
Introduction

The AAA� gene family (ATPase associated with diverse cellular
activities) is characterized by conserved 200–250 residues that
include Walker A and B motifs. The most common function of
AAA� domain is to catalyse protein folding or unfolding in an ATP-
dependent manner. All known AAA� proteins contain either 1 or 2
AAA� domains, and the family can be divided into 2 groups on this
basis. p97/VCP (valosin-containing protein), a member of the
AAA-ATPase family with 2 AAA� domains, is associated with
diverse cellular functions comprising nuclear envelope recon-

struction, cell cycle, post-mitotic Golgi reassembly, suppression
of apoptosis, DNA damage response and endoplasmic reticulum-
associated degradation (ERAD) [1–6].

In the eukaryotic cell secretory pathway, a significant propor-
tion of unwanted proteins that enter the endoplasmic reticulum
(ER) are specifically extracted from the ER and targeted to the
cytosol, where they are degraded by the ERAD. In ERAD, protein
ubiquitylation plays a role in both protein extraction from the 
ER and proteasome-mediated protein degradation. This crucial
protein modification is mediated by a set of three enzymes: a ubiq-
uitin-activating enzyme (E1), a ubiquitin-conjugating enzyme (E2)
and a ubiquitin ligase (E3) [13]. VCP is known to associate with
E3/E4 ubiquitin ligases like Dorfin [12], gp78/AMFR (autocrine
motility factor receptor) [14, 15] and Rma1 (Ring finger protein
with membrane anchor 1) [16, 17] to promote ERAD. Dorfin is a
RING-IBR type ubiquitin ligase which ubiquitilates the superoxide
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dismutase (SOD1) in amyotrophic lateral sclerosis [12]. This
interaction is required for the ubiquitin ligase function of Dorfin.
While gp78 and Rma1 have been described to be involved in
degradation of phenylalanine mutant of cystic fibrosis transmem-
brane regulator (�F508-CFTR) by our group and more recently by
other groups [16–18]. The gp78-VCP complex is also known to be
involved in degradation of other misfolded proteins like CD3delta,
Z variant of alpha-1-trypsin and HMG CoA reductase, a rate-limiting
enzyme in cholesterol synthesis [14, 19, 20]. VCP-gp78 interaction
is known to enhance both ubiquitination and VCP-polyubiquitin
binding during ERAD [14].

In addition to its pivotal role in ubiquitin-dependent protein
degradation [7], VCP binds to expanded polyglutamine protein
aggregates [9] and has been shown to have this polyglutamine
protein binding capacity in Huntington’s disease and spinocerebel-
lar ataxia type III (SCA III) [9, 10]. Recently, Schroder et al. [11]
presented a report of a patient with a VCP mutation leading to an
inclusion body myopathy with frontotemporal dementia (IBMFD),
a protein deposition disorder. While Klein et al. [8] demonstrated
that VCP is phosphorylated by the anti-apoptotic affinity-regulat-
ing kinase (Akt) that regulates ERAD pathway. More recently,
small VCP interacting protein (SVIP) has been identified as an
endogenous inhibitor of VCP ERAD function [21, 22]. Taken
together, (1) VCP has a key function in protein ubiquitilation in the
ERAD pathway, thereby, being regulated through phosphorylation
by Akt, endogenous regulator SVIP or through interaction with
Dorfin/gp78/Rma1. These multiple interactions in protein degra-
dation pathways points to an important role of VCP in protein
degradation disorders such as amyotrophic lateral sclerosis and
inclusion body myopathies. (2) VCP mutations can be responsible
for a nuclear inclusion body type of frontotemporal dementia. (3)
We and others recently showed that VCP specifically binds to
mutant-CFTR protein as compared to wt-CFTR followed by its 
proteasome-mediated degradation [15, 23].

There is emerging evidence on association of VCP expression
with chronic inflammatory pathology in diseases such as cystic
fibrosis, alpha-1-antitrypsin deficiency and idiopathic pulmonary
fibrosis (IPF) [24, 25]. The most common phenotype presenting
with clinical evidence of alpha1-antitrypsin deficiency (AATD) is
the Z phenotype (ATZ), with decreased levels of circulating AAT
due to retention of the aberrantly folded protein in ER. Recent
studies show that ATZ induces VCP and C/EBP-homologous 
protein (CHOP), components of ERAD [24]. Thus, it is tempting
to speculate that VCP plays a pathogenic role in conformational
or misfolded protein diseases like cystic fibrosis (CF) and AATD
by inducing ERAD that may be an ER stress response to pres-
ence of misfolded protein. VCP is known to induce the NF�B-
mediated chronic inflammatory signalling by presenting its
endogenous inhibitor, I�B for proteasomal degradation [26]. We
recently proposed that VCP is a novel target for not only rescu-
ing misfolded protein from proteasomal degradation but also
I�B, endogenous inhibitor of NF�B-mediated chronic inflamma-
tion associated with chronic pathophysiology of these diseases
[15]. Several recent reviews discuss the role of VCP in ERAD,

apoptotic signalling and neurodegenerative disorders [1, 27,
28]. We discuss and provide here the perspective on cellular
functions of VCP, its association with the disease and the pro-
posed therapeutic potential.

Role of VCP in inflammatory signalling
and ER stress

We observed overexpression of VCP protein in CF primary
epithelial cells obtained at bronchoscopy from �F508 CF sub-
jects as compared to non-CF controls [15]. VCP is known to be
implicated in inflammation, with its mRNA expression elevated
in type II A549 lung pneumocyte in response to Pseudomonas
aeruginosa PAK strain (Geoprofile database, NCBI) infection.
VCP expression is also proposed to be a marker for cancer
metastasis. Overall prognosis of pancreatic, hepatocellular, gastric
and prostrate cancer is proposed to exhibit metastatic function
by VCP-mediated NF�B activation [29, 30]. Cell lines overex-
pressing VCP demonstrate resistance to apoptosis, and
increased metastatic potential [31]. The anti-apoptotic and pro-
metatstatic effects of VCP occur via activation of the NF�B 
signalling pathway [31]; this pathway has seminal importance in
pancreatic cancer and numerous reports confirm activation of
NF�B signalling in the majority of cases  [32–34]. We have 
preliminary data demonstrating that VCP inhibition not only rescues
I�B (the endogenous inhibitor of NFkB) from proteasomal degra-
dation but also independently suppresses NF�B activation 
[15, 35]. This ability of VCP inhibition to ameliorate NF�B-asso-
ciated cell survival and proliferation signals harbours considerable
promise for pancreatic and other forms of cancer.

The VCP expression in human CF bronchial epithelial cells,
IB3–1, is also mediated by elevated NF�B levels and ER stress
associated with the presence of misfolded protein (our unpub-
lished data). We found that specific NF�B inhibitor, caffeic acid
phenethyl ester (CAPE), significantly inhibits VCP protein levels.
These results indicate that VCP expression is regulated by NF�B
and on the contrary NF�B levels are regulated by VCP-depend-
ent I�B degradation [26]. VCP is also involved in ubiquitylated
body inclusions (UBIs) formation in neurodegenerative 
disorders, such as amyotrophic lateral sclerosis (ALS) and
Parkinson’s disease [12].

The VCP overexpression in these neurological disorders is
again believed to be associated with chronic inflammation initiat-
ed by environmental toxins and genetic factors. The control of
VCP expression is proposed to be a potential therapeutic target in
ex-polyQ-induced neurodegenerative diseases [12]. The functional
characterization of VCP and associated proteins in these diseases
will help in defining the role of VCP-mediated NF�B regulation.
Nonetheless, selective interference of VCP-I�B interaction to
inhibit (not block) I�B-NF�B signalling has a potential to be translated
as a therapeutic intervention.
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Role of VCP in ERAD and protein
aggregation

In addition to its association with Derlin1 complex on ER 
membrane [36], VCP is also found in aggresomes containing
�F508-CFTR [37] in association with cytosolic histone deacety-
lase, HDAC6. These �F508-CFTR containing aggresome bodies
are detectable following proteasome inhibition. It was recently
reported that finely tuned balance of the associations of HDAC6
and VCP with �F508-CFTR determines its fate [38]. This study
used the �F508-CFTR mutant that lacked its C-terminal ATPase
domain (deletion of 1057–1480 region). Recently, we used the 
N-terminal truncated form of CFTR (�264-CFTR) and �F508-
CFTR to demonstrate that small molecule inhibition of HDAC6
induces the proteasome inhibitor-mediated CFTR rescue from

ERAD [39]. Presence of VCP in both ER-associated complex and
aggresome as well as its direct association with proteasome indi-
cate that VCP is involved in both retrograde translocation from ER
and presentation of client protein to proteasome. We observed the
association of VCP with immune complexes pulled down with
anti-CFTR, Hsp40, Hsp70, Hsp90, gp78, ataxin-3 (aggresome
marker) and HDAC6 antibodies indicating interacting partnerships
between these proteins. These results indicated the functional
relationship of VCP with both ERAD (Hsp40-Hsp70 complex) and
aggresome formation (Ataxin3-HDAC6 complex) pathways [18].
We confirmed the functional association of VCP with ERAD and
aggresome formation using small molecule inhibitor of aggre-
some formation (tubacin) and proteasome inhibition (Fig. 1, our
unpublished data).

We previously reported that modulating proteasomal degrada-
tion by bortezomib or VCP inhibition not only rescues the functional

© 2008 The Author
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Fig. 1 Schematic of therapeutic potential of selective VCP inhibition. VCP is required for misfolded protein recognition and proteasome-mediated degra-
dation. In case of ER stress, misfolded protein overload or inflammation, VCP-aberrant protein interaction is dissociated by HDAC6 that direct the poly-
ubiquinated-protein to aggresome bodies with the help of dyenin motor complex. VCP dissociates HDAC6 interaction in aggresome. Finely tuned bal-
ance of VCP and HDAC6 determine the fate of aberrant protein. These aggresomes are formed by mechanisms that require VCP activity. Available chem-
ical inhibitors of proteasome (PS-341/Velcade) and aggresome formation (tubacin/HDAC6 inhibitor) inhibit protein degradation but will not help in res-
cue of polytopic membrane proteins from ER-associated degradation. Selective inhibition of VCP functional activity on ER membrane disrupts both pro-
tein degradation and aggresome formation and is a novel site for therapeutic intervention to rescue polytopic membrane proteins from degradation and
induce forward trafficking.
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mutant CFTR but also repressed NF�B-mediated IL-8 activation.
We observed that VCP has higher affinity for �F508-CFTR as com-
pared to wt-CFTR [15]. Recently, it was demonstrated, using the
endogenous expression system, that VCP is selectively associated
with �F508-CFTR but not wt-CFTR. Association of VCP with wt-
CFTR was only observed by CFTR overexpression or proteasome
inhibition [23]. We also observed association of other misfolded
protein, ATZ with VCP in HEK293 cells transiently transfected with
ATZ. Moreover, we observed that ATZ expression induces VCP pro-
tein levels and observed further induction of VCP protein levels by
proteasome inhibition in presence of ATZ (our unpublished data).
Based on our preliminary data and available literature we anticipate
that inhibiting the binding of VCP to the aberrant protein can lead
to development of effective therapeutic or prophylactic drugs for
conformational diseases such as CF and AATD.

We would like to point out here that misfolded protein disorders
are of two types: (i ) loss of functional protein by ubiquitin-protea-
some-mediated ERAD and (ii ) aggregation of misfolded protein in
cystosol (aggresomes) or ER (Russel bodies). The misfolded protein
disorders that fall under these two categories are summarized in
Fig. 2. In most of the misfolded protein disorders in first category,
protein rescued from proteasomal degradation are functional and
can rescue the disease pathophysiology. One approach is to use
proteasome inhibitors but that result in cytosolic aggregates
(aggresomes) as shown in Fig. 1. Several chemical chaperones

have been tested in these diseases to both avoid degradation and
aggregation of misfolded protein (Table 1) but none of them could
be developed as an effective therapeutic strategy due to their
inability to interact specifically with the molecular targets. We propose
here that identification and therapeutic targeting of molecular chap-
erones like VCP is a selective alternate approach. The selective
interference of VCP interaction with aberrant protein or I�B can be
developed as a therapeutic approach to not only rescue functional
misfolded protein but also inhibiting chronic I�B-NF�B-mediated
inflammatory signalling.

Selective inhibition of VCP ERAD function by targeting its tyrosine
phosphorylation [8] or inducing the activity of endogenous
inhibitor SVIP (small VCP interacting protein) [40] is a promising
cancer therapeutic target as it will not only selectively rescue cancer
cells from NF�B-induced anti-apoptotic signalling but also suppress
the retrograde translocation of proteins from ER to cytosol leading
to added induction of apoptotic signalling. We propose that this
selective therapeutic strategy has an added potential as a novel
cancer therapeutics over FDA-approved proteasome-inhibiting
drug, bortezomib/PS-341 [41], in suppressing both proteasome
function and aggresome formation (Fig. 1).

VCP is an essential protein with diverse cellular function hence
we do not anticipate that modulating its expression will be an
effective therapeutic strategy and hence we propose inhibiting its
interaction with aberrant protein or its specific function as discussed

© 2008 The Author
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Fig. 2 Summary of misfolded protein disorders. Misfolded protein disorders can be divided into two categories based on (1) loss of misfolded protein
by ubiquitin proteasome system (UPS) or endoplasmic reticulum-associated degradation (ERAD) or (2) aggregation of misfolded protein in cytosol
(aggresomes) or ER (Russell bodies). Misfolded protein associated with the disease are shown in bracket.
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above can be translated into a therapeutic intervention. VCP function
in protein aggregation disorders that fall under category two
needs to be carefully examined, if VCP is responsible for both
aggresome formation and promoting degradation of these aggre-
gates as recently proposed by Kobayashi et al. [42]. Inhibiting its
interaction with aberrant protein will be effective in inhibiting
aggresome formation and will be sufficient to rescue the disease
pathology. In disorders where VCP is not required for aggresome
formation and is exclusively involved in degradation of these
aggregates, methods to enhance AAA ATPase activity or unfoldase
function of VCP can be developed as a therapeutic approach to
help with the clearance of these aggregates.

Role of VCP in ER and post-ER 
compartments

Although the mechanism of substrate delivery to the ER membrane-
associated retrograde-translocation Derlin1-VCP protein complex is
still unclear, there is recent evidence that N-linked glycans play a role
in the selective targeting of misfolded glycoproteins to ERAD
through interaction with the lectin EDEM (ER degradation-enhancing
�-mannosidase-like protein; Htm1/Mnl1p in yeast) [43] and VCP
regulates this process. The proposed mechanism elucidates that the
selection of misfolded glycoproteins is based on the length of time
glycoprotein spends in the ER. In the case of prolonged acquisition
of a folded conformation, the glycoprotein GlcNAc2-Man9-(Glc1)
oligosaccharide becomes a substrate of ER mannosidase I that
specifically removes the terminal mannose from the middle branch
(branch B), transforming it into GlcNAc2-Man8-Glc1 (also called
Man8B-isomer), which functions as the predicted proximal signal
for VCP-mediated translocon delivery and ERAD [44]. Accordingly,
EDEM and VCP have been shown to accelerate the degradation of
misfolded CFTR in yeast. Complementation of the HTM1 (EDEM) or
Cdc48 (VCP) deficiency in yeast cells by the mammalian orthologue
EDEM or VCP underlines the necessity of these proteins in CFTR

degradation and highlights the similarity of quality control and ERAD
in yeast and mammals [45]. A novel function of VCP in the control
of N-glycosylation of proteins in the ER was recently demonstrated
[46]. Mass spectrometric analysis of cellular N-linked glycans
revealed that depletion of VCP decreases the level of high-mannose
glycoproteins, increases the levels of truncated low-mannose glyco-
proteins and induces changes in the abundance of complex glycans
assembled in post-ER compartments. Since proteasome inhibition
was unable to mimic those changes, they cannot be regarded as a
simple consequence of inhibited ERAD but represent a complex
effect of VCP on the function of the ER.

The further examination of the role of VCP in ER protein-glyco-
sylation is required to elucidate the exact function of VCP in selec-
tion of misfolded protein for ERAD, aggregation of misfolded proteins
in ER (Russell bodies) and trafficking of membrane proteins. In
addition, mammalian VCP and its yeast counterpart Cdc48p are
also known to participate in the formation of organelles, including
the ER, Golgi apparatus and nuclear envelope [5, 47–50]. VCP is
also known to interact with proteins involved in membrane traf-
ficking [51] as summarized in Table 2 but the functional roles of
these interactions are poorly elucidated. The negative regulation of
VCP’s ERAD function by its endogenous inhibitor SVIP [40] needs
further investigation as a therapeutic approach to induce membrane
transport and forward trafficking in membrane transport disorders
and diseases with both ERAD, and membrane transport dysfunction
like CF.

Molecular genetics of VCP

Watts et al. [52] identified missense mutations in VCP as the cause
of inclusion body myopathy with Paget disease of bone and fron-
totemporal dementia (OMIM, IBMPFD; 167320). Ten of 13 families

Disease Chemical chaperone

Cystic fibrosis
Benzoflavone/4-Phenylbutyric acid

Gaucher’s disease N-alkyalted deoxynorjirimycins

Retinitis Pigmentosa Retinal-based ligands

Fabry disease 1-deoxy-galactanojirimycin

�1-anti-trypsin deficiency 4-Phenylbutyric acid

Gonatotropin-hormone receptor
deficiency

Indoles and quinolines

Nephrogenic diabetes insipidus
SR11463A, VPA985

Table 1 Misfolded protein disorders and tested chemical chaperone
therapies

Table 2 Classification of VCP functions, interacting proteins and dis-
ease

Cellular function Interacting proteins Disease

Protein degradation Ub, Ufd1/2, Ufd3,
Proteasome
(PSMC1/PSMD2),
Npl4, VCIP, p47, Ubx2

Cystic Fibrosis, Alpha-
1-trypsin deficiency

Mitosis/nuclear refor-
mation

Ase1, Cdc5, Plx1,
AuroraB

Cancer metastasis

Membrane trafficking SVIP, Syt I, II, Clathrin Membrane transport
disorders

DNA/RNA repair BRCA1, DUF, TB-RBP,
WRN

Cancer metastasis

Aggresome HDAC6, Ataxin-3, 
ex-polyQ

Neurodegenerative
disorders

Inflammation I�B-NF�B, Akt Inflammation, cancer
metastasis
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with this disorder had an amino acid change at arginine-155, either
to histidine, proline, or cysteine. Arginine-155 of VCP was con-
served in homologues through all species examined except in two
C. elegans homologues, which had glutamine at that position.
Arginine-191 was invariant in all species examined, and arginine-95
was substituted by histidine in only two species. They proposed
that since patients with IBMPFD are viable with relatively late onset
of disease, the mutations identified do not disrupt the cell cycle or
apoptosis pathways. They suggested that mutations in VCP cause
Paget disease of bone by compromising ubiquitin binding and tar-
get similar cellular pathways or proteins. They concluded that the
progressive neuronal degeneration involve protein quality control
and ubiquitin protein degradation pathways. Interestingly, post-
mortem studies have confirmed that the IBMPFD associated with
VCP mutations is indeed a ubiquitinopathy with widespread
intranuclear ubiquitin inclusions in addition to the more classical
cytoplasmic FTLD-U pathology. Transfection of mutant VCP
impairs degradation of ubiquitinated proteins normally handled by
the ERAD pathway [53]. The role of VCP in IBMFD and neurode-
generative disorders has been recently reviewed in detail [54].

Although IBMFD is a relatively uncommon disorder, its impor-
tance lies in providing a clear molecular link between a specific
VCP mutation and ubiquitin-associated conformational disease
pathology. While disruption of ERAD and/or UPS function is an
attractive hypothesis, mutations in VCP may affect other cellular
activities regulated by VCP. Alternatively, mutations in VCP may
lead to a gain of function that is not otherwise predicted based on
its known functions. The extensive molecular studies are required
to elucidate the exact mechanism(s) leading to the IBMFD disease
pathology. It is not clear if the IBMFD pathology is indeed a direct
consequence of ERAD dysfunction or if VCP mutation disrupts the
finely tuned balance of VCP and HDAC6 interactions that promotes
aggresome formation (Fig. 1). Selection of appropriate method for
selective targeting of VCP ERAD or aggresome formation func-
tions requires dissection of molecular mechanisms leading to the
disease pathology in these genetic disorders. Decreasing aggre-
gate formation activity and/or increasing unfoldase activity of VCP,
is expected to be a novel therapeutic target for the treatment of
IBMPFD and other neurodegenerative disorders with intracellular
protein aggregation.

VCP structure and biochemical function

Mechanistically, misfolded protein substrates could associate with
the N-terminal end of some VCP protomers through their exposed
hydrophobic surfaces, whereas adaptors could still occupy other
protomers. Although this may still hold, the recent study [55] 
surprisingly demonstrates the involvement of the D2 ring in sub-
strate binding and propose an in-house mechanism for substrate
processing. DeLaBarre and colleagues [55] recently introduced
the ‘denaturation-collar’ model in which secondary structures are
unfolded through the guanidyl-rich denaturing milieu of the arginine

double ring (Arg586/Arg599) that guards the D2 pore [55].
Subsequently, substrates are either threaded out through transient
grooves at the D1/D2 interphase or reversibly channelled out from
the entry port. In contrast to other AAA proteins, which thread
substrates through their symmetry axis, VCP has a narrow D1
pore that is unlikely able to accommodate a polypeptide chain. In
this case, the D1 ring function seems to be limited to correct hexa-
meric assembly and proper interprotomer communication.
Furthermore, this model does not rule out the mechanistic
involvement of the N-terminal domain and adaptor proteins in
substrate recruitment to the C-terminal pore or substrate release
from the D2 ring. Further structural, molecular and biochemical
analysis is required to determine the exact sites and mechanisms
of misfolded substrate or ubiquitin binding to identify highly specific
small molecule inhibitors to dissociate VCP-aberrant protein interaction.
It still remains an open question if different substrates like misfolded
protein and I�B are recognized and chaperoned by VCP similar
mechanisms.

VCP and molecular purgatory

A number of recent functional studies now establish a novel para-
digm by which VCP plays a purgatorial (deciding) role in regulating
the ubiquitylation status of protein substrates, which is consistent
with the apparently differing biochemical functions previously
observed. The fact that VCP is considerably more abundant (1% of
total cytosolic protein) than its partners suggests that cofactor
expression, stability or localization may all be important determi-
nants of the identity of the assembled complexes. Alternatively, VCP
and its cofactors may be subject to a dynamic post-translational
modification process that determines the identity of the assembled
complex within pockets of cellular microdomains and according to
specific metabolic demands. This would not be surprising considering
that the cell cycle-dependent phosphorylation of p47 by Cdc2 
regulates its localization on the ER and Golgi membranes and may
subsequently affect its interaction with VCP [56]. Similarly, Akt-
mediated phosphorylation regulates VCP interaction with ubiquitylated
substrates, although it is unclear whether this is a direct effect on
substrate binding or a mere consequence of abolishing cofactor
binding [8], VCP may also assume the role of a protein-proofing
chaperone that is coevolved to alleviate the metabolic pressures 
of protein synthesis and degradation. Moreover, as a cellular home-
ostatic process VCP’s ERAD function is negatively regulated by
SVIP [40]. VCP directly interacts with proteins involved in (i ) protein
degradation, (ii ) mitosis, (iii ) nuclear reformation, (iv ) membrane
trafficking, (v ) DNA/RNA repair, (vi ) aggresome formation and (vii )
inflammatory signalling. The association of these VCP interactions
and functional pathways with various human diseases is shown in
Table 2. To summarize, VCP is an essential cellular protein involved in
diverse cellular functions and disease pathologies hence selective
intervention of VCP function is required for the development of novel
therapeutic with minimal side effects.

© 2008 The Author
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Perspective

Depending on the conformational recoverability, a crucial decision
must be made to either ubiquitylate and degrade or deubiquitylate
and recycle target substrates. A better mechanistic understanding
of VCP functions, especially its potential role in protein unfolding
or aggregation, is evermore pressing considering the scope and
complexity of its interaction with the aberrant proteins involved in
conformational diseases. Better understanding of these molecular
mechanisms will lead to the development of methods for selective
intervention of VCP as a novel therapeutic. The therapeutic

approaches we are presently testing include chemical or small
molecule interference of VCP-misfolded protein interaction, 
VCP-ubiquitin interaction, VCP-cofactor interaction, VCP phos-
phorylation and VCP ATPase activity.
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