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Abstract. The unique and evolutionary highly con-
served major vault protein (MVP) is the main
component of ubiquitous, large cellular ribonucleo-
particles termed vaults. The 100 kDa MVP represents
more than 70 % of the vault mass which contains two
additional proteins, the vault poly (ADP-ribose)
polymerase (vPARP) and the telomerase-associated
protein 1 (TEP1), as well as several short untranslated
RNAs (vRNA). Vaults are almost ubiquitously ex-
pressed and, besides chemotherapy resistance, have

been implicated in the regulation of several cellular
processes including transport mechanisms, signal
transmissions and immune responses. Despite a
growing amount of data from diverse species and
systems, the definition of precise vault functions is still
highly complex and challenging. Here we review the
current knowledge on MVP and vaults with focus on
regulatory functions in intracellular signal transduc-
tion and immune defence.
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Vaults and Their Components

Vault Particles. Despite their widespread expression
in human and animal tissues, vaults were not discov-
ered until 1986 by Kedersha and Rome [1]. This late
appearance can be explained by the lack of vault
visibility in standard electron microscopy (EM) prep-
arations using stains which depict mainly membranes
and nucleic acids [2]. However, the protein-rich vaults
were readily recognizable in a negative stain EM as
contaminants in clathrin-coated vesicle preparations
from rat liver tissues. Based on the symmetric, barrel-
shaped morphology resembling the ceilings of gothic
cathedrals, the particles were termed “vaults” [3].
During subsequent years, vaults were characterised as

the largest ribonucleoprotein particles (RNP) ever
described. With an impressive mass of about 12.9
MDa and a dimension of around 41 x 41 x 71.5 nm,
vaults leave far behind in size not only other RNPs but
also well-known cellular particles like ribosomes. So
what are the molecular components allowing the
formation of such a large and fascinating cellular
structure? In consecutive studies the group of Leo-
nard Rome demonstrated that in mammals vaults are
composed of three proteins: 1) the major vault protein
(MVP, 100 kDa) constituting most of the particle
mass; 2) the telomerase-associated protein (TEP1,
relative MW 240 kDa); and 3) the vault poly(AD-
P)ribose polymerase (vPARP, relative MW 193 kDa).
Additionally, vault preparations were demonstrated
to contain several small untranslated RNAs (vRNA,
88–141 bases) [2, 4–6] (Table 1).
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Using techniques such as scanning transmission EM
[7], cryo-EM [8, 9] and nuclear magnetic resonance
(NMR) [10], the vault particle and the interaction of
its main components were characterised (Table 1)
depicting a barrel-like, natural “nanocapsule” with
protruding caps, invaginating waist and covered by a
distinct protein shell [8] (Fig. 1A). Ninety-six copies of
the main vault component MVP are predicted to form
the outer shell of the hollow particle. The copy
numbers of the other components may vary and
estimations range from 2–4 copies for TEP1 and 4–16
copies of vPARP with both proteins residing in the
internal space of the barrel. Based on EM data, two
and eight molecules of TEP1 and vPARP per vault,
respectively, are most likely [11]. The symmetry of the
whole vault particle is not entirely clear yet. Eight-fold
symmetry imposing in cryo-EM suggested that the
vault complex has an eight-fold dihedral symmetry
[8]. Reconstitution of a recombinant vault with a
cysteine-rich tag revealed a 48-fold rotational sym-
metry [9]. However, very recently rat liver vaults in a
crystalline state were reported to be in 39-fold
dihedral symmetry [12].
Vault particles have been identified from a wide array
of species including, in addition to diverse mammals,
evolutionary widely separated entities such as proto-
zoa (e.g. slime mold Dictyostelium discoideum),
molluscs and echinoderms (e.g. sea urchin Strong-
ylocentrotus pupuratus), but also amphibians (e.g.
Rana catesbeiana, Xenopus laevis), avians (e.g. Gallus
gallus) and fish (e.g. electric ray Torpedo marmorata)
[13–18]. A recent detailed sequence comparison
extended this list to flatworms and trypanosomatides
[19]. Surprisingly, vaults are missing in several other
species popular in molecular research such as Saccha-
romyces cerevisiae, Caenorhabditis elegans and Dro-
sophila melanogaster as well as in plants [17, 20, 21].
The high evolutionary conservation suggests a funda-
mental function linked to the nanocapsule structure of
vaults; however, this assumption leaves open the
question of similarities between Saccharomyces, Dro-
sophila and Caenorhabditis cells apparently not need-
ing vaults for life.

The Major Vault Protein MVP. Increasing evidence
has accumulated that the responsible architect in
charge of construction of the vault particles is one
unique protein likewise highly conserved in evolution,
namely the major vault protein (MVP) [8, 9, 20, 22,
23]. This notion is supported by the fact that practi-
cally all MVP molecules spontaneously form vaults
without the need for other vault components [24].
MVP is capable of generating the minimal vault
structure and the entire outer shell of the vault barrel
[25]. Recently, the crystal structure of the recombi-

nant vault shell at a solution of 9-A was generated,
consequently placing it amongst the largest non-
icosahedral particles ever crystallized [22]. The de-
rived data are in agreement with those from isolated
vaults suggesting that the outer shell of the vault
particle is entirely made of MVP and represents a
rather closed, smooth surface without any larger gaps
or windows. Based on these observations, a cellular
role of MVP distinct from that transmitted in the form
of vaults is rather unlikely and there is currently no
evidence suggesting such a function. Within the vault
shell, the N-terminal region of MVP forms the particle
waist with a part extending into the interior, while the
C-terminus builds the cap as well as the cap/barrel
junction. Consequently, fusion proteins or tags engi-
neered to the N-terminus protrude into the inner
particle space [26] and parts of the N-terminus are
thought to account for the non-covalent interface
between the identical particle halves [9].
The human MVP gene contains 15 exons coding for
893 aa and is localised to chromosome 16p11.2. MVP
represents a unique 100–110 kDa protein with widely
lacking homologies to other proteins but distinct
conservation during evolution (e.g. around 90 %
homology within mammals and around 40 to 60 %
with lower organisms) [14, 16]. Several domains
within the MVP molecule have been described
(Fig. 1B), their functions analysed and a model of
intra-and intermolecular interactions underlying vault
formation proposed [27]. Most importantly, the highly
conserved a-helical domain close to the C-terminus,
functioning as a coiled coil domain, mediates inter-
action between the MVP molecule and thus vault
formation [27]. Mutation of this sequence results in
loss of vaults and distinctly altered subcellular local-
isation of MVP. Secondly, the N-terminal part of MVP
was reported to contain at least two Ca2+-binding EF
hands. Indeed, MVP is able to bind Ca2+ predom-
inantly via its N-terminus which may be necessary for
correct folding and subsequently particle formation.
Interactions with other proteins such as Phosphatase
and Tensin Homolog Deleted On Chromosome 10
(PTEN) is mediated via the proposed EF hand
domain and modulated by calcium [28]. However,
recent substructure determinations by NMR did not
confirm these EF hands and suggested alternative
Ca2+-binding mechanisms such as coordination by the
large number of acidic residues in the long b-strand
loops of multiple MVP domains [10].
Recently, Suprenant at al. have suggested – based on
extensive sequence and structure comparisons – that
MVP is related to the toxic anion resistance protein
(TelA) family of prokaryotes based on a shared fold
consisting of a three-stranded antiparallel b-sheet
[19]. A similar structure builds up the vault wall and
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the central barrel as revealed by the solution NMR
structure of the respective conserved MVP two-repeat
domain [10]. Both, the MVP repeat and the putative
TelA homolog display reasonable similarity with S-
layer paracrystalline bacterial surface coatings, sug-
gesting a common ancestry [19].
MVP is an abundant protein with expression levels
allowing formation of up to 105 vaults per mammalian
cell [29] and 107 per mature sea urchin egg [30].
Despite the widespread expression, MVP levels seem
to be strictly regulated. Diverse conditions character-
ised by upregulated MVP expression have been
described including chemotherapy resistance [16, 29,
31 – 34], malignant transformation [35–37], senes-
cence/aging [38], hyperthermia [39], estradiol treat-
ment [40], as well as short-term exposure to diverse
antineoplastic and/or differentiation-inducing drugs

[41–46]. MVP expression is also stimulated in re-
sponse to certain cytokines like interferons [47, 48]
while others, including TNFa, potently suppress MVP
expression [49]. Consequently, several research
groups have addressed the mechanisms underlying
the expression regulation of MVP at the level of gene
dose, promoter activation, as well as mRNA and
protein stability.
Overexpression of genes mediating multidrug resist-
ance (MDR) like the ABC drug transporters ABCB1
(mdr1) and ABCG2 (breast cancer resistance protein)
is often mediated by gene amplification, especially
following in vitro drug selection [50–52]. So far,
comparable data for the MVP gene have only been
reported in one fibrosarcoma cell line selected against
doxorubicin [53]. In contrast, MVP gene amplification
was missing in several other MVP-overexpressing

Figure 1. The wonderful vault world: (A) Cryo-EM images of vault particles in various orientations (left), three dimensional reconstruction
with imposed cyclic eightfold symmetry from different perspectives (middle) and a central slice from the intact vault reconstruction
indicating a central mass within the particle where the cap meets the barrel (right). All parts in (A) are reprinted from [8] with permission
from Elsevier Science; (B) The three human vault proteins and their structural and functional important protein domains. The figure is
taken from reference [21] with permission. For explanations of the respective domains see text; (C) Immunofluorescence staining of vaults
(green) in the lung cancer cell line A549 either untreated (first from left) or treated with the differentiation-inducing agent phorbol 12-
myristate-13-acetate for 12 h (second from left). Note the intense relocation of vaults to defined membrane loci. MVP immunofluorescence
staining of a glioblastoma cell line treated with daunomycin for 24 h (third from left) demonstrates the appearance of “vault tubes” in one of
the cells. The right panel shows the cellular distribution of vaults after expression of an MVP-GFP construct in a human glioblastoma cell. In
all images DNA is stained by DAPI (blue) and actin filaments by TRITC-phalloidin (red).
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MDR cell models even when harbouring ABCC1
(MRP1) amplification in close vicinity at chromosome
16p [42, 53–55]. Additionally, MVP expression is
reduced but not activated in myxoid liposarcomas
containing a specific chromosome 16p11 break close
to the MVP locus [56]. These data suggest that the
MVP gene is not prone to be amplified during drug
selection, or at least not to a comparable extent as
ABC drug transporter genes.
The human MVP gene promoter, like the murine one
[15], is TATA-less and lacks other core promoter
elements [44, 57]. Deletion analyses revealed an
activating core sequence close to the transcription
start point and additional upstream inhibitory regions.
The core promoter sequence contains several putative
transcription factor binding sites including consensus
sequences for p53 and STAT1, an inverted CCAAT
box, a GATA box, an E box and a GC box element [44,
57]. Several observations suggest that activation of
transcription via usage of these binding sites might be
central to MVP expression stimulation. Thus we have
shown that SP1 transcription factors are involved in
basal and histone deacetylase (HDAC) inhibitor-
induced MVP expression [44]. A STAT1-binding site
(GAS element) in the human promoter was demon-
strated to be responsible for interferon g-activated
MVP expression [48]. Stein et al. have shown that
activation of MVP expression by the anticancer drug
5-FU is based on enhanced binding of the Y-box-
binding protein 1 (YB-1) to the inverted CCAAT box
[43]. In this study a strong correlation between YB-1
and MVP expression in colon cancer was also
described. This is corroborated by a significant
correlation between nuclear YB-1 and MVP expres-
sion recently reported for breast [58] and ovarian
cancer [59]. In the case of p53 we have found distinctly
differing impacts of wild-type and mutant protein on
MVP promoter activity, suggesting a functional p53-
binding site in the MVP promoter (unpublished
results). In summary these data suggest that MVP
transcription is controlled at least in part by several
transcription factors involved in cell development and
differentiation but also malignant transformation.
Based on the fact that several HDAC inhibitors
activate MVP transcription, Emre et al. additionally
assumed a general role of chromatin remodelling in
MVP expression regulation [42].
Several studies suggested that the transcriptional
activation of the MVP promoter is not sufficient to
explain the upregulation of MVP expression in
response to diverse stimuli [48, 54]. Thus it was
postulated that posttranscriptional regulation of MVP
expression, for example via stabilisation of the MVP
mRNA [54], may support protein expression. Addi-
tionally, we have shown that MVP mRNA is spliced

into two transcripts differing only in the 5-prime
untranslated region [60]. Interestingly, the longer
variant contains a short upstream open reading frame
completely repressing translation of MVP. Thus
changes in alternative splicing events can additionally
regulate MVP expression.
Generally, vault-incorporated MVP is a long-living
protein with a half-life of at least three days [61]. This
might explain why a relatively minor increase in
transcription can lead to significantly enhanced pro-
tein levels. Additionally, pulse-chase analyses in
interferon-treated cells suggested that protein stabil-
ity varies under different cellular conditions [48].
Moreover, the maximum level of stimulated MVP
expression seems to be controlled as MVP upregula-
tion by diverse stimuli including interferon [48],
phorbol esters [42], and drug-selection [29] could
only be observed in cells with low to moderate
endogenous MVP expression. The molecular factors
underlying these regulatory events are completely
unexplored as yet.
Knowledge on protein modifications regulating MVP
stability is limited. An active degradation of MVP via
the proteasome has been suggested based on the vault
stabilizing effects of the proteasome inhibitors
MG132 in porcine zygotes [62]. Accordingly, another
ALLN inhibitor led to vault accumulation/aggrega-
tion in human HeLa cells [19]. Moreover, MVP was
demonstrated to be contained in protein complexes
with the E3 ligase Constitutively Photomorphogenic 1
(COP1) [63] known to regulate p53 and c-jun stability
[64]. However, ubiquitination of MVP or other vault
components has not been directly demonstrated so far
and expression of COP1 dramatically increases rather
than decreases MVP expression in HEK293 cells [63].
MVP is a phosphoprotein since it is tyrosine-phos-
phorylated, for example, by protein kinase C and
casein kinase II [65, 66] as well as Src kinase [67].
Phosphorylation of MVP, which is assumed to be
important for its cell signal regulating functions
(compare below), has been demonstrated following
UV-radiation [63] and EGFR-mediated signals [63,
67, 68]. Moreover, MVP is a substrate for dephos-
phorylation by the phosphatase SHP2 [68] and poly-
(ADP)-ribosylation by vPARP [5]. However, the
precise impacts of these protein modifications on
MVP stability and/or assembly of the vault particle
have not been conclusively determined so far.

vPARP. When analysing the minor protein compo-
nents of the vault particle by a yeast two-hybrid
approach, Kickhoefer et al. in 1999 identified the 193
kDa vault component as a novel poly-(ADP)-ribose
polymerase (PARP) [5]. The vault PARP (vPARP) is
number four of at least seven family members in
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humans [69] with PARP1 being by far the best
characterised protein [70]. PARPs are an ancient
family of predominantly nuclear enzymes catalysing
the covalent transfer of ADP-riboses from nicotina-
mide dinucleotide (NAD) to glutamic and aspartic
residues on themselves and other protein substrates.
Moreover, PARPs catalyse polymerisation to long
branches of poly-(ADP)-ribose through glycosidic
bonds. The resulting poly-(ADP)-ribosylation
changes the interaction of the modified substrates
with other proteins and DNA [71]. Poly-(ADP)-
ribosylation has been implicated in the pathogenesis
of cancer and inflammatory as well as neurodegener-
ative disorders by regulating, amongst others, genomic
stability, transcriptional fidelity, energy metabolism
and cell death [70]. Interestingly, outside of their
catalytical domains, PARP family members lack
strong homologies and contain multiple, different
localisation and interaction domains again suggesting
involvement of poly-(ADP)-ribosylation reactions in
multiple cellular functions [72]. PARP1 has recently
been suggested as a promising target for anticancer
therapy and to improve chemotherapeutic responses
by inhibiting repair processes [73].
The vPARP gene is located on chromosome 13q11
with 34 exons encoding 1724 aa [5]. Homology search
also discovered, besides the enzymatically active
PARP domain, a BRCA1 C-terminal (BRCT), an
inter-alpha-trypsin and a putative van Willebrand type
A domain (vWA) as well as a C-terminal interaction
domain binding to MVP [21, 74] (Fig. 1B). vPARP is
(though rather weakly as compared to other PARPs)
catalytically active both as a single molecule as well as
within the vault complex and poly-(ADP)-ribosylates
itself and MVP [5]. However, the consequences of
these modifications have not been elucidated so far.
Several PARP family members have distinct functions
in nuclear processes supporting DNA stabilisation
and repair as well as telomere dynamics [70, 71, 75,
76]. Interestingly, vPARP shares with PARP1 the
BRCT domain characteristic for multiple proteins
involved in DNA damage-mediated cell cycle arrest.
In contrast to PARP1, however, vPARP does not seem
to be activated by DNA damage [5] and vPARP (-/-)
mice have no obvious chromosomal instability phe-
notype [77]. Interestingly, vPARP (-/-) mice are
hypersensitive to dimethylhydrazine-induced colon
cancer and to a lesser extent urethane-induced lung
carcinogenesis [78]. These data suggest that vPARP or
vaults are involved in the repair of DNA damage
caused, for example, by alkylating agents. However,
the molecular mechanisms underlying these effects
and a possible contribution of MVP/vaults are un-
defined as of now. Considering the predominant
localisation of vaults in the cytoplasm and the

presence of non-vault-associated vPARP in the nu-
cleus and at the mitotic spindle [5], it is tempting to
suggest vault-independent DNA-modifying functions
of vPARP. Nevertheless, it has to be mentioned that
the presence of MVP strongly enhances the half life of
vPARP [16, 79] suggesting at least an indirect impact
of vaults as a reservoir for other vault components.
Considering the high mobility of vaults (compare
below) they might also function as shuttle allowing
rapid delivery of the vault components such as, for
instance, vPARP to specific subcellular locations.

TEP1. While vPARP was described for the first time
in association with the vault particle [6], the second
minor vault protein component (240 kDa) turned out
to be identical with the already known telomerase-
binding protein TEP1 [80]. Although telomerase
activity is associated with TEP1 immunoprecipitates,
this protein is not necessary for proper telomerase
function and is not a component of the core telomer-
ase complex [81]. Accordingly, TEP1 (-/-) mice exhibit
unaltered telomere lengths and are, comparable to
vPARP and MVP (-/-) mice, fertile without any signs
of apparent developmental defects [77, 82]. Vaults of
TEP1 (-/-) mice contain less density within the very
ends of the cap regions, suggesting its localisation
there [9, 82]. TEP1 has been shown to interact with
both telomerase RNA (hTR) [80] and several human
vault RNAs [6] in yeast RNA-protein interaction
assays. However, vaults neither contain telomerase
activity nor do they associate with telomeres. vPARP
has been shown to associate with a vault-independent
telomerase activity mediated by binding to TEP1 [77].
This is interesting as several PARPs have a telomere
length-regulating function. For example tankyrases
(PARP5a and 5b) are known to poly-(ADP)-ribosy-
late and thus inhibit the telomere-binding protein 1
(TRF1) [83], a repressor of telomere elongation [84].
However, telomere lengths are unaltered in vPARP
(-/-), TEP1 (-/-), as well as in double knock-out
animals [77], excluding such a role for vPARP.
Several interesting conserved domains are found in
the TEP1 gene (Fig. 1B) residing on chromosome
14q11.2 and coding for a 2629 aa protein [80]. The N-
terminal part of TEP1 represents a Tetrahymena p80
homology region and is required for binding of both
telomerase RNA and vRNA [85]. The two RNA
species compete for binding to TEP1, which suggests
an overlapping binding site. Bateman and Kickhoefer
[74] have identified, by in silico analysis, a TROVE
module as a common ribonucleoprotein element
present in p80 of Tetrahymena, TEP1, the Ro60
protein component of the Ro RNP complex (contain-
ing Y RNA along with the LA autoantigen) [86], and
several uncharacterised bacterial sequences. It is
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unclear to date why vRNA but not telomerase RNA is
targeted to the vault particle and vice versa in case of
the telomerase complex. Surprisingly, TEP1 is not
necessary for targeting telomerase RNA to the
telomerase complex while vaults in TEP(-/-) mice
are devoid of vRNA [82]. Moreover, vRNA levels are
reduced in multiple organs of these mice, suggesting
that TEP1-binding and/or inclusion into vaults stabil-
ises vRNA. The mechanisms underlying the distinct
differences between vRNA and telomerase RNAwith
respect to TEP1 are currently unknown.
Coexpression experiments of all vault components in
vault-less Sf9 cells demonstrated that both vPARP
and TEP1 incorporate into the particle either alone or
in combination [9]. However, only a vPARP but not a
TEP1 binding site has been found in MVP by a yeast-
two hybrid approach [27] suggesting that intact vaults
but not MVP monomers are able to form the
respective binding site for TEP1 [9, 85]. In addition
to vRNA-binding, the p80 homology region is suffi-
cient to target TEP1 to the vault localising the
respective interaction domain to this region [85].
Moreover, the vRNA interaction is not necessary for
targeting TEP1 to the vault in the Sf9 expression
system, suggesting a direct interaction with MVP.
Besides the TROVE module, the p80 homology
domain contains solely a vWA sequence which is
also present in the vPARP gene [74]. Thus, one of the
two domains must be responsible for the association of
TEP1 with the vault particle which is independent of
RNA binding. The evolutionary conserved VWA
domains are Rossmann folds consisting of a b-sheet
sandwiched by multiple a-helices. They are involved
in the binding of metals, contribute to multi-protein
complexes and are frequently found in proteins
mediating cell adhesion like integrins but also in
those residing in the extracellular matrix [87]. Addi-
tionally, removal of the vWA domain had an impact on
vRNA binding to the TROVE module suggesting a
complex interaction platform [85]. However, the
functions of the vWA domains in both minor vault
proteins need to be determined.
The C-terminus of TEP1 contains a 16-fold WD40
repeat region known, in many cases, to build propel-
ler-like structures representing a platform for rever-
sible binding and assembly of multiprotein complexes
involving e.g. histones [88] and cell signalling mole-
cules [89]. In cryo-EM, the finding of a 16-fold density
ring at the top of the cap allowed modelling the WD40
repeat of TEP1 within this density [11]. WD40 repeats
were suggested to exhibit structural functions while
possible protein interaction partners in the case of
TEP1 are unknown so far.

vRNA. Vaults are canonical RNPs thus containing in
all species – in addition to proteins – untranslated
small RNAs termed vault RNAs (vRNA). Compar-
ison of RNAse treated and untreated vaults localised
vRNA molecules to the cap region [11] whereby the
numbers per particle and the nature of vRNA
molecules seems to be variable and species-dependent
[4, 90]. Mice and rats express only one 141 bases long
vRNA. While the bullfrog transcribes two shorter
vRNAs with 89 and 94 bases, humans express three
vRNA genes (hvg 1–3) with 88–98 bases. The respec-
tive genes are located on chromosome 5p within a
region of 16 kb suggesting that they are a consequence
of a tandem duplication event [90]. Additionally, the
human genome contains a fourth vRNA gene (hvg4)
on chromosome X which does not seem to be ex-
pressed [90]. Very recently an additional non-coding
RNA closely resembling vRNA has been described
which is encoded at an intergenic locus on chromo-
some 5 [91]. vRNAs are transcribed by RNA polymer-
ase III and the respective internal type 2A and B box
promoter elements are highly conserved [4, 92, 93].
Additionally, an external promoter element type 3
TATA box and proximal sequence elements, neces-
sary for transcription of the rat genes [93], are present
in the expressed human vRNA genes but lacking in
hvg4 [90]. Little is known about factors regulating
vRNA expression. Recently it has been demonstrated,
however, that infection with Epstein-Barr virus
(EBV) strongly induces expression of vRNAs [91,
94] suggesting a role of vRNA and/or vaults in viral
defence (compare below).
Although the vRNA genes of different species exhibit
a relatively low degree of homology, the predicted
secondary structures seem to be highly conserved [4,
90]. Studies with an insect cell expression system,
however, indirectly indicated that the predicted
secondary structures of vRNAs may not always be
assembled in living cells [85]. Thus, in vitro transcribed
vRNA only weakly interacted with the recombinant
RNA-binding domain of TEP1 targeting vRNA to the
vault particle in vivo. RNAse H mapping suggested
that this low affinity might be based on the fact that the
in vivo configuration of vRNAs could be more open as
compared to the rather closed secondary structures of
the in vitro transcribed vRNA (suggested also by
thermodynamic models). Accordingly, mutations af-
fecting base pairing in the central loop strongly
enhanced the affinity of vRNA towards TEP1 [85].
In vivo, longer sequences of single-stranded RNA
might be caused by binding to protein components
like MVP or vPARP but probably also by La RNA-
binding protein [95], another vRNA-binding protein
(Table1). The highly abundant La RNA-binding
protein interacts with the N-termini of many newly

Cell. Mol. Life Sci. Vol. 66, 2009 Review Article 49



synthesised small RNAs based on the recognition of
the sequence UUU-OH which is produced by tran-
scription termination by RNA polymerase III [96].
Also vRNAs do not appear to be further processed
and thus contain the 3’polyuridylate tail recognised by
the La protein. Thus, in addition to a loose association
with vaults, La RNA-binding protein together with
vRNA could be part of another yet undefined RNP
[95].
vRNA represents only around 5 % of the particle mass
and only around 20% of vRNA is associated with
vaults while the majority is localised in the soluble
fraction. However, vRNA shifts towards the vault-
bound fraction in drug-resistant cell lines [29]. While
hvg1 is the predominant vRNA associated with vaults,
all isoforms are found associated with the particles [29,
90]. The binding of vRNA species to vaults does not
exactly reflect the expression levels and especially in
drug-resistant cell models the vault-bound fraction of
hvg3 was disproportionately high [90]. This led to the
hypothesis that, dependent on the cellular functions,
different vRNAs are bound to vaults. However, the
regulating factors underlying these observations need
to be determined and a defined function of vaults
relying on the RNA component has not been identi-
fied so far.

Conformational States, Intracellular Localisation and
Movements of Vaults

Freeze-etch EM demonstrated that vaults can change
to an opened state resulting in a pair of flower-like
structures with eight petals [7]. Recently, opening of
recombinant vaults into this open conformation was
described to be triggered by low pH [97]. However, it
is unclear whether this state is occurring in living cells
or represents an in vitro artefact. In protein–mixing
experiments with recombinant MVP in Sf9 cells,
Poderycki et al. [25] demonstrated that other vault
components could be incorporated in already pre-
formed vaults. Accordingly, a more rapid association
of newly synthesised vPARP as compared to MVP
with already preformed particles was demonstrated by
pulse-chase and immunoprecipitation experiments
[61]. This suggests that the exterior MVP shell of the
vault is not a fixed, rigid structure but allows dynamic
exchange processes.
Distinct differences in the main intracellular local-
isation of vaults in different cell types have been
described and partly contradictory observations have
been published even when comparable cell types were
investigated by identical detection methods. This
indicates that the cellular localisation of vaults might
not only be cell type- and species-dependent but also

variable and subjected to distinct changes in response
to external stimuli (Fig. 1C). Generally, the majority
of reports agree that at least in mammalian cells MVP/
vaults are predominantly (>90%) localised in the
cytoplasm. These observations were comparably de-
scribed based on MVP immunostaining, fluorescence-
tagged MVP, and/or biochemical cell fractionation
experiments [20, 21, 34]. Additionally, a subgroup of
vaults was repeatedly reported to be localised to the
nuclear envelope of unstressed human cells [16, 29, 41,
98–101]. Accordingly, based on photobleaching ex-
periments van Zon et al. demonstrated that vaults can
relocate from the cytoplasm to the nuclear envelope of
non-small cell lung cancer cells [100]. Comparable
observations in rat, sea urchin, and Dictyostelium cells
led to the suggestion that vaults associate with the
nuclear pore complex (NPC) [102, 103]. A close
association between the NPC and vaults was recently
proven by FRET analysis in Xenopus oocytes. This
association was sensitive to the depletion of cisternal
Ca2+ stores. A comparable observation has also been
made before with respect to the yet unidentified,
dynamic, central mass of the NPC, which most likely
represents cargo in transit [104]. These data suggest in
addition to the comparable size and symmetry of
vaults and NPC, that at least occasionally vaults
represent a central mass within the NPC [103].
In some investigations higher amounts of MVP were
found within the nuclei not only in sea urchin but also
in mammalian (including human) cells. For example,
in the glioblastoma cell line U373, a 5 % subpopula-
tion of vaults localised in the nucleoplasm in associ-
ation with particulate structures [99]. Furthermore, in
a stomach cancer cell line immunofluorescence im-
ages indicated strong accumulation of MVP within the
nucleus [67]. Based on subcellular fractionation,
almost equal amounts of MVP were detected in the
cytoplasm and nuclei of human fibroblasts [38]. Some
groups even suggested that important roles of MVP in
several cellular processes could be based on a vault-
mediated shuttle function between cytoplasm and
nucleus including nuclear import of the tumor-sup-
pressor molecule PTEN [105, 106] or the nuclear
hormone receptors [40], as well as export of drugs
[107, 108]. Interestingly, sea urchin vaults change their
localisation during embryogenesis with increasing
amounts in the nucleus from about the blastulation/
gastrulation stage onwards, suggesting a role in cell
differentiation. In adult cells, vaults localise nuclear
with accumulation around the nucleoli [30, 109]. As
this is the main region of ribosome synthesis/assembly
and vaults were co-purified with ribosomes, early
reports suggested that vaults might function as carrier
for ribosome subunits or, more general, for all RNPs
from the nucleus to the cytoplasm [30]. However, even
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in these studies the vault/ribosome interaction was
suggested to be indirect and/or weak, as it did not
persist during sucrose gradients and comparable
observations in mammalian cells have never been
reported. Nevertheless, considering all these data, it
has to be assumed that at least under specific
conditions a substantial amount of vaults may pass
the cytoplasm/nucleus barrier extending the potential
for functional diversity of these amazing particles
(compare below).
Besides the association with components of the
nucleus, also the localisation of vaults within the
cytoplasm is highly dynamic. Using fluorescence
recovery after photobleaching (FRAP) experiments,
van Zon et al. [100] suggested vault movement
through the cytoplasm rather by diffusion than active
transport. This suggestion was mainly based on
temperature-insensitivity of vault movements in
these experiments [101]. However, the size of vaults
militate against passive diffusion through the cyto-
plasm [110]. Accordingly, a rapid, probably saltatory
movement of vaults with a velocity of about 10 mm/s
was described by Selesina et al. based on comparable
FRAP techniques and video-enhanced microscopical
analysis [98], which is well in the range of the fast
anterograde axonal transport of synaptic vesicles
[111]. This is in accordance with earlier ligature
experiments of Torpedo marmorata electric nerves
demonstrating that vaults accumulate proximal and
distal to the crush point, suggesting axonal anterog-
rade and retrograde transports [112]. Moreover, in
multiple situations vaults were shown to rapidly react
to diverse signals by translocation to distinct subcel-
lular compartments including ruffling edges, neuritic
tips, presynaptic compartments, lipid rafts and others
[14, 35, 99, 113–115]. Additionally, no migration or
diffusion front was obvious during reappearance of
GFP-tagged vaults to photobleached regions of neu-
ritic tips of PC12 cells [98].
The rapid transport of vaults over longer distances
implicates the involvement of molecular motors and
the cytoskeleton, as also known from the transport of
synaptic vesicles. Indeed, several studies suggested
that vaults interact with cytoskeletal components. For
example, MVP immunolocalised in the close prox-
imity to actin fibers at ruffling edges and in cell
adhesion sites [23] as well as cholinergic nerve
terminals of electric ray [114]. However, a direct
interaction between actin and vault components has
never been shown. In contrast, vaults were repeatedly
demonstrated to colocalise and interact with tubulin
respectively microtubules in several cell types. Both
cellular components co-purify from sea urchin cells
[30], colocalise to the tips of PC12 neurits [113], and
co-immunoprecipitate (with MVP) in non-small cell

lung cancer cells [100]. A direct association of a
subgroup of vaults with microtubules predominantly
via the particle caps was demonstrated with 5 to 6
vaults binding each micron filament [116]. As in this
study no vault-mediated crosslinking of microtubules
was seen, the authors hypothesised that only one of
the vault caps might be able to bind to the filament.
However, this is to our knowledge the only hypothesis
so far published that the two vault halves could be
different. Mammalian vaults remained bound to
tubulin di- and oligomers even after filament destruc-
tion by nocodazole [116], and tubulin was enhanced in
the MVP immunoprecipitates after microtubule sta-
bilisation with taxol [100]. However, the intracyto-
plasmic movement of vaults was only reduced but not
completely blocked by nocodazole, suggesting that
vault transport, though stimulated, is not entirely
dependent on intact microtubules [100].
Another fascinating aspect of vaults regulated by the
cytoskeleton are the so-called “vault-tubes” described
by van Zon et al. as a consequence of exposing GFP-
tagged MVP-transfected cells to room temperature
[101]. Under these conditions, MVP and probably
additional vPARP interact to form tube-like cylindrical
structures within the cytoplasm with a length of around 7
micron which disappear following a shift to 378C.
Comparable observations have been made in our lab
with regard to endogenous MVP in human cancer cells
treated with certain chemotherapeutic drugs (Fig. 1C,
unpublished). For vault tube formation, MVP has to
interact via its coiled-coil domain as already known for
vault particle formation, suggesting that these structures
include intact vaults. Based on the possibility of purified
vaults to aggregate in vitro side-to-side into crystal-like
structures [7], this would implicate that about 7500 vaults
might polymerise to 1mm of vault-tube. From the
disappearance of other vPARP containing cytoplasmic
structures, so-called “vPARP rods”, during vault-tube
formation, an inclusion of cytoplasmic vPARP was
suggested [101]. However, these assumptions rely only
on immunofluorescence data and lack any further direct
proof. Interestingly, FRAP experiments demonstrated
that vault-tubes are dynamic structures including a
particular MVP molecule or intact vault particle on
average only for around 100 seconds. While depolymer-
isation of microtubules by nocodazole enhanced vault
tube formation, stabilisation by taxol almost completely
blocked this process, suggesting a fundamental involve-
ment of microtubular dynamics in vault-tube formation
[101].
Another form of aggregation of vaults to large (up to 7
mm in diameter) cytoplasmic structures, in this case
termed “vaultosomes”, was recently reported by
Suprenant et al. in response to metal-containing
oxyanions like tellurite [19]. Vaultosomes are dis-
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tinctly different from vault-tubes as they are irregu-
larly shaped and not generally elongated, predom-
inantly localise to the cell margins, are preferentially
built at 378C, and their formation seems to be
independent of microtubule dynamics. Co-immunos-
taining indicated that vaultosomes are different from
known forms of aggresomes and stress granules.
However, both vaultosomes and vault-tubes are
reversible, dynamic structures and precise functions
are unknown so far.

Cellular Functions of MVP/Vaults

Considering the widespread expression but also the
high evolutionary conservation and the peculiar
structure of vaults, the identification of precise
functions of the vault particle turned out to be
astoundingly complicated. Generally, several of the
functions ascribed to this unique cellular organelle are
not irrevocably defined as yet. Diverse hypotheses
have been developed on possible functions of vaults
mainly based on their unique barrel-like structure
(implicating transport of cargo) in a “form ever
follows function” approach [17]. Additionally, the
molecular characteristics of the minor vault compo-
nents as a telomerase protein, a poly-(ADP)-ribose
polymerase and as untranslated RNAs have fuelled
the imaginations of vault researchers [16, 17, 20].
However, several of these assumptions have not been
substantiated by experimental evidence. Neverthe-
less, during the last years the fog is clearing somewhat
and more precise concepts regarding the cellular
functions of vaults are emerging (Table 1).

Vaults and Drug Resistance: an Intricate Liaison
With the discovery that MVP is identical with the
human lung resistance protein LRP [55], known to be
overexpressed in multiple chemotherapy resistance
models [31], literature boomed concerning a role of
vaults in chemotherapeutic drug resistance. Today an
extended body of literature exists concerning the
relation between vaults/MVP/LRP expression and
drug resistance in clinical oncology. As the respective
literature has been summarized in several quite recent
reviews [16, 17, 34], we decided to discuss in this paper
only the very current and still extremely controversial
literature on this issue.
To say it in a nutshell, the question as to whether vaults
are involved in drug resistance and, if so, based on
what molecular mechanisms has still not been an-
swered. However, several recent observations and
arising questions need to be discussed and imple-
mented before shelving the issue of vaults and drug
resistance.

What argues for a decisive role of vaults in chemo-
protection? Vaults are frequently expressed in tissues
chronically exposed to the environment and conse-
quently prone to get in contact with xenobiotics,
including the epithelia of lung and digestive tract as
well as early stages of embryonic development [62,
117, 118]. In addition to the distinct correlation of
intrinsic drug resistance with MVP expression in
several human malignancies in vitro and in vivo [16,
34], MVP is almost generally overexpressed in drug
resistant human cancer cells selected against a wide
array of chemotherapeutic drugs [29, 33, 55, 119].
Besides the mere description of this phenomenon,
several research groups have indicated that MVP is
causally involved in the associated resistance pheno-
type. For example, a series of earlier studies demon-
strated that in a human colon cancer cell line sodium
butyrate treatment induced an MDR phenotype that
was based on the nuclear exclusion of drugs like
doxorubicin [108]. Transfection with an MVP-target-
ing ribozyme or incubation with the pyridine analogue
PAK-104P, a putative MVP inhibitor, restored chemo-
sensitivity and nuclear drug accumulation [107, 108].
Comparable effects were seen when isolated nuclei
were incubating with an anti-MVP antibody [108].
Considering the fact that vaults were suggested as a
central plug of the NPC [102], these data support the
model that vaults export drugs from the nucleus
leading to sequestration in cytosolic vesicles. Accord-
ingly, Meschini et al. [120] colocalised MVP and
doxorubicin in cytoplasmic vesicles in the intrinsically
drug-resistant and MVP-overexpressing non-small
lung cancer cell line A549. Very recently, Herlevsen
et al. [121] demonstrated that MVP knock-down by
siRNA in human bladder cancer cells inhibited
cytosolic doxorubicin sequestration in perinuclear
lysosomes. This effect was accompanied by enhanced
nuclear drug accumulation and cytotoxicity but also
by a general disruption of the lysosomal compartment,
suggesting a fundamental role of MVP in lysosomal
maintenance. This is in agreement with the partial
colocalisation of vaults with the lysosomal marker
CD63 in human dendritic cells [122]. As the endo-
somal network which includes the lysosomes is
strongly dependent on microtubules, one could as-
sume that MVP depletion might impact on this
cytoskeletal component. However, no obvious dis-
ruption of the microtubular network by knock-down
of MVP expression was observed [121].
In a very recent study, Ryu et al. suggested an essential
involvement of MVP in the enhanced expression of
the anti-apoptotic protein bcl-2 in senescent human
fibroblasts [38]. The corresponding resistance against
apoptosis induction by H2O2, staurosporine, or thap-
sigargin was reversed by siRNA-mediated down-
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modulation of MVP. As upregulated MVP levels were
found in several aged organs, these data indicate that
MVP might be a mediator of general cell-death
resistance in different cell compartments and tissues.
Whether comparable interactions exist in malignant
tissues and thus might support chemotherapy resist-
ance needs to be determined.
A completely different aspect of the issue on vaults
and drug resistance was reported by Gopinath et al.
[123] demonstrating that the recombinant vRNAs
hvg1 and hvg2 (but not hvg3) directly bind the
antineoplastic drug mitoxantrone but do not interact
with doxorubicin. Generally, RNA can bind to an
array of small molecules including antibiotics and
metabolites. Whether the in vitro binding of chemo-
therapeutics to vRNA also takes place in the living
cells and how this would be influenced by interaction
with the vault particle is unknown.
Several other observations, however, exclude a direct
role of MVP in drug resistance. Mere upregulation of
vaults was not sufficient to induce an MDR phenotype
[124]. Most importantly, MVP (-/-) and thus vault-less
mice and derived stem and bone marrow cell cultures
were not hypersensitive to diverse antineoplastic
drugs [79]. Additionally, intracellular daunomycin
distribution and nuclear export were changed neither
in MVP(-/-) as compared to wild-type mouse embry-
onic fibroblasts (MEFs) nor in human lung cancer
cells SW1573 overexpressing GFP-tagged MVP [125].
Restoration of MVP expression in MVP (-/-) MEFs
did not change daunomycin handling despite leading
to formation of intact vaults. Accordingly, knock-
down of MVP in the doxorubicin-selected lung cancer
cell line SW1573 –2R120 restored neither chemo-
sensitivity nor nuclear accumulation of doxorubicin
[126]. The fact that cell proliferation, survival, and
sensitivity against heat-shock were found unaltered in
this cell model led the authors to the conclusion that
vaults are not involved in cell growth, stress response,
or chemoresistance.
So how can all these contradictory data be explained?
The simple and honest answer is that we do not know!
When considering all data published so far it appears
relatively certain that vaults do not cause an MDR
phenotype comparable to the one mediated by ABC
transporter molecules [127]. However, it has to be
kept in mind that even this MDR phenotype is mainly
induced by in vitro drug selection and data on the
clinical situation are far less clear. Another novel
aspect is that recently MVP and vaults were found to
have a modulating function on several cellular signal
pathways involved in cell survival and proliferation
(compare next chapter). MEFs derived from MVP(-/-)
mice were hypersensitive against the induction of
apoptosis by serum starvation [68]. Accordingly,

disruption of the two MVP genes in the slime mold
Dictyostelium discoideum led to growth and morpho-
logical defects under nutritional stress [128]. This
implicates that the upregulation of MVP in drug
resistant cells may cause only subtle changes in
survival signals which may become essential during
certain stress conditions.
Another exciting finding is the relation of MVP and
the TelA family of prokaryotes like Rhodobacter
sphaeroides which mediates resistance against tellur-
ite by a yet undefined mechanism [129]. Interestingly,
contact with tellurite and other redox/thiol-active
(metal) compounds like arsenate, vanadate and sele-
nate induced relocation of vaults into vaultosomes at
the cell surface [19]. Consequently, the authors
suggested that vaults might play a role in oxyanion
detoxification probably be internalisation of telluro-
proteins or components of the thiol-redox system. In
this respect it is interesting that several cell models
selected in our lab for resistance against novel redox-
active anticancer metal drugs harbour enhanced levels
of MVP (unpublished data). However, the precise role
of vaults in these resistance phenotypes needs to be
established.
With regard to the MVP knock-out mouse and the
lack of enhanced chemosensitivity, it has to be kept in
mind that several observations on MVP expression
regulation in human cells could not be reproduced in
the mouse. This includes, e.g., stimulations of the
MVP promoter by HDAC inhibitors [42]. Moreover,
the mouse promoter lacks a DNA stretch of the
human sequence containing lentiviral elements and
the inverted CCAAT box and thus cannot bind YB-1
[15]. This substantial difference between human and
mouse promoter may explain why – to our knowledge
– no murine MDR cell model with enhanced MVP
expression has been reported, in contrast to a wide
array of human examples. Consequently, the question
arises whether the mouse model is generally suitable
to analyse the functions of vaults in drug resistance.

Vaults as Multifaceted Signal Regulation and
Transport Platform
The hollow structure, the rapid movements, the
distinct subcellular localisation (as for example at
the nuclear membrane), and the in vitro and clinical
correlations with drug resistance in several types of
human cancers led to the hypothesis that vaults might
represent rather promiscuous transport vehicles [3, 17,
20, 34]. This was supported by the occasional occur-
rence of a mass in the inner hollow cavity of vaults [8].
However, to cut a long story short, after more than 20
years of research the nature of this cargo and the role
of vaults in transport processes are still widely
speculative. Several proteins have been identified as
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being bound and some of them also as being trans-
ported by MVP (compare below and Table 1);
however, whether they are encapsulated in the
interior of vaults needs to be determined. Several
groups utilising mainly yeast two hybrid systems or
immunoprecipitation of intracellular signalling com-
plexes accidentally came across MVP and/or vaults
[28, 63, 67, 68]. These findings have recently opened a
broad research field suggesting MVP to be an
important regulator of intracellular signalling path-
ways. Whether these functions are executed by MVP
or need the contribution of the other vault compo-
nents is, to date, unclear and further investigations on
this issue are urgently needed.

PTEN. The first hint that MVP might regulate intra-
cellular signals came from Yu et al. [28] demonstrating
that MVP binds via the proposed EF hands to the C2
domain of the tumor-suppressor phosphatase PTEN
in a Ca2+-dependent manner. These data led to the
hypothesis that MVP regulates PTEN function prob-
ably by changing its intracellular localisation. This is
interesting, as in addition to mutation and/or deletion
of PTEN, other forms of inactivation in malignant
tissues exist, including blocked expression activation
(e.g. following p53 mutation), altered translation and
degradation, as well as changed intracellular local-
isation [130–133]. Indeed, in a series of papers the
group of Charis Eng indicated that MVP can mediate
nuclear import of PTEN [105, 106, 134]. This process
was dependent on the presence of Ca2+, antagonised
by high levels of Mg2+, and independent of MVP
tyrosine phosphorylation. PTEN lacks canonical nu-
clear localisation sequences (NLS); however, four
putative non-traditional NLS were found, each of
which, when mutated, did not alter nuclear import of
PTEN [106]. However, combined mutation of at least
two NLS attenuated both binding to MVP and
transport into the nucleus [134]. Nuclear PTEN
tends to be high in normal cells but decreases with
neoplastic progression [135]. The main function of
cytoplasmic PTEN is to inhibit the phosphoinositol-3-
kinase (PI3K)/AKT pathway by dephosphorylation of
phosphatidylinositol-3,4,5-trisphosphate (PIP3) to
PIP2, thus directly antagonizing the activity of PI3K.
In contrast, nuclear PTEN is believed to inhibit
predominantly phosphorylation of MAPK, reduce
expression of cyclin D, and induce G0/G1 arrest [105].
These data implicate MVP in facilitating the nuclear
tumor-suppressing function of PTEN. However, it has
to be kept in mind that MVP is rather overexpressed in
diverse malignant as compared to normal tissues
[35–37, 136] while nuclear PTEN levels tend to the
opposite [132]. Moreover, one might hypothesise that
– by sequestration of PTEN into the nucleus – MVP

prevents proper inhibition of the PI3K pathway at the
cell membrane, thus supporting malignant progres-
sion of tumors overexpressing MVP as, for example,
astocytomas [35] or colon cancer [36]. Recently, an
essential role of nuclear PTEN in maintenance of
chromosomal stability has been indicated [137]. This
would imply that MVP counteracts drug-induced
DNA damage by delivering nuclear import of PTEN
and thus indirectly contributing to drug resistance.
However, these hypotheses must be carefully inves-
tigated in a normal and a tumor background.

EGFR/SHP2/MAPK/Src. The first indication that
MVP might regulate the epidermal growth factor
(EGFR)-induced MAPK pathway was reported by
Kolli et al. [68] demonstrating that tyrosyl-phosphory-
lated MVP binds to several effectors of these cascades,
namely at least the activated MAPK Erk and the
tyrosine phosphatase SHP-2. SHP-2 is widely ex-
pressed and genetic studies have demonstrated that
the activity of SHP-2 positively affects the trans-
mission of RTK-mediated signals [138]. Disruption of
PTPN11, the gene encoding SHP-2, results in early
embryonic lethality in mice and generates profound
developmental defects in lower organisms. This mim-
ics the loss of essential RTKs [139]. Accordingly,
fibroblasts of SHP-2 (-/-) mice are defective in MAPK
but also in PI3K pathway activation by growth factors
[140, 141]. MVP is phosphorylated in response to
EGFR stimulation and dephosphorylated by SHP-2
[68]. This interaction with SHP-2 was essential for full
stimulation of the MAPK pathway measured by
activation of EGF-induced Erk phosphorylation as
well as Elk1-mediated transcription as downstream
signals in MVP wild-type and (-/-) MEFs. Moreover, a
dominant-active Ras molecule was unable to rescue
the MAPK activation defect of MVP knock-out cells,
demonstrating that MVP functions at the level of Ras
or even downstream [68]. These data suggest that the
binding of SHP-2 to phosphorylated MVP promotes
the supporting activity of SHP-2 in MAPK activation,
thus resembling other so called “scaffolding proteins”
like IRS, Gab and FRS families [142]. These proteins
foster SHP-2-mediated pathway activation by both
direct activation via the SH2 domain and by mediating
colocalisation with other pathway mediators. The fact
that activated Erk was also found bound to MVP
suggests that vaults may serve a more general signal
scaffolding function for the MAPK pathway [68].
SHP-2 binds to MVP via its Src homology 2 domain
(SH2) as does the original name-giving Src kinase
[67]. Src, the first oncogene and tyrosine kinase ever
discovered, participates in multiple signalling path-
ways that regulate cell proliferation, differentiation,
motility, adhesion, and immune functions [143]. Based

54 W. Berger et al. Cellular functions of vault particles



on its contribution to malignant transformation and
chemotherapy resistance, Src inhibitors are promising
candidates as anticancer drugs [144]. Using a pull-
down assay with the SH2 domain of Src, MVP was
identified as a Src binding partner [67]. Again EGF
stimulation resulted in MVP phosphorylation and,
surprisingly, translocation from the nucleus to the
cytoplasm to colocalise with Src. Purified MVP in this
study inhibited the kinase activity of Src, and MVP
overexpression reduced Erk activation in Src-over-
expressing cells. These data are somewhat contra-
dictory to the observed enhancement of MAPK
pathway activity by MVP when interacting with
SHP-2 and/or activated Erk [68] and suggest that the
balance between different SH2 domain-containing,
MVP-binding proteins might define whether MVP
supports or inhibits activation of the MAPK pathway.

COP1/c-Jun/AP-1. Constitutive Photomorphogenic 1
(COP1) is an E3 ubiquitin ligase originally described
to be essential for plant development. COP1 is
required to suppress light-signalling in the dark
based on degradation of several light-inducible tran-
scription factors [145]. However, COP1 is highly
conserved in evolution and homologues have been
detected up to humans [64]. Also in these organisms
COP1 functions as ubiquitin ligase and is involved in
the degradation of important cancer-related proteins
such as p53 [146] and c-Jun [147]. As in plants,
mammalian COP1 can shuttle between the cytoplasm
and the nucleus and forms large cellular protein
complexes. Yi et al. used an affinity purification
approach to define novel COP1 binding partners
[148]. These experiments have uncovered that MVP
binds cytoplasmic COP1 and that this interaction is
essential for full COP1 activity in terms of c-Jun
degradation. The molecular alterations leading to this
COP1 activation are unclear so far, but may be
executed by other vault components such as vPARP,
which also copurifies with COP1 [63]. Upon UV
radiation, MVP is tyrosine phosphorylated resulting
in reduced interaction with COP1. This leads to
attenuation of COP1-mediated degradation of c-Jun
and consequently enhanced AP-1 transcriptional
activity as characteristic for MVP (-/-) cells. Whether
MVP-binding also impacts on the p53-degrading
activity of COP1 needs to be determined in further
experiments. Interestingly, MVP and COP1 are miss-
ing in exactly the same eukaryotic species, namely
Saccharomyces cerevisiae, Caenorhabditis elegans and
Drosophila melanogaster, which might be pure coin-
cidence or indicate a co-evolutionary process. In
plants, however, where COP1 has a major function
in regulating photomorphogenic development [64],
vaults are missing [17]. Very recently, it was shown

that age-related upregulation of MVP contributes to
the apoptosis resistance of senescent human fibro-
blasts based on the interaction with c-jun-mediated
down-modulation of bcl-2 [38]. Whether COP1 is also
involved in this c-Jun-mediated MVP effect has not
been reported.

Estrogen receptor. In a single study, Abbondanza et al.
demonstrated that both MVP and vRNA co-immu-
noprecipitated with the estrogen (and to a lesser
extent progesterone and the glucocorticoid) recep-
tor(s) from cytosolic and nuclear extracts of the
human breast cancer cell line MCF7 [40]. Accord-
ingly, a small amount of the estrogen receptor co-
migrated with intact vaults in sucrose gradients. The
estrogen receptor/vault binding was stimulated by
estradiol and virtually exclusive with that of the
chaperon heat shock protein 90 (Hsp90). MVP
interacted with that part of the receptor containing
several proto-NLS responsible for hormone-inde-
pendent nuclear import [149]. In unstimulated cells,
Hsp90 binds to the estrogen receptor, thus keeping it
in an inactive form, while hormone-binding leads to
dissociation of Hsp90 and a subsequent conforma-
tional change of the receptor to the DNA-binding,
active form [150]. Interestingly, sodium molybdate,
which prevents Hsp90 dissociation and receptor
activation, inhibited the interaction with vaults [40].
Together these data suggest that vaults may serve an
important role in estrogen receptor nuclear import
and/or activation.

Interferon/JAK/STAT. One of the cytokines activat-
ing the MVP promoter and consequently gene ex-
pression is interferon g [48]. Interferons are a family of
structurally related cytokines with a hallmark function
of antiviral activity and are only found in vertebrates
[151]. Interferon-binding to cell surface receptors
activates the associated Janus kinases (JAK) which, in
turn, phosphorylate Signal Transducers and Activa-
tors of Transcription (STAT) on a specific tyrosine
residue Y701. Tyrosine phosphorylation functions as a
switch to induce a conformational change generating
STAT dimers via reciprocal phosphotyrosine and SH2
domain interaction [152]. STAT homo- and hetero-
dimers are able to enter the nucleus and bind to
consensus sequences in the promoter regions of target
genes, including MVP [48]. Interestingly, we found
that overexpression of MVP led to a distinct reduction
of STAT1 phosphorylation and, consequently, nuclear
localisation. Accordingly, the activation of interferon
g-induced genes including ICAM-1 was reduced by
MVP overexpression but enhanced by knock-down of
endogenous MVP by shRNA. Although the molec-
ular basis of this MVP-mediated STAT inhibition has
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not been elucidated, these data indicate that vaults are
part of a negative feedback loop involved in fine-
tuning the interferon g-induced JAK/STAT signal
pathway [48].

Vaults and Immunity
Besides the activation of MVP by interferon, several
other observations indicate that MVP might be
involved in immunological responses. For example, a
dramatic induction of vRNA expression in response to
infection with Epstein-Barr virus (EBV) has been
reported recently [91, 94]. Interestingly, vRNA in-
duction paralleled that of micro-RNA (miRNA) 146a
which, comparable to vaults, has been suggested as
playing important roles in innate immunity [153] but
probably also malignant transformation [154]. The
response of vRNA expression to EBV expression was
specific, as no comparable changes were observed in
response to HIV [91]. While the induction level of
several miRNAs reached up to about 30-fold, the ones
of vRNA were more pronounced with hvg1 upregu-
lated to >1000-fold [91]. Fluorescence in situ hybrid-
ization experiments employing antisense probes di-
rected against hvg1 demonstrated a localisation close
to the nucleus in EBV-infected B cells. This led the
authors to speculate that vRNA/vaults could be
involved in anti-viral defence by nucleo-cytoplasmic
transport mechanisms.
Both macrophages and dendritic cells belong to those
cells expressing the highest levels of vaults [118, 122,
155]. A distinct upregulation of MVP/vault expression
was observed during maturation of dendritic cells
from blood-derived monocytes, CD34+ mononuclear
cells or chronic myeloid leukaemia cells [122]. In this
study, application of anti-MVP antibodies led to
reduced viability of LPS- and TNFa-matured den-
dritic cells and blocked the expression of critical
differentiation/maturation markers as well as the
ability to induce antigen-specific T cell proliferation
and interferon g release. These findings indicate a
central role of vaults in supporting dendritic cell
maturation and consequently immune responses.
Surprisingly, none of these observations could be
recapitulated in MVP (-/-) mice [156], suggesting
distinct interspecies differences in dendritic cell-
mediated immune responses.
An important contribution of vaults to innate im-
munity, in contrast to the dendritic cell data, was also
reproducible in MVP knock-out mice. Very recently, it
has been demonstrated that MVP/vaults are essential
for host resistance against lung infection by Pseudo-
monas aeruginosa based on the effective internal-
isation and clearance of the pathogen [115]. The
respective MVP-mediated mechanism of pathogen
clearance is based on a rapid recruitment of vaults to

lipid rafts and depends on cooperation with the cystic
fibrosis transmembrane conductance regulator
(CFTR), a member of the ABC transporter family.
From the typical cellular responses to bacterial
infection in respiratory epithelial cells only bacterial
internalisation but not NF-kB activation, interleukin 8
secretion, or apoptosis induction were significantly
reduced following knock-down of MVP expression by
siRNA [115]. Accordingly, intranasal infection of
MVP (-/-) mice with Pseudomonas aeruginosa uncov-
ered reduced bacterial internalisation, enhanced bac-
terial burden in the lung and consequently increased
mortality by a factor of almost 3. The molecular
mechanisms underlying this important role of MVP in
innate immunity are unclear so far but the authors
suggest that either cytoskeletal regulatory functions
necessary for lipid raft formation or impacts on signal
pathways like the MAPK might be involved.

Conclusions and Perspectives

Twenty-two years have passed since the first descrip-
tion of vaults by the group of Leonard Rome [1, 2] as
one of the most outstanding cellular particles ever
discovered. During all these years the history of vault
research remained characterised by both surprises and
disappointments. Surprises included the fascinating
finding that MVP is identical with the drug resistance
protein LRP [55] and the recent discovery that vaults
play essential roles in innate immunity to infection
with lung pathogens [115]. In contrast, disappoint-
ments enclosed the unexpected lack of an apparent
phenotype of MVP knock-out mice, especially when
considering the widespread expression and high con-
servation of MVP/vaults in eukaryotes. Moreover,
given the fact that vaults are so frequently upregulated
in drug resistant cells and tissues, the convincing
evidence that MVP/vaults are not directly involved in
chemoprotection was completely unexpected.
Recent discoveries, like the involvement of MVP in
the regulation of several and in some cases over-
lapping cellular signal transduction pathways, indicate
that the vault story may become much more compli-
cated than anticipated. Thus, for example, stimulation
and blockade of MAPK activation in response to EGF
was demonstrated dependent on the interaction with
SHP-2/ERK or Src kinase, respectively [67, 68]. This
implies that the balance between the multiple inter-
action partners of MVP in different cells, tissues, and/
or species might lead to even opposite net outcomes
when manipulating vaults. Additionally, it must be
mentioned that several proteins encoded by very
important (proto)oncogenes (EGF/EGFR, Src, c-
Jun), but also tumor-suppressor genes (e.g. PTEN,
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p53, STAT1), are bound/regulated directly and/or
indirectly by MVP. This implicates vaults in possibly
having important roles in cell survival and malignant
progression and explains why several tumors are
either characterised by upregulated MVP/vault levels
[35, 36, 136] or maintain the high MVP expression
already present in the respective normal tissues [117,
118, 157]. Accordingly, in some tumor types MVP
levels correlated with a worse prognosis not related to
chemotherapy failure [37]. This corresponds to the
diminished survival of cells lacking MVP under nutri-
tional stress [68] resembling conditions found within
solid tumor nodules. These findings call for a re-
evaluation of vaults/MVP in carcinogenesis without
focussing only on therapy responses.
Taking into consideration e.g. the comparable obser-
vations on growth defects under nutritional stress
conditions in species widely separated in evolution
like mice [68] and the slime mold [128] together with
the highly specialised role of MVP in lipid raft
formation and innate immunity [115], it is tempting
to speculate that vaults represent a versatile regula-
tion platform for diverse cellular signal and transport
processes adapted by the process of evolution to the
respective actual needs. These considerations also
shed new light on the distinct differences observed in
some aspects between humans and mice. The incon-
sistencies between MVP expression regulation at the
transcriptional level due to an altered promoter
sequence have already been discussed. This suggests
a high variability at the MVP gene locus and also that
several vault functions might have adapted rather late
in evolution and consequently in a more or less
species-specific fashion. This would mean that obvi-
ously no vital functions for vaults have been devel-
oped (or has been lost) in those species missing vaults.
Consequently, vaults do not seem to be an essential
basic component of eukaryotic cell physiology and
thus the respective functions might have to be
established at a more or less species-specific level. In
that respect the use of model organisms (e.g. knock-
out models) to evaluate and identify all vault functions
might have its limitations.
To put all these considerations into perspective for
vault researchers: The amazing vault story is not
finished and ready to be shelved yet but, quite the
contrary, it is just extending for several exiting new
chapters which need to be translated, read, and
understood.
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