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Simple Summary: Small non-protein-coding RN As have been recognized as valuable regulators of
gene expression in all three domains of life. Particularly in multicellular organisms, ncRNAs-
mediated gene expression control has evolved as a central principle of cellular homeostasis. Thus,
it is not surprising that non-coding RNA misregulation has been linked to various diseases. Here,
we review the contributions of the four human vault RNAs to cellular proliferation, apoptosis and
cancer biology.

Abstract: The importance of non-coding RNAs for regulating gene expression has been uncovered
in model systems spanning all three domains of life. More recently, their involvement in modulating
signal transduction, cell proliferation, tumorigenesis and cancer progression has also made them
promising tools and targets for oncotherapy. Recent studies revealed a class of highly conserved
small ncRNAs, namely vault RNAs, as regulators of several cellular homeostasis mechanisms. The
human genome encodes four vault RNA paralogs that share significant sequence and structural
similarities, yet they seem to possess distinct roles in mammalian cells. The alteration of vault RNA
expression levels has frequently been observed in cancer tissues, thus hinting at a putative role in
orchestrating pro-survival characteristics. Over the last decade, significant advances have been
achieved in clarifying the relationship between vault RNA and cellular mechanisms involved in
cancer development. It became increasingly clear that vault RNAs are involved in controlling
apoptosis, lysosome biogenesis and function, as well as autophagy in several malignant cell lines,
most likely by modulating signaling pathways (e.g., the pro-survival MAPK cascade). In this
review, we discuss the identified and known functions of the human vault RNAs in the context of
cell proliferation, tumorigenesis and chemotherapy resistance.

Keywords: non-coding RNA; vault RNA; vault particle; major vault protein; tumorigenesis;
apoptosis resistance; drug resistance

1. Introduction

The central dogma of molecular biology that states that the flow of genetic
information is always conveyed from the DNA to the RNA level and subsequently
transferred to proteins was proposed more than 60 years ago [1]. To date, this dogma is
still widely accepted, but currently, the picture appears more complex and diversified. At
the turn of the century, with the finalization of the human genome reference sequence, it
immediately became clear that many of the information encoded in the genome of an
organism are not directly related to protein synthesis [2,3]. In multicellular eukaryotes
such as humans, the vast majority of the genome is transcribed into RNA, and increasing
evidence suggest that some of these transcripts have evolved for regulatory purposes
[4,5]. Many genomic loci, despite being transcribed into RNA molecules, lack translation
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potential, yet they contribute to cell homeostasis. These transcripts are named non-coding
RNAs (ncRNAs). In recent years, also due to the advent of high throughput sequencing
technologies, many regulatory ncRNA have been detected and characterized [6]. Within
the heterogeneous group of ncRNA, it is possible to distinguish several classes including
ribosomal RNAs (rRNAs), transfer RNAs (tRNAs), tRNA-derived small RNAs (tDRs or
tRFs), microRNAs (miRNAs), small interfering RNAs (siRNAs), prokaryal short antisense
RNAs (sRNAs), CRISPR RN As (crRNAs), small nuclear RNAs (snRNAs), small nucleolar
RNAs (snoRNAs), circular RNAs (circRNAs), long ncRNAs (IncRNAs), long intergenic
ncRNAs (lincRNAs), piwi-interacting RNAs (piRNAs), small Cajal body RNAs
(scaRNAs), vault particle-associated RNAs (vtRNAs) or extracellular RNAs (exRNAs).
Some ncRNAs, such as rRNAs and tRNAs, are essential for protein biosynthesis and are
well characterized in all domains of life [7-9]. Furthermore, in eukarya, we have a good
understanding of the molecular mechanisms and function of miRNAs and some IncRNAs
[10-12]. Generally, ncRNAs control all sorts of cellular mechanisms but most importantly
gene expression at the transcriptional and post-transcriptional levels. Indeed, ncRNAs
have major roles in chromatin remodeling, DNA methylation and gene silencing, in
addition to splicing, and mRINA stability [13-17]. Additionally, ncRNAs can interfere with
signaling pathways and, therefore, orchestrate inter- and intra-cellular communication
[18,19]. Since ncRNAs play a crucial role in the regulation of several cellular mechanisms,
they are consequently often involved in disease and cancer onset [20-25].

Similarly to other ncRNAs, vtRNAs have been reported to regulate several cellular
pathways and are, thus, involved in cell homeostasis and tumorigenesis [26]. viRNAs are
molecules of about 100 nucleotides (nt) initially described four decades ago as part of a
very large, hollow and barrel-shaped ribonucleoprotein (RNP) named the vault complex.
The vault RNP is a 13 MDa mainly cytoplasmic complex and is predominantly composed
of proteins. In mammals, the vault complex consists of three proteins: the 104 kDa major
vault protein (MVP), the 193 kDa vault poly (ADP-ribose) polymerase (VPARP) and the
240 kDa telomerase-associated protein-1 (TEP1) [27-31]. As the name suggests, MVP is
the dominating component and represents over 70% of the vault particle mass, while the
associated vtRNAs contribute less than 5% [27]. vtRNAs are not only components of the
vault complex and in fact the vast majority of them (95%) are not associated with vaults
and are distributed in the cytoplasm while engaging in other cellular processes [32,33].
The four human vtRNAs are encoded on chromosome 5q31 (Figure 1), whereas three are
located in the VIRNA-1 locus (vtRNA1-1, vtiRNA1-2 and vtRNA1-3) and the fourth
(vtRNA2-1) is encoded in a separate locus [34,35]. The VIRNA genes are transcribed by
the RNA polymerase III (pol III); hence, they are under the control of pol III type 2
promoter. VTRNA genes feature two internal promoter sequences, namely A box and B
box, which enable the binding with the transcription factors TFIIIC and TFIIIB. These
transcription factors provide pol III stability at the transcription start site and promote
RNA synthesis [34,36]. However, the promoters of the VTRNA-1 and VTRNA-2 loci are
not identical. Consequently, the expression efficiencies of different VTRNA-genes are not
always comparable [34,37-41].

Evolutionarily, the vault complex is a highly conserved RNP found in many
eukaryotic species, from deuterostomes to slime mold. However, it is missing in many
common model organisms including C. elegans, D. thaliana, D. melanogaster and S. cerevisiae
[34,42,43]. Moreover, despite vtRNAs sequences being highly conserved, the number of
paralogues vary across the animal kingdom. In addition to the four vtRNA paralogues,
the human genome contains one confirmed pseudogene on the X chromosome named
VTRNA3-1P [34] and another unconfirmed pseudogene on chromosome 2 named
VTRNA2-2P. The human VIRNAI locus encodes three paralogues, and their orthologues
can also be found in the phylogenetically close chimp (P. troglodytes) genome. Instead,
only two VIRNAI orthologues are encoded in the genome of other primates. This
evidence, together with sequence alignment analysis, revealed that VTRNA1-2 and
VTRNA1-3 are the consequence of a very recent gene duplication event. Indeed, most
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mammals, including the relevant model organism mouse (M. musculus), have only a single
VTRNAI1 copy. In most mammals, the VTRNA2 locus either is missing or encodes for only
one vtRNA paralogue, with the exception of the sloth (C. hoffimanni) genome in which two
VTRNA?2 paralogues are found [34].

Generally, vtRNAs are around 100 nt structured RNAs, but their length is species-
specific and can be as short as 88 nt, similarly to some human vtRNAs, and as long as 143
ntin the case of the single mouse vtRNA. Furthermore, vtRNA secondary structure is well
conserved and consists of an extended stem structure in which the 3’ end connects to the
5"end of the molecule and a central domain of variable structure (Figure 1). Such structure
is also referred to as the “panhandle”; in different animals, the handle portion is conserved
and its length is consistent, whereas the sequence and size of the central domain are highly
variable [34]. Moreover, there is evidence of the further processing of vtRNA into smaller
molecules of about 23 nt in length [44,45]. To date, few examples of vtRNA-derived small
RNAs have been studied experimentally; however, it is possible that they operate in an
miRNA-like fashion.
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Figure 1. The human vault RNAs. The four human vault RNAs (vtRNAs) are encoded on two loci
on chromosome 5 and are expressed by RNA polymerase III (Pol III). A minor fraction of the
vtRNAs can be further processed by Dicer into small viRNA fragments (~2-5% as shown for
vtRNA2-1 [45]). The vast majority of full length vtRNAs locates to and functions in the cytoplasm
(~95%), whereas about 5% associate with the 13 MDa large vault particle [32,46].

Here, we review investigations on human vtRNAs, outlining their possible functions
in cell metabolism regulation, with an emphasis on their role in tumorigenesis, cell death
and survival as well as in chemotherapy resistance. Among all human vtRNAs, vtRNA1-
1 has been the most studied to date; hence, we more extensively review the functions of
this paralogue. A more limited discussion is dedicated to the remaining three paralogues
because of the current research gap in the vtRNA field. Moreover, since many studies did
not separate the contribution of free vtRNA from vtRNA bound to the vault RNP, we
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additionally summarized the contribution of the vault complex and the MVP to cancer,
including drug resistance, proliferation and apoptosis.

2. vtRNA1-1: Contributions to Cell Proliferation and Tumorigenesis
2.1. vtRNA1-1 and Cell Proliferation

Humans and some primates are the only animal species in which four vtRNAs are
expressed. On the contrary, only one vtRNA is encoded in the genome of rodents and
many other animals. Among the four vtRNAs expressed by humans, vtRNAI1-1 is the
most studied so far. This 98 nt long RNA constitutes 80% of the ribonucleic mass found in
the vault RNP [47]. Despite this, only 5% of the expressed vtRNA1-1 actually associates
with the vault particle, and consequently, 95% of the transcribed vtRNA1-1 is found to be
non-associated with the 13 MDa vault complex in the cytoplasm (Figure 1) [32,46]. Be-
cause of its abundance in the “free” form, vtRNA1-1 was suspected to have important
roles unrelated to the vault particle.

In the last two decades vtRNA1-1 role was extensively investigated in human cell
lines. In HeLa cells, which derive from cervical adenocarcinoma, the knock out (KO) of
the vtRNA1-1 lead to a significant decrease in cell proliferation [48]. The proliferation de-
fect following a vtRNA1-1 KO was also observed in the hepatocellular carcinoma cell line
Huh-7 [49]. In both KO cell lines, vtRNA1-1 was re-introduced in the genome by lentiviral
transduction, and these vtRNA1-1 complemented cell lines rescued the growth defect
[48,49]. These studies revealed that, in cancer cells, vtRNA1-1 is an important proliferation
factor and its absence impairs cell growth. In vivo support for this conclusion was ob-
tained in patient-derived liver samples. Northern blot analysis revealed that vtRNA1-1,
along with vtRNA1-2, was abundantly expressed in metastatic but not in non-pathologi-
cal adjacent liver tissues (Figure 2), indicating the valuable roles of these ncRNAs in tu-
morigenesis.

Increased vtRNA1-1 levels were also connected to cell proliferation in other cancer
cell lines. Burkitt lymphoma cells BL2 and BL41 in normal conditions either do not express
vtRNA1-1 at all or at low levels. Ectopic over-expression, however, accelerated cell growth
markedly and also enhanced Epstein-Barr virus (EBV) establishment [50]. The effect of
vtRNA1-1 in proliferation was further investigated in breast cancer lines. The overexpres-
sion of vtRNA1-1 in MCF7 cells led to a doubling in cell proliferation rates [51]. In MCF7
cells, the nucleic acid binding protein named polypyrimidine tract-binding protein-asso-
ciated splicing factor (PSF) interacts directly with vtRNA1-1 [51]. Along with its nuclear
role in RNA splicing [52], PSF is also a transcriptional regulator that inhibits the transcrip-
tion of the proto-oncogene G antigen 6 (GAGES6) [51]. The binding of vtRNA1-1 to the
RNA-binding domain of PSF weakened the interaction on the DNA-binding domain,
which results in GAGES6 repression release and the transcription of the proto-oncogene.
Thus, PSF-vtRNA1-1 interaction increases GAGE6 expression, resulting in enhanced cell
proliferation [51]. Altogether, these studies revealed that, in cancer cells, vtiRNA1-1 is an
important contributor to proliferation and its absence impairs cell growth, thus possessing
the characteristics of an oncogene.
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Figure 2. Vault RNAs are abundantly expressed in liver samples. Northern blot analysis in paired
patient-derived tissues was performed as described in [53] and revealed that vtRNA1-1 and
vtRNA1-2 are expressed in metastatic but not in non-pathological adjacent liver tissues; healthy (H),
tumor (T) and metastasis (M). 5.85 rRNA serves as internal loading control.

2.2. vtRNA1-1 Is an Anti-Apoptotic Factor

Apoptosis is an essential physiological process for maintaining tissue cell homeosta-
sis. Hence, it is not surprising that apoptosis and some pathologic conditions including
cancer, in which the tissue grows unrestrained, are interdependent processes. Indeed, the
apoptotic mechanism is often suppressed in tumorigenic processes [54,55]. Various cancer
cell lines, having had the vtRNA1-1 gene silenced or knocked out, were more susceptible
to apoptosis [48,50]. What is critically important is that the re-expression of the vault
RNA1-1 rescued the resistance to apoptosis. Interestingly, hepatocellular carcinoma line
Huh-7 is the sole cancer cell line investigated so far for which its apoptotic behavior is not
regulated by vtRNA1-1 levels [49]. This mechanism of cell survival is stimulated upon
vtRNA1-1 expression via the activation of PI3K/AKT (phosphoinositide-3-kinase—protein
kinase B/Akt) and ERK1/2 MAPK (extracellular signal-regulated kinase 1/2 and mitogen-
activated protein kinase) signaling pathways [48]. These two signaling cascades are well
known pro-survival pathways that regulate many cellular mechanisms such as apoptosis
as well as autophagy, protein synthesis, cell adhesion and migration [56,57]. The mecha-
nism through which vtRNA1-1 confers resistance to apoptosis is still unclear, but a short
stretch in the central domain of vtRNA1-1 has been identified as essential for the retention
of its apoptosis resistance property (Figure 3) [48]. Mutational analysis revealed that the
disruption of this short domain on vtRNA1-1, similarly to the vault RNA KO, increases
apoptosis. This short stretch is located in the central region of the RNA, where the second-
ary structure features a single-stranded loop region and a stem-loop [48,58]. This domain
has been shown to bind to p62 (sequestosomel protein SQSTM1) [58] and is possibly also
the anchor point for other vtRNA1-1 interacting proteins, although the binding partners
of the vault RNA orchestrating apoptosis have not been uncovered yet. An initial mecha-
nistic hint was recently published, suggesting a possible direct interaction of mouse
vtRNA with MEK1, thus stimulating MAPK signaling and synaptogenesis [59]. If human
vtRNA1-1 can fulfill a similar role in MAPK regulation as the sole murine vault RNA still
needs to be shown.

In Burkitt lymphoma cells, a link between vtRNA1-1 levels, EBV infection, NF-«xB
(nuclear factor kappa-light-chain-enhancer of activated B cells) activation and apoptosis
resistance has been uncovered [50]. The EBV-encoded latent membrane protein (LMP1)
stimulates the NF-xB pathway, resulting in the increased expression of vtRNA1-1, which
led to an elevated expression of some known anti-apoptotic factors such as B-cell lym-
phoma extra-large protein (Bcl-xL) and the apoptotic protein with CARD (ARC). Thus,
high vtRNA1-1 levels inhibit both the intrinsic and extrinsic apoptotic pathways [50]. It is
noteworthy that this effect is viRNA1-1 specific and independent from the vault particle
since knocking down MVP had no effect on the apoptosis resistance phenotype in human
B-cells.
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Cumulatively, the available evidence demonstrates that, with the exception of hepa-
tocellular carcinoma [49], vtRNA1-1 plays a pivotal role in apoptosis resistance in several
human cancer cell lines.

2.3. vtRNA1-1 Regulates Autophagy and Lysosome Activity

Autophagy is a crucial mechanism for maintaining cellular homeostasis and is tightly
interlinked to apoptosis [60]. Within cell homeostasis maintenance, autophagy has the cat-
abolic role of degrading the unnecessary cellular material. Autophagy is operating in nor-
mal conditions for molecular clearance, but its activity is highly stimulated in situations
of energy scarcity such as nutrient deprivation. The unnecessary or damaged cellular com-
ponents that are not degraded by the proteasome are recycled through the autophagic
process, which requires the fusion of autophagosomes to active lysosomes. Autophagy is
particularly important in cancer. In the advanced stage of tumorigenesis, it can alleviate
stress in the tumor’s microenvironment including hypoxic or nutritional stress [61]. On
the other hand, autophagy acts as a tumor suppressor by clearing away damaged protein
and organelles, which are potentially oncogenic molecules in the early stage of tumor-
igenesis [62].

p62 drives the identification of target cargos of the pre-autophagosome and initiates
the autophagic process [63]. The oligomerization of p62 is necessary for its activity in the
autophagic process. In liver cancer cells, evidence has been presented that vtRNA1-1
binds to p62 and interferes with its oligomerization, making vault RNA an inhibitor of
p62-dependent autophagy (Figure 3) [64,65]. In nutrient rich conditions vtRNA1-1 sup-
presses autophagy, but under starvation conditions the steady-state levels of vtRNA1-1
decreases and autophagy becomes activated [64]. A more recent study provided a some-
what different and maybe more comprehensive perspective on the link between vtRNA1-
1 and autophagy. In the hepatocellular carcinoma cell line Huh-7, the deletion of vtRNA1-
1, or its reduction upon starvation, stimulated the ERK1/2-MAPK signaling pathway [49].
As a consequence, the phosphorylation of the transcription factor EB (TFEB), which is the
master regulator of lysosomal biogenesis genes [49,66,67], becomes hyper-phosphory-
lated. Phosphorylated TFEB is unable to translocate to the nucleus; consequently, the
CLEAR (Coordinated Lysosomal Expression and Regulation) gene network, which is un-
der TFEB control, is suppressed and lysosome activity is downregulated. Of note, p62 is
also under the transcriptional control of TFEB. Remarkably, lysosome pH measurements
on vtRNAI1-1 KO cells revealed a more alkaline lysosomal compartment resulting in se-
verely impaired catabolic activities (Figure 3) [49]. Thus, it appears that the observed in-
creased autophagic flux upon vtRNA1-1 deletion [64] is caused by impaired lysosomal
autophagy-mediated clearance [49], explaining the accumulation of mature autophago-
somes. In this mechanistic scenario, vtRNA1-1 is a positive regulator of autophagy.

2.4. vtRNA1-1 and Chemotherapy Drug Resistance

In tumors, the vtRNA1-1 paralogue usually has the lowest levels of promoter meth-
ylation and the highest chromatin accessibility [68]. Indeed, in cancer cell lines, vtRNA1-
1 is commonly the most strongly expressed among the four vault RNAs [47]. What is par-
ticularly interesting is that the expression is increased in multidrug-resistant cells [46]. We
have shown recently that Huh-7 cells lacking vtRNA1-1 expression had significantly im-
paired colony formation potential in vitro and possessed clearly reduced tumor growth
capability in an in vivo xenograft mouse model [49]. Importantly, the treatment of Huh-7
cells or tumors of transplanted mice with Sorafenib, the first-line treatment option for
hepatocellular carcinoma, was more potent in the absence of vtRNA1-1. This increased
cytotoxicity of Sorafenib in the absence of vtRNA1-1 could be explained by the fact that
less of the drug becomes trapped in the autophagosome, and the impaired lysosomes in
the vtRNA1-1 KO cells cannot efficiently degrade the chemotherapeutic compound.
Therefore, wild-type cells treated with equal concentrations of the drug are more resistant
to its cytotoxicity compared to vtRNA1-1 KO cells [49]. Moreover, in several tumors such
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as glioblastoma, leukemia and osteosarcoma, vtRNA1-1 was proposed to be involved in
Mitoxantrone resistance because it directly binds to the drug molecule hampering its effi-
cacy [69,70].

Despite our still limited knowledge of vtRNA1-1 role in anti-tumor drug resistance,
these findings might open new appealing therapeutic scenarios in the pharmacology field.
The development of small molecules targeting vtRNA1-1 indeed could represent an im-
portant step in cancer treatment, being able to potentiate the anti-tumor effect of currently
available drugs such as Sorafenib and Mitoxantrone.
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Figure 3. vtRNA1-1 regulates apoptosis and autophagy in cancer cells. In most studied cell lines
(HeLa, BL41, BL2, A549, HEK293 and Hs578T), vtRNA1-1 is a pro-survival factor that inhibits apop-
tosis most likely through the regulation of the PI3K/Akt and ERK1/2 MAPK signaling pathways
(red arrow). The important nucleotides in the central domain of vtRNA1-1 for apoptosis resistance
are encircled in red [48,50]. In variance, in hepatocellular carcinoma cells (Huh-7), vtRNA1-1 does
not affect apoptosis but positively regulates autophagy via the MAPK/TFEB signaling pathway that
modulates the expression of the CLEAR network genes (black T-bars and arrows). This ensures the
biogenesis of catabolically active lysosomes (acidic pH) capable of fusing with autophagosomes to
form active autolysosomes [49]. Moreover, vaultRNA1-1 is able to inhibit p62 oligomerization and
has been suggested to regulate the available cargo of ubiquitinated proteins for the autophagosome
(green T-bar) [58,64]. The relevant residues on vtRNA1-1 for this proposed role are encircled in
green.

3. vtRNA1-2, 1-3, 2-1 and Vault RNA-Derived Fragments

3.1. vtRNA1-2

The VTRNAI-2 gene is flanked by VTRNA1-1 and 1-3 genes [34,71] and is by far the
least characterized vtRNA to date. This is not because it is assumed to have negligible
cellular roles. On the contrary, its function is probably so crucial that it has been
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impossible so far to KO vtRNA1-2 to perform single-gene deletion analysis in human cell
lines (our unpublished data). The most relevant information regarding vtRNA1-2 comes
from The Cancer Genome Atlas data analysis, specifically the methylation state of its pro-
moter [68,72,73]. The expression of vault RNA1-2 on average is suppressed in tumors
compared to normal tissues according to the elevated level of promoter methylation
[68,74,75]. This trend of gene silencing in neoplastic tissue is characteristic of tumor sup-
pressor genes, and based on these data, it is reasonable to speculate about vtRNA1-2 being
an anti-oncogene [68]. Nevertheless, in liver-derived metastasis, vtRNA1-2 levels are as
high as the pro-proliferative vtRNA1-1 and, thus, significantly upregulated compared to
the surrounding healthy liver tissue (Figure 2). This seemingly contradicting observation
highlights the need for future dedicated research on this vtRNA paralogue. Moreover,
vtRNA1-2 has a putative role in chemotherapy resistance since vtRNA1-2, like the 1-1 pa-
ralogue, binds directly to mitoxantrone, leading to its sequestration and decreased chem-
otherapy efficacy [69,70].

3.2. vtRNA1-3

The third vault RNA of the genomic locus 1 is an 88 nt long molecule. Unlike
vtRNA1-1 and despite its apparent similarities in primary and secondary structures, the
third paralogue does not regulate apoptosis or cell proliferation in Burkitt lymphoma or
in HeLa cells [48,50]. In multidrug resistant cells, the expression level of vtRNA1-3 is in-
creased and its association to the vault particle is also stimulated [46,47]. These observa-
tions suggest a possible role for vtRNA1-3 in drug resistance; however, the molecular
mechanisms have yet to be determined. Furthermore, the hypermethylation of the
vtRNA1-3 promoter in Myelodysplastic syndrome patients is correlated with decreased
survival rates [76]. To date, vtRNA1-3 has been poorly studied; therefore, its potential role
in cellular metabolism and cancer progression, for the most part, remains enigmatic.

3.3. vtRNA2-1

vtRNA2-1, previously known as pre-mir886 or nc886 [45], was the last small ncRNA
to be identified as a vault particle-associated transcript [32]. vtRNA2-1, like the other three
human vault RNAs, is encoded on chromosome 5 but in a separate genomic locus (Figure
1). The VTRNA2-1 gene is transcribed into a ~100 nt long RNA by pol Il even though the
downstream B2-box motif is missing [32]. The fourth vtRNA regulates apoptosis and pro-
liferation by interfering with the protein kinase R (PKR), which is a pro-apoptosis factor
[45,77]. PKR is a double stranded RNA activated kinase; once activated, it regulates sev-
eral signaling pathways such as NF-«kB, PP2A, JNK and p38. Moreover, active PKR is able
to phosphorylate the initiation factor elF2a, thereby inhibiting further messenger RNA
(mRNAs) translations [77]. vtRNA2-1 directly binds PKR, competing for its activation.
Indeed, the proliferation in vtRNA2-1 knock-down (KD) cells is impaired due to unsup-
pressed PKR and elF2a phosphorylation, which causes a general shut down of protein
synthesis [45]. Unexpectedly, vtRNA2-1 levels were demonstrated to be suppressed (and
hence PKR activity increased) in cholangiocarcinoma cells and in clinical samples from
cholangiocarcinoma patients [78]. These findings suggest that vtRNA2-1 is involved in
modulating PKR/eIF2a cell death pathways and tumorigenesis likely by ultimately acti-
vating the pro-survival NF-kB pathway. Moreover, very recently, vtRNA2-1 was reported
for possessing a stimulatory effect on adenovirus gene expression and replication. It was
proposed that vtRNA2-1 is involved in virus particle trafficking to the nucleus [79]. This
observation is particularly interesting for the establishment of an anti-tumor therapy
named “oncolytic virotherapy”, which is based on targeting proliferating tumor cells with
cytolytic viruses, such as the adenovirus [79]. Furthermore, vtRNA2-1 expression was
shown to be often epigenetically suppressed by DNA methylation in tumors, and this si-
lencing correlated with poor outcome in patients affected by various cancers [80-82].
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Based on these observation, vtRNA2-1 appears to have a tumor surveillance role.
This could be employed as a prognostic marker in several cancers including lung, pros-
tate, esophageal, gastric and acute myeloid leukemia [45,80,81,83-85].

3.4. vtRNA-Derived Fragments

The vast majority of vtRNA transcripts (~95%) do not associate with the vault com-
plex and, thus, remain free or are associated with smaller RNPs in the cytoplasm (Figure
1). It was demonstrated that a small portion of this cytoplasmic vtRNAs (~2-5%) is subject
to processing into smaller vtRNA-derived fragments. These processing events are Dicer-
dependent, and the small vtRNA fragments likely represent miRNA-like molecules capa-
ble of mRNA silencing. Unlike canonical miRNAs, small vtRNA fragments are processed
by Dicer from vtRNAs in a Drosha-independent manner [44,45,86,87]. A prerequisite for
vtRNA Dicer cleavage is the introduction of a 5-methyl-cytosine (m°C), which is catalyzed
by members of the RNA m>C methyltransferase NSUN family [44,88,89]. Via miCLIP
(methylation individual-nucleotide-resolution crosslinking and immunoprecipitation), it
has been determined that NSUN2 adds the modification on vtRNA1-1 at the position C69,
on vtRNA1-2 at positions C27 and C59 and on vtRNA1-3 at C15, C27 and C59 [88]. More-
over, vault RNA1-2 is a specific target of NSUN1, which methylates the vtRNA at position
C27 [89]. The m>C modification on vtRNAs was proposed to represent a regulatory mo-
lecular switch for Dicer processing [88]. Furthermore, the modification of m°C69 on
vtRNAI-1 is prevented by the binding of serine/arginine rich splicing factor 2 (SRF2). The
balance of NSUN2 and SRF2 binding to vtRNA1-1 orchestrates the regulation of its meth-
ylation and downstream vtRNA fragment production [90]. Once flagged with the m°C
modification, the vtRNAs, similarly to pre-miRNA in miRNA biogenesis, are cleaved by
Dicer. Small vtRNA-derived fragments associate with Argonaute proteins and guide gene
expression regulation [10,44].

To date, the role of small fragments derived from the vtRNA1 locus is relatively un-
known, but it has been shown that a vtRNA1-1-derived fragment is implicated in multi-
drug resistance in breast cancer. The ~23 nt vtRNAI1-1 fragment targets and downregu-
lates cytochrome CYP3A4 mRNA, an important drug-metabolizing enzyme [44,91,92].
Furthermore, another vtRNA1-1 fragment coordinates the epidermal differentiation of
keratinocytes, although the exact molecular mechanism is still unclear [90].

More comprehensive insight has been uncovered on vtRNA2-1-derived fragments.
At first, viRNA2-1 was named pre-mir886 on account of its status of precursor for two
small RNAs. Particularly studied is the vtRNA2-1-derived small RNA named miR-886-
3p, which downregulates many key-features of neoplastic cells such as proliferation, mi-
gration, invasiveness in prostate, lung, and thyroid cancer [45,83,93]. Moreover, vtRNA2-
1-derived fragments are less expressed in cancer compared to healthy tissue, and, overall,
these observations are hinting towards a tumor-suppressor-like function [82,86,93,94]. On
the contrary, in clear cell renal cell carcinoma (ccRCC), this very same vtRNA2-1 fragment
was upregulated and stimulated the proliferation by inhibiting apoptosis [95]. In ccRCC,
the miR-886-3p seed region targets the mRNA of the transcription factor PITX, a known
tumor suppressor molecule, resulting in decreased PITX translation and reduced cell
apoptosis [95]. However, this conflicting role of vtRNA2-1-derived fragments was not un-
anticipated since the vtRNA2-1 expression is inconsistent and regulated in a cancer type-
specific manner. More precisely, it is upregulated or unaffected in the cancer of all tissues,
except for kidney tumors [68]. Nevertheless, excluding renal cancer, overall miR886-3p,
similarly to its precursor vtRNA2-1, suggests a tumor suppressor role. Therefore, more
research has to be conducted in order to discriminate whether the anti-tumor effect of
vtRNA2-1 is truly delivered by the full-length molecule or solely granted by its small RNA
derivative. vtRNA2-1-derived processing products are the only ones so far that have also
been linked to development. It has been suggested that a 24 nt long vtRNA2-1 fragment
(called svtRNA2-la) modulates early developmental processes in the central nervous
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system and cell type specification and is upregulated in brain areas affected by Parkin-
son’s disease [96].

Another intriguing role of small vtRNA fragments is the regulation of cell-to-cell
communication, since they were abundantly found in exosomes [95]. Exosomes are small
vesicles secreted by cells that can mediate cell-cell signaling, and along with other mole-
cules can also transport RNA molecules [97]. There are many reports on exosome-based
cell-to-cell communication carried out by miRNAs that participate in the regulation of
tumorigenesis and angiogenesis [16,98-101]. It is, therefore, reasonable to speculate that
those pathways can also be regulated by vtRNA fragments secreted via exosomes.

4. MVP and the Vault Complex: Implications to Cell Proliferation and Cancer
4.1. Cancer and Vault Complex

In this review, we set out to summarize the latest insights in vtRNA biology. Since
vtRNAs are to a minor fraction also associated with the vault complex (Figure 1) and
many publications did not disentangle the contribution(s) of unbound vtRNAs from vtR-
NAs associated with the vault complex, we also dedicate a chapter to the role of the major
vault protein MVP and the entire vault RNP to cell proliferation and tumorigenesis. Thus
far, only a few fragmentary functions of the vault complex have been identified including
the assembly of the nuclear pore complex [102,103] or roles in innate immunity [104,105].
It was reported that the expression levels of the vault complex components such as vtR-
NAs and MVP varied in several cancer cells [46,68,83,85,86,106—-110]. Furthermore, the in-
tracellular localization of the vault complex tends to be changed from the cytoplasm to
the nucleus in response to external stresses or stimuli, which are involved in tumorigene-
sis [26,111]. Because of this, the vault complex and its components are considered media-
tors of the nuclear-cytoplasmic translocation in both normal and cancer cells, albeit this
appears to be controversial [26,112-114]. There are also a few studies connecting the vault
complex to drug resistance [28,51,115-122], although it is still under dispute since reliable
changes of drug resistance were not observed in in vivo experiments using MVP KO mice
[26,123,124]. In addition to nuclear-cytoplasmic transport and drug resistance, it was re-
ported that the vault complex participates in intracellular signaling pathways, DNA dam-
age repair and anti-apoptotic processes, most of which are closely related to cancer
[50,125-129].

4.2. Cancer and MVP

Among the three protein components of the vault complex [3,33], MVP is the most
closely connected to tumor biology (Table 1). It has been reported that the MVP level is
altered in various types of tumors. For instance, MVP is upregulated in lung tumor tissues
compared to the adjacent normal lung tissues [109,130], as in the cisplatin-resistant lung
adenocarcinoma cell line (A549/CDDP). The upregulation of MVP in lung cancer cells is
related to interleukin 25 (IL-25) induction. Elevated IL-25 stimulates the expression of
MVP and activates the several intracellular processes, including the NF-kB signaling path-
way, contributing to chemotherapy resistances of lung cancer cells [130]. In opposition to
these observations, MVP was also reported to exert tumor suppressor properties in Lewis
lung carcinoma cells. The KD of MVP stimulated STAT3 (signal transducer and activator
of transcription 3) and accelerated tumor growth. Moreover, the increased MVP expres-
sion in lung adenocarcinoma showed a better prognosis [109]. In prostate cancer, the up-
regulation of MVP expression was also considered as a putative prognostic biomarker of
cancer. Contrary to lung cancer, in prostate cancer the elevated expression of MVP is as-
sociated with a more than 4-fold higher death risk [131]. In breast cancer cells, likewise, a
high MVP level was associated with poor prognosis and the induction of chemotherapy
resistant metastasis [132]. It is known that induced MVP expression by adipocytes could
contribute to an MVP-related multidrug-resistance phenotype in breast cancer cells [133].
Moreover, the infections of hepatitis B virus and hepatitis C virus, which are known to
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increase the risk of hepatocellular carcinoma (HCC), elevate MVP expression. On the con-
trary, a deficiency of MVP inhibits HCC development induced by viral infection [134,135].
The overexpression of MVP is also observed in ovarian cancer and is linked to the devel-
opment of multidrug resistance [136]. Thus, it can be concluded that MVP misregulation
is clearly implicated in tumorigenesis, but the exact role of MVP during tumorigenesis
varies depending on the cancer type.

4.3. Drug Resistance and MVP

The architectural core of the vault complex structure is composed of 78 copies of the
MVP, each possessing two Ca?* binding sites that can interact with other proteins such as
PTEN [137,138]. Through this binding, MVP and the vault complex can mediate diverse
intracellular responses in various cell types including cancer cells. MVP in macrophages
inhibits NF-«B signaling, thereby alleviating metabolic diseases [139]. The induction of
MVP expression by viral infection upregulates type-I interferon production by enhancing
the expression of IRF7 (interferon regulatory factor 7), but not IRF3 (interferon regulatory
factor 3) [105]. Moreover, MVP inhibits the calcineurin-NFATc1 signaling pathway, which
regulates genes involved in intracellular calcium concentrations, negatively regulating os-
teoclast differentiation and bone resorption [140]. MVP is also closely connected to signal-
ing pathways in cancer cells, and upregulation most often results in chemotherapy re-
sistance of the cells. In breast cancer, for instance, increased Notchl upregulates MVP ex-
pression to activate the AKT pathway, which is involved in multidrug chemotherapy re-
sistance and endothelial to mesenchymal transition promotion [132]. Another example is
the relationship between MVP and B7-H3, a tumor-promoting glycoprotein [141]. The B7-
H3 glycoprotein activates the MEK pathway through MVP-enhancing B-RAF, and the de-
pletion of MVP inhibits B7-H3-induced MEK activation and stem cell propagation. The
Ras pathway-independent regulation of B7-H3-induced stem cell propagation by the
MVP-MEK signaling axis can be applied to develop novel strategies for overcoming can-
cer cell resistance to chemotherapy. Increased MVP expression caused by vtRNA2-1 in-
duction by transcription factor E2F1 can also drive multidrug resistance in cervical cancer
cells [24]. Additionally and particularly interesting for oncolytic virotherapy, vtRNA2-1
seems to play a central role in intracellular adenovirus trafficking [79]. Even though it is
not investigated in this study, it is possible that the observed virus trafficking phenotype
depends on the interaction of the adenovirus with the vault complex via vtRNA2-1 serv-
ing as an adaptor. Indeed, it has previously been observed that vault particles, similarly
to the reported adenovirus particles [79], move along microtubules [142,143]. Moreover,
in colon cancer cells, the interaction of MVP with miR-193a controls selective sorting into
exosomes, regulating tumorigenesis [144]. This regulation of exosomes carried out by
MVP indirectly affects the efficacy of chemotherapy treatment and the tumor progression
of colon cancer. MVP has also been reported to contribute to temozolomide (TMZ)-re-
sistance in glioblastoma [53]. The expression of MVP increased in glioblastoma with TMZ
resistance, and its sensitivity to the drug was inhibited by increased MVP. In addition to
the aforementioned effect, MVP is known to mediate multidrug resistance in a variety of
cancer types including lung, ovarian and prostate cancers, although the effect is cell-type
specific [28,119,122,123,131,136,145,146]. Therefore, the approach of targeting MVP for re-
ducing multidrug resistance has the potential of being an effective and novel strategy for
tumor therapy that could work synergistically with existing treatment regimes.

4.4. Proliferation, Apoptosis and MVP

Among all the signaling pathways that have been shown to have a connection to the
MVP or the vault complex, proliferation and apoptosis are particularly important with
respect to cancer. It was demonstrated that the MVP interacts with BAG3 (Bcl-2-associ-
atged athanogene) to regulate potent pro-survival pathways including ERK signaling and
contributes to chemotherapy resistance [147]. The depletion of either MVP or BAG3 in-
hibits the activation of ERK1/2, which in turn promotes adriamycin-induced apoptosis of
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breast cancer cells. MVP on the cell surface of hepatocellular carcinoma cells induced by
several environmental stresses stimulates cancer progression [14]. The KD of MVP and
treatment with anti-MVP antibodies reduced cell proliferation and induced apoptosis in
HCC cells, indicating that cell-surface MVP negatively regulates cell proliferation and
promotes apoptosis. In addition, MVP significantly enhances the aggressiveness of glioma
cells based on MVP-mediated stabilization of the EGFR/PI3K signaling axis [148]. In glio-
blastoma, MVP expression was shown to be significantly increased and appears to be re-
lated to the malignancy of the tumor and to the survival rate of cancer patients [149]. In
addition, MVP overexpression results in enhanced growth and brain invasion through the
EGFR/PI3K signaling pathway in human glioblastoma xenograft models. Thus, MVP rep-
resents an interesting target for novel treatment approaches for brain cancer, including
glioblastoma [150]. MVP is also related to the production of cytokines such as IL-6 or IL-
8 upon viral infection or dsRNA stimulation and is associated with proliferation, apopto-
sis and chemotherapy resistance in several types of cancers, including colon cancer [151].

Table 1. MVP and cancer.

Cancer Type Related Process Potential Application Reference
Ramberg H et al.
(2021) [131]
Biomarker of survivability in ~ Zhao YN et al. (2016)
ovarian cancer patients [136]
Szaflarski W et al.
(2013) [145]

Prostate cancer Multidrug resistance Prognostic biomarker

Multidrug resistance

. Multidrug resistance Novel therapeutic strate
Ovarian cancer & p gy

Biomarker for the combination

- therapy with 3’-C-ethynylcytidine Fukushima F (2014)
. [152]
(ECyd) and platinum.
STATS3 signaling pathway Novel therapejutlcl: strategy and  Bai H et al. (2019)
prognostic biomarker [109]
NF-kB signaling pathway and IL-25 Clinical strategy overcoming the Shen W et al. (2019)
chemotherapy resistance [130]
. . Clinical strategies overcoming the Chen YL et al. (2016)
Doxorubicin resistance > .
Lung cancer doxorubicin resistance [146]

1 th i ies f
Apoptotic signaling mediated by immuno- Novel therapeutic strategies for

surveillance cytokines such as TRAIL

Rayo ] et al. (2021)

inflammation-mediated patholo- [153]

gies including cancer
dsRNA or viral infection-induced expres- Regulating host pro-inflammatory Peng N et al. (2016)

sion of IL-6 and IL-8 by c-Fos and C/EBP response [151]
Doxorubicin resistance Novel therapeutic strategy for Lehuédé C et al.
obesity-related chemoresistance (2019) [133]
. Pasillas MP et al.
BAG3 and ERK pathway Novel therapeutic strategy

(2015) [147]

Breast
reast cancet g7 H3-induced stem cell propagation and Clinical strategy overcoming the Liu Z et al. (2019)

MEK activation chemotherapy resistance [141]
Notchl signaling in TNBC Clinical strategy over(foming the Xiao YS et al. (2019)
chemotherapy resistance [132]
IRF2 and p53 Biomarkers o'f ma.h.gnancy and  Yu H et al. (2020)
Hepatocellular survivability. [134]
carcinoma Cell-surface MVP (csMVP) Malignancy blomarke.r and novel Lee HM et al. (2017)
target for metastatic cancer [108]

Novel therapeutic strategy for gli- Navarro L et al.

Glioblastoma EGFR/PI3K signaling axis and PTEN oblastoma (2015) [150]
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EGFR/PI3K signaling axis - Lotsch D et al. (2013)

[148]
Temozolomide resistance and survival rate Novel therapeutic strategy for gli- Noh K.H et al. (2022)
oblastoma [149]
Exosomal sorting of miR-193a Novel therapeutic strategy Teng Y et al. (2017)
Colon cancer [143]
Biomarker for the combination Fukushima H (2014)
therapy with ECyd and platinum. [152]
. Transcription factor E2F1 and nc886 Clinical strategies overcoming the Li JH et al. (2017)
Cervical cancer .
(vtRNA2-1) chemotherapy resistance [115]
Yuan L et al. (2021
Osteoclasts Calcineurin-NFATc1 pathway Novel therapeutic strategy uan [(13 48] (2021)
Nasopharyngeal Biomarker for the combination Fukushima H (2014)
carcinoma therapy with ECyd and platinum. [152]

5. Concluding Remarks and Open Questions

In conclusion, the four human vtRNAs as well as the vault complex and its major
component, the MVP, are clearly related to various processes in cancer biology including
proliferation, apoptosis and autophagy. Since their mechanistic contributions to tumor-
igenesis and chemotherapy-resistance remain poorly understood, further research is es-
sential. One of the main open questions in the field that merits attention in the near future
is the unclear interdependence of the vtRNAs and the vault complex. The fact that only a
minor subpopulation of the vtRNA transcripts actually associate with the vault complex
(Figure 1) supports the view that these ncRN As possess biological roles that are independ-
ent of the vault complex. The most recent literature, as reviewed herein, seems to support
the ribo-regulatory roles of these ncRNA molecules in cell proliferation, apoptosis re-
sistance and tumorigenesis. Since mechanistic insights into vtRNA functions are still lim-
ited, identifying all the different protein interaction partners of vtRNAs in different cell
types or in different phases of the cell cycle might solve yet another outstanding question:
How can the four human vtRNA paralogs obviously orchestrate distinct (yet mainly pro-
survival) signaling cascades in various cell types and tissues despite sharing significant
sequence similarities? What determines specificity? Are different protein binding partners
or distinct post-transcriptional vtRNA modifications at the heart of the functional speci-
ficities? How do vtRNA-derived fragments contribute to the observed phenotypes? An-
other central question that has not yet been addressed is about the driving force for main-
taining vtRNAs and the vault complex in most eukaryal species (including mammals),
while others (e.g., Drosophila, C. elegans) have apparently lost these genes during the
course of evolution. Although many questions remain open and mechanistic insights into
vtRNA biology are still limited, dedicated future research to uncover the hidden secrets
of these interesting molecules is in our opinion justified. The apparent link between vtR-
NAs to cell proliferation, drug resistance and tumorigenesis make them promising candi-
dates for novel therapeutic targets or diagnostic markers in several types of cancer.

Author Contributions: Conceptualization, S.G., E.K. and N.P.; writing—original draft preparation,
S.G. and E.K,; writing—review and editing, N.P.; visualization, S.G. and LF.; supervision, N.P.;
funding acquisition, N.P. All authors have read and agreed to the published version of the manu-
script.

Funding: This work was supported as a part of the NCCR RNA and Disease, a National Centre of
Competence in Research, funded by the Swiss National Science Foundation (grant numbers 182880
and 205601).

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.



Cancers 2022, 14, 2787 14 of 20

Acknowledgments: We’d like to thank Daniel Candinas and Deborah Stroka (Department of Vis-
ceral Surgery and Medicine, Department for BioMedical Research, Bern University Hospital) for
their valuable contributions and for providing access to patient material. Our thanks are extended
to Jacopo Gavini for his never-ending enthusiasm for basic research in general and vault RNA and
lysosome biology, in particular, and to Anamaria Buzoianu for proofreading.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Crick, F. Central Dogma of Molecular Biology. Nature 1970, 227, 561-563. https://doi.org/10.1038/227561a0.

2. Lander, E.S; Linton, L.M,; Birren, B.; Nusbaum, C.; Zody, M.C.; Baldwin, J.; Devon, K.; Dewar, K.; Doyle, M.; FitzZHugh, W_; et
al. Initial Sequencing and Analysis of the Human Genome. Nature 2001, 409, 860-921. https://doi.org/10.1038/35057062.

3. Venter, ].C; Adams, M.D.; Myers, E.W.; Li, P.W.; Mural, R.J.; Sutton, G.G.; Smith, H.O.; Yandell, M.; Evans, C.A.; Holt, R A_; et
al. The Sequence of the Human Genome. Science 2001, 291, 1304-1351. https://doi.org/10.1126/science.1058040.

4. Chan, JJ; Tay, Y. Noncoding RNA:RNA Regulatory Networks in Cancer. Int. ]. Mol. Sci. 2018, 19, 1310.
https://doi.org/10.3390/ijms19051310.

5. Dunham, I; Kundaje, A.; Aldred, S.F.; Collins, P.].; Davis, C.A; Doyle, F.; Epstein, C.B.; Frietze, S.; Harrow, J.; Kaul, R; et al.
An Integrated Encyclopedia of DNA Elements in the Human Genome. Nature 2012, 489, 57-74.
https://doi.org/10.1038/nature11247.

6.  Morris, K.V.; Mattick, ].S. The Rise of Regulatory RNA. Nat. Rev. Genet. 2014, 15, 423-437. https://doi.org/10.1038/nrg3722.

7. Noller, H.F. Ribosomal Rna and Translation. Annu. Rev. Biochem. 1991, 60, 191-227.
https://doi.org/10.1146/annurev.bi.60.070191.001203.

8. Rich, A,; RajBhandary, U.L. Transfer RNA: Molecular Structure, Sequence, and Properties. Annu. Rev. Biochem. 1976, 45, 805—
860. https://doi.org/10.1146/annurev.bi.45.070176.004105.

9.  Wilson, D.N.; Doudna Cate, J.H. The Structure and Function of the Eukaryotic Ribosome. Cold Spring Harb. Perspect. Biol. 2012,
4, a011536. https://doi.org/10.1101/cshperspect.a011536.

10. O’Brien, J.; Hayder, H.; Zayed, Y.; Peng, C. Overview of MicroRNA Biogenesis, Mechanisms of Actions, and Circulation. Front.
Endocrinol. 2018, 9, 402. https://doi.org/10.3389/fend0.2018.00402.

11.  Statello, L.; Guo, C.-].; Chen, L.-L.; Huarte, M. Gene Regulation by Long Non-Coding RNAs and Its Biological Functions. Nat.
Rev. Mol. Cell Biol. 2021, 22, 96-118. https://doi.org/10.1038/s41580-020-00315-9.

12. Gao, N.; Li, Y.; Li, J; Gao, Z.; Yang, Z; Li, Y.; Liu, H.; Fan, T. Long Non-Coding RNAs: The Regulatory Mechanisms, Research
Strategies, and Future Directions in Cancers. Front. Oncol. 2020, 10, 598817. https://doi.org/10.3389/fonc.2020.598817.

13. Han, P,; Chang, C.-P. Long Non-Coding RNA and Chromatin Remodeling. RNA Biol. 2015, 12, 1094-1098.
https://doi.org/10.1080/15476286.2015.1063770.

14. Wei, J.-W.; Huang, K; Yang, C.; Kang, C.-S. Non-Coding RNAs as Regulators in Epigenetics (Review). Oncol. Rep. 2017, 37, 3—
9. https://doi.org/10.3892/0r.2016.5236.

15. Zaratiegui, M.; Irvine, D.V.; Martienssen, R.A. Noncoding RNAs and Gene Silencing. Cell 2007, 128, 763-776.
https://doi.org/10.1016/j.cell.2007.02.016.

16. Liu, Y.; Liu, X;; Lin, C;; Jia, X.; Zhu, H.; Song, J.; Zhang, Y. Noncoding RNAs Regulate Alternative Splicing in Cancer. J. Exp.
Clin. Cancer Res. 2021, 40, 11. https://doi.org/10.1186/s13046-020-01798-2.

17.  Gong, C.; Maquat, L.E. LncRNAs Transactivate STAU1-Mediated MRNA Decay by Duplexing with 3’ UTRs via Alu Elements.
Nature 2011, 470, 284-288. https://doi.org/10.1038/nature09701.

18. Peng, W.-X,; Koirala, P.; Mo, Y.-Y. LncRNA-Mediated Regulation of Cell Signaling in Cancer. Oncogene 2017, 36, 5661-5667.
https://doi.org/10.1038/onc.2017.184.

19. Ramon y Cajal, S.; Segura, M.F.; Hiimmer, S. Interplay Between NcRNAs and Cellular Communication: A Proposal for
Understanding Cell-Specific Signaling Pathways. Front. Genet. 2019, 10, 281. https://doi.org/10.3389/fgene.2019.00281.

20. Ardekani, A.M.; Naeini, M.M. The Role of MicroRNAs in Human Diseases. Avicenna J. Med. Biotechnol. 2010, 2, 161-179.

21. DiStefano, J.K. The Emerging Role of Long Noncoding RNAs in Human Disease. Methods Mol. Biol. Clifton NJ 2018, 1706, 91—
110. https://doi.org/10.1007/978-1-4939-7471-9_6.

22.  Mattick, ].S.; Makunin, L.V. Non-Coding RNA. Hum. Mol. Genet. 2006, 15, R17-29. https://doi.org/10.1093/hmg/dd1046.

23. Diamantopoulos, M.A ; Tsiakanikas, P.; Scorilas, A. Non-Coding RNAs: The Riddle of the Transcriptome and Their Perspectives
in Cancer. Ann. Transl. Med. 2018, 6, 241. https://doi.org/10.21037/atm.2018.06.10.

24. Romano, G.; Veneziano, D.; Acunzo, M.; Croce, C.M. Small Non-Coding RNA and Cancer. Carcinogenesis 2017, 38, 485-491.
https://doi.org/10.1093/carcin/bgx026.

25. Anastasiadou, E. Jacob, L.S.; Slack, F.J. Non-Coding RNA Networks in Cancer. Nat. Rev. Cancer 2018, 18, 5-18.
https://doi.org/10.1038/nrc.2017.99.

26. Hahne, J.C; Lampis, A.; Valeri, N. Vault RNAs: Hidden Gems in RNA and Protein Regulation. Cell. Mol. Life Sci. 2021, 78, 1487-
1499. https://doi.org/10.1007/s00018-020-03675-9.

27. Kedersha, N.L.; Rome, L.H. Preparative Agarose Gel Electrophoresis for the Purification of Small Organelles and Particles. Anal.

Biochem. 1986, 156, 161-170. https://doi.org/10.1016/0003-2697(86)90168-5.



Cancers 2022, 14, 2787 15 of 20

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Scheffer, G.L.; Wijngaard, P.L.; Flens, M.].; Izquierdo, M.A.; Slovak, M.L.; Pinedo, H.M.; Meijer, C.J.; Clevers, H.C.; Scheper, R.J.
The Drug Resistance-Related Protein LRP Is the Human Major Vault Protein. Nat. Med. 1995, 1, 578-582.
https://doi.org/10.1038/nm0695-578.

Kickhoefer, V.A.; Rome, L.H. The Sequence of a CDNA Encoding the Major Vault Protein from Rattus Norvegicus. Gene 1994,
151, 257-260. https://doi.org/10.1016/0378-1119(94)90667-x.

Kickhoefer, V.A.; Siva, A.C.; Kedersha, N.L.; Inman, E.M.; Ruland, C.; Streuli, M.; Rome, L.H. The 193-KD Vault Protein, VPARP,
Is a Novel Poly(ADP-Ribose) Polymerase. ]. Cell Biol. 1999, 146, 917-928. https://doi.org/10.1083/jcb.146.5.917.

Kickhoefer, V.A.; Stephen, A.G.; Harrington, L.; Robinson, M.O.; Rome, L.H. Vaults and Telomerase Share a Common Subunit,
TEP1. ]. Biol. Chem. 1999, 274, 32712-32717. https://doi.org/10.1074/jbc.274.46.32712.

Nandy, C.; Mrazek, J.; Stoiber, H.; Grasser, F.A.; Hiittenhofer, A.; Polacek, N. Epstein-Barr Virus-Induced Expression of a Novel
Human Vault RNA. J. Mol. Biol. 2009, 388, 776-784. https://doi.org/10.1016/j.jmb.2009.03.031.

Kickhoefer, V.A.; Poderycki, M.].; Chan, E.K.L.; Rome, L.H. The La RNA-Binding Protein Interacts with the Vault RNA and Is
a Vault-Associated Protein *. J. Biol. Chem. 2002, 277, 41282-41286. https://doi.org/10.1074/jbc.M206980200.

Stadler, P.F.; Chen, ].J.-L.; Hackermiiller, J.; Hoffmann, S.; Horn, F.; Khaitovich, P.; Kretzschmar, A.K.; Mosig, A.; Prohaska, S.J.;
Qi, X; et al. Evolution of Vault RNAs. Mol. Biol. Evol. 2009, 26, 1975-1991. https://doi.org/10.1093/molbev/msp112.

Mrazek, ].; Kreutmayer, S.B.; Grasser, F.A.; Polacek, N.; Hiittenhofer, A. Subtractive Hybridization Identifies Novel
Differentially Expressed NcRNA Species in EBV-Infected Human B Cells. Nucleic Acids Res. 2007, 35, e73.
https://doi.org/10.1093/nar/gkm?244.

Turowski, T.W.; Tollervey, D. Transcription by RNA Polymerase III: Insights into Mechanism and Regulation. Biochem. Soc.
Trans. 2016, 44, 1367-1375. https://doi.org/10.1042/BST20160062.

Shaywitz, A.].; Greenberg, M.E. CREB: A Stimulus-Induced Transcription Factor Activated by a Diverse Array of Extracellular
Signals. Annu. Rev. Biochem. 1999, 68, 821-861. https://doi.org/10.1146/annurev.biochem.68.1.821.

Zhang, H.; Kong, Q.; Wang, J.; Jiang, Y.; Hua, H. Complex Roles of CAMP-PKA-CREB Signaling in Cancer. Exp. Hematol. Oncol.
2020, 9, 32. https://doi.org/10.1186/s40164-020-00191-1.

Eferl, R., Wagner, EF. AP-1: A Double-Edged Sword in Tumorigenesis. Nat. Rev. Cancer 2003, 3, 859-868.
https://doi.org/10.1038/nrc1209.

Shaulian, E.; Karin, M. AP-1 in Cell Proliferation and Survival. Oncogene 2001, 20, 2390-2400.
https://doi.org/10.1038/sj.onc.1204383.

Kickhoefer, V.A.; Searles, R.P.; Kedersha, N.L.; Garber, M.E.; Johnson, D.L.; Rome, L.H. Vault Ribonucleoprotein Particles from
Rat and Bullfrog Contain a Related Small RNA That Is Transcribed by RNA Polymerase IIL. J. Biol. Chem. 1993, 268, 7868-7873.
https://doi.org/10.1016/5S0021-9258(18)53038-6.

Rome, L.; Kedersha, N.; Chugani, D. Unlocking Vaults: Organelles in Search of a Function. Trends Cell Biol. 1991, 1, 47-50.
https://doi.org/10.1016/0962-8924(91)90088-q.

Vasu, S.K.; Rome, L.H. Dictyostelium Vaults: Disruption of the Major Proteins Reveals Growth and Morphological Defects and
Uncovers a New Associated Protein. . Biol. Chem. 1995, 270, 16588-16594. https://doi.org/10.1074/jbc.270.28.16588.

Persson, H.; Kvist, A.; Vallon-Christersson, J.; Medstrand, P.; Borg, A.; Rovira, C. The Non-Coding RNA of the Multidrug
Resistance-Linked Vault Particle Encodes Multiple Regulatory Small RNAs. Nat. Cell Biol. 2009, 11, 1268-1271.
https://doi.org/10.1038/ncb1972.

Lee, K,; Kunkeaw, N.; Jeon, S.H.; Lee, I; Johnson, B.H.; Kang, G.-Y.; Bang, ].Y.; Park, H.S.; Leelayuwat, C.; Lee, Y.S. Precursor
MiR-886, a Novel Noncoding RNA Repressed in Cancer, Associates with PKR and Modulates Its Activity. RNA 2011, 17, 1076—
1089. https://doi.org/10.1261/rna.2701111.

Kickhoefer, V.A ; Rajavel, K.S.; Scheffer, G.L.; Dalton, W.S.; Scheper, R.J.; Rome, L.H. Vaults Are Up-Regulated in Multidrug-
Resistant Cancer Cell Lines. J. Biol. Chem. 1998, 273, 8971-8974. https://doi.org/10.1074/jbc.273.15.8971.

van Zon, A.; Mossink, M.H.; Schoester, M.; Scheffer, G.L.; Scheper, R.J.; Sonneveld, P.; Wiemer, E.A. Multiple Human Vault
RNAs. Expression and Association with the Vault Complex. J. Biol. Chem. 2001, 276, 37715-37721.
https://doi.org/10.1074/jbc.M106055200.

Bracher, L.; Ferro, I.; Pulido-Quetglas, C.; Ruepp, M.-D.; Johnson, R.; Polacek, N. Human VtRNA1-1 Levels Modulate Signaling
Pathways and Regulate Apoptosis in Human Cancer Cells. Biomolecules 2020, 10, 614. https://doi.org/10.3390/biom10040614.
Ferro, 1.; Gavini, J.; Gallo, S.; Bracher, L.; Landolfo, M.; Candinas, D.; Stroka, D.M.; Polacek, N. The Human Vault RNA Enhances
Tumorigenesis and Chemoresistance through the Lysosome in Hepatocellular Carcinoma. Autophagy 2022, 18, 191-203.
https://doi.org/10.1080/15548627.2021.1922983.

Amort, M.; Nachbauer, B.; Tuzlak, S.; Kieser, A.; Schepers, A.; Villunger, A.; Polacek, N. Expression of the Vault RNA Protects
Cells from Undergoing Apoptosis. Nat. Commun. 2015, 6, 7030. https://doi.org/10.1038/ncomms8030.

Chen, J.; OuYang, H.; An, X;; Liu, S. Vault RNAs Partially Induces Drug Resistance of Human Tumor Cells MCF-7 by Binding
to the RNA/DNA-Binding Protein PSF and Inducing Oncogene GAGE6. PLoS ONE 2018, 13, e0191325.
https://doi.org/10.1371/journal.pone.0191325.

Urban, R.J.; Bodenburg, Y.; Kurosky, A.; Wood, T.G.; Gasic, S. Polypyrimidine Tract-Binding Protein-Associated Splicing Factor
Is a Negative Regulator of Transcriptional Activity of the Porcine P450scc Insulin-Like Growth Factor Response Element. Mol.
Endocrinol. 2000, 14, 774-782. https://doi.org/10.1210/mend.14.6.0485.



Cancers 2022, 14, 2787 16 of 20

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Ferro, 1.; Gavini, J.; Bracher, L.; Landolfo, M.; Candinas, D.; Stroka, D.; Polacek, N. The Human Vault RNA Enhances
Tumorigenesis and Chemoresistance through the Lysosome. BioRxiv 2020. https://doi.org/10.1101/2020.06.28.175810.

Kerr, ].E.; Winterford, C.M.; Harmon, B.V. Apoptosis. Its Significance in Cancer and Cancer Therapy. Cancer 1994, 73, 2013-2026.
https://doi.org/10.1002/1097-0142(19940415)73:8<2013::aid-cncr2820730802>3.0.c0;2-.

Elmore, S. Apoptosis: A Review of Programmed Cell Death. Toxicol. Pathol. 2007, 35,  495-516.
https://doi.org/10.1080/01926230701320337.

Hemmings, B.A. Restuccia, D.F. PI3K-PKB/Akt Pathway. Cold Spring Harb. Perspect. Biol. 2012, 4, a011189.
https://doi.org/10.1101/cshperspect.a011189.

Braicu, C.; Buse, M.; Busuioc, C.; Drula, R.; Gulei, D.; Raduly, L.; Rusu, A.; Irimie, A.; Atanasov, A.G.; Slaby, O.; et al. A
Comprehensive Review on MAPK: A Promising Therapeutic Target in Cancer. Cancers 2019, 11, 1618.
https://doi.org/10.3390/cancers11101618.

Biischer, M.; Horos, R.; Huppertz, I.; Haubrich, K.; Dobrev, N.; Baudin, F.; Hennig, ].; Hentze, M.W. Vault RNA1-1 Riboregulates
the Autophagic Function of P62 by Binding to K7/R21 That Are Critical for P62 Oligomerisation. RNA 2022, 28, 742-755.
https://doi.org/10.1261/rna.079129.122.

Wakatsuki, S.; Takahashi, Y.; Shibata, M.; Adachi, N.; Numakawa, T.; Kunugi, H.; Araki, T. Small Noncoding Vault RNA
Modulates Synapse Formation by Amplifying MAPK Signaling. J. Cell Biol. 2021, 220, €201911078.
https://doi.org/10.1083/jcb.201911078.

Ichimiya, T.; Yamakawa, T.; Hirano, T.; Yokoyama, Y.; Hayashi, Y.; Hirayama, D.; Wagatsuma, K.; Itoi, T.; Nakase, H.
Autophagy and Autophagy-Related Diseases: A Review. Int. |. Mol. Sci. 2020, 21, 8974. https://doi.org/10.3390/ijms21238974.
Degenhardt, K.; Mathew, R.; Beaudoin, B.; Bray, K.; Anderson, D.; Chen, G.; Mukherjee, C.; Shi, Y.; Gélinas, C.; Fan, Y.; et al.
Autophagy Promotes Tumor Cell Survival and Restricts Necrosis, Inflammation, and Tumorigenesis. Cancer Cell 2006, 10, 51—
64. https://doi.org/10.1016/j.ccr.2006.06.001.

Chavez-Dominguez, R.; Perez-Medina, M.; Lopez-Gonzalez, ].S.; Galicia-Velasco, M.; Aguilar-Cazares, D. The Double-Edge
Sword of Autophagy in Cancer: From Tumor Suppression to Pro-Tumor Activity. Front. Omncol. 2020, 10, 578418.
https://doi.org/10.3389/fonc.2020.578418.

Lamark, T.; Kirkin, V.; Dikic, I.; Johansen, T. NBR1 and P62 as Cargo Receptors for Selective Autophagy of Ubiquitinated Targets.
Cell Cycle Georget. Tex 2009, 8, 1986-1990. https://doi.org/10.4161/cc.8.13.8892.

Horos, R.; Biischer, M.; Kleinendorst, R.; Alleaume, A.-M.; Tarafder, A.K.; Schwarzl, T.; Dziuba, D.; Tischer, C.; Zielonka, E.M.;
Adak, A.; et al. The Small Non-Coding Vault RNA1-1 Acts as a Riboregulator of Autophagy. Cell 2019, 176, 1054-1067.e12.
https://doi.org/10.1016/j.cell.2019.01.030.

Biischer, M.; Horos, R.; Hentze, M.W. “High Vault-Age”: Non-Coding RNA Control of Autophagy. Open Biol. 2020, 10, 190307.
https://doi.org/10.1098/rsob.190307.

Palmieri, M.; Impey, S.; Kang, H.; di Ronza, A.; Pelz, C.; Sardiello, M.; Ballabio, A. Characterization of the CLEAR Network
Reveals an Integrated Control of Cellular Clearance Pathways. Hum. Mol. Genet. 2011, 20, 3852-3866.
https://doi.org/10.1093/hmg/ddr306.

Settembre, C.; Di Malta, C.; Polito, V.A.; Arencibia, M.G.; Vetrini, F.; Erdin, S.; Erdin, S.U.; Huynh, T.; Medina, D.; Colella, P.; et
al. TFEB Links Autophagy to Lysosomal Biogenesis. Science 2011, 332, 1429-1433. https://doi.org/10.1126/science.1204592.

Fort, R.S.; Duhagon, M.A. Pan-Cancer Chromatin Analysis of the Human VtRNA Genes Uncovers Their Association with
Cancer Biology. F1000Research 2021, 10, 182. https://doi.org/10.12688/f1000research.28510.2.

Gopinath, S.C.B.; Matsugami, A.; Katahira, M.; Kumar, P.K.R. Human Vault-Associated Non-Coding RNAs Bind to
Mitoxantrone, a Chemotherapeutic Compound. Nucleic Acids Res. 2005, 33, 4874-4881. https://doi.org/10.1093/nar/gki809.
Gopinath, S.C.B.; Wadhwa, R.; Kumar, P.K.R. Expression of Noncoding Vault RNA in Human Malignant Cells and Its
Importance in Mitoxantrone Resistance. Mol. Cancer Res. MCR 2010, 8, 1536-1546. https://doi.org/10.1158/1541-7786.MCR-10-
0242.

Homo_sapiens—Ensembl Genome Browser 106. Available online: http://www.ensembl.org/Homo_sapiens/Info/Index
(accessed on 26 April 2022).

Weinstein, ].N.; Collisson, E.A.; Mills, G.B.; Shaw, K.R.M.; Ozenberger, B.A; Ellrott, K.; Shmulevich, I.; Sander, C.; Stuart, ].M.
The Cancer Genome Atlas Pan-Cancer Analysis Project. Nat. Genet. 2013, 45, 1113-1120. https://doi.org/10.1038/ng.2764.
Moran, S.; Arribas, C.; Esteller, M. Validation of a DNA Methylation Microarray for 850,000 CpG Sites of the Human Genome
Enriched in Enhancer Sequences. Epigenomics 2016, 8, 389-399. https://doi.org/10.2217/epi.15.114.

Illingworth, R.S; Bird, AP. CpG Islands—A Rough Guide” FEBS Lett. 2009, 583, 1713-1720.
https://doi.org/10.1016/j.febslet.2009.04.012.

Weber, M.; Hellmann, I.; Stadler, M.B.; Ramos, L.; Padbo, S.; Rebhan, M.; Schiibeler, D. Distribution, Silencing Potential and
Evolutionary Impact of Promoter DNA Methylation in the Human Genome. Nat. Genet. 2007, 39, 457-466.
https://doi.org/10.1038/ng1990.

Helbo, A.S.; Treppendahl, M.; Aslan, D.; Dimopoulos, K.; Nandrup-Bus, C.; Holm, M.S.; Andersen, M.K,; Liang, G.; Kristensen,
L.S,; Gronbak, K. Hypermethylation of the VIRNAI-3 Promoter Is Associated with Poor Outcome in Lower Risk
Myelodysplastic Syndrome Patients. Genes 2015, 6, 977-990. https://doi.org/10.3390/genes6040977.



Cancers 2022, 14, 2787 17 of 20

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Garcia, M.A,; Gil, J.; Ventoso, L; Guerra, S.; Domingo, E.; Rivas, C.; Esteban, M. Impact of Protein Kinase PKR in Cell Biology:
From Antiviral to Antiproliferative Action. Microbiol. ~Mol. Biol. Rev. MMBR 2006, 70, 1032-1060.
https://doi.org/10.1128/MMBR.00027-06.

Kunkeaw, N.; Jeon, S.H.; Lee, K.; Johnson, B.H.; Tanasanvimon, S.; Javle, M.; Pairojkul, C.; Chamgramol, Y.; Wongfieng, W.;
Gong, B.; et al. Cell Death/Proliferation Roles for Nc886, a Non-Coding RNA, in the Protein Kinase R Pathway in
Cholangiocarcinoma. Oncogene 2013, 32, 3722-3731. https://doi.org/10.1038/onc.2012.382.

Saruuldalai, E.; Park, J.; Kang, D.; Shin, S.-P.; Im, W.R,; Lee, H.-H.; Jang, ].].; Park, J.-L.; Kim, S.-Y.; Hwang, J.-A_; et al. A Host
Non-Coding RNA, Nc886, Plays a pro-Viral Role by Promoting Virus Trafficking to the Nucleus. Mol. Ther. Oncolytics 2022, 24,
683-694. https://doi.org/10.1016/j.omt0.2022.02.018.

Treppendahl, M.B.; Qiu, X.; Segaard, A.; Yang, X.; Nandrup-Bus, C.; Hother, C.; Andersen, M.K.; Kjeldsen, L.; Méllgaard, L.;
Hellstrom-Lindberg, E.; et al. Allelic Methylation Levels of the Noncoding VTRNA2-1 Located on Chromosome 5q31.1 Predict
Outcome in AML. Blood 2012, 119, 206-216. https://doi.org/10.1182/blood-2011-06-362541.

Lee, H.-S,; Lee, K,; Jang, H.-J.; Lee, G.K,; Park, J.-L.; Kim, S.-Y.; Kim, S.-B.; Johnson, B.H.; Zo, J.I; Lee, ].-S.; et al. Epigenetic
Silencing of the Non-Coding RNA Nc886 Provokes Oncogenes during Human Esophageal Tumorigenesis. Oncotarget 2014, 5,
3472-3481. https://doi.org/10.18632/oncotarget.1927.

Cao, J.; Song, Y.; Bi, N.; Shen, J.; Liu, W.; Fan, J.; Sun, G.; Tong, T.; He, J.; Shi, Y.; et al. DNA Methylation-Mediated Repression
of MiR-886-3p Predicts Poor Outcome of Human Small Cell Lung Cancer. Cancer Res. 2013, 73, 3326-3335.
https://doi.org/10.1158/0008-5472.CAN-12-3055.

Fort, R.S.; Math¢, C.; Geraldo, M.V.; Ottati, M.C.; Yamashita, A.S.; Saito, K.C.; Leite, KR.M.; Méndez, M.; Maedo, N.; Méndez,
L.; et al. Nc886 Is Epigenetically Repressed in Prostate Cancer and Acts as a Tumor Suppressor through the Inhibition of Cell
Growth. BMC Cancer 2018, 18, 127. https://doi.org/10.1186/s12885-018-4049-7.

Lee, Y.S. A Novel Type of Non-Coding RNA, Nc886, Implicated in Tumor Sensing and Suppression. Genomics Inform. 2015, 13,
26-30. https://doi.org/10.5808/GI1.2015.13.2.26.

Lee, K.S; Park, J.L.; Lee, K.; Richardson, L.E.; Johnson, B.H.; Lee, H.S; Lee, ].S.; Kim, S.B.; Kwon, O.H.; Song, K.S.; et al. Nc886,
a Non-Coding RNA of Anti-Proliferative Role, Is Suppressed by CpG DNA Methylation in Human Gastric Cancer. Oncotarget
2014, 5, 3944-3955. https://doi.org/10.18632/oncotarget.2047.

Fort, R.S.; Garat, B.; Sotelo-Silveira, ].R.; Duhagon, M.A. VtRNA2-1/Nc886 Produces a Small RNA That Contributes to Its Tumor
Suppression Action through the MicroRNA Pathway in Prostate Cancer. Non-Coding RNA 2020, 6, 7.
https://doi.org/10.3390/ncrna6010007.

Chen, C.J; Heard, E. Small RNAs Derived from Structural Non-Coding RNAs. Methods 2013, 63, 76-84.
https://doi.org/10.1016/j.ymeth.2013.05.001.

Hussain, S.; Sajini, A.A.; Blanco, S.; Dietmann, S.; Lombard, P.; Sugimoto, Y.; Paramor, M.; Gleeson, J.G.; Odom, D.T.; Ule, J.; et
al. NSun2-Mediated Cytosine-5 Methylation of Vault Noncoding RNA Determines Its Processing into Regulatory Small RNAs.
Cell Rep. 2013, 4, 255-261. https://doi.org/10.1016/j.celrep.2013.06.029.

Liao, H.; Gaur, A.; McConie, H.; Shekar, A.; Wang, K.; Chang, ]J.T.; Breton, G.; Denicourt, C. HNOP2/NSUN1 Regulates
Ribosome Biogenesis through Stabilization of SnoRNP Complexes and Cytosine-5 Methylation of 285 RRNA. bioRxiv. Mol. Biol.
2021. https://doi.org/10.1101/2021.11.12.468419.

Sajini, A.A.; Choudhury, N.R.; Wagner, R.E.; Bornel6v, S.; Selmi, T.; Spanos, C.; Dietmann, S.; Rappsilber, J.; Michlewski, G.;
Frye, M. Loss of 5-Methylcytosine Alters the Biogenesis of Vault-Derived Small RNAs to Coordinate Epidermal Differentiation.
Nat. Commun. 2019, 10, 2550. https://doi.org/10.1038/s41467-019-10020-7.

Li, D.; Tolleson, W.H.; Yu, D.; Chen, S.; Guo, L.; Xiao, W.; Tong, W.; Ning, B. Regulation of Cytochrome P450 Expression by
MicroRNAs and Long Noncoding RNAs: Epigenetic Mechanisms in Environmental Toxicology and Carcinogenesis. J. Environ.
Sci. Health Part C Environ. Carcinog. Ecotoxicol. Rev. 2019, 37, 180-214. https://doi.org/10.1080/10590501.2019.1639481.

Bu, H.-Z. A Literature Review of Enzyme Kinetic Parameters for CYP3A4-Mediated Metabolic Reactions of 113 Drugs in Human
Liver Microsomes: Structure-Kinetics  Relationship ~ Assessment.  Curr. Drug  Metab. 2006, 7, 231-249.
https://doi.org/10.2174/138920006776359329.

Xiong, Y.; Zhang, L.; Holloway, A.K.; Wu, X,; Su, L.; Kebebew, E. MiR-886-3p Regulates Cell Proliferation and Migration, and
Is  Dysregulated in  Familial =~ Non-Medullary = Thyroid  Cancer. PLoS ONE 2011, 6, e24717.
https://doi.org/10.1371/journal.pone.0024717.

Shen, J.; Zhou, W.; Bi, N.; Song, Y.-M.; Zhang, F.-Q.; Zhan, Q.-M.; Wang, L.-H. MicroRNA-886-3P Functions as a Tumor
Suppressor in Small Cell Lung Cancer. Cancer Biol. Ther. 2018, 19, 1185-1192. https://doi.org/10.1080/15384047.2018.1491505.
Yu, Z.; Chen, D.; Su, Z,; Li, Y.; Yu, W.; Zhang, Q.; Yang, L.; Li, C;; Yang, S.; Ni, L.; et al. MiR-886-3p Upregulation in Clear Cell
Renal Cell Carcinoma Regulates Cell Migration, Proliferation and Apoptosis by Targeting PITX1. Int. ]. Mol. Med. 2014, 34, 1409—
1416. https://doi.org/10.3892/ijmm.2014.1923.

Mifiones-Moyano, E.; Friedlander, M.R.; Pallares, J.; Kagerbauer, B.; Porta, S.; Escaramis, G.; Ferrer, I.; Estivill, X.; Marti, E.
Upregulation of a small vault RNA (svtRNA2-1a) is an early event in Parkinson disease and induces neuronal dysfunction.
RNA Biol. 2013, 10, 1093-1106. https://doi.org/10.4161/rna.24813.

Zhang, Y.; Liu, Y.; Liu, H.; Tang, W.H. Exosomes: Biogenesis, Biologic Function and Clinical Potential. Cell Biosci. 2019, 9, 19.
https://doi.org/10.1186/s13578-019-0282-2.



Cancers 2022, 14, 2787 18 of 20

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Zhao, Y.; Jin, L.-].; Zhang, X.-Y. Exosomal MiRNA-205 Promotes Breast Cancer Chemoresistance and Tumorigenesis through
E2F1. Aging 2021, 13, 18498-18514. https://doi.org/10.18632/aging.203298.

Wang, S.; Ma, F.; Feng, Y.; Liu, T.; He, S. Role of Exosomal MiR-21 in the Tumor Microenvironment and Osteosarcoma
Tumorigenesis and Progression (Review). Int. ]. Oncol. 2020, 56, 1055-1063. https://doi.org/10.3892/ij0.2020.4992.

Zhang, L.; Ouyang, P.; He, G.; Wang, X.; Song, D.; Yang, Y.; He, X. Exosomes from MicroRNA-126 Overexpressing
Mesenchymal Stem Cells Promote Angiogenesis by Targeting the PIK3R2-Mediated PI3K/Akt Signalling Pathway. ]. Cell. Mol.
Med. 2021, 25, 2148-2162. https://doi.org/10.1111/jcmm.16192.

101. van Balkom, B.W.M.; de Jong, O.G.; Smits, M.; Brummelman, J.; den Ouden, K.; de Bree, P.M.; van Eijndhoven, M.A J.;
Pegtel, D.M.; Stoorvogel, W.; Wiirdinger, T.; et al. Endothelial Cells Require MiR-214 to Secrete Exosomes That Suppress
Senescence and Induce Angiogenesis in Human and Mouse Endothelial Cells. Blood 2013, 121, 3997-4006.
https://doi.org/10.1182/blood-2013-02-478925.

Vollmar, F.; Hacker, C.; Zahedi, R.-P.; Sickmann, A.; Ewald, A.; Scheer, U.; Dabauvalle, M.-C. Assembly of Nuclear Pore
Complexes Mediated by Major Vault Protein. J. Cell Sci. 2009, 122 Pt 6, 780-786. https://doi.org/10.1242/jcs.039529.

Dickenson, N.E.; Moore, D.; Suprenant, K.A.; Dunn, R.C. Vault Ribonucleoprotein Particles and the Central Mass of the Nuclear
Pore Complex. Photochem. Photobiol. 2007, 83, 686—-691. https://doi.org/10.1111/.1751-1097.2007.00050.x.

Berger, W,; Steiner, E.; Grusch, M.; Elbling, L.; Micksche, M. Vaults and the Major Vault Protein: Novel Roles in Signal Pathway
Regulation and Immunity. Cell. Mol. Life Sci. 2009, 66, 43-61. https://doi.org/10.1007/s00018-008-8364-z.

Liu, S.; Hao, Q.; Peng, N.; Yue, X.; Wang, Y.; Chen, Y.; Wu, J.; Zhu, Y. Major Vault Protein: A Virus-Induced Host Factor against
Viral Replication through the Induction of Type-I Interferon. Hepatol. Baltim. Md 2012, 56, 57-66.
https://doi.org/10.1002/hep.25642.

Im, W.R,; Lee, H-S; Lee, Y.-S; Lee, ].-S.; Jang, H.-].; Kim, S.-Y.; Park, J.-L.; Lee, Y.; Kim, M.S.; Lee, ].M.; et al. A Regulatory
Noncoding RNA, Nc886, Suppresses Esophageal Cancer by Inhibiting the AKT Pathway and Cell Cycle Progression. Cells 2020,
9, 801. https://doi.org/10.3390/cells9040801.

Ahn, J.-H.; Lee, H.-S.; Lee, ].-S.; Lee, Y.-S; Park, J.-L.; Kim, S.-Y.; Hwang, J.-A.; Kunkeaw, N.; Jung, S.Y.; Kim, T.J.; et al. Nc886
Is Induced by TGF-B and Suppresses the MicroRNA Pathway in Ovarian Cancer. Nat. Commun. 2018, 9, 1166.
https://doi.org/10.1038/s41467-018-03556-7.

Lee, HM,; Joh, JW_; Seo, S.-R.; Kim, W.-T.; Kim, M.K,; Choi, H.S.; Kim, S.Y; Jang, Y.-].; Sinn, D.H.; Choi, G.S,; et al. Cell-Surface
Major Vault Protein Promotes Cancer Progression through Harboring Mesenchymal and Intermediate Circulating Tumor Cells
in Hepatocellular Carcinomas. Sci. Rep. 2017, 7, 13201. https://doi.org/10.1038/s41598-017-13501-1.

Bai, H.; Wang, C,; Qi, Y.; Xu, J; Li, N.; Chen, L.; Jiang, B.; Zhu, X.; Zhang, H.; Li, X; et al. Major Vault Protein Suppresses Lung
Cancer Cell Proliferation by Inhibiting STAT3 Signaling Pathway. BMC Cancer 2019, 19, 454. https://doi.org/10.1186/s12885-019-
5665-6.

Ikeda, R.; Iwashita, K.; Sumizawa, T.; Beppu, S.; Tabata, S.; Tajitsu, Y.; Shimamoto, Y.; Yoshida, K.; Furukawa, T.; Che, X.-F.; et
al. Hyperosmotic Stress Up-Regulates the Expression of Major Vault Protein in SW620 Human Colon Cancer Cells. Exp. Cell
Res. 2008, 314, 3017-3026. https://doi.org/10.1016/j.yexcr.2008.07.001.

Kim, E.; Lee, S.; Mian, M.F.; Yun, S.U.; Song, M.; Yi, K.-S.; Ryu, S.H.; Suh, P.-G. Crosstalk between Src and Major Vault Protein in
Epidermal Growth Factor-Dependent Cell Signalling. FEBS ]. 2006, 273, 793-804. https://doi.org/10.1111/j.1742-4658.2006.05112.x.
Chung, J.-H.; Ginn-Pease, M.E.; Eng, C. Phosphatase and Tensin Homologue Deleted on Chromosome 10 (PTEN) Has Nuclear
Localization Signal-like Sequences for Nuclear Import Mediated by Major Vault Protein. Cancer Res. 2005, 65, 4108-4116.
https://doi.org/10.1158/0008-5472.CAN-05-0124.

Abbondanza, C.; Rossi, V.; Roscigno, A.; Gallo, L.; Belsito, A.; Piluso, G.; Medici, N.; Nigro, V.; Molinari, A.M.; Moncharmont,
B.; et al. Interaction of Vault Particles with Estrogen Receptor in the MCF-7 Breast Cancer Cell. J. Cell Biol. 1998, 141, 1301-1310.
Chung, J.-H.; Eng, C. Nuclear-Cytoplasmic Partitioning of Phosphatase and Tensin Homologue Deleted on Chromosome 10
(PTEN) Differentially Regulates the Cell Cycle and Apoptosis. Cancer Res. 2005, 65, 8096-8100. https://doi.org/10.1158/0008-
5472.CAN-05-1888.

Li, J.-H.; Wang, M.; Zhang, R.; Gao, W.-L.; Meng, S.-H.; Ma, X.-L.; Hou, X.-H.; Feng, L.-M. E2F1-Directed Activation of Nc886
Mediates Drug Resistance in Cervical Cancer Cells via Regulation of Major Vault Protein. Int. J. Clin. Exp. Pathol. 2017, 10, 9233—
9242.

Banerjee Dixit, A.; Sharma, D.; Srivastava, A.; Banerjee, J.; Tripathi, M.; Prakash, D.; Sarat Chandra, P. Upregulation of Breast
Cancer Resistance Protein and Major Vault Protein in Drug Resistant Epilepsy. Seizure 2017, 47, 9-12.
https://doi.org/10.1016/j.seizure.2017.02.014.

Balan, S.; Radhab, S.K.; Radha, K.; Sathyan, S.; Vijai, ].; Banerjee, M.; Radhakrishnan, K. Major Vault Protein (MVP) Gene
Polymorphisms and Drug Resistance in Mesial Temporal Lobe Epilepsy with Hippocampal Sclerosis. Gene 2013, 526, 449-453.
https://doi.org/10.1016/j.gene.2013.05.067.

Park, K. The Role of Major Vault Protein (MVP) in Drug Resistance. ]. Control. Release Off. ]. Control. Release Soc. 2012, 163, 266.
https://doi.org/10.1016/j.jconrel.2012.10.005.

Huffman, K.E.; Corey, D.R. Major Vault Protein Does Not Play a Role in Chemoresistance or Drug Localization in a Non-Small
Cell Lung Cancer Cell Line. Biochemistry 2005, 44, 2253-2261. https://doi.org/10.1021/bi047948g.



Cancers 2022, 14, 2787 19 of 20

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Sisodiya, S.M.; Martinian, L.; Scheffer, G.L.; van der Valk, P.; Cross, J.H.; Scheper, R.J.; Harding, B.N.; Thom, M. Major Vault
Protein, a Marker of Drug Resistance, Is Upregulated in Refractory Epilepsy. Epilepsia 2003, 44, 1388-1396.
https://doi.org/10.1046/j.1528-1157.2003.21803.x.

Hu, Y.; Stephen, A.G.; Cao, J.; Tanzer, L.R.; Slapak, C.A; Harrison, S.D.; Devanarayan, V.; Dantzig, A.H.; Starling, ].].; Rome,
L.H,; et al. A Very Early Induction of Major Vault Protein Accompanied by Increased Drug Resistance in U-937 Cells. Int. ].
Cancer 2002, 97, 149-156. https://doi.org/10.1002/ijc.1590.

den Boer, M.L,; Pieters, R.; Kazemier, K.M.; Rottier, M.M.; Zwaan, C.M.; Kaspers, G.].; Janka-Schaub, G.; Henze, G.; Creutzig,
U.; Scheper, RJ.; et al. Relationship between Major Vault Protein/Lung Resistance Protein, Multidrug Resistance-Associated
Protein, P-Glycoprotein Expression, and Drug Resistance in Childhood Leukemia. Blood 1998, 91, 2092-2098.

Mossink, M.H.; van Zon, A.; Scheper, R.J.; Sonneveld, P.; Wiemer, E.A. Vaults: A Ribonucleoprotein Particle Involved in Drug
Resistance? Oncogene 2003, 22, 7458-7467. https://doi.org/10.1038/sj.onc.1206947.

van Zon, A.; Mossink, M.H.; Scheper, R.].; Sonneveld, P.; Wiemer, E.A.C. The Vault Complex. Cell. Mol. Life Sci. CMLS 2003, 60,
1828-1837. https://doi.org/10.1007/s00018-003-3030-y.

Frascotti, G.; Galbiati, E.; Mazzucchelli, M.; Pozzi, M.; Salvioni, L.; Vertemara, J.; Tortora, P. The Vault Nanoparticle: A Gigantic
Ribonucleoprotein Assembly Involved in Diverse Physiological and Pathological Phenomena and an Ideal Nanovector for Drug
Delivery and Therapy. Cancers 2021, 13, 707. https://doi.org/10.3390/cancers13040707.

Ben, J.; Zhang, Y.; Zhou, R.; Zhang, H.; Zhu, X,; Li, X.; Zhang, H.; Li, N.; Zhou, X.; Bai, H.; et al. Major Vault Protein Regulates
Class A Scavenger Receptor-Mediated Tumor Necrosis Factor-a Synthesis and Apoptosis in Macrophages *. J. Biol. Chem. 2013,
288, 20076-20084. https://doi.org/10.1074/jbc.M112.449538.

Grossi, S.; Fenini, G.; Kockmann, T.; Hennig, P.; Di Filippo, M.; Beer, H.-D. Inactivation of the Cytoprotective Major Vault
Protein by Caspase-1 and -9 in Epithelial Cells during Apoptosis. ]. Investig. Dermatol. 2020, 140, 1335-1345.e10.
https://doi.org/10.1016/j.jid.2019.11.015.

Ryu, S.J.; Park, S.C. Targeting Major Vault Protein in Senescence-Associated Apoptosis Resistance. Expert Opin. Ther. Targets
2009, 13, 479-484. https://doi.org/10.1517/14728220902832705.

Shimamoto, Y.; Sumizawa, T.; Haraguchi, M.; Gotanda, T.; Jueng, H.-C.; Furukawa, T.; Sakata, R.; Akiyama, S.-I. Direct
Activation of the Human Major Vault Protein Gene by DNA-Damaging Agents. Oncol. Rep. 2006, 15, 645-652.

Shen, W.; Qiu, Y.; Li, J.; Wu, C.; Liu, Z.; Zhang, X.; Hu, X,; Liao, Y.; Wang, H. IL-25 Promotes Cisplatin Resistance of Lung Cancer
Cells by Activating NF-KB Signaling Pathway to Increase of Major Vault Protein. Cancer Med. 2019, 8, 3491-3501.
https://doi.org/10.1002/cam4.2213.

Ramberg, H.; Richardsen, E.; de Souza, G.A.; Rakaee, M.; Stensland, M.E.; Braadland, P.R.; Nygard, S.; C)gren, 0O.; Guldvik, 1].;
Berge, V.; et al. Proteomic Analyses Identify Major Vault Protein as a Prognostic Biomarker for Fatal Prostate Cancer.
Carcinogenesis 2021, 42, 685-693. https://doi.org/10.1093/carcin/bgab015.

Xiao, Y.-S.; Zeng, D.; Liang, Y.-K.; Wu, Y.; Li, M.-F.; Qi, Y.-Z,; Wei, X.-L.; Huang, W.-H.; Chen, M.; Zhang, G.-]. Major Vault
Protein Is a Direct Target of Notchl Signaling and Contributes to Chemoresistance in Triple-Negative Breast Cancer Cells.
Cancer Lett. 2019, 440441, 156-167. https://doi.org/10.1016/j.canlet.2018.09.031.

Lehuédé, C.; Li, X,; Dauvillier, S.; Vaysse, C.; Franchet, C.; Clement, E.; Esteve, D.; Longué, M.; Chaltiel, L.; Le Gonidec, S.; et al.
Adipocytes Promote Breast Cancer Resistance to Chemotherapy, a Process Amplified by Obesity: Role of the Major Vault
Protein (MVP). Breast Cancer Res. BCR 2019, 21, 7. https://doi.org/10.1186/s13058-018-1088-6.

Yu, H; Li, M,; He, R; Fang, P.; Wang, Q.; Yi, Y.; Wang, F.; Zhou, L.; Zhang, Y.; Chen, A_; et al. Major Vault Protein Promotes
Hepatocellular Carcinoma Through Targeting Interferon Regulatory Factor 2 and Decreasing P53 Activity. Hepatol. Baltim. Md
2020, 72, 518-534. https://doi.org/10.1002/hep.31045.

Wang, W.; Xiong, L.; Wang, P.; Wang, F.; Ma, Q. Major Vault Protein Plays Important Roles in Viral Infection. IUBMB Life 2020,
72, 624-631. https://doi.org/10.1002/iub.2200.

ZHAO, Y.-N.; HE, D.-N.; WANG, Y.-D.; LL, J.-].; HA, M.-W. Association of Single Nucleotide Polymorphisms in the MVP Gene
with Platinum Resistance and Survival in Patients with Epithelial Ovarian Cancer. Oncol. Lett. 2016, 11, 2925-2933.
https://doi.org/10.3892/01.2016.4311.

Tanaka, H.; Kato, K.; Yamashita, E.; Sumizawa, T.; Zhou, Y.; Yao, M.; Iwasaki, K.; Yoshimura, M.; Tsukihara, T. The Structure
of Rat Liver Vault at 3.5 Angstrom Resolution. Science 2009, 323, 384-388. https://doi.org/10.1126/science.1164975.

Minaguchi, T.; Waite, K.A.; Eng, C. Nuclear Localization of PTEN Is Regulated by Ca(2+) through a Tyrosil Phosphorylation-
Independent Conformational Modification in Major Vault Protein. Cancer Res. 2006, 66, 11677-11682.
https://doi.org/10.1158/0008-5472.CAN-06-2240.

Ben, J; Jiang, B.; Wang, D.; Liu, Q.; Zhang, Y.; Qi, Y.; Tong, X.; Chen, L,; Liu, X.; Zhang, Y.; et al. Major Vault Protein Suppresses
Obesity and Atherosclerosis through Inhibiting IKK-NF-KB Signaling Mediated Inflammation. Nat. Commun. 2019, 10, 1801.
https://doi.org/10.1038/s41467-019-09588-x.

Yuan, L.; Zhao, N.; Wang, J.; Liu, Y.; Meng, L.; Guo, S.; Wiemer, E.A.C.; Chen, Q.; Mao, Y.; Ben, J.; et al. Major Vault Protein
(MVP) Negatively Regulates Osteoclastogenesis via Calcineurin-NFATc1 Pathway Inhibition. Theranostics 2021, 11, 7247-7261.
https://doi.org/10.7150/thno.58468.

Liu, Z.; Zhang, W.; Phillips, ].B.; Arora, R.; McClellan, S; Li, J.; Kim, J.-H.; Sobol, R.W_; Tan, M. Immunoregulatory Protein B7-
H3 Regulates Cancer Stem Cell Enrichment and Drug Resistance through MVP-Mediated MEK Activation. Oncogene 2019, 38,
88-102. https://doi.org/10.1038/s41388-018-0407-9.



Cancers 2022, 14, 2787 20 of 20

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

van Zon, A.; Mossink, M.H.; Houtsmuller, A.B.; Schoester, M.; Scheffer, G.L.; Scheper, R.].; Sonneveld, P.; Wiemer, E.A.C. Vault
Mobility Depends in Part on Microtubules and Vaults Can Be Recruited to the Nuclear Envelope. Exp. Cell Res. 2006, 312, 245—
255. https://doi.org/10.1016/j.yexcr.2005.10.016.

Eichenmiiller, B.; Kedersha, N.; Solovyeva, E.; Everley, P.; Lang, J.; Himes, R.H.; Suprenant, K.A. Vaults Bind Directly to
Microtubules via Their Caps and Not Their Barrels. Cell Motil. 2003, 56, 225-236. https://doi.org/10.1002/cm.10147.

Teng, Y.; Ren, Y.; Hu, X;; Mu, J.; Samykutty, A.; Zhuang, X.; Deng, Z.; Kumar, A.; Zhang, L.; Merchant, M.L.; et al. MVP-
Mediated Exosomal Sorting of MiR-193a Promotes Colon Cancer Progression. Nat. Commun. 2017, 8, 14448.
https://doi.org/10.1038/ncomms14448.

Szaflarski, W.; Sujka-Kordowska, P.; Pula, B.; Jaszczynska-Nowinka, K.; Andrzejewska, M.; Zawierucha, P.; Dziegiel, P.;
Nowicki, M.; Ivanov, P.; Zabel, M. Expression Profiles of Vault Components MVP, TEP1 and VPARP and Their Correlation to
Other Multidrug Resistance Proteins in Ovarian Cancer. Int. J. Oncol. 2013, 43, 513-520. https://doi.org/10.3892/ijo.2013.1975.
Chen, Y.-L,; Yang, T.-Y.; Wu, C.-L.; Chen, K.-C.; Hsu, S.-L.; Hsueh, C.-M. Mechanisms Underlying Lung Resistance-Related
Protein (LRP)-Mediated Doxorubicin Resistance of Non-Small Cell Lung Cancer Cells. Chin. |. Physiol. 2016, 59, 331-347.
https://doi.org/10.4077/CJP.2016.BAF426.

Pasillas, M.P.; Shields, S.; Reilly, R.; Strnadel, J.; Behl, C.; Park, R.; Yates, ].R.; Klemke, R.; Gonias, S.L.; Coppinger, ].A. Proteomic
Analysis Reveals a Role for Bcl2-Associated Athanogene 3 and Major Vault Protein in Resistance to Apoptosis in Senescent
Cells by Regulating ERK1/2 Activation. Mol. Cell. Proteomics MCP 2015, 14, 1-14. https://doi.org/10.1074/mcp.M114.037697.
Lotsch, D.; Steiner, E.; Holzmann, K.; Spiegl-Kreinecker, S.; Pirker, C.; Hlavaty, J.; Petznek, H.; Hegedus, B.; Garay, T.; Mohr, T.;
et al. Major Vault Protein Supports Glioblastoma Survival and Migration by Upregulating the EGFR/PI3K Signalling Axis.
Oncotarget 2013, 4, 1904-1918. https://doi.org/10.18632/oncotarget.1264.

Noh, K.H,; Lee, S.-H.; Lee, H.; Jeong, A.].; Kim, K.O.; Shin, H.M.; Kim, H.-R.; Park, M.-].; Park, ].B.; Lee, J.; et al. Novel Cancer
Stem Cell Marker MVP Enhances Temozolomide-Resistance in Glioblastoma. Transl. Omncol. 2022, 15, 101255.
https://doi.org/10.1016/j.tranon.2021.101255.

Navarro, L.; Gil-Benso, R.; Megias, J.; Munoz-Hidalgo, L.; San-Miguel, T.; Callaghan, R.C.; Gonzalez-Darder, ] M.; Lopez-Ginés,
C.; Cerda-Nicolas, M.J. Alteration of Major Vault Protein in Human Glioblastoma and Its Relation with EGFR and PTEN Status.
Neuroscience 2015, 297, 243-251. https://doi.org/10.1016/j.neuroscience.2015.04.005.

Peng, N.; Liu, S.; Xia, Z.; Ren, S.; Feng, |.; Jing, M.; Gao, X.; Wiemer, E.A.C.; Zhu, Y. Inducible Major Vault Protein Plays a Pivotal
Role in Double-Stranded RNA- or Virus-Induced Proinflammatory Response. . Immunol. Baltim. Md 1950 2016, 196, 2753-2766.
https://doi.org/10.4049/jimmunol.1501481.

Fukushima, H.; Abe, T.; Sakamoto, K.; Tsujimoto, H.; Mizuarai, S.; Oie, S. 3’-Ethynylcytidine, an RNA Polymerase Inhibitor,
Combined with Cisplatin Exhibits a Potent Synergistic Growth-Inhibitory Effect via Vaults Dysfunction. BMC Cancer 2014, 14,
562. https://doi.org/10.1186/1471-2407-14-562.

Rayo, J.; Gregor, R.; Jacob, N.T.; Dandela, R.; Dubinsky, L.; Yashkin, A.; Aranovich, A.; Thangaraj, M.; Ernst, O.; Barash, E.; et
al. Immunoediting Role for Major Vault Protein in Apoptotic Signaling Induced by Bacterial N-Acyl Homoserine Lactones. Proc.
Natl. Acad. Sci. USA 2021, 118, €2012529118. https://doi.org/10.1073/pnas.2012529118.



