulthood of individuals. Atrophy associated with
proximal and distal muscle weakness is observed in these indi-
viduals. In skeletal muscles with IBMPFD pathology, amorphous
vacuoles (rimmed vacuoles), myonuclear, and sarcoplasmic
inclusions have been reported. These inclusions have been
reported to be congophilic and immunoreactive for TAR DNA
binding protein-43 (TDP-43) in some cases.

In the molecular pathogenesis of IBMPFD, p97/VCP is critical
due to the role in targeting the proteasome of unfolded and
misfolded proteins that may cause proteotoxicity by means of
endoplasmic reticulum (ER)-associated degradation (ERAD).
Therefore, it is of great importance to understand the biological
role of p?7/VCP and associating it with the pathogenesis of
IBMPFD.

Valosin Containing Protein (p97 /VCP)

p97/VCP is encoded in the pl3.3 locus of chromosome 9 and
localized in the negative (=) strand of the genome. The |7 exons
p97/VCP are encoded by a 3859 bp transcript. Consisting of
806 amino acids, p?7/VCP has a molecular weight of about
89,3%2 Da. The calculated basal isoelectric point is known to be
5.14.

The p97/VCP protein was first identified as the protein
responsible for cell division control in yeast under the name
CDC48, while it was reported as provalosin in metazoans. The
sequence analysis revealed that the yeast and human VCP
gene had a similarity of 69%. In the evolutionary process, p97/
VCP was found to be highly conserved between diverse spe-
cies. In sequence homology studies, it was observed that p97/
VCP showed advanced homology among different species.
p97/VCP, VAT in Archaebacteria (VCP-like ATPase),
CDC48p in Saccharomyces cerevisiae (cell division control pro-
tein 48), TER94 (transitional endoplasmic reticulum ATPase) in
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Figure I. Protein organization of p97/VCP and localization of IBMPFD-related p97 /VCP mutations. Schematic organization of a p97/VCP pro-

tein structure showing the three domains: N-terminal N domain and two ATPase domains in DI and D2, and the positions of IBMPFD-related
mutations.

Drosophila melanogaster, p?7 in Xenopus laevis, and plant and
mammalian species orthologs are named as VCP. In Northern
blot analyses, it was determined that p?7/VCP was expressed
in all tissues in the body, including brain tissue in humans.®
Also, p97 /VCP, which constitutes more than 1% of the protein
content in the cells, was found to be ubiquitously expressed in
cells and be in large amounts of cytosolic compartments.”
These data highlight the critical role of p97/VCP in living
systems.

Biologically, p?7/VCP has been shown to have a regulatory
and catalyzing role in many cellular processes, which include
postmitotic homotypic membrane fusion, nuclear sheath regen-
eration, packaging, cell cycle regulation, programed cell death,
ERAD, organelle biogenesis, mitotic spindle separation, regula-
tion of transcription factors, ER membrane fusion, stimulation of
B and T cells, inhibition and separation of protein aggregates,
DNA repair, and autophagy.’®

Each unit of p?7/VCP, which consists of six identic subunits
with each other and exhibits a homo-hexameric structure, has
four different domains known to be important for maintaining
its functionality. These are N-domain (I-187), DI domain (209-
460), D2 domain (481-761), C-terminal domain (762-806), N-DI
linker LI region (188-208), and flexible DI-D2 linker L2 region
(461-480).7?° Electron micrography studies have shown that
p97/VCP exhibits two homo-hexameric structures organized
as barrels. Also, it has been indicated in crystallographic stud-
ies that the p97/VCP hexamer exhibits a flattened hourglass
or mushroom-like structure.®®

A good understanding of protein organization is essential for
comprehending the role of p?7/VCP in biological systems. The
amino (N) and carboxyl (C) terminal domains of p%97/VCP
mediate inferaction with various adapter and accessory pro-
teins. It has been shown that the N-terminal domain is critical
for interaction with several cofactors for cellular position and
activity and also for substrate interactions? The C-terminal
domain of p?7/VCP has flexible acidic amino acid residues.
Defects in the C-terminal domain have been shown fo cause
changes in cellular responses due to the change in binding of
cofactors that provide substrate modifications. Furthermore,
the C-terminal domain contains a major tyrosine phosphoryla-

tion residue (Tyr805) having a regulatory role.”> Phosphoryla-
tion in this region regulates protein interactions by inhibiting
cofactor binding to p97/VCP* Also, the ATPase cassettes
required for the biological activity of p97/VCP are located in
the domains DI and D2, respectively.*?097 /VVCP is a member of
the ATPase superfamily of type Il AAA + (ATPases-associ-
ated with diverse Activities) involved in multiple cellular path-
ways. AAA + proteins are categorized into two classes based
on the number of conserved ATP-binding cassettes contained
in the protein structure. While class | AAA + ATPase family
member proteins have one AAA + cassette in their structure,
class Il members have two AAA + cassettes. p97/VCP, a
member of the Class Il superfamily, performs the mechanical
role in biological events by the energy obtained from the
hydrolysis of ATP using ATPase cassettes.?® In homology stud-
ies, each AAA + domain of p97/VCP has a high sequence
similarity among different species. This supports that AAA +
proteins, including p97/VCP, are extremely important structural
elements in biological systems for survival.**

The AAA+ domains of ATP binding cassettes are well pro-
tected in the evolutionary process. AAA+ cassettes consist of
Walker A and Walker B motif, sensors | and 2, the second
region of homology (SRH), and the pore loop. Walker A motifs
having the conserved GxxxxGK(T/S) sequence are necessary
for nucleotide binding. Walker B motifs having (R/
KxxxGxxx(L/V)hhh(D/E) have been determined to have the
conserved sequence. It has been reported that the ATPase
cassette of the Walker B and SRH regions are necessary for
efficient ATP hydrolysis. It has been reported that mutations in
Sensor | cause defects in hydrolysis function. In addition, a con-
served arginine residue of Sensor 2 directly interacts with the
g-phosphate group of ATP via the neighboring subunit, and
this interaction is necessary for ATP binding and hydrolysis. It
has been indicated that the SRH region contains the critical
arginine fingers, which is important in interaction, and the pore
loop region is required for binding to and processing of the sub-
strate (Figure .7

Allosteric interactions are very essential for the function of
p97/VCP, which has a multimeric structure. ATP binding to the
ATPase cassette in the DI domain of p97/VCP was found to
accelerate the reassociation of p?7/VCP monomers. This
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Figure 2. A model for the direction of misfolded proteins in ER to 26S proteasome. Primarily, misfolded proteins are recognized by luminal molecu-
lar chaperone complex and targeted to a putative channel in the membrane. The partially unfolded substrate is dislocated across the ER lumen
simultaneously; ubiquitylation occurs through membrane-bound substrate-specific E3 ubiquitin ligases, facilitating recruitment of p97/\VCP.
p%7 /VCP, with its ATPase activity, provides the transfer of misfolded protein from the channel protein to the cytosolic face of ER. The misfolded
protein is then directed to different protein complexes the 26S proteasome and degraded.

result suggests that DI domain is an important tool for hexame-
rization. DI domain has a major role in oligomerization of pro-
tein, whereas D2 domain has a minor effect in this process. The
formation of the hexameric structure is very important for the
biological functions of p97 /VCP, especially critical for its role in
the ubiquitin-proteasome system.”® The mutations seen in
Walkers A and B motifs in D2 domain of p97/VCP were pre-
dominantly fatal in individuals, and mutations in DI domain did
not have such an effect.?* Functional distortions in p%7/VCP
trigger dysregulated processes, such as impaired protein qual-
ity control, mitochondrial dysfunction, oxidative stress, and apo-
ptotic cell death resulting in cell death.*

p97/VCP is a key molecule involved in the retrotranslocation
step of ERAD.” Unfolded, incorrectly oligomerized and mis-
folded proteins are potentially proteotoxic to the cells. Newly
synthesized proteins and synthesized proteins cannot reach
their mature forms due to various reasons, such as genetic
mutation, viral infection, temperature changes, and oxidative

stress. Evolutionary, mammalian cells have developed quality-
control systems for the removal of these abnormal proteins.?®
These systems only allow proteins that reach their final confor-
mational state to have them move fo their sites. Newly synthe-
sized proteins in the ER are continuously monitored by the
various quality control system. Unwanted abnormal protein
forms are targeted to 26S proteasome by ERAD mechanism.?®
ERAD also functions to regulate endogenous levels of diverse
proteins, including cholesterol synthesis-associated enzyme 3-
Hydroxy-3-Methylglutaryl-CoA Reductase and tumor suppres-
sor KAIl. Thus, ERAD may regulate the cellular homeostasis and
adapt the cells to changing physiological conditions.

The ubiquitin molecule is conjugated to the misfolded proteins
in the ER by ubiquitin ligase enzymes. p97/VCP interacts with
ubiquitinated proteins on the cytosolic surface of the ER lumen,
performing retrotranslocation of these proteins from ER to cyto-
sol (Figure 2).*” Mutations observed in p97/VCP and the fac-
tors impairing its functionality prevent the removal of these
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Table I. IBMPFD-Related p%97/VCP Mutations. The Amino Acid, Base Change, and Location on the Protein Domain Observed in 28 Mutations

Associated with IBMPFD Are Represented in the Table

Mutation Location of Mutation on Protein Domain Base Changes References
| 127V N-terminal 79A>G 29, 30, 3l
2 V87F N-terminal 259G>T 32
3 R93C N-terminal 277C>T 9,33
4 R95G N-terminal 283C>G 34,35
5 RP5C N-terminal 283C>T 36
6 G97E N-terminal 290G>A 37,38
7 1126F N-terminal 376A>T 39
8 PI37L N-terminal 410C>T 2,40
9 RI55S N-terminal 463C>A 40
10 RI55L N-terminal 464G>T 4]
Il RIS5H N-terminal 464G>A 9,34, 35,36, 4l
12 RIS5C N-terminal 463C>T 34, 41
13 RIS5P N-terminal 464G>C 34
14 GI56S N-terminal 466G>A 4]
15 GI57R N-terminal 469G>C 40, 4l

469G>A

16 RI5S9C N-terminal 475C>T 4]
17 RIS9H N-terminal 476G>A 4]
18 RIZIQ N-DlI linker 572G>A 34, 4]
19 LI98W N-DI linker 593T>G 34, 4l
20 G202W N-DI linker 604G>T 4]
2l 1206F N-DlI linker bI6A>T 4]
22 A232E DI domain 695C>A 4]
23 T262A DI domain 784A>G 4]
24 N387H DI domain II59A>C 34
25 N387S DI domain 160A>G 4]
26 A439G DI domain 1316C>G 4]
27 A439S DI domain 1315G>T 40, 41
28 A439P DI domain 1315G>C 4]

unwanted proteins from the cells. Given that the protein aggre-
gates accumulated in cells are caused by the molecular patho-
genesis of IBMPFD, functional losses in p97/VCP will result in
the accumulation of ubiquitinated proteins of cells, the forma-
tion of protein aggregates, and also the induction of ER stress.
When these protein aggregates that cause cellular damage
cannot be overcome, programmed cell death is triggered by
increased cellular stress.?? It is known that p97/VCP is associ-
ated with many functional disorders. Especially, increasing our
knowledge about p97/VCP biology is important for under-
standing the role of pathogenesis in IBMPFD.

Functional Role of p97 /VCP in IBMPFD Pathogenesis:
Molecular view

The IBMPFD disease locus with multiple system disease was
mapped at the p2l-pl2 locus of chromosome 9 and was associ-
ated with mutations observed in the p?7 /VVCP gene. To date, the
number of p97/VCP mutations associated with the pathogene-
sis of IBMPFD in patients has been identified as 28 (Table )27~
However, the details of only a few of these mutations have been
revealed in the molecular pathogenesis of IBMPFD.

The point mutations associated with IBMPFD were found in
three different domains of p97 /VCP.

The mutations that are 127V, V87F, R93C, R95C /G, G97E, I126F,
PI37L, RIS5H/P/C/S/L, GI56S, GI57R, and RI59H/C in the N-
terminal domain, RI?IQ, LI98W, G202W, and 1206F in the N-DI
link domain, and A232E, T262A, N387H /S, and A439G/P/S in

the DI ATPase domain were identified in IBMPFD patients. To
date, 28 missense mutations associated with IBMPFD have
been demonstrated in p97/VCP.>?*"* The most common point
mutation in IBMPFD patients is the amino acid of arginine at
position 155.%°%*? Fernandez-Saiz and Buchberger'" found that
IBMPFD-related R95G and RI5S5H mutations lead to conforma-
tional changes in the N-terminal domain of p97/VCP, and thus
weakened the interaction between the N and DI domains. It
has been reported that these mutations lead to changes in the
interaction of p97/VCP with cofactors and are important in
the pathology of IBMPFD. In 2007, Issacson et al. identified the
interaction pattern between p97/VCP and Npl4, thereby
using nuclear magnetic resonance spectroscopy methodology.
Some point mutations associated with IBMPFD (R93, R95, and
RI55) have been reported to be located in the region where
p97/VCP interacts with Npl4. As a result of these point muta-
tions, it is shown that functional losses may occur in the ERAD
pathway because of the difference or deterioration in the
interaction pattern of the UfdI-Npl4 cofactor complex and
p97/VCP.* In the studies conducted with R95G mutation in
patients, a double y barrel structure of p97/VCP was found to
be destructured® In cell culture models, it was determined
that R95G mutant caused a significant increase in ubiquitin
conjugated protein levels. Functionally, these results suggest
that the R95G mutant p97/VCP weakens proteasomal degra-
dation of substrates molecules.” Furthermore, ubiquitinated
proteins and transgenic IBMPFD mouse models were deter-
mined fo accumulate in cell culture after the suppression of
p97/VCP with RNA interference-mediated silencing or phar-
macologically inhibition. Similar results have been obtained in
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IBMPFD-related R95G, RIS5H, LI?8W, and A232E p97/VCP
mutant protein expressing cells® These results suggest that
p97/VCP mutants lead to the disruption of functional ERAD in
IBMPFD patients. In the protein structure studies, it was
reported that mutations of RIS5C, RIS5H, and RIS5P located at
the N-terminus of p97/VCP disrupt the folding of four strands
p barrel protein of p97/VCP. In the studies conducted with
RI?IQ mutant protein, deterioration has been found in the
organization of the flexible binding region.”” The LI9®8W muta-
tion has been determined stoichiometrically to disrupt the
normal movement of the N-terminal of p97/VCP. This muta-
tion causes conformational change at the N-terminal of p%97/
VCP and leads to changes in protein interactions via this
domain.*? The A232E mutation has been reported to affect the
o5-helix structure in the a/b subdomains of DI involved in the
ATPase domain of p?7/VCP. This ATPase domain is responsi-
ble for the catalytic activity of p97/VCP and the formation of
the hexameric protein form. Therefore, it suggests that the
destructive effect of A232E mutation in the pathogenesis of
IBMPFD has been stronger.®*

In the myoblast cell culture (C2CI2) model, after the ectopic
expression of RI55H or R?5G mutant proteins, steady-state
levels of mutant cystic fibrosis tfransmembrane conductance
regulator CFTRAF508 protein, which is degraded by targeting
to the proteasome by ERAD, increased.®> However, RI55H and
A232E p97/VCP mutant proteins did not affect the proteaso-
mal degradation of another well-known ERAD substrate
CD34.? These results suggest that all IBMPFD-associated p97/
VCP mutations exhibit specific characteristic patterns in the
ERAD or ubiquitin-proteasome system. Therefore, it is impor-
tant to determine the mechanistic details of all the p97/VCP
mutations associated with IBMPFD at the level of protein
inferactions.

Erzurumlu et al.** examined the effect of 12 IBMPFD-associated
p97/VCP mutations, including R?3C, R95G, PI37L, RIS5C, GIS7R,
RIS?C, RIZIQ, LI98W, A232E, T262A, N387H, and A439S on
CFTRAF508 and Tyrosinase C89R of ERAD substrates. The
studies indicated that CFTRAF508 and Tyrosinase C8%9R sub-
strates accumulated in mutant p97 /VCP-expressing cells com-
pared to wild-type p97/VCP.** This result suggested that the
deterioration of the ERAD pathway was the result of p97 /VCP
mutations and was a common feature of the molecular patho-
genesis of IBMPFD. In the ectopic expression trial, the interac-
tion patterns and subcellular localization of the PI37L mutant
have been significantly altered. In the studies carried out with
U20S and C2CI2 cells, it was seen that PI37L mutant showed a
profile of abundant small, discrete, and punctate cytoplasmic
structures in cells unlike R?5C and RI55C mutants. It was also
determined that PI37L mutant passed to the insoluble protein
phase compared to other p?7/VCP mutant proteins. The abil-
ity of PI37L mutant to bind with ubiquitin was found fo have
largely lost. However, the interaction of R95G and RI55C
mutants with ubiquitin was found to have enhanced.**gp78 is
an E3 ubiquitin ligase enzyme located in the ER lumen, which is
responsible for the ubiquitination of substrate molecules asso-
ciated with ERAD. The studies have shown that p97/VCP
interacts with the VIM motif of gp78.*> Similar to the interac-
fions of R95G and RI5S5C mutants with ubiquitin, their interac-
tion with gp78 and cofactor proteins Ufdl-Npl4 have been
reported to have enhanced. Moreover, the interaction of PI37L
mutant with gp78 was found to be similar fo wild type p%97/
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VCP. It has also been reported that the ability of the PI37L
mutant to interact with Ufdl was lost. Similar results were
observed in p47 interaction, a well-known cofactor of p97/
VCP. PI37L was found fo have lost the ability to interact with
p47.44 Johnson et al. showed in vivo studies with RI55H, RIZIQ,
and A232E that these mutant proteins disrupt the formation of
lysosomal tubules. Impaired lysosomal tubular formation is
associated with deformed autophagosome-lysosome fusion,
increased cytoplasmic ubiquitin aggregates, damaged mito-
chondria, and impaired muscle function.*® In another study,
PI37L was reported to be the target of the autophagic process.
PI37L was selectively degraded by autophagy due to lysoso-
mal activity under basal cellular conditions. In a study carried
out with U20S and PC-12 cells, PI37L was found to stimulate
autophagosome and autolysosome formations. At the same
time, this study determined that protein aggregates were cre-
ated by GI57R mutant-induced autophagy and were eliminated
by autophagic degradation. These results suggest that some
p%7/VCP mutants are a target of the autophagic destruction
pathway.*’

Although the effects of some p%97/VCP mutations have been
identified in the pathophysiology of IBMPFD at molecular
levels, the vast majority of these p?7/VCP mutations remain
unknown.

METHODS

A literature review was conducted concerning studies about
IBMPFD, p97/VCP, and its mutations related to IBMPFD patho-
genesis, and also underlying details of molecular pathogenesis
mechanism. The current IBMPFD related mutations and their
association with p97/VCP were searched by using National
Center for Biotechnology Information (NCBI) and Online Men-
delian Inheritance in Man (OMIM) databases.

CONCLUSION

IBMPFD is a multiple system disease, which three different
pathologies are observed simultaneously. The underlying
cause of IBMPFD is the mutations observed in the gene called
VCP. In the light of the above-mentioned literature, it is clear
that p?7/VCP mutations associated with IBMPFD promote the
pathogenesis process through a variety of molecular properties
in cells. Characterizing all interaction patterns of p97/VCP by
means of mechanistically approaches is important in order to
understand the mechanisms underlying the p97 /VCP mutation,
which is associated with IBMPFD pathogenesis in patients, and
develop new generation treatment approaches.
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