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A comprehensive analysis of prefoldins
and their implication in cancer
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SUMMARY

Prefoldins (PFDNs) are evolutionary conserved co-chaperones, initially discov-
ered in archaea but universally present in eukaryotes. PFDNs are prevalently
organized into hetero-hexameric complexes. Although they have been over-
looked since their discovery and their functions remain elusive, several reports
indicate they act as co-chaperones escorting misfolded or non-native proteins
to group Il chaperonins. Unlike the eukaryotic PFDNs which interact with cyto-
skeletal components, the archaeal PFDNs can bind and stabilize a wide range
of substrates, possibly due to their great structural diversity. The discovery of
the unconventional RPB5 interactor (URI) PFDN-like complex (UPC) suggests
that PFDNs have versatile functions and are required for different cellular pro-
cesses, including an important role in cancer. Here, we summarize their functions
across different species. Moreover, a comprehensive analysis of PFDNs genomic
alterations across cancer types by using large-scale cancer genomic data indicates
that PFDNs are a new class of non-mutated proteins significantly overexpressed
in some cancer types.

INTRODUCTION

Proteins must fold into their 3D-structure to fulfill their biological functions (Balchin et al., 2016). Protein
misfolding leads to the accumulation of unfolded proteins, causing the activation of stress response path-
ways, including the cytosolic and endoplasmic reticulum stress responses (Gregersen and Bross, 2010),
which has toxic effects for the cell and has been associated with numerous degenerative diseases (Wang
and Kaufman, 2016). Thus, it is not surprising that cellular organisms have developed a range of sophisti-
cated strategies to assure a proper protein folding to maintain protein homeostasis or proteostasis (Kim
et al.,, 2013). Molecular chaperones interact and aid in the folding of proteins or in the assembly of
protein complexes, contributing to proteostasis (Hartl et al., 2011). The complex cellular network of
chaperones is supported by co-chaperones: proteins that collaborate with chaperones by regulating
and selecting the binding to their partners (Echtenkamp and Freeman, 2012). PFDNs, described more
than two decades ago, are members of these co-chaperones, whose main functions were reported to
be related to the assembly of cytoskeletal proteins in yeasts and archaebacteria (Geissler et al., 1998; Vain-
berg et al., 1998). Since then, PFDNs have been found in a wide range of organisms, from archaea to hu-
mans, and their spectrum of functions seems to go way beyond cytoskeletal protein folding, in line with the
notion that proteins involved in folding have the ability to bind a wide spectrum of substrates (Chaves-
Pérez et al., 2018). Itis also not surprising that PFDNs are implicated in several pathologies such as cancer.

Discovery of the PFDN proteins

Vainberg et al. discovered in 1998 the mammalian PFDN complex by isolating by chromatography protein
binding to nascent, non-folded actin from bovine testes. Purification of the mammalian actin-binding com-
plex revealed the existence of six proteins of a molecular weight between 14 and 23 kDa, structurally
related and named PFDN 1 to 6 (Vainberg et al., 1998). The binding of the mammalian PFDN complex
to actin and tubulin was further confirmed in vitro, proposing that PFDNs bind to the nascent cytoskeletal
unfolded proteins to transfer them to the cytosolic chaperonin containing TCP-1 (CCT) or T-complex-pro-
tein-1-ring (TRIiC) (Hansen et al., 1999). Genes coding for five of these six PFDNs were previously found in
yeast, although they were named as GIM1 to GIM5, forming the GimC complex (termed for genes involved
in microtubule biogenesis complex), and were described to be also implicated in the folding of tubulin
(Geissler et al., 1998).
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Table 1. Mammal PFDN genes, names and orthologues from yeast and archaea

Mammals

Name in Official protein Official gene Classic Budding

the text name name Other names Class complex UPC yeast Archaea
PFDN1 PFDN1 PDFN1 B X PFDN1 B
PFDN2 PFDN2 PFDN2 B X X Gim4

PFDN4 PFDN4 PDFDN4 Protein C-1 B X X Gim3

PFDN6 PFDNé6 PENDé HKE2 B X Gim1

PFDN4r PDRG1 PDRG1 C200rf126 B X = -
ASDURF - ASDURF ASNSD1, NS3TP1 B X - -
PFDN3 VBP1 VBP1 a X Gim2 a
PFDNS PFDN5 PFDNS5 MM1 a X Gim5

URI URI1 URI1 RMP, C190rf2, NNX3 a X Bud27 -
STAP1 UXT UXT SKP2 o X - -

Alignments of the yeast PFDN genes with other species’ genomes were the first evidences that PFDNs were
also present in other organisms, ranging from archaea to mammals (Vainberg et al., 1998), but not in pro-
karyotes, indicating that eukaryotic PFDN likely evolved from archaea. These observations were confirmed
by other studies corroborating the presence of PEDNs in plants (Hill and Hemmingsen, 2001). The first yeast
PFDN homolog that was characterized was an archaeal PFDN (Leroux et al., 1999), which contains two
different types of subunits, present in two and four copies, respectively, assembling into a hetero-hexame-
tric complex like in eukaryotes. The PFDNs are thus a large family of proteins highly conserved through
evolution which might have specific functions to maintain protein and cellular homeostasis (Cavalier-Smith,
2002).

Structure of the PFDNs

Regardless of the organism, PFDNs are divided into two classes: @ and B (Leroux et al., 1999). The a class
PFDNs are characterized by presenting two B hairpin loops connecting their two coiled-coil domains,
whereas B class PFDNs have their two coiled-coil domains connected by only one B hairpin loop. Two a
PFDNs assemble with four B PFDNs to form at least two different hetero-hexametric chaperone complexes
in the cell: The classical or canonical PFDN complex (Siegert et al., 2000)—present in all archaea and
eukaryotes—and the UPC (Gstaiger et al., 2003), found in higher organisms such as mammals.

The classic PFDN complex

Archaea. The molecular structure of the archaeal PFDN was elucidated two years after its discovery,
based on crystallography evidences (Siegert et al., 2000) and mass spectrometry studies (Fandrich et al.,
2000). Four PFDN genes have been found in archaea (two o and two B subunits), but different archaeal
strains present different combinations of the PFDN genes (Table 1). In any case, the PFDNs always
assemble into an a2B4 complex (Figure 1A), although the different combinations between the four genes
may explain different regulations and roles of the resulting complexes (lizuka et al., 2008). The o and B sub-
units are arranged by hydrophobic interactions with two B barrels at the center forming a central cavity from
which protrude the coiled-coil o helices to form a jellyfish-like structure (Figure 1A). This structure provides
a relatively high flexibility to the N-terminal region of the PFDN subunits, which conforms the tentacles of
the structure, as demonstrated by a lower resolution of these regions obtained by x-ray crystallography an-
alyses. This flexibility is maintained even when PFDN binds to the chaperonin complexes (Kurimoto et al.,
2008). The tips of the tentacles are required for the formation of stable binary complexes of the PFDNs with
target proteins such as actin and tubulin (Simons et al., 2004).

PFDNs have been proposed to have a general role in de novo protein folding and to assist in the biogenesis
of nascent actin and tubulin monomers by escorting them specifically to the cytosolic chaperonin, a multi-
subunit toroidal chaperone complex which facilitates folding in an ATP-dependent manner. Chaperonins
are organized in two groups. Class | chaperonins (Cpné0) are found in bacteria (hamed GroEL/GroES com-
plex) and in organelles with endosymbiotic origin (mitochondria and chloroplasts) (Hemmingsen et al.,
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Figure 1. Structure of PFDN
(A-C) Schematic representation of the structure of PFDN in Archaea (A), of the classic PFDN complex in eukaryotes (B) and of the eukaryotic UPC (C). Two o

(in green) and four B-class (in blue) PFDNs assemble through hydrophobic interactions to form a jellyfish-like structure, as evidenced by x-ray crystallography
analyses performed in Archaea. Similar structural model has been proposed for the classic eukaryotic PFDN complex. Yet, the structure of the UPC remains
to be determined.

1988). Class Il chaperonins are found in eukaryotes (CCT complex) and archaea (thermosome) but remain
poorly characterized (Klunker et al., 2003). The exact mechanism by which chaperonins facilitate folding of
substrate proteins remains unknown.

Thermococcus kodakaraensis present four PFDNs, named A to D, that specifically assemble to form two
different complexes: PFDNA/PFDNB or a1B1, constitutively expressed and more related to the PFDN com-
plex found in all archaea, and PFDNC/PFDND or o282, induced upon heat-stress conditions and phyloge-
netically more related to the eukaryotic PFDN (Danno et al., 2008). The 181 PFDN complex presents more
affinity to the Cpné0 chaperonin subunit a, whereas the a2B2 bound to much higher affinity to the subunit B,
whose expression is also induced by heat-shock exposure, because this interaction is stronger with higher
temperatures (Sahlan et al., 2010b). Some B PFDN subunits are also able to form tetrameric complexes,
such as the B1 PFDN from Thermococcus strain KS-1 (Kida et al., 2008). Other archaea, nevertheless,
seem to only present a pair of o and B PFDN genes, like in Sulfolobus solfataricus (D'Amaro et al., 2008).

Substrate recognition of archaeal PFDN is driven mostly through hydrophobic forces, which explains the
variety of PFDN substrates found in these organisms. It is important to note that for those archaea present-
ing two PFDN complexes, the B subunit of the «2B2 lacks the hydrophobic tip of the coiled coil, as demon-
strated by X-ray crystallography, which further corroborates the hypothesis that this PFDN complex is
closer to the eukaryotic one than the archaeal a1p1 (Sahlan et al., 2010a). Based on the structure and
models, computational simulation studies corroborated the hypothesis that the hydrophobic forces in
the tentacles of the PFDN complex are able to bind different unfolded proteins, B subunits being of highest
relevance in this mechanism (Ohtaki et al., 2008).

Eukaryotes. The classic PFDN complex is formed by Gim1 to Gimé proteins in the case of yeast, and by
PFDN1 to PFDN6 proteins in the rest of the eukaryotes (Table 1). The structure of the eukaryotic PFDN com-
plex has not been obtained yet, but its resolution by electron microscopy revealed that it shares similarities
with its archaeal counterpart (Figure 1B), and it is also able to bind to nascent, unfolded actin which is trans-
ferred to CCT (Martin-Benito et al., 2002). Moreover, attempts to solve the structure of one of the B subunits
of the eukaryotic yeast PFDN have been performed, although interpretation of the x-ray diffraction of the
tetrameric crystals is still missing (Perez de Diego et al., 2008). Human PFDN complexes have been also ex-
pressed, purified, and crystallized, but without a 3D structure reconstruction (Aikawa et al., 2015). The six
PFDNs forming the classical PFDN complex are able to self-assemble spontaneously (Simons et al., 2004).
Even though the B subunits present a more crucial role in substrate binding, & PFDNs are required to
achieve a proper hexamer structure, since B subunits alone aggregate in tetramers (Perez de Diego
et al., 2008). In eukaryotes, the assembly has been proposed to occur clockwise in the following order:
PFDN 3, 2, 1, 5, 6, and 4 (Miyazawa et al., 2011; Simons et al., 2004). In vitro experiments demonstrated
that the formation of the PFDN complex prevents its degradation by the proteasome system. It has also
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been proposed that PFDN 2 and 6 present a longer half life than the rest of the PFDNs, which allows the
assembly of the complex and prevents the degradation of each subunit (Miyazawa et al., 2011).

Since yeasts are eukaryotes, their genomic and proteomic landscape is closer to what is found in human
cells, but yeasts are considerably simpler organisms, even though their chaperone system presents an
already high level of complexity (Gong et al., 2009). This general statement also applies to the yeast
PFDN family. Even though the complexity in yeast is increased compared to archaea, where the PFDN com-
plex is formed by only two different proteins, the yeast PFDN complex is also arranged in a 2048 manner,
being Gim2 and Gimb5 of the a-class and the rest of the PFDNs belonging to the B-class.

Unconventional PFDN-like complex

Afew years after the discovery of the classic PFDN family, an additional a-class member was identified and
termed URI, standing for unconventional PFDN RNA polymerase binding subunit 5 (RPBS5) interactor
(Gstaiger et al., 2003). URI was found as a PFDN protein via co-immunoprecipitation (co-IP) experiments
combined with proteomic analysis in mammalian cells in an attempt to identify new cell cycle regulators
bound to SKP2, the E3-ligase for p27. SKP2 co-IP first identified SKP2-associated a-PFDN (STAP1) also
called the ubiquitously expressed transcript protein (UXT), which was found to bind to URI and other
PFDNSs, some of them identified later on: PFDN2, PDRG1 (or PFDN4r), and PFDN6 (Gstaiger et al., 2003;
Sardiu et al., 2008) (Table 1). The model for the structure of the UPC would be similar to the classic
PFDN complex: A heterohexameric structure composed of two o PFDN subunits (STAP1 and URI) and
four B PFDNs (PFDN2, PFDN4R, PFDN®, and likely one of them duplicated) (Figure 1C). Very recently, a
sixth B PFDN candidate has been identified by proximity-dependent biotinylation (BiolD) forming a com-
plex with other prefoldins and proposed as a member of this complex, termed ASDURF (Cloutier et al.,
2020). Yet, it remains to be confirmed whether indeed ASDURF is part of the UPC or whether one additional
B PFDN subunit is simply duplicated in this complex to form a heterohexameric structure. It is not excluded
that the UPC can be an unconventional pentameric complex. Yeast also expresses a URI orthologue,
termed Bud27 (Table 1), however the UPC is not found in yeast, since orthologues for STAP1 and PFDN4r
are missing in these organisms (Martinez-Fernandez et al., 2018).

Gamma PFDN

In certain archaea organisms, such as Methanocaldococcus jannaschii, an additional type of PFDN was
identified as an o class PFDN which results to be upregulated in response to heat shock (Boonyaratanakorn-
kit et al., 2005). This o class PFDN was renamed afterward as y PFDN and was described to form long fil-
aments instead of being part of the PFDN complex (Whitehead et al., 2007). As for the classic PFDN com-
plex, substrate recognition of the y PFDN filament depends on the flexibility of the hydrophobic coiled-cail
tentacles that emerge from the filament. This interaction model has been validated by docking molecular
dynamic simulations and in vitro assays (Glover and Clark, 2015).

Functions of the PFDNs

Archaea

PFDNs are present in archaebacteria but not in conventional bacteria. Nevertheless, resolving the structure
of the already known Skp protein from Escherichia coliby crystallography techniques showed its high struc-
tural similarity to the PFDN complex (Walton and Sousa, 2004), even though both complexes arise from very
different topologies (Korndorfer et al., 2004). Skp functions as a jellyfish structure that captures unfolded
proteins to prevent its aggregation and delivers them to the outer bacterial membrane to allow their
folding and membrane insertion. That is not the only example of a protein complex resembling the jelly-
fish-like structure of PFDN. The mitochondrial chaperone TIM9-10 structure presents this kind of structure
too (Webb et al., 2006), as does the Tim8-Tim13 complex (Beverly et al., 2008).

The most well studied role of the classic PFDN complex in archaea is related to its function as a co-chap-
erone for group Il chaperonins (CCT), to which PFDN transfers different substrate proteins. Hence, PFDN
molecules work as a transfer protein in conjunction with a molecule of chaperonin to form a chaperone com-
plex acting to correctly fold other nascent proteins. The PFDN complex interacts with unfolded and nascent
actin and tubulin proteins (Hansen et al., 1999) through the distal part of its tentacles (Lundin et al., 2004).
The proposed function of this complex is to prevent protein aggregation in misfolded proteins and deliver
them to the group Il chaperonin CCT, so that folding of client protein can be completed (Figure 2).
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Figure 2. Functions of PFDNs in Archaea

Archaea present two different PFDNs, o and B, which assemble in a 2¢:4p ratio to form the classic PFDN complex. This
complex binds to nascent unfolded proteins to deliver them to the CCT class Il chaperonin to complete their folding. The
classic PFDN complex also has intrinsic folding properties and can bind to a range of proteins to prevent their
aggregation.

The PFDN hexamer directly binds to the chaperonin in a substrate-independent manner (Okochi et al.,
2004). Binding of the PFDN-substrate complex to chaperonin facilitates the dissociation of PFDN to the
protein substrates, facilitating the hand-off mechanism of substrate transfer to the chaperonin (Zako
et al., 2005). This mechanism is ATP independent. The specific binding sites of the PFDN to the chaperonin
have been described, highlighting the electrostatic interactions that make the formation of the complex
possible (Zako et al., 2006), as well as the kinetics in the binding to the chaperonin Cpnp of archaeas (Sahlan
et al., 2009). It has been proposed that the B subunits of the PFDN interact with the helical protrusions
found in the chaperonin ring complex (Sahlan et al., 2010b).

Further evidences of the importance of PFDN in the cytoskeletal proteins folding come from in vitro exper-
iments, demonstrating that several mutations in the tubulin genes prevent the interaction between tubulin
and PFDN, thus not achieving a proper folded structure (Tian et al., 2010). Nevertheless, the archaeal PFDN
has been shown to promote the folding of other proteins besides the ones related to the cytoskeleton.
Even though the PFDN complex does not have any ATPase activity, it has been proposed that PFDN
may also contribute in a direct way to the folding of unfolded proteins when interacting with them at
low affinity, as demonstrated in vitro for the PFDN from Pyrococcus horikoshii (Zako et al., 2010) and Pyro-
coccus furiosus (Hongo et al., 2012) (Figure 2). In Pyrococcus, PFDN prevents aggregation of citrate syn-
thase upon thermal stress, and it also binds to GFP to promote a correct folding (Hongo et al., 2012; Okochi
et al., 2002). Thus, it is interesting to note that the PFDN complex has chaperone activity by itself. Similar
studies with other archaeal strains failed to find such a role of PFDN in promoting GFP folding, possibly
because of thermal restrictions, but they described a higher folding efficiency of other proteins such as iso-
propylmalate dehydrogenase (Okochi et al., 2005). More evidences of the relationship between PFDNs and
other proteins such as polymerases came from studies showing that addition of the PFDN complex
together with HSP60 retained the DNA polymerase activity at 100° longer than in the controls (Laksanala-
mai et al., 2006).

Evidences from electron microscopy experiments revealed that the archaeal PFDN was able to bind pro-
teins of different size and shape (Martin-Benito et al., 2007), unlike the eukaryotic PFDN which would have
evolved towards a more specialized and selective machinery. Furthermore, some PFDN subunits are upre-
gulated during heat-stress conditions. Tk-Phr was suggested as a possible transcription factor involved in
this response, since its ablation in Thermococcus kodakaraensis leads to downregulation of archaeal PFDN
in this strain, together with other heat-stress response genes (Kanai et al., 2010).

Other unexpected proteins that showed PFDN domains are found in the costa of protozoa of the Tricho-
monadidae family, a striated fiber that presents an undulating membrane (de Andrade Rosa et al., 2017).
Several studies have shown that ectopic expression of archaeal PFDN leads to an enhancement of the
folding efficiency of different proteins. This effect, together with the stability at high temperatures of the
archaeal PFDN, brought some attention to the archaeal PFDN in the biotechnological field. It can be
used to improve the production of proteins in recombinant bacteria. For example, expression of archaeal
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In budding yeast, the classic PFDN complex is formed by proteins Gim1 to Gim 5 and PFDN1. This complex binds to nascent cytoskeletal proteins, such as
actin and tubulin, to deliver them to the chaperonin CCT where they complete their folding. It also binds to misfolded proteins to promote their degradation
through the delivery to the proteasome machinery. Some components of the complex are also involved in nuclear regulation of gene expression. Yeast

presents an atypical PFDN termed Bud27 which is not forming part of any PFDN complex in these organisms. Bud27 also contributes to protein folding by

binding to HSP70. It also contributes to the biogenesis of the RNA polymerases |, Il, and Ill thanks to its interaction with RPB5, a common component of the
three of them; and to the assembly of the initiation of translation machinery. In the nucleus, Bud27 contributes to transcription elongation by interacting with

the polymerases and with chromatin remodelling complexes such as RSC. Loss of URI also increases DNA damage.

PFDN from P. furiousus in recombinant E. coli notably increased the soluble protein levels of alfa-amylase,
having this protein a particular interest in industry (Peng et al., 2016). Ectopic archaea expression in bacteria
also protects these organisms from several environmental insults. For instance, PFDN expression protects
against organic solvents toxicity by sequestrating unfolded proteins and thus cooperating with the bacte-
rial chaperone systems to reduce the protein stress caused by exposure to these types of solvents (Okochi
et al., 2008). It also increases the tolerance to hyperthermia in these organisms, consistent with the role of
archaeal PFDN in preventing protein aggregation and favoring a proper protein folding (Chen et al., 2010)
(Figure 2). PFDN, unlike other archaeal chaperones, also rescues the cell growth inhibition caused by anti-
biotic (aminoglycoside) toxicity, probably through a decrease in the protein folding aggregation caused by
this agent (Peng et al., 2017).

Furthermore, the y PFDN present in some archaeal strains also has biotechnological applications, for
example, as biotemplate in the generation of platinum nanowires (Dordick, 2013; Glover et al., 2013, 2016).

Yeast

Classic PEDN complex. The interaction between the PFDN complex and the CCT complex has been also
assessed in eukaryotes. Human TRIiC complex and yeast PFDN complex were expressed, purified, and
mixed, allowing for determination of the macromolecular structure of the resulting macro-complex by
Cryo-EM. A similar function as described for archaea was also proposed in eukaryotes: The two protein com-
plexes bind through electrostatic interactions aligning the two substrate-binding cavities which allows the
transfer of substrates such as actin to promote the folding (Figure 3). A role of PFDN as a processivity factor
rather than a delivery partner of CCT was also discussed. One way or another, the interaction between the
two complexes is essential to maintain proteostasis in vivo since disruption of this binding is strongly dele-
terious in yeast, accompanied by an important accumulation of protein aggregates (Gestaut et al., 2019).

One difference between the archaeal and eukaryotic PFDN complex is that the latter presents a higher
charge density in the tips of its tentacles and also in the core cavity of the structure when compared to
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the archaeal homologue, meaning that the substrate binding might be different and pointing to a more
specialized function of the eukaryotic complex (Simons et al., 2004). This is translated into a different mech-
anism of substrate binding compared to the one proposed in archaea: eukaryotic PFDN encapsulates the
substrate inside its cavity (Martin-Benito et al., 2007). Although these differences could explain distinct sub-
strate-binding capabilities of the archaeal and the eukaryotic PFDNs, a detailed study of the binding do-
mains of the archaeal PFDN showing its flexibility and adaptation properties highlighted the possibility of
the eukaryotic PFDNs to bind further substrates than the cytoskeletal proteins (Lundin et al., 2004). In
agreement with this idea, eukaryotic PFDN from the thermophilic fungus Chaetomium thermophilum
was successfully expressed and purified. Unlike archaeal PFDNSs, it was not able to prevent citrate synthase
aggregation, supporting the idea that eukaryotic PFDN has more specific functions than a regular chap-
erone as happens in archaea. Nevertheless, eukaryotic PFDN is also able to bind actin and tubulin (Morita
et al., 2018), and genetic ablation of the prefoldin genes in yeast alters the microtubules phenotype (Ches-
nel et al., 2020; Geissler et al., 1998).

Other regulators of this system have been described, such as PhLP3 in yeasts, which acts as a negative
regulator compared to the PFDN complex, although a balance of the two components seems to be
required to achieve a functional cytoskeleton (Stirling et al., 2006). The role of PFDN in assisting the
folding of cytoskeletal proteins increases the efficiency of the process at least five times (Siegers
et al., 1999). Ablation of one PFDN gene can cause the disruption of the whole complex, arguing that
PFDNSs have no redundant functions (Warringer et al., 2003). In line with this non-redundancy concept,
deletion of specific PFDN genes in Saccharomyces cerevisiae leads to different phenotypic defects
upon exposure to cellular stressing agents that affect the cytoskeleton, further demonstrating additional
roles of the PFDN proteins beyond actin and tubulin folding. It was also reported that Gim2, 3 and 6 are
required for the induction of the expression of certain genes, corroborating the association of the PFDN
genes in other complexes distinct to the classic PFDN complex, and the role of some of these complexes
in gene transcription regulation (Amorim et al., 2017), even though the UPC is missing in yeast (Figure 3).
Additional clients in these organisms have been also characterized. For example, in S. cerevisiae the
PFDN complex functionally interacts with the phospholipase A2, although this relationship might be in-
direct (Mattiazzi et al., 2010).

The PFDN complex is required for proteasome-mediated quality control of misfolded proteins, as demon-
strated in a yeast model consisting of a thermosensitive allele of the yeast Guk1 guanylate kinase (Comyn
etal., 2016). PFDN binds and stabilizes misfolded proteins, enhancing their solubility and allowing them for
proteasomal degradation (Figure 3). This also corroborates the additional substrates of yeast PFDN be-
sides actin and tubulin. This notion was further evidenced by modeling protein complexes interactions
from yeast protein complexes, showing that PFDN complex in S. cerevisiae is able to bind several other
protein complexes, being an important number of these interactions lethal (Le Meur and Gentleman,
2008). Indeed, the hepatitis C virus F protein interacts with PFDN and prevents their assembly into a com-
plex, resulting in an alteration of the tubulin cytoskeleton (Tsao et al., 2006).

It was proposed that arsenic, a pollutant and toxic agent present in the environment, inhibits the CCT/
PFDN complex in yeasts and mammalian cells, affecting protein folding (Pan et al., 2010). Thus, it is not sur-
prising that PFDN genes are among the genes upregulated upon arsenite exposure, probably as a survival
mechanism (Guo et al., 2016).

BudZ27, a yeast homolog of the mammalian URI.  Yeasts also express Bud27, ahomolog of the mamma-
lian URI PFDN. Bud27 is required for the cytoplasmic assembly of the three RNA polymerases, a process
that depends on RPB5 (a common subunit to the three RNA polymerases) and that occurs prior to their nu-
clear transportation (Miron-Garcia et al., 2013) (Figure 3). It has been demonstrated in yeast that Bud27
plays a role in transcription elongation in a different manner than the classic PFDN complex, although
URI and the whole UPC would also interact with chromatin remodeling factors such as RSC, thereby modu-
lating the elongation activity of the RNA polymerase (Miron-Garcia et al., 2014). Additionally, ablation of
Bud27 prevents RNA polymerase Il assembly and its interaction with the chromatin remodeling complex
RSC, probably through disruption of the interaction with RPB5, affecting the polymerase transcription ac-
tivity and gene expression (Vernekar and Bhargava, 2015) (Figure 3). Supporting this hypothesis, Bud27 is
able to bind to Sth1, a member of RSC, a complex that contributes to gene transcription regulation due to
its ability to modify the status and accessibility of the chromatin (Miron-Garcia et al., 2014).
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Furthermore, Bud27 was found to form a complex with other proteins implicated in gene transcription and
DNA repair with Bud27 being a central component required for the formation of such protein complex
(Tronnersjo et al., 2007). Moreover, Bud27 has been linked to translation in yeast. It was proposed that
Bud27 interacts with several translation initiation factors that promote the assembly of the translation initi-
ation machinery and, thus, Bud27 increases the efficiency of this key cellular process (Deplazes et al., 2009)
(Figure 3).

Plants

The PFDN family is also present in plants. Analysis of 14 species revealed that plant PFDNs can be divided
in nine groups, resembling the nine PFDN genes found in mammals, and also that they probably originated
by gene duplications, supporting the idea that these genes are highly conserved through evolution (Cao,
2016). The Arabidopsis genome encodes six PFDN genes that also assemble into a hexameric complex
whose function is crucial for a proper stabilization of tubulin, among other proteins, since mutations in
the PFDNé gene causes impairments in microtubule dynamics as evidenced by reduced plant size and gen-
eral disorganization in the plant (Gu et al., 2008). Similar results are obtained when generating null mutants
for either PFDN3 or PFDNS5, which result in decreased levels of actin and tubulin, altering microtubule
homeostasis and some physiological processes, such as sensitivity to NaCl (Rodriguez-Milla and Salinas,
2009). Ablation of PFDN4 gene also leads to a similar phenotype involving abnormalities in microtubules
(Perea-Resa et al., 2017). Thus, it seems that the classic PFDN complex presents similar functions in plants
than in other eukaryotic organisms.

The subcellular localization of the PFDN complex in plants seems to be dependent on DELLA proteins,
plant transcriptional regulators acting downstream of the phytohormones gibberellins (GA). In the pres-
ence of GA, DELLA proteins result degraded, which allows the translocation of the PFDN complex to
the nucleus and thus prevents its role in tubulin folding (Locascio et al., 2013). This process is also regulated
by the daily rhythms observed in plants. The translocation of the PFDNSs to the nucleus has not only con-
sequences in actin and tubulin folding, but also exerts specific roles in this subcellular compartment. For
example, it interacts with HY5 to promote its ubiquitination-mediated degradation, downregulating its
target genes and ensuring a proper response to cold exposure (Perea-Resa et al., 2017).

Conversely to what happens in bacteria, where ectopic expression of PFDN plant genes has a protective
role to different environmental stresses, overexpression of PFDN2 did not enhance biomass production
neither bud flush in Populus deltoides trees engineered for biofuel production (Macaya-Sanz et al.,
2017). Nevertheless, these results could be due to the overexpression of only one PFDN gene, maybe dis-
rupting the regulation of the whole complex and thus not presenting any beneficial effects. Later studies in
the same Populus species showed that overexpressing PFDN2 causes alterations in certain metabolic
pathways related to sugar production and release, thus having an impact on the cell wall properties. These
effects could be beneficial for the biofuel conversion use of this species (Zhang et al., 2020).

Challenging siRNA-treated plants with parasites is a method to silence gene expression in the parasites,
such as nematodes. Using this approach, PFDN2 was silenced in M. incognita through Nicotiana benthami-
ana, resulting in a detrimental effect on the parasites’ development, which proves the plausible use of this
technique to silence PFDN expression in parasites to increase the resistance of plants to them (Ajjappala
et al., 2015).

Caenorhabditis elegans

The role of PFDNSs in this worm has not been deeply studied. Nevertheless, deletion of any of the PFDN
genes (with the exception of PFDN4) causes lethality at embryonic stages due to defects in microtubules
biogenesis (Lundin et al., 2008). Later studies showed that ablation of PFDN using siRNA disrupts actin
cytoskeleton, whereas this same ablation is able to restore normal actin biogenesis when disrupted
because of mutations in dynein, another protein involved in actin regulation (Gil-Krzewska et al., 2010).

Studies in C. elegans also allowed the determination of a relationship between URI and DNA damage. URI
loss causes important DNA damage (comparable to the one caused by low-dose irradiation), which results
in a cell-cycle arrest, preventing cell proliferation and thus causing sterility in adult worms (Parusel et al.,
2006). UPC in worms was shown to mediate the crosstalk between HSF-1 and FOXO transcription factors.
HSF-1 upregulates PFDN6, a member of the UPC, and this complex increases the transcriptional activity of
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FOXO (Son et al., 2018), promoting life span and corroborating previous results that showed a direct inter-
action between PFDN6 and this transcription factor (Riedel et al., 2013). This effect seems to have a special
importance in intestine and hypodermis (Son et al., 2018).

Drosophila

Drosophila also expresses the PFDN family of proteins. The classic PFDN complex is crucial for a correct
function of spindles and centrosomes in this organism, as highlighted by in vivo experiments depleting
one of the PFDN subunits (Mgr, ortholog of PFDN3), that causes aberrant tubulin folding and stability.
PFDN is not only able to bind to classic tubulin in Drosophila, but also to Mst (misato), a tubulin-like protein
recently described (Palumbo et al., 2015). Nevertheless, this function seems to gain importance when
higher tubulin levels are transcribed, such as in spermatocytes and neuroblasts (Delgehyr et al., 2012).
Similar results were obtained when depleting the expression of PDFN2, which also leads to abnormalities
in spindles and centrosomes (Zhang et al., 2016). This outcome was accompanied by neuroblasts over-
growth, suggesting a role of PFDNs as tumor suppressor proteins. Further evidences of the importance
of PFDNs in the brain of Drosophila rely on the fact that at least some of them present a discrete and regu-
lated expression pattern (Diao et al., 2007).

In Drosophila, URI is highly expressed in the cytoplasm of cells from embryos, pupae, and adult gonads,
while its deletion is lethal in these animals, probably due to an imbalance in cell viability (Kirchner et al.,
2008). Defects in DNA integrity following URI downregulation also occurs in Drosophila (Kirchner et al.,
2008). Furthermore, URI was shown to localize in active chromatin regions, suggesting a role of this
PFDN in transcription (Kirchner et al., 2008). URI in Drosophila was the first PP1a specific binding protein
described (Kirchner et al., 2008).

Mammals

As genomic complexity increases along evolution, so does the diversity of the PFDN family of proteins. In
mammals, ten PFDN genes have been found, apparently including the very recently identified ASDURF
(Cloutier et al., 2020); that assembly to form both the classic PFDN complex and the UPC. Furthermore,
the different PFDN genes are not redundant and have been linked to different functions apart from their
contribution of the PFDN complexes.

Classic PEDN complex in mammals. The classic PFDN complex in mammals, formed by PFDNs 1 to 6,
has been associated with protein folding. As in other organisms, it mediates actin and tubulin folding
through their delivery to the CCT chaperonin complex. The importance of the classic PFDN complex in
this process is highlighted by the aberrant microtubule assembly in human cell lines after siRNA-mediated
downregulation of PFDNs (Chesnel et al., 2020). Furthermore, PFDN5 was recently found to bind B-actin,
and its overexpression promotes the assembly of this monomer into filopodia, thus increasing filopodia
density and length, which results in an increase in cell migration as evidenced by transwell experiments
(Fan et al., 2020). This folding function is also shared with other proteins, such as for pVHL, since ablation
of different prefoldin genes and especially PFDN3 causes aggregation of pVHL (Chesnel et al., 2020).
Furthermore, in the nucleus, the classic PFDN complex has been proposed to deliver HDAC1 to the
CCT complex for its proper folding, as evidenced by interaction analysis performed in human cells (Banks
et al., 2018). In addition to CCT-mediated folding of proteins, the classic PFDN complex plays a role in pro-
tein binding to prevent their aggregation, as detailed later.

URI-R2TP complex or PAQosome. UPC was found to interact with different partners, arguing that UPC
might have pleiotropic functions (Figure 4). A combination of proteomics analysis together with newly
developed computational methods allowed to identify direct interaction partners between the human
UPC and DNA polymerases-related genes (POL3A, RPAP3, RPB5, RPB5MP), components of the R2TP
co-chaperone complex (RUVBL1, RUVBL2, RPAP3 and PIHD1), and associated proteins like WDR92, and
proteins related to chromatin-remodeling complexes such as SMARCB1, among other interactors
(Gstaiger et al., 2003; Sardiu et al., 2008). URI was also found to interact with other chaperones in yeast,
such as HSP70 (Deplazes et al., 2009), that also interacts with the R2TP complex through RPAP3. The
RUVBL1T and 2 proteins are ATPase proteins that might have helicase functions and are essential and pre-
sentin all eukaryotes (Kanemaki et al., 1999), forming part of other protein complexes such as INO80, TIP40,
SWR/SRCAP (von Morgen et al., 2015).
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In mammals, the classic PFDN complex is formed by PFDNs 1 to 6. As in yeasts, it binds to nascent actin and tubulin cytoskeletal proteins to deliver them to the
chaperonin CCT to promote their folding. The chaperone activity of the complex has been also associated to proteins involved in neurodegenerative diseases,
such as AB oligomers, a-synuclein, or huntingtin (HTT). Apart from these functions within the complex, PFDN 3 is also involved in the stabilization of pVHL; and
PFDN 5 has been associated with lipid metabolism. Mammals also present the unconventional or URI PFDN-like complex (UPC). It is involved in chromatin
remodelling functions, for example by binding KAP1 and PPA2 together to allow the regulation of the histone deacetylase HDAC1. UPC also binds to the R2TP
module to form a complex termed PAQosome that has been involved in the assembly of other protein complexes, such as the RNA polymerases, L7Ae
snoRNP family of ribonucleoproteins, or PIKKs through the interaction with the TTT complex. The PAQosome is also involved in protein folding since it
interacts with the chaperones HSP70 and 90, and is related to other cellular processes such as inhibition of mTOR through interaction with the TSC complex or
the cilia function though its interaction with dynein. In the nucleus, the PAQosome promotes transcription elongation by its interaction with the polymerases
and with chromatin remodeling complexes such as RSC. The UPC component URI has also shown other functions besides its contribution to the UPC. URI
affects cell survival thanks to its relationship with PP1y, and also cell proliferation by binding to B-catenin and thus preventing its translocation to the nucleus to
promote cell proliferation and by affecting O-Glucosyl N-Acetylation of proteins like c-Myc by its PKA-dependent interaction with OGT. Furthermore, loss of
URI has been associated with an increase in DNA damage, at least in part by binding to AhR and ER receptors and thus affecting NAD+ metabolism. URI
binding to these receptors also affects insulin production in B-cells in the pancreas. URI also affects chromatin remodeling in the nucleus by interacting with
parafibromin and PAF1. The other alfa protein forming the UPC, STAP1, is also involved in other functions beyond the UPC, for example in NF-kB signaling.

The R2TP complex is known for its involvement in the assembly and stabilization of several multiprotein com-
plexes such as L7Ae ribonucleoproteins, U5 small nuclear ribonucleoprotein, RNA polymerase I, phosphati-
dylinositol 3-kinase-related kinases (PIKKs), and the mTOR/tuberous sclerosis complex (TSC1-TSC2). Indeed,
the R2TP/URI PFDN-like complex has been recently renamed as PAQosome, standing for particle for arrange-
ment of quaternary structure (Houry et al., 2018) (Figure 4). Even though the list of interactors with the
PAQosome is believed to be far from complete, the importance of the PAQosome in the complex stabiliza-
tion is likely to reside in the optimization of the assembly process, especially under stress conditions.

Although the roles and functions of the two modules composing the PAQosome remain unclear in the
protein complexes assembly, several studies show a contribution of the UPC in the assembly of RNA
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polymerases | to lll, directly linked to the ability of URI to bind RPB5, a common subunit of the three RNA
polymerases (Cloutier and Coulombe, 2010) (Figure 4). In this regard, URI reportedly shuttles between nu-
clear and cytoplasmic compartments of prostate cancer cells together with the RNA polymerase Il complex
ina CRM1 dependent manner (Mita et al., 2013). Moreover, UPC has been speculated to mediate the local-
ization of the RNA polymerase Il to the centrosomes (Hintermair et al., 2016), although further studies are
still needed to clarify this function.

URI is not only crucial for RNA polymerases biogenesis, but also has important roles in their activity, as
evidenced by studies performed in mammals and yeasts. For example, PFDN has been found in active
chromatin sites in a transcription-dependent manner, and the classic prefoldin complex influences RNA
polymerase elongation (Millan-Zambrano et al., 2013) (Figure 4). URI binds to the tumor suppressor parafi-
bromin, which physically interacts with components of the PAF1 complex to regulate the transcription elon-
gation and RNA processing pathway (Figure 4). Dysfunction of this pathway may be a general phenomenon
in the majority of cases of hereditary parathyroid cancer (Yart et al., 2005). Loss of URI ameliorates the
cellular response to AR agonists, which can be explained taking into account the role of the UPC in
gene transcription by interacting with chromatin-remodeling complexes including RSC and SWR-C (Mita
etal., 2011). AURI complex would be required for a proper chromatin remodeling state that ensures a cor-
rect translocation of AR to the AR response elements in the DNA (also known as AREs).

A link between URI, DNA damage and chromatin remodeling complexes has been also proposed (Parusel
et al., 2006). Indeed, PFDNs 1 to 5 have been shown to interact in hepatocytes with HDAC1, an important
histone deacetylase, supporting the notion that PFDNs have a role in chromatin remodeling (Farooqg et al.,
2013) (Figure 4). Overexpressing analysis coupled with mass spectrometry revealed that the transcription
repressor HDAC complex could bind to PFDNs, preventing the formation of the functional chromatin re-
modeling complex. This leads to the hypothesis that PFDNs assist the folding of the HDAC complex sub-
units before they assemble together to form the fully active chromatin remodeling complex. Additional
links between URI and chromatin remodeling complexes have been studied in prostate cancer cells. It
has been proposed that UPC serves as a scaffold to bring together KAP1 and the phosphatase PP2A, which
ensures the dephosphorylated state of KAP1 essential to bind to the HDAC1/2 repressor complex, thus in-
hibiting gene transcription (Mita et al., 2016) (Figure 4).

Even though the role of URI in the assembly, biogenesis, and activity of RNA polymerases is clearly pro-
posed, we cannot exclude a function in conjunction with the R2TP complex, coordinated by the PAQosome
macromolecular complex. Moreover, the mechanism of action by which the assembly and biogenesis of
client complexes occur remains unclear. One possibility consists of the passive facilitation of the assembly
by locating the different elements of a protein complex together in the space. Another model would
involve an active role in the folding of client proteins for their proper assembly. In this regard, the heat
shock protein 90 (HSP90), a chaperone common to both modules, URI and R2TP complexes, may assist
in folding and stabilizing the client proteins properly (Figure 4). However, the module that has the most
important function within the PAQosome system remains to be determined. Clearly, an important source
of energy is needed, and it may depend either on the RUVBL1/2 proteins that hold some ATPase activity or
on HSPY0 that also binds with high affinity ATP and hydrolyses it.

Besides RNA polymerases, the PAQosome has also been associated with the biogenesis of the yeast small
nucleolar ribonucleoprotein (snoRNP), a family of proteins important in RNA processing, with the snoRNPs
containing RNA-binding proteins of the L7Ae-family in humans (Figure 4). The first evidence of the
PAQosome as a mediator for snoRNPs assembly and maturation demonstrated that the R2TP complex
was required for the accumulation of box C/D snoRNA (Zhao et al., 2008), one of the components of the
box C/D snoRNPs. Indeed, depletion of different components of the R2TP complex reduces global C/D
snoRNA levels (Gonzales et al., 2005; Kakihara et al., 2014, King et al., 2001, McKeegan et al., 2007). The
PAQosome is also essential for H/ACA snoRNP complex assembly, as highlighted by the interaction be-
tween different proteins of the R2TP complex with H/ACA snoRNP components (Boulon et al., 2008;
King et al., 2001; Machado-Pinilla et al., 2012). The R2TP module interacts with different components of
the telomerase RNP complex, also containing the L7Ae protein, probably helping these subunits to bind
together and thus helping its assembly (Boulon et al., 2008; Venteicher et al., 2008). Selenoprotein mRNPs
include L7Ae protein as well, and SBP2 protein among other components. It has been described that the
R2TP complex facilitates the SBP2 binding to selenoprotein mRNA to form the selenoprotein mRNP
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complex (Boulon et al., 2008). Additionally, a role of the R2TP complex has been proposed in the assembly
of U4 snRNP, one of the factors in charge of cellular splicing, since it interacts with several components
involved in its biogenesis, although its exact contribution requires further investigation (Bizarro et al.,
2015). The PAQosome seems to play additional roles in the regulation of the splicing machinery by modu-
lating the biogenesis of the splicing factor U5 snRNP and its assembly via the protein ZNHIT2, which has
been shown to interact with several members of the PAQosome (Cloutier et al., 2017; Malinova et al., 2017).

Clearly, R2TP complex within the PAQosome plays a major role in RNA processing, although we cannot
exclude that this action is mediated through the coordination with the URI PFDN module. Hence, together
with the fact that URI regulates RNA polymerases assembly, biogenesis, and activity, these findings sug-
gest a major role of URI machinery in RNP biology including tRNA processing, rRNA maturation, and
RNA modification.

Additional assembly functions have been associated with this complex. PIKKs are kinases related to DNA
damage, mTOR signalling, chromatin remodeling, and nonsense-mediated mRNA decay. This family of
proteins requires the action of the TTT complex (TEL2, TTI1, and TTI2) to be stabilized. TTT complex
was found binding to the PAQosome in pull-down and co-IP experiments in a TEL2-phosphorylated depen-
dent manner (Horejsi et al., 2010). Importantly, inhibition of the PAQosome members resulted in a reduc-
tion of PIKK assembly and signaling (Izumi et al., 2012), highlighting the relevance of the PAQosome in the
function of these proteins (Figure 4). Moreover, different components of the PAQosome have also been
reported to interact with the tumor suppressor complex TSC and inhibitor of mTOR complex 1 (Cloutier
etal., 2017, Malinova et al., 2017). Additionally, a possible role of the PAQosome as a scaffold to promote
TSC-inhibition of HSP90 has been proposed (Woodford et al., 2017), suggesting an additional function of
the PAQosome in the regulation of mTOR activity by mediating TSC assembly and stabilization (Figure 4).

Interestingly, a more direct relationship between URI and the nutrient sensing pathway has been reported.
URI was found located on mitochondria, and in response to nutrient availability is directly phosphorylated
by S6K1, a downstream kinase of the mTOR complex 1 (nTORC1) pathway (Djouder et al., 2007; Gstaiger
et al., 2003). Unphosphorylated URI binds and inhibits PP1y phosphatase activity in mammalian cells
(Djouder et al., 2007). Nutrient surpluses activate S6K1 which phosphorylates URI at Ser 371 and which,
in turn, causes disruption of URI/PP1y complexes. Released PP1y feedbacks to S6K1 to shut down its ac-
tivity and control cell survival in response to nutrient surpluses (Figure 4). URI/PP1y are central components
of a mitochondria negative feedback program which restricts S6K1 survival signaling to set a threshold of
apoptosis during periods of metabolic stress. Although URI regulates mTORC/S6K1 activity, this does not
exclude an additional function of URI as part of the PAQosome to contribute to mTORC1 assembly. Clearly,
the PAQosome plays a crucial role in the biogenesis, assembly, and activity of several macromolecular
complexes, but further studies are required to better understand the contribution of both R2TP and URI
modules in the assembly of these large complexes.

PFDN functions in the brain.  PFDNSs are highly expressed in the brain (Tebbenkamp and Borchelt, 2010)
(Figure 5). Indeed, the gene encoding for the PFDN6 protein (CCDC30) was identified in human fetal brain
(Zhang et al., 2006), suggesting a role in brain development. This is also supported by the fact that an un-
identified PFDN shows a differential expression pattern according to the neuronal differentiation (Oh et al.,
2006). Studies in mice have highlighted the importance of some of the PFDN genes present in the classic
PFDN complex in neural tissue and cellular development, in line with the observations from Drosophila
(Delgehyr et al., 2012). Ablation of PFDN1 in mice presents a phenotype that fits with the importance of
PFDN in actin and tubulin folding, including neuronal loss (Cao et al., 2008), but also improper B and
T cell development and mucus clearance defects. Deleterious mutations in PFDN5 by point mutations
also cause an impaired function of the nervous system, along with hypogonadism, probably due to defects
in actin and tubulin metabolism (Lee et al., 2011).

Because of the role of PFDNs in protein folding, and the crucial part of this process in protein aggregation
during different degenerative diseases, the effect of the complex in the formation of Alzheimer-related am-
yloid beta oligomers has been studied (Sakono et al., 2008). In vitro expression of archaeal PFDN leads to
AB oligomers formation, which is hypothesized to contribute to Alzheimer's disease (AD) (Sakono et al.,
2008). This is consistent with the upregulation in PFDN2 found in AD brains (Loring et al., 2001); with the
upregulation of PFDN complex in AD mouse models (Sorgjerd et al., 2013); with the association between
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Figure 5. Gene expression level of PFDNs across tissues in humans

Heatmap showing the gene expression of the 9 PFDN genes in different human tissues. Gene expression levels are from
29 human tissues from GTEx Project data V8. Presented values are the mean of logyo-transformed Transcript Per Million
(TPM) of samples in each tissue.

this disease and both the SNPs found upstream of PFDN2, and the significant relationship with the HSP70
pathway and AD based on genomic studies (Broer et al., 2011). Other genomic studies also found AD-asso-
ciated SNPs in PFDN1 (Jun et al., 2017). Nevertheless, in vitro studies using human PFDN showed that this
complex inhibits the formation of ap fibrils and instead traps the AB protein forming large soluble oligo-
mers that are less toxic to neuronal cells (Sorgjerd et al., 2013) contradicting previous results found with
the archaeal PFDN (Sakono et al., 2008), maybe because of the different binding properties between
the PFDN complexes in the two species (Figure 4).

PFDN also prevents the accumulation of a-synuclein, a protein that forms aggregates in a familial form of
AD (Figure 4). PFDN is co-localized with a-synuclein in the lysosomes and knockout of the complex results
in pathogenic aggregation of this protein (Takano et al., 2014), although it remains unclear if this effect is
direct or indirect through saturation of the quality control machinery of the cell. PFDN5 is downregulated in
an age-dependent manner in the hippocampus of mouse models of AD. This protein is also linked to syn-
aptic plasticity since its mRNA and protein levels are modulated alongside this process, proposing that
PFDNS5 is newly synthesized after induction of synaptic plasticity (Kadoyama et al., 2019).

Another pathology characterized by accumulation of protein aggregates is Huntington’s disease, in this
case by huntingtin protein (HTT). Knockdown of PFDN2 or PFDN5 with the subsequent disruption of the
PFDN complex leads to the accumulation of pathogenic aggregates of HTT, inducing cell death (Tashiro
et al., 2013). This study suggested that PFDN complex would have a protective effect in Huntington’s dis-
ease, such as the one described previously for AD (Sorgjerd et al., 2013) (Figure 4). The importance of the
folding pathways in neurodegenerative diseases is also highlighted in studies showing that antipsychotic
treatment of patients upregulates the protein folding response, including the PFDN/CCT pathway (Mas
et al., 2015).

In line with the preventive role of PFDN complex in protein aggregation, Abe et al. demonstrated that
knockdown of the PFDN complex increased the amount of insoluble ubiquitinated proteins (Abe et al.,
2013). Presumably, PFDN would recognize the polyubiquitinated proteins and bind to them, preventing
their aggregation, and thus their toxic consequences for the cell, this mechanism being even more impor-
tant under certain pathological conditions, such as in the context of neurodegenerative diseases. Further-
more, PFDN seems to upregulate under proteasomal inhibition conditions, which further links PFDN with
the protein folding quality mechanism within the cell. They also demonstrated that PFDN complex also
protects cells from different types of stress, such as ER stress. Indeed, PFDN2 is a target gene of some
miRNAs in neuroblastoma cells, along with other proteins involved in neuronal processes (Patil et al.,
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2015). PFDN2 has also been proposed as an upstream modulator for the expression of gamma-synuclein
gene, SNCG, in retinal ganglion cells, which loss contributes to glaucoma and other retinal neurodegen-
erative diseases (Chintalapudi et al., 2016).

PFDN functions in the testis. Drosophila studies highlighted the important function of PFDNs in
gonads (Delgehyretal., 2012; Parusel et al., 2006). Experiments in mice corroborated those observations.
Impairing the function of PFDN5 with the missense mutation L110R in mice causes male infertility. This
effect is due to a lack of differentiation and maturation of the germ cells (Yamane et al., 2015). The pro-
posed mechanism goes through the downregulation of lipid metabolism genes upon PFDN5 mutation,
causing a dysregulation in fatty acid metabolism, which is essential for the formation of functional sperm
(Figure 4). The effects seem to be dependent on PFDN5 specifically, and not to the whole PFDN complex.
Also related to lipid metabolism, PEDN5 is differentially expressed according to the adipose tissue type
and animal of origin (Hishikawa et al., 2005). These results go in line with the fact that PFDN5 is highly ex-
pressed at the protein level in HUVEC cells, along with other proteins related to motility (Bruneel et al.,
2003).

Recent studies propose a role of PAQosome in the regulation of the cellular microtubule network. Ablation
of different members of the PAQosome results in disruption of cilia function, as demonstrated in planaria
(Patel-King et al., 2019). Another link between the PAQosome and these cilia relies on the interaction be-
tween RUVBL1/2 and dynein, as demonstrated in zebrafish (Hartill et al., 2018; Li et al., 2017) (Figure 4). This
function of regulation of the cilia would explain the importance of PFDNs in the gonads, since spermato-
zoids are among the cells presenting motile cilia.

PFDN functions in the pancreas. In porcine pancreas, PFDN presents a differential expression accord-
ing to the stage of the development, being downregulated after birth, following similar expression pat-
terns as other cytoskeletal regulatory proteins (Choi et al., 2009). Surprisingly, auto-antibodies against
PFDN2 were found significantly enriched in type 2 diabetes patients, especially in those with an early onset
of the disease (Chang et al., 2017). PFDN5 and anti-PFDNS5 antibodies have been proposed as the first bio-
markers for uveitis (inflammation of the medium layer in the eye) in ankylosing spondylitis patients (Kwon
et al., 2019). Importantly, this could be a novel link between inflammation and the PFDNSs.

Recent findings suggest that a class of enteroviruses, coxsackievirus B type 4 (CVB4), downregulates URl in
human islet-engrafted mice and in rat insulinoma cells, affecting PDX1 expression and B cell function and
identity. Likewise, genetic URI ablation in the mouse pancreas triggers the nuclear translocation of the DNA
methyltransferase 1 (DNMT1) expression, which induces Pdx1 promoter hypermethylation and silencing in
B cells causing diabetes. Hence, the loss URI provides a causal link between enterovirus infection and dia-
betes (Bernard et al., 2020).

PFDN functions in the intestine. The development of genetically engineered mouse models (GEMMs)
as tools to modulate URI expression levels shed light into the in vivo role of URI in mammals, highlighting
its pleiotropic function (Chaves-Pérez et al., 2018). In mice, deleterious mutants for classic PFDN proteins
do not lead to specific phenotypes in the intestine. However, deletion of URI specifically in the intestine of
adult mice destroys the organ architecture and leads to mouse lethality. A deep characterization of the
epithelium revealed that only certain cell types express URI: the quiescent label-retaining (LR) or +4 stem
cells, and the transient amplifying progenitor cells, both located in the crypt compartment. Importantly,
heterozygous deletion of URI in the intestine makes the usually quiescent LR cells enter proliferation
resulting in sensitization to ionizing radiation, thereby failing to regenerate the epithelium after radia-
tion-induced damage (Chaves-Perez et al., 2019). However, complete URI ablation reportedly increases
replicative stress-associated DNA damage in LR cells, causing the death of these cells, organ failure, and
mouse death (Chaves-Perez et al., 2019). On the other hand, overexpression of URI protects against the
deleterious effects of high dose irradiation by preserving the quiescent state of LR cells. A possible expla-
nation of these results relies on the interaction between URI and B catenin: URI loss in LR cells promotes B
catenin nuclear translocation and Myc transcription, activating a subset of genes involved in proliferation
(Figure 4). Further data also reveal that URIl is involved in double-strand break repair by non-homologous
end-joining (Chaves-Perez et al., 2019). Thus, URI labels a population of cells that are considered to be the
facultative stem cell pool required for intestinal regeneration following radiation-induced injury (Ayyaz
et al., 2019; Takeda et al., 2011).
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PFDN functions in the liver. While URI deletion in the intestine leads to DNA damage, specific URI over-
expression in the liver induces a multistep hepatocarcinogenesis process leading to non-alcoholic steato-
hepatitis and hepatocellular carcinoma, the most common and one of the most aggressive liver cancers
(Tummala et al., 2014). URI expression in hepatocytes increases DNA damage levels at early stages by
reduction of NAD™ levels through cytoplasmic sequestration of AhR and the ER receptors implicated in
transcription of enzymes involved in de novo NAD" synthesis (Gomes et al., 2016; Tummala et al., 2014,
2017) (Figure 4). As shown in the intestine, URI expression in adult mice is essential since homozygous
depletion leads to spontaneous death in one week (Tummala et al., 2014). Thus, homeostatic URI levels
are required to maintain genome integrity and URI may thus have buffering activity functions.

Furthermore, under limited glucose conditions, PKA-mediated phosphorylation of URI at Ser-371 disasso-
ciates its interaction with PP1y and allows the inhibition of OGT (O-linked N-acetylglucosamine trans-
ferase), altering the O-GlcNAc-mediated regulation in the cell and causing the turnover of c-Myc (Buren
et al., 2016) (Figure 4). The turnover of c-Myc allows liver cancer cells to proliferate in low glucose condi-
tions. These findings uncover URI as the first and unique OGT regulator maintaining glucose and liver
homeostasis.

Other functions of PFDNs.  The ubiquitously expressed PFDN, named STAP1 or UXT, was identified as
an interaction partner of SKP2 (Gstaiger et al., 2003) and described as a nuclear chaperone involved in
the formation of NF-kB signaling (Sun et al., 2007) (Figure 4). STAP1 is an a class PFDN that forms part
of the UPC (Gstaiger et al., 2003). It has been shown that STAP1 interacts with many genes, including
the androgen receptor (Mita et al., 2011), Als2 (Enunlu et al., 2011), NF-kB (Sun et al., 2007), and PIAS2
(Kongetal., 2015). In details, STAP1 interacts with Als2 in the cytoplasm, as demonstrated in vitro and in vivo
in neuronal cells, and the expression of both proteins seems to be co-regulated (Enunlu et al., 2011).

Furthermore, STAP1 protein levels change during the cell cycle, being GO/G1 the state in which cells ex-
press STAP1 in a higher rate (Enunlu et al., 2011). The complete list of protein interaction partners of
STAP1 is still unknown, though. Further studies regarding its interactions, both through the UPC and in
a PFDN complex-independent manner, would help to characterize the role of this protein in the cell.

Another PFDN that has been especially studied is PFDN3, also known as VBP1, standing for von Hippel-
Lindau (VHL) binding protein (Chesnel et al., 2020; Tsuchiya et al., 1996). PFDN3 is required for the stability
of pVHL, as demonstrated in yeast (Le Goff et al., 2016) and in human cell lines (Chesnel et al., 2020) (Fig-
ure 4). The PFDN3-mediated stabilization of pVHL enhances the function of the latter on delivering client
proteins to the ubiquitin ligase that will send them to proteasomal degradation. Through this mechanism,
PFDN3 promotes the degradation of proteins such as HIF-1a (Kim et al., 2018), hMSH4, and p%7 (Xu and
Her, 2013) or HIV-1 integrase (Mousnier et al., 2007). This role of PFDN3 in the regulation of HIV-1 integrase
degradation seems to be essential for the transition between the integration and transcription viral status.

RESULTS

PFDN genomic aberrations in cancer

In order to elucidate what kinds of functional roles PFDN genes play in cancer, we first analyzed genomic ab-
errations (i.e., copy-number alterations either amplification or deletion, and somatic mutations) of PFDN
genes using over 10,000 tumors from 33 cancer types sequenced as part of The Cancer Genome Atlas
(TCGA) (Cerami et al.,, 2012; Gao et al., 2013) (Table 2). A significant percentage of patients showed high
copy-number alteration (CNAs) amplifications in some cancer types across three genomic alterations (Fig-
ure 6A). More concisely, URI, PFDN2, and PDRG1 showed the highest CNAs amplification frequencies,
showing alterations in more than 5% of the samples in between 5 and 10 cancer types (Figure 4B). These am-
plifications in the prefoldin genes are striking, since for example, only 6 cancer types of TCGA dataset show
amplification in more than 5% of the patients in KRAS, a very well-known oncogene (data not shown). The
cancer types with a higher frequency of amplifications compared to the other cancer types were uterine
carcinosarcoma (UCS), bladder urothelial carcinoma (BLCA), stomach adenocarcinoma (STAD), esophageal
carcinoma (ESCA), and ovarian serous cystadenocarcinoma (OV). Notably, a low frequency of point mutations
in the PFDN genes was observed, demonstrating that they are not highly mutated genes in cancer.

Amplifications of some PFDN genes have been already shown in many other cancer studies, such as
PFDNZ2, in different cancer types including bladder cancer (in 21% of the patients) (Lopez et al., 2013),
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Table 2. The cancer genome atlas (TCGA) samples

Cohort Description mRNA tumor mRNANT DEA N CNVs
ACC Adrenocortical carcinoma 79 0 NP 89
BLCA Bladder Urothelial Carcinoma 408 19 OK 406
BRCA Breast invasive carcinoma 1093 112 OK 996
CESC Cervical squamous cell carcinoma and 304 3 LN 278
endocervical adenocarcinoma
CHOL Cholangiocarcinoma 36 9 OK 36
COADREAD  Colorectal adenocarcinoma 379 51 OK 526
DLBC Lymphoid Neoplasm Diffuse Large B-cell 48 0 NP 37
Lymphoma

ESCA Esophageal carcinoma 184 1" oK 182
GBM Glioblastoma multiforme 153 5 LN 378
HNSC Head and Neck squamous cell carcinoma 520 44 oK 496
KICH Kidney Chromophobe 66 25 OK 65
KIRC Kidney renal clear cell carcinoma 533 72 OK 354
KIRP Kidney renal papillary cell carcinoma 290 32 OK 274
LAML Acute Myeloid Leukemia 0 0 NP 109
LGG Brain Lower Grade Glioma 516 0 NP 507
LIHC Liver hepatocellular carcinoma 371 50 OK 353
LUAD Lung adenocarcinoma 519 59 OK 507
LUSC Lung squamous cell carcinoma 501 51 OK 649
MESO Mesothelioma 87 0 NP 82
oV Ovarian serous cystadenocarcinoma 302 0 NP 398
PAAD Pancreatic adenocarcinoma 178 4 LN 175
PCPG Pheochromocytoma and Paraganglioma 179 3 LN 692
PRAD Prostate adenocarcinoma 497 52 OK 488
SARC Sarcoma 259 2 NP 232
SKCM Skin Cutaneous Melanoma 103 1 NP 363
STAD Stomach adenocarcinoma 415 35 OK 434
STES Stomach and Esophageal carcinoma 599 46 OK 265
TGCT Testicular Germ Cell Tumors 150 0 NP 144
THCA Thyroid carcinoma 501 59 OK 482
THYM Thymoma 120 2 NP 123
UCEC Uterine Corpus Endometrial Carcinoma 176 24 OK 509
ucs Uterine Carcinosarcoma 57 0 NP 56
Uvm Uveal Melanoma 80 0 NP 80

NT, Normal Tissue; DEA, Differential Expression Analysis; NP, Not Possible; LN, Low Number; N, Number of samples avail-
able; CNV, Copy Number Variation; OK, Possible.

PFDN4 in breast cancer (Collins et al., 2001), URI in uterine carcinosarcoma (40%) (Wang et al., 2015¢),
ovarian (10%) (Theurillat et al.,, 2011), gastric (Leung et al., 2006) and esophageal cancers (23%) (Lin
et al., 2000). Notably, PFDNZ2is amplified in bladder cancer and this amplification correlated with increased
protein levels and with poor prognosis (Lopez et al., 2013), suggesting PFDN2is a potential target gene for
bladder cancer. PFDN2 amplification was also detected in breast (10%), esophageal (5%), liver (10.5%), and
lung (5-7%) carcinomas, and in cholangiocarcinoma (14%) and sarcoma (6%) (Figure 6A).

The amplicon containing PFDN4 (20g13.2) was identified and characterized in breast cancer and it was pro-

posed to have oncogenic activities, although its mRNA levels were not increased in the primary tumor sam-
ples evaluated (Collins et al., 2001). Interestingly, our analysis revealed amplification of PFDN4 in stomach
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Figure 6. Genome aberrations of PFDN genes in cancer

(A) Barplot showing the percentage of patients with genomic aberrations (amplifications in red, deletions in blue and single mutations in green) in the PFDN
genes in the different cancer types.

(B)URI, PFDN2 and PFDN4r are the PFDN genes found in a higher number of cancer types with an important percentage of patients with genomic
aberrations (CNVs and mutations) in these genes. CNV, Copy Number Variation.

and esophageal carcinoma (13%) and colorectal cancer (7%) (Figure 6A) where it shows enhanced mRNA
expression levels (Figure 7). PFDN4r also presents high CNA amplification frequencies in many cancer
types, including uterine carcinosarcoma (21%), colorectal (8%), bladder (5%), lung (4.5%), and ovarian
(5.5%) cancers (Figure 6A). Although we could not detect genomic aberrations in PFDN5(Figure 6A), dele-
tion of PFDN5 was previously reported in canine mammary tumors (Beck et al., 2013; Hennecke et al., 2015).

Notably, URI is one of the highest CNA amplification frequencies in various cancer types (Figure 6B). It is
amplified in about 40% of patients with uterine carcinosarcoma (UCS) from TCGA and in 5.5% of uterine
carcinomas on an independent dataset of 363 patients (Wang et al., 2015¢). This amplification located in
the 19912 is associated with poor survival after primary treatment and with a worse response to treatments
such as radio- or chemotherapy in this cancer type (Wang et al., 2015c). Consistent with the role of UPC in
stabilization of PIKKs such as ATM, amplification of URI enhances ATM mRNA expression level, and thus
cancer cells become more resistant to DNA damage stress (Wang et al., 2015¢). A significantly high per-
centage of ovarian cancer showed amplifications in URI gene in TCGA, as described by Theurillat et al.
(Theurillat et al., 2011), who reported 10% of CNA amplification in the samples from two different Swiss co-
horts of 272 and 242 samples, respectively, of different ovarian cancer types. Amplifications correlated with
increased URI protein levels and with poor disease-free survival (Theurillat et al., 2011). URI amplification in
ovarian cancer was also shown to be required for tumor initiation and progression, likely through alter-
ations in the signaling hub in which URI proteins inhibit PP1y to maintain cancer cell survival-dependent
S6K1 activity. Interestingly, in the URI amplicons also resides the cyclin E1 gene, which has been described
as the tumorigenic driving force in many cancers, including gastric (Leung et al., 2006) and esophageal can-
cers(Lin etal., 2000). However, deep characterization of URI amplicon in various cancer cell lines and down-
regulation of several other genes located on this amplicon demonstrated that URI has an oncogenic effect
and is required for tumorigenesis (Theurillat et al., 2011). This is corroborated by TCGA data showing that
URIis also amplified in gastric and esophageal carcinomas (Figure 6A). Moreover, high level of amplifica-
tion of URI gene was also detected in acute myeloid leukemia (5.5%), sarcoma (5.2%), bladder (6%), lung
(5.5%), and pancreatic cancers (4%) (Figure 6A). URI was also reported to be targeted and downregulated
by microRNA-598 in ovarian cancer cells, causing a reduction in cell proliferation, migration, and invasion
(Xing et al., 2019).

PFDNmMRNA expression in cancers

Tumoral tissues often present dysregulations in many different chaperones (Calderwood et al., 2006).
Given the role of PFDNs in cytoskeletal protein folding (a process implicated in cell motility), assembly
of the quaternary structure of protein complexes, and also in the regulation of gene transcription and chro-
matin remodeling, among others, it would not be surprising that PFDN gene expression level and functions
were altered in cancer cells or cancer patients. The expression of the 9 human PFDN genes evaluated in
over 10,000 cancer patient samples from The Cancer Genome Atlas (TCGA) across more than 30 cancer
types showed a general upregulation of the PFDN genes in tumoral tissues compared to matched normal
tissues (Hadizadeh Esfahani et al., 2018). Nevertheless, since PFDNs can assemble into two different pro-
tein complexes with distinct functions, together with the notion that some PFDNs are thought to exert part
of their functions in a PFDN complex-independent manner, a more detailed analysis of the gene expression
of the nine PFDN genes is required to understand their role in the different cancer types.

High mRNA or protein levels of PFDNs are already described in many different cancer types and are corre-
lated with poor clinical outcomes, as described herein. Using publicly available mRNA expression data
from TCGA, we analyzed the expression level of the nine PFDN genes across the 18 cancer types for which
enough tumoral and normal adjacent tissue samples (sample size >8) were available to perform a differen-
tial expression analysis (total number of sample size more than 8,100 samples) (Table 2). Statistically signif-
icant mMRNA expression level changes were found in most of the PFDN genes across cancer types (Figure 7;
adjusted p value <0.005 after FDR correction of the p value from Wald test). Most of these changes repre-
sent an upregulation in the cancer tissue compared to the adjacent normal one, reaching up to a 3-fold
increase. Clustering analysis of mRNA expression levels present two distinct clusters, where PDFN4,
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Figure 7. PFDNs are upregulated in cancer at mRNA level

Heatmap showing the log 2 of the fold change in mRNA levels of PFDNs in cancer tissues compared to adjacent normal tissue,
as computed using moderated estimation of fold change and dispersion for RNA-seq data with DESeq?2 across different
cancer types of TCGA. Stars represent the adjusted p value associated to the change assessed by the Wald test after
normalization of RNA-seq counts (*** = p <0.005; ** = p < 0.01; * = p < 0.05). PFDN rows are displayed according to clustering
analysis of the log2FC. TCGA, The Cancer Genome Atlas; UPC, Unconventional PFDN-like Complex; FC, Fold Change

PDRG1 (PFDN4r), PFDN6, and PFDNZ2 share a very similar gene expression level in all the tested cancer
types, suggesting a common gene expression regulation mechanism of these genes in cancer patients.
Notably, these 4 PFDNs belong to the class B PFDNs. In the mRNA levels of the rest of the PFDNs, contain-
ing all the a-class prefoldins, this common upregulated pattern was not so clearly found.

As shown in Figure 7, not all the components of the classic PFDN complex followed the same regulation in
the different cancer types. The same conclusions were obtained for the components of the UPC, suggest-
ing that either the different components of the PFDN protein complexes are not regulated in the same
fashion in cancer tissues or the expression of the mRNA of the different PFDNs is regulated by different
mechanisms across cancer types. These results are in agreement with the fact that the each PFDN's genes
are located in different coordinates of the genome, even in different chromosomes, which also suggests
that different regulatory mechanisms are very likely to be found for the different PFDN genes (Atkinson
and Halfon, 2014).

Importantly, amplification in the PFDN genes results in a statistically significant increase of the mRNA levels
as discussed previously. Taken together, these observations indicate that there is a cancer-type specific
CNA amplification in certain PFDN genes, which causes the upregulation of the mRNA levels of those
genes. Nevertheless, in most of the cancer types analyzed, an upregulation of the PFDN genes occurs,
especially in the case of the B PFDNs, caused by mechanisms different from genomic amplifications.
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mMRNA expression levels of PFDNs from the classic complex

In a recent study, the higher expression level of the whole classic PFDN complex has shown bad prognostic
value in gastric cancer (Yesseyeva et al., 2020), especially in the case of PFDN2. The classic PFDNs have
been also studied in dysplastic nevus cells, which can develop into cutaneous melanomas (Goldstein
and Tucker, 2013). Differential gene expression analysis revealed that dysplastic nevus tissues present a
significant upregulation of the PFDN family when compared to normal adjacent tissues, probably as part
of the protein folding response triggered by the increase in reactive oxygen species (Gao et al., 2012). How-
ever, our data were not conclusive since the number of control samples for skin cutaneous melanoma
(SKCM) was too low (n = 1) to perform a differential expression analysis, and no control samples were avail-
able for uveal melanoma (UVM) (Table 2).

Protein level of PFDN1 is upregulated in colorectal cancers when compared to adjacent tissues and this
upregulation positively correlated with tumor size and invasion, whereas negatively correlated with survival
time (Wang et al., 2015a). Moreover, downregulation of PFDN1 in colorectal cancer cells inhibits prolifer-
ation due to cell cycle arrest, caused by defects in cytoskeletal remodeling, inhibits cell motility and de-
creases tumor burden in nude mice (Wang et al., 2015a). We were also able to detect a significant, although
moderate, increase (fold change of 0.35 between the tumor tissue and the normal adjacent tissue; p value <
5.0E-3) of PFDNT mRNA expression in TCGA colorectal cancer cohort (Figure 7). Enhanced PFDN1 expres-
sion was also observed in lung cancer cells undergoing EMT (Wang et al., 2017). In these cells, PFDN1 was
shown to bind cyclin A promoter, suppressing its transcription, and cyclin A overexpression rescued the
phenotype observed upon PFDN 1 overexpression (Wang et al., 2017), consisting of an increase in cell pro-
liferation, migration, and invasion, although we were not able detect any upregulation of PFDN1 in lung
cancers as shown by our TCGA study (Figure 7).

PFDN3 was reported to be downregulated during differentiation in neuronal cells, and it has been pro-
posed to act as an oncogene through its binding to the VHL tumor suppressor protein in neuroblastoma
(Cimmino et al., 2007). We could not evaluate the differential expression of PFDNs in this cancer type
due to the low number of control samples (Table 2).

Moreover, upregulation of PFDN4 was reportedly detected in B cell non-Hodgkin's lymphoma, a cancer
type for which TCGA samples are not available to evaluate the differential gene expression (Table 2). A
common feature in this cancer type is the fusion of histone H4 and Bcl-6 as a result of chromosome rear-
rangements. Interestingly, overexpression of this fusion protein in kidney fibroblasts resulted in the upre-
gulation of the PFDN4 gene, although the downstream effects of upregulation were not addressed (Kurata
et al.,, 2002). Conversely, a higher expression of PFDN4 in colorectal samples correlated with a better pa-
tient survival but also associated with the development of metastasis (Miyoshi et al., 2010). Knockdown of
PFDN4 resulted in increased cell proliferation and invasion in these samples (Miyoshi et al., 2010). Thus, the
effects of the modulation of PFDN4 mRNA levels in cancer is still to be clarified.

PFDNS5 has also been shown upregulated in pancreatic cancer cell lines when compared to primary cell
lines (Alldinger et al., 2005). Although we could not corroborate this observation using our TCGA datasets
because of the limited number of normal pancreatic tissue (n = 4) to make the comparison with the pancre-
atic tumors, a significant upregulation of PFDN5 in kidney renal papillary and clear cell carcinomas (KIRP
and KIRC) was detected (fold change of 0.9; p value <0.005) that would deserve further characterization.

Additional studies in PFDN5 have been performed and its relationship with cancer has been evaluated. In
parallel to its discovery as a prefoldin, PFDN5 was also identified as a Myc modulator by yeast two-hybrid
screening, and termed MM-1 (Myc Modulator 1) (Mori et al., 1998). PFDN5 was proposed as a negative
regulator of c-Myc by several mechanisms that include direct binding to c-Myc box Il domain to repress
its transcriptional activity (Kimura et al., 2007; Mori et al., 1998); recruitment of HDAC repression complex
to c-Myc via interaction with KAP1/TIF18 (Satou et al., 2001, 2004); and c-Myc degradation through E3 ubig-
uitin ligase complexes involving Cullin2 and SKP2 (Kimura et al., 2007) and Rabring7 (Yoshida et al., 2008).
Overexpression of PFDN5 repressed c-Myc transcriptional activity whereas its downregulation showed the
opposite effects. In this regard, c-Myc repression abolishes cell proliferation and increases senescence
(Chen et al., 2018). Furthermore, the mutated version of PFDN5 (mistakenly termed as A157R, which corre-
sponds to the A144 in the wild type protein) found in cancer samples, especially in lymphoma, was shown to
relieve its repressive effects on c-Myc (Fujioka et al., 2001). An additional link between PFDN5 and c-Myc
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was proposed by Yoshida et al., who demonstrated that PFDN5 downregulation increased the expression
of wnt4, an activator of the Wnt signalling pathway known to activate c-Myc transcription (Yoshida et al.,
2008).

Interestingly, different modulators of PFDN5 have been identified. Interaction of PFDN5 with Apé3a.in hu-
man cells leads to proteasomal degradation of PFDN5 (Han et al., 2016), likely mediated by the E3 ubiquitin
ligase HERC3 (Chen et al., 2018). Further evidences showed low expression of PFDN5 together with
enhanced expression of p63, HERC3, and c-Myc in breast carcinoma samples (Chen et al., 2018).

Upregulation of PFDNé protein level was detected in several cancers, including brain, colon, thyroid,
breast, and ovarian (Ostrov et al., 2007), as consistent with our observations (Figure 7). In a different study
using the DEXA-resistant cell line as a model for acute lymphoblastic leukemia (ALL) poor responding pa-
tients, mMRNA PFDNé levels were found downregulated, as it also happens in bone marrow samples of ALL
patients (Dehghan-Nayeri et al., 2017). Hence, low levels of PFDN6 were proposed to serve as a targeting
marker for poor prognosis in childhood ALL (Dehghan-Nayeri et al., 2017). However, we could not evaluate
the mRNA expression of PFDNs in ALL due to a lack of the mRNA expression analysis in this cancer type
from TCGA (Table 2). It is also important to consider that PFDNé forms part of both the classic and the
UPC, and therefore its differential regulation and expression might be linked either to classic PFDNs or
to UPC.

Expression of PFDNs from the UPC

Several studies have focused on studying the role of URI in carcinogenesis, and increasing evidence exists
supporting the idea of URI being an oncogene whose overexpression enhances cell proliferation, migra-
tion, and invasion, as demonstrated in multiple cancer types such as ovarian, cervical, liver, prostate,
gastric, and colorectal, and in multiple myeloma (Fan et al., 2014; Gu et al., 2015; Hu et al., 2016; Lipinski
et al., 2016; Luo et al., 2016; Mita et al., 2016; Theurillat et al., 2011; Tummala et al., 2014; Xing et al.,
2019; Zhang et al., 2018).

In particular, in liver cancer URI mRNA and protein levels in hepatocellular carcinoma (HCC) samples are
significantly increased when compared to peritumoral tissues and URI overexpression correlates with
poor patient survival in HCC (Tummala et al., 2014). Moreover, this high URI expression level is associated
with hepatitis B and C virus (HBV and HCV) infection, both well known risk factors for HCC (Tummala et al.,
2014). Further evidences suggest that URI amplicon is not amplified in human HCC, but its promoter is
regulated by HBV X protein (HBx), the oncoprotein of HBV, thereby leading to its expression and most likely
tumorigenesis (Tummala et al., 2014). Indeed, overexpression of URIl in mouse hepatocytes leads to tumor
formation (Tummala et al., 2014). We also detect a significant URlincrease in liver cancer (LIHC) in our anal-
ysis (Figure 7; p. value <5.0E-3). The first mechanism linking URI and oncogenesis was described by Tum-
mala et al.in 2014 in HCC, showing that URI inhibits aryl hydrocarbon receptor (AhR) and estrogen receptor
(ER) signaling, causing a decrease in transcription of NAD" metabolism and thus increasing DNA damage.
This increased DNA damage upon URI overexpression was proposed to trigger the transformation process
in the cells. URI is also highly expressed in endometrioid adenocarcinoma and its expression is even
increased in high grade tumors (Gu et al., 2013).

As described for URIin HCC, it has been proposed that in breast cancer cells, STAP1 binds to estrogen re-
ceptor (ER), preventing its translocation to the nucleus and thus its transcriptional activity. On the other
hand, the tumor suppressor lysyl oxidase propeptide (LOX-PP) binds to STAP1 and promotes its degrada-
tion, allowing ER to activate transcription and protecting against the acquisition of oncogenic properties
(Sanchez-Morgan et al., 2017).

Furthermore, URl is overexpressed in multiple myeloma (MM) patients and cell lines derived from MM (Fan
et al., 2014), and leads to transcription of IL-6, which through autocrine mechanisms promote MM cell sur-
vival and resistance to chemotherapy (Fan et al., 2014). In vitro treatment of melanoma cell lines with a
mutated-BRAF inhibitor used in the clinic caused the disruption of the interaction between the URI
PFDN-like complex and the RNA polymerases that leads to their destabilization (Frischknecht et al., 2019).

Other studies revealed that certain colorectal cell lines, but not all, are URI-dependent since silencing of
URI with shRNA leads to cell death (Lipinski et al., 2016). The URI-dependent colorectal cell lines are
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also PFDN3 dependent, indicating that the dependency of URI might be through its function in the UPC.
Depletion of URI activates p53-mediated apoptosis and diminishes the tumor growth when URI-dependent
colorectal cells were injected into nude mice, indicating that URI expression protects cells against
apoptosis (Lipinski et al., 2016).

URI was also proposed to regulate transcriptionally LINE-1 retrotransposon in prostate cancer cells. URI
binds to KAP1 to facilitate its dephosphorylation by PP2A and thus preventing transcriptional activity.
Upon URI loss, transcription of LINE-1 retrotransposon is increased and can be integrated in various
genomic locations, thereby causing mutation-driven cancer (Mita et al., 2016). In this case, it would be
the loss of URI or its translocation to the cytoplasm that would have oncogenic properties.

The role of URI in gastric cancer has been also studied. Overexpressing URI in gastric cancer cells are pro-
tected against apoptosis induced by Adriamycin (Hu et al., 2016). Additional mechanisms linking URI and
oncogenesis have been studied in gastric cancer cells. Potassium dichromate induces oxidative stress and
DNA damage in cells, effects that were exacerbated upon URI knockout in vitro leading to apoptosis. Then,
it is speculated that URI expression would protect cancer cells against DNA damage and apoptosis,
contributing to chemoresistance (Luo et al., 2016). Furthermore, knockdown of URI in vitro induces auto-
phagy, probably through the mTOR/p70S6K pathway to which URI has been previously linked (Zhang
et al., 2018).

In ovarian cancer, amplification of URI was proved to be required for tumor initiation and progression, likely
through alterations in the signaling hub in which URI participates together with PP1gamma and S6K1. Over-
expression of URI causes the continuous activation of this signaling branch, conferring an enhanced survival
signaling to the cancer cells (Theurillat et al., 2011). Additional mechanisms linking URI and ovarian cancer
were discovered later on, thanks to in vitro experiments demonstrating that URI is a target for microRNA-
598. Overexpression of this microRNA in the cells caused a reduction in proliferation, migration, and inva-
sion; and microRNA-598 overexpression cells inoculated into mice to assess tumor growth validated those
results in vivo (Xing et al., 2019). The role of URI as an oncogene has been also proved in cervical cancer
cells, since overexpression of URI promotes cell proliferation, invasion, migration, EMT and cisplatin resis-
tance, whereas its downregulation causes the opposite effect (Gu et al., 2015).

STAP1 is overexpressed in breast tumors and derived cell lines when compared to normal tissues and pre-
sents high protein levels in bladder, breast, ovary, and thyroid tumor tissues (Zhao et al., 2005), suggesting
that STAPT has oncogenic activities. However, this increase was not detected in our study (Figure 7) and
recent data indicate that STAP1 expression was lost in high-grade prostatic intraepithelial neoplasia and
prostate cancer samples when compared to normal tissues and in benign prostatic hyperplasia samples
(Wang et al., 2019). In line with the above results describing regulation of LINE-1 by URI, knocking out
STAP1 in murine prostate cells leads to intraepithelial neoplasias in the tissue, probably due to the promo-
tion of retrotransposition of LINE-1 elements, likely mediated by the interaction of this protein with KAP1
(Wang et al., 2019).

Consistent with our observations (Figure 7), increased PFDN4r has been reported in a variety of tumors
(reviewed in Pajares, 2017). Nevertheless, the function of PFDN4r has been only addressed in bladder
cancer. The effect of PFDN4r in this cancer type was identified as it is a direct downstream target of the
microRNA-214. Either microRNA-214 expression or PFDN4r knockdown attenuates cell proliferation and
migration in vitro (Wang et al., 2015b).

Finally, treatment of prostate cancer cell lines with antitumoral drugs such as dictyoceratin-A and -C iden-
tified the UPC component RPAP3 as a target of these compounds. Treated cells showed an inhibition of
RPAP3 and the whole R2TP/PFDN complex, preventing its function as a stabilizer for PIKKs such as
mTOR and causing cell death under hypoxic conditions (Kawachi et al., 2019).

DISCUSSION

The PFDN family of proteins is evolutionary conserved and contributes to maintain cellular homeostasis, not
only by assuring a proper protein folding of cytoskeletal proteins and large macromolecular complexes within
the cell but also by interacting with different proteins, which confers them a wider range of functions. Yet, the
full list of PFDNs' interactors, their functions in the cell and their regulation remains to be fully understood.
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Figure 8. PFDNs contribute to cellular adaptive responses to stress

Different pathology-related environmental factors disrupt cellular functions, thus inducing a cellular response in order to restore homeostasis. PFDNs

contribute to this cellular buffering response, either by their functions as PFDN complexes (classic or UPC) or by their actions as single proteins, as

demonstrated for URI. PFDNs ensure a proper protein folding, as well as a proper regulation of cell cycle and survival, thus contributing to restore cellular

homeostasis. When PFDNs' buffering activities are not enough to compensate the stress or when PFDN protein levels are altered, cell functions result

dysregulated, leading to different pathological conditions.

Most of the studies evaluating the role of the classic PFDN complex focused the investigations in single
PFDN genes or proteins, making it difficult to distinguish if effects seen on tumorigenesis are caused by
the contribution of the whole PFDN complex (or combination of members in PFDN complex) or by inde-
pendent functions of PFDN either acting alone or with interactions between components. As a general
trend, PFDNs are upregulated in various cancers and they might promote tumorigenesis, although
organ-specific tumor suppressive or oncogenic functions cannot be excluded. The generation of genet-
ically engineered mouse models for all PFDNs is critical to better decipher their functions during
tumorigenesis.

URIl is the PFDN protein that received more attention in recent years. Lessons from mice indicate that URI
levels might be critical to perform either oncogenic or tumor suppressive functions, through its ability to
directly bind and regulate the activity of diverse proteins including transcription factors (ERe. and AhR), en-
zymes (PP1y and OGT), tumor suppressors (parafibromin), and proteins with oncogenic roles (B catenin)
(Figure 4).

The ability of URI to be considered as a co-chaperone and to modulate activity of various partner proteins
suggests that URI uncovers buffering activities, surmising the hypothesis that PFDNs might be fundamental
to neutralize the deleterious effects of environmental stress and maintain cellular and protein homeostasis
(Figure 8). Perturbations in URI levels might affect the quality control mechanisms required to reduce or
eliminate the impact of environmental stress-induced protein misfolding and avoid proteotoxicity, which
could lead to cancer and many other diseases. To fully elucidate the functions of the classical PFDN com-
plex or UPC, having more information on the organization and structure of both protein complexes will
certainly help us to obtain a comprehensive mechanistic understanding of their functions and roles at
cellular and tissue levels and in diseases such as cancer.

Limitations of the study

The analyses included in this manuscript were performed using the GTEx and TCGA datasets for RNA-Seq
data. Although these datasets have already given us sufficient information, similar analyses using addi-
tional datasets could have been performed to corroborate our findings, in particular for checking gene
aberrations, mutations and mRNA expression of PFDNs. Moreover, protein analysis and functional studies
would have shed light on the biological relevance of our findings. Finally, information regarding the
recently discovered protein ASDURF that is suggested to be a novel PFDN was not included in these an-
alyses since it was not annotated as such in the used datasets, and further work is required to determine
whether ASDUREF is really part of the UPC.
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