S International Journal of

7
Molecular Sciences m\D\Py

Review
Emerging Roles of Gemin5: From snRNPs Assembly
to Translation Control

Encarnacion Martinez-Salas **/, Azman Embarc-Buh'® and Rosario Francisco-Velilla

Centro de Biologia Molecular Severo Ochoa, CSIC-UAM, Nicolds Cabrera 1, 28049 Madrid, Spain;
azmane@cbm.csic.es (A.E.-B.); rfrancisco@cbm.csic.es (R.E-V.)
* Correspondence: emartinez@cbm.csic.es; Tel.: +34-911-964-619; Fax: +34-911-964-420

check for
Received: 30 April 2020; Accepted: 27 May 2020; Published: 29 May 2020 updates

Abstract: RNA-binding proteins (RBPs) play a pivotal role in the lifespan of RNAs. The disfunction
of RBPs is frequently the cause of cell disorders which are incompatible with life. Furthermore,
the ordered assembly of RBPs and RNAs in ribonucleoprotein (RNP) particles determines the function
of biological complexes, as illustrated by the survival of the motor neuron (SMN) complex. Defects in
the SMN complex assembly causes spinal muscular atrophy (SMA), an infant invalidating disease.
This multi-subunit chaperone controls the assembly of small nuclear ribonucleoproteins (snRNPs),
which are the critical components of the splicing machinery. However, the functional and structural
characterization of individual members of the SMN complex, such as SMN, Gemin3, and Gemin5,
have accumulated evidence for the additional roles of these proteins, unveiling their participation
in other RNA-mediated events. In particular, Gemin5 is a multidomain protein that comprises
tryptophan-aspartic acid (WD) repeat motifs at the N-terminal region, a dimerization domain at
the middle region, and a non-canonical RNA-binding domain at the C-terminal end of the protein.
Beyond small nuclear RNA (snRNA) recognition, Gemin5 interacts with a selective group of mRNA
targets in the cell environment and plays a key role in reprogramming translation depending on
the RNA partner and the cellular conditions. Here, we review recent studies on the SMN complex,
with emphasis on the individual components regarding their involvement in cellular processes critical
for cell survival.
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1. Introduction

Post-transcriptional mechanisms governing gene expression depend on the concerted action of
RNA-binding proteins (RBPs) and RNAs. Soon after transcription commences, the mRNA associates
with a distinct type of RBPs, giving rise to dynamic ribonucleoprotein (RNP) entities, which control
gene expression as a function of the components present in the complex [1]. In this respect, RBPs play
fundamental roles during the processing, modification, stability, localization and translation of
RNAs [2,3]. Conversely, RNAs can regulate interaction, stability, localization, and function of RBPs.

Translation is the action of decoding mRNA information into protein. This is a tightly regulated
process, predominantly controlled at the initiation step, which requires the activity of dynamic RNP
complexes. Translation initiation in the vast majority of eukaryotic mRNAs occurs by a mechanism that
depends on the m’GTP residue (or cap) located at the 5’end of most mRNAs. During cap-dependent
initiation, eukaryotic initiation factors (eIFs) recruit the small ribosomal subunit to the 5’end of the
mRNA [4]. However, there are alternative manners to initiate translation independently of the 5'cap of
the mRNA. One of the best studied cap-independent mechanisms was characterized in viral mRNAs
that evade cap-dependent inhibition and, at the same time, take advantage of the translation shutdown
induced in infected cells [5-7]. This cap-independent mechanism is based on internal ribosome entry
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site (IRES) elements [8,9] which recruit the ribosomal subunits, promoting translation initiation at
internal start codons [10,11]. Viral IRES-dependent translation requires a subset of elFs and various
RBPs [12-14], with the exception of the dicistrovirus intergenic region [15,16].

In every organism of all kingdoms of life, RBPs perform critical functions in cellular processes
related to gene expression in general and more specifically, in RNA-driven mechanisms, affecting all
steps of RNA life. Accordingly, RNA-dependent pathways can be altered by the reduced expression,
aggregation, or sequestration of RBPs [17], finally resulting in disease. In addition, the malfunction
of RBPs whose activity is directly involved in events related to translation control, including tRNA
synthesis, ribosome biogenesis, sequestration, and mislocalization of mRNAs, causes a distinct type of
disorders. Similarly, defects in proteins which determine the activity of macromolecular complexes
can be the cause of severe diseases. For instance, the misregulated assembly of RNPs leads to
neurodegenerative diseases such as amyotrophic lateral sclerosis (ALS) and spinal muscular atrophy
(SMA). The latter is an autosomal recessive disorder caused by a reduction in the SMN (survival
of motor neuron) protein [18], a central member of the SMN complex that governs the assembly of
small nuclear ribonucleoproteins (snRNPs), the essential components of the spliceosome. Accordingly,
the most frequent cause of SMA (about 95%) is due to mutations in the survival motor neuron 1 (smnl)
gene, partially compensated by the smn2 gene. However, the activity of individual SMN proteins
in each type of human cells and how the SMN complex contributes to motor neuron function and
survival still remains unknown.

2. The SMN Complex Members and Functions

The SMN complex is expressed in all eukaryotic cells; it is present throughout the cytoplasm
and in the nucleus, where it is concentrated in Gems (Gemini of Cajal bodies). In humans, the SMN
complex comprises nine members (SMN, Gemins2-8 and the unr-interacting protein (unrip)) [19]
(Figure 1). This complex is a molecular chaperone that plays a critical role in the biogenesis and
function of snRNPs [20,21], the basic components of the splicing machinery. snRINPs consist of a
U-rich small nuclear RNA (snRNA) and seven small (Sm) proteins that assemble onto the snRNA in
the cytoplasm [22]. Two complexes, the protein arginine methyltransferase 5 (PRMT5) and the SMN,
mediate the ordered assembly of the Sm proteins (D1/D2/F/E/G/D3/B) (Figure 1) through sequential
steps. Newly synthesized Sm proteins remain bound to the ribosome near the polypeptide exit
tunnel and dissociate upon association with the PRTM5 chaperone methylosome subunit pICln [23],
which pre-arranges the Sm proteins into spatial positions. Then, the SMN complex dissociates pICln
from the Sm proteins and enables their assembly on snRNAs to form snRNPs [24].
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Figure 1. Simplified diagram of the survival of motor neuron (SMN) complex and the Sm core.

The individual members of the SMN complex (SMN, Gemin2-8 and unrip) as well as the Sm proteins
are depicted according to their interaction pattern. See text for details.
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Sm ribonucleoprotein particles are ring-shaped structures formed by Sm proteins around a
U-rich segment of RNA followed by a stem-loop. In Drosophila, SMN and Gemin2 proteins are
sufficient to assemble the Sm core efficiently. The loss of SMN protein is lethal in humans, mice,
and flies. A structural analysis of the SMN protein revealed a conserved oligomerization domain
that contains a (YxxG)3 motif [25]. It is worth mentioning that about 50% of the missense mutations
observed in SMA patients are located within the tyrosine-glycine (YG)-box of the SMN protein.
Recent studies have shown that the oligomerization of SMN promotes protein stability by sequestering
an Skp/Cullin/F-box(Slimb/fs) (SCF)SLMB degron present in the YG-box [26]. Both the YG-box and the
Gemin2-binding domain of the SMN protein are conserved between human and yeast. The human
Gemin?2 protein is monomeric, while the SMN-Gemin2 complexes form stable dimers which associate
to form tetramers and octamers [27]. According to the estimated concentration of these proteins in
living cells, it has been hypothesized that the dimers of SMN-Gemin2 are the most frequent form in
the cell.

Gemin? is the most conserved protein of the SMN complex and is responsible for the ordered
assembly of SmD1/D2/F/E/G proteins into a pentamer prior to their gathering on snRNAs [28].
The modification of the phosphorylatable residue S81 of Gemin2 that lies between the motifs involved
in Sm proteins binding [29] modulates the interaction with Gemin5, which also harbors several
phosphorylation sites [30]. Geminb5 is responsible for the recognition of the U-rich sequence known
as the Sm site of snRNAs through its tryptophane-aspartic acid (WD) domains and delivers these
molecules to the SMN complex in the cytoplasm [31,32]. In addition to SMN, Gemin2, and Gemin,
the RNA helicase Gemin3 (DDX20) forms part of the minimal SMN complex mediating snRNP assembly
in Drosophila [33]. The phosphorylation state of SMN, Gemin2, Gemin3, and Gemin5 determines their
interaction. Gemin3 is a self-interacting phosphoprotein with RNA helicase activity controlled by the
phosphorylation of 5320, which mediates ATP binding [34].

Additional SMN complex members, such as Gemin4 that contains a nuclear localization signal,
are essential proteins in mice. In human cells, the overexpression of Gemin4 induces the relocalization
of the SMN complex to the nucleoplasm, while high levels of a Gemin4 variant lacking a nuclear
localization signal sequesters Gemin3 and a fraction of Gemin?2 in the cytoplasm [35]. Gemin6 and
Gemin? proteins exist as a heterodimer; they connect with each other via an interface similar to that
which mediates interactions between Sm proteins [36]. Moreover, Gemin6, Gemin7, and Unrip form a
stable cytoplasmic complex whose association with SMN requires Gemin8 [37].

The cellular levels of the individual members of the SMN complex are interconnected, such that
low amounts of SMN protein, including those variants derived from SMA patients, decrease the
stability of the other SMN complex components [38,39]. A reduction in SMN protein leads to a decrease
in snRNP assembly, the disappearance of Gems, and a reduction in the amounts of several Gemins [40].
Conversely, a reduction in Gemin2 or Gemin6 strongly decreases the activity of the SMN complex.
Given that Gemin2 makes multiple contacts within the SMN complex, an excess of Gemin2 results in
the assembly of partial inactive complexes, reducing the amount of the functional complex.

The deletion of members of the SMN complex is incompatible with life. Low levels of SMN protein,
as well as Gemins 2, 3, 4, 5, 8, or Unrip, is detrimental to cell survival in flies [41,42]. The disfunction
of Gemin2, Gemin3, and Gemin5 results in defective motor phenotypes that are similar to those
described for SMN in humans, while the loss of Gemin5/rigor mortis is lethal [43]. Furthermore,
dominant-negative effects have been reported for defective SMN proteins unable to oligomerize,
as well as for Gemin3 mutants lacking the helicase domain [44]. Conversely, the overexpression of
Gemin? has a toxic effect reducing flies” viability, while the upregulation of SMN or Gemin5 impacts
the viability of flies expressing a Gemin3 hippomorphic mutant [45]. Although the overexpression of
Geminb protein in muscle tissues has no defects, flies exhibit viability disorders when coexpressed
with the Gemin3 hippomorphic mutant. Taken together, all these findings highlight the relevance of
the stoichiometry of the SMN members for SMN complex function.
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The components of the SMN complex can be detected in the cytoplasm, nucleus, and nuclear
gems. For instance, snRNP-cytoplasmic bodies (U bodies) contain the SMN protein and also Gemins 2,
3, and 5; U bodies are cytoplasmic granules associated with P bodies, which are involved in RNA
surveillance and decay [46]. Regarding the implications of the cellular localization of the SMN complex,
it has been hypothesized that the phosphorylation of its components can regulate cytoplasm-nucleus
trafficking. Besides snRNP assembly and therefore spliceosome activity, regulatory signals affecting
the phosphorylation of the SMN components can alter other activities of these proteins when acting
individually. In support of these possibilities, SMN members have been identified as phosphoproteins
in the cytoplasm of human cells [47]. A subsequent work reported additional phosphorylation sites in
serine or threonine residues on SMN, Gemin2, Gemin3, Gemin4, Gemin5, and Gemin6, with SMN and
Gemin3 showing the highest degree of phosphorylation [30].

Besides snRNP assembly, the SMN protein is involved in axonal mRNP assembly and
trafficking [48]. In neurons, SMN can bind to mRNAs directly or via various RBPs; Smn cargos include
mRNAs of 3-actin, growth-associated protein 43 (Gap43), annexin 2 (Anxa2), and neuritin/cpg15 [49-51].
Other functions reported for SMN protein include translation regulation [52], phosphatase and
tensin-homolog-mediated (PTEN-mediated) protein synthesis pathways [53], neuromuscular junction
function [54], and muscle architecture [55], reinforcing the biological relevance of this protein in distinct
cellular processes. Furthermore, SMN also functions in the transport and assembly of microRNPs or
telomerase RNPs [56,57].

3. The Modular Structure of Gemin5: Implications for Its Multifunctional Role in
Gene Expression

Geminb is a predominantly cytoplasmic protein that forms part of the SMN complex in metazoan
organisms [33,58,59]. The protein, which is expressed in all human tissues [60,61], is responsible for the
recognition of the Sm site of snRNAs [32]. However, a large fraction of Gemin5 protein is found outside
of the SMN complex [62], suggesting that it may have additional functions. In agreement with this
view, Geminb5 acts as a hub for several RNP networks which perform a plethora of dedicated cellular
functions. Among others, Gemin5 has been identified as a signal recognition particle (SRP)-interacting
protein [63], as a ribosome-interacting factor [64,65], as a translation regulator of several mRNAs [66-69],
or as a factor involved in trans-splicing [70]. Further supporting the involvement of this multifaceted
protein in different activities, recent data have shown that Gemin5 can act as a reprogramming factor in
zebrafish lateral line hair cells, allowing for a shift toward cell survival [71]. In addition, an RNA-Seq
analysis revealed that the gemin5, together with smnl and gemin3 genes, are linked to a common
set of genetic pathways, including the tumor protein tp53 and the epidermal growth factor receptor
ErbB pathways.

The studies showing that Gemin5 acts as a downregulator of translation have underscored a new
unexpected function for this protein [66], disclosing its contribution to RNA-dependent processes
unrelated to the activity of the SMN complex. Then, the discovery that Gemin5 is a target of the
L protease in picornavirus-infected cells [72], which produces a 85 kDa (p85) C-terminal polypeptide
(Figure 2), has revealed important repercussions for the impact of the protein on the regulation of
translation. Remarkably, the expression of p85 in human cells stimulates viral IRES-driven translation,
contrary to the negative effect of Gemin5 in translation [73,74].

Gemin5 comprises distinct structural and functional domains (Figure 2). The N-terminal moiety
(amino acids 1-739) is composed of two juxtaposed seven-bladed WD40 domains [75] that recognize
the Sm site of snRNAs and the m’G cap via base-specific interactions [76,77]. The C-terminal part
(amino acids 1287-1508) harbors a non-canonical RNA-binding site (RBS) with two moieties designated
as RBS1 and RBS2 [73], which differ in RNA-binding capacity as well as in the ability to modulate
translation. The RBS1 domain (amino acids 1287-1412) not only displays robust RNA-binding capacity
in vitro, but also binds a selective group of RNA targets in living cells [68]. According to nuclear
magnetic resonance (NMR) structural studies of the RBS1 polypeptide, this domain of Gemin5 does



Int. J. Mol. Sci. 2020, 21, 3868 5o0f 14

not adopt a unique structural conformation in solution [73], a feature frequently found in intrinsically
unstructured proteins [78]. Therefore, separate modular regions of Gemin5 located at the protein ends
with different structural organizations are involved in the recognition of RNAs performing distinct
functions, such as assembly of snRNPs, ribosome interaction, and IRES-dependent translation.
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Figure 2. Schematic representation of Gemin5 domains and functions. The amino acids flanking each
domain of the protein, as well as the p85 product resulting from the L protease cleavage, are indicated at
the top. Known RNA targets of the different domains are depicted in relation to the observed function
of the Gemin5 protein. The tetratricopeptide repeat (TPR)-like domain mediates the dimerization of
the protein. See text for details on the impact of the indicated domains on the diverse functional roles
of the protein.

More recently, structural analyses conducted to understand the functional role of the middle region
of Gemin5 have demonstrated the presence of a robust dimerization module (amino acids 845-1097)
(Figure 2) [74]. This singular dimerization domain, which resembles a canoe-shape, folds as a
tetratricopeptide repeat (TPR)-like motif alternating 17 helical pairs that exhibit the classical TPR
pattern of small and large hydrophobic residues [79,80]. Despite the tight association between
Gemin5-TPR monomers, a single point mutation in the dyad axis is sufficient to destabilize the
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dimer [74]. The strong conservation of the TPR-like domain suggests that the dimerization module of
Gemin5 plays a fundamental role in the architecture and activity of the protein. Moreover, the first
residue detectable on the crystal structure coincides with the L protease cleavage site that releases
the p85 fragment during foot-and-mouth disease virus (FMDV) infection [72], suggesting that the
dimerization module plays a central structural role in the activities of this protein. In support of this
possibility, a p85 construct with a tandem affinity purification (TAP)-tag at the C-terminus recruits
the full-length cellular Gemin5 protein, while the mutant that prevents dimerization fails to do so.
These data indicate that the canoe-shape domain provides the anchoring site for the interaction of p85
with the full-length Gemin5 protein in the cell environment, presumably contributing to the behavior
of the viral-induced cleavage fragment in translation control. Among other possibilities, these results
led us to propose that the recruitment of Gemin5 by the viral cleavage product p85 might reduce
the pool of free full-length protein, thereby interfering with the RNA-mediated pathways where the
involvement of this protein is required, including IRES-dependent translation. Consistent with this
view, the disruption of the complex formation by the expression of the construct destabilizing the
dimerization domain abolishes the translation-enhancing effect of p85 protein [74].

Beyond self-dimerization, the identification of p85-Gemin5-associated partners has disclosed
relevant unknown functions of this versatile protein. The top gene ontology (GO) terms retrieved
by p85 are splicing-related components, translation control members, and snRNP assembly factors,
fully consistent with the functions reported for this protein [81]. Interestingly, a number of proteins
associated with Gemin5 are involved in several unanticipated biological processes, such as the
termination of RNA Pol II transcription, mRNA transport, cell-cell adhesion, or retina homeostasis,
among others. Although these associations need to be characterized in detail, the data suggest that the
protein can form part, either in a direct or indirect way, of multiple RNP networks. In marked contrast,
GO terms associated uniquely with the mutant protein that fails to dimerize are related to apoptotic
processes, proteolysis, and the response to unfolded proteins, strongly suggesting a protein instability
problem caused by the destabilizing mutation of the dimerization domain.

Given that the dimerization mutant disrupts the p85-Gemin5 interaction, hampers the association
with proteins regulating splicing and translation processes, and abolishes translation control, it is
conceivable that defects in Gemin5 dimerization will occur in severe diseases, as shown in mutations
affecting the TPR domains of other proteins [82]. Moreover, since Gemin5 appears to be connected
with multiple cellular processes, it is plausible to think that defects in this protein can cause alterations
in RNA metabolism, leading to cell disorders. However, the implication of Gemin5 protein in human
disease induced by mutations causing diminished levels, sequestration, misfolding, or the inability to
interact with relevant counterparts still remains to be elucidated.

4. The Gemin5 Interactome Unveils the Association with the Ribosome

The diverse composition of the cellular Gemin5 interactome reflects its functional versatility.
A comprehensive view of the Gemin5 proteome reveals that most partners copurify with the long
N-terminal domain [64], including several members of the SMN complex, RBPs, elFs, and ribosomal
proteins.  Fully consistent with the interactome components identified, compelling evidence
accumulated over the years supports the involvement of Gemin5 in gene expression and translation
control pathways [66,67,83,84]. Nonetheless, many copurified factors are lost upon the exhaustive
RNase A treatment of the complexes, uncovering the existence of Gemin5 networks guided by
RNA bridges.

The association of the endogenous protein with ribosomal particles disentangles a novel feature
of the Gemin5 protein [64]. Remarkably, the cellular protein sediments with the total ribosome fraction
that contains ribosomal particles and elFs. Furthermore, the purified protein interacts directly with
80S ribosomes and 60S ribosomal subunits through the N-terminal domain. Gemin5 and the G51.1287
polypeptide as well are detected on heavy polysome fractions, reinforcing their ribosome-binding
capacity (Figure 2) and also suggesting that the protein may have a partial stalling effect on translation
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elongation [64]. Consistent with this view, Gemin5 depletion or overexpression modifies the polysome
profile, concomitant with an increase or a decrease, respectively, in global protein synthesis. Collectively,
these data indicate that Gemin5 may control global protein synthesis via its binding with the ribosome.

In agreement with the Gemin5 capacity to bind 80S ribosomes, the ribosomal proteins associated
with the N-terminal domain remain constant after RNase treatment. Moreover, the ribosomal
proteins L3 and L4 interact directly with Gemin5 in glutathione-S-transferase (GST) pull-down assays,
suggesting that Gemin5 can form a binary complex with these proteins. L3 and L4 are conserved
proteins with terminal extensions located on the solvent side of the ribosome [85-87]. L4 forms
part of the peptide exit tunnel wall [88], while L3 coordinates the binding of elongation factors and
aminoacylated tRNAs. These data are compatible with the hypothesis that Gemin5 interaction with L3
and/or L4 can cause the observed negative effect on global translation. In this context, the increase in the
polysome/80S ratio observed after the overexpression of Gemin5 may be indicative of the preferential
translation of selective mRNAs concomitant to the decrease in the elongation rate of the majority of
mRNAs, as previously reported [89]. Thus, the ribosome binding capacity of the N-terminal moiety
enables Gemin5 to control global protein synthesis, while the C-terminal end harbors the repressor
element of IRES-dependent translation [73]. Hence, this protein contributes to translation control in
different ways using its distal domains, which additionally have the capacity to recognize specific
partners in the cell environment [64].

5. Promoting and Repressing Roles of Gemin5 in Translation Control

In recent years, Gemin5 has emerged as a critical factor during translational reprogramming
events, although the mechanisms underlying this phenomenon are still poorly known [71]. In this
respect, previous studies have shown that Gemin5 regulates translation through its capacity to
recognize a selective subset of mRNAs [68] and also serves as a hub for numerous RBPs [64] that,
in turn, are involved in gene expression control. This protein-RNA adaptor model can help to
explain its role in translational reprogramming. As mentioned before, Gemin5 acts as a negative
regulator of IRES-dependent translation [66,90], but it also acts as a translation stimulator for the SMN
mRNA [67]. Noteworthy, the RNAs used in the studies mentioned above are dissimilar in several
respects, including the different location on the mRNA of the motif recognized by Gemin5 (5"UTR,
or 3°'UTR, respectively) as well as main differences in the secondary structure of the putative RNA motif.
In this regard, the predicted secondary structure of 3’'UTR of the SMN mRNA appears to resemble the
snRNAs secondary structure recognized by the N-terminal end of Gemin5 [32]. In contrast, the protein
binds to the IRES element within a conserved stem-loop followed by a single-stranded region via the
non-canonical RNA-binding site placed at the C-terminal end [91].

The marked differences in RNA recognition reported by different studies are compatible with
the capacity of the individual domains of Gemin5 to recognize still-unknown RNAs. This possibility
prompted the search for cellular RNA targets of the RBS1 domain using a modified crosslinking
and immunoprecipitation (CLIP)-based approach in HEK293 cells. A prominent feature of the RNA
hits specifically recognized by the RBS1 domain is the ability to fold as thermodynamically stable
hairpins [68] in full agreement with the RNA-binding properties of the C-terminal domain of Gemin5.
Remarkably, none of the RBS1-associated sequences belong to snRNAs, indicating that the RBS1
region of Geminb specifically recognizes a different set of RNAs than the WD-repeats domain [31,32].
Regardless of the expression of the RBS1 domain individually, the Gemin5 CLIP data deposited in
ENCODE (https://www.encodeproject.org) shows a 30% overlap with RBS1 hits, further supporting
the RNA-binding capacity of RBS1. These studies identified an internal region of the Gemin5 mRNA,
designated H12 for hits 1-2, among the RNA targets of both Gemin5 and RBS1. The biochemical
and functional characterization of this target has demonstrated that the RBS1 polypeptide physically
interacts with the H12 RNA region upregulating mRNA translation, thereby providing a regulatory
feedback loop that counteracts the negative effect of Gemin5 on translation control. Further supporting
this feedback loop, the expression of RBS1 alone stimulates the translation of the endogenous Gemin5
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mRNA [68]. In addition, RBS1 stimulates the translation of mRNAs harboring the H12 sequence
independently of its position on the mRNA. These results provide support for the relevance of the
RBS1 moiety in translation control and demonstrate a regulatory mechanism that depends on both the
mRNA target sequence and the expression of the RBS1 domain.

In summary, Gemin5 could contribute to translation control in different ways using distinct
functional domains and their respective RNA partners (Figure 2). The negative role in the global
translation of the N-terminal region of Gemin5 is related with the capacity to recognize the cap structure
of RNAs, to bind the ribosome, and to sediment with heavy polysomes [84]. Instead, the negative effect
of RBS1 on translation is due to the enhancing translation effect on the endogenous Gemin5 mRNA.
Consequently, an increase in the amount of Gemin5 protein downregulates the global protein synthesis.

Besides the different functions of Gemin5 in normal conditions, the possibility that this protein
can have an important impact on translation control under cellular stress is still an open question.
As mentioned before, Gemin5 was identified as a factor bound to two viral IRES elements—hepatitis C
(HCV) and FMDV [92]. Moreover, Gemin5 silencing stimulates FMDV and HCV IRES activity [66]
in tissue culture cells. It is well established that IRES-dependent translation initiation mechanisms
drive the translation of specific mRNAs under conditions that impair cap-dependent translation
initiation as well as in certain stages of development, differentiation, and cell proliferation [93-96].
Furthermore, IRES-dependent translation is regulated by RN A-interacting proteins among others by
Gemin5 [97-100]. Under normal conditions, Gemin5 negatively regulates IRES-mediated translation
initiation, a function achieved by the RBS2 domain located at the most C-terminal end [73]. However,
as mentioned before, Gemin5 is cleaved in FMDV-infected cells by the L protease [72], such that the
resulting p85 C-terminal polypeptide enhances IRES-driven translation, therefore reprogramming viral
gene expression. In this respect, an additional example of the enhancing effect of Gemin5 in translation
is the IRES element reported in the thioredoxin-interacting protein (TXNIP) mRNA [69].

Regarding the role of Gemin5 in the regulation of gene expression under severe stress as it occurs
during viral infections, it has been shown that the protein is redistributed to the viral factories during
Sindbis virus (SINV) infection co-localizing with SINV RNA [101]. Indeed, the overexpression of
Gemin5 inhibits SINV capsid proteins synthesis. In agreement with the role of Gemin5 in cap-dependent
translation [64], Geminb recognizes the 50 nt located at the 5" end of the genomic gRNA and subgenomic
RNA (sgRNA) of SINV, which contain a cap structure at their 5’ends. In addition, Gemin5 binds to the
downstream loop a long hairpin that stimulates the translation of the sgRNA [102], preventing SINV
RNA translation and therefore impairing SINV infection. Currently, whether Gemin5 performs a
critical role in other virus infections remains an open question.

6. Conclusions

RBPs participate in many steps of the mRNA lifespan and are frequently associated in large
macromolecular complexes. However, the role of individual RBPs in the expression of a given
RNA in living organisms and how RBPs cooperate to form networks are still poorly understood.
The works reviewed here recapitulate the involvement of the SMIN members in various cellular
processes, including snRNP assembly and translation control. Numerous studies have shown that
RBPs with functions related to neuromuscular diseases, such as the components of the SMN complex,
display a modular structure, allowing their interaction with different partners presumably in response
to specific cellular signals. Beyond its RNA-binding activity in the SMN complex, Gemin5 cooperates
in translation control and ribosome binding through separate structural and functional domains
of the protein [81]. Collectively, these observations strongly suggest that Gemin5 can form part of
distinct functional RNP complexes which could be involved in biological processes relevant to cell
survival. In this respect, many questions remain open regarding the functions performed by the
Gemin5 protein individually. First, the biophysical properties of the protein in the cytoplasm remain to
be studied. Second, the identification of pathogenic events downstream of Gemin5 mutations needs to
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be elucidated. Hence, it is very likely that the extent of Gemin5 involvement in disease, as well as that
of other components of the SMN complex, will grow in the next years.
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Abbreviations

ALS
elFs

amyotrophic lateral sclerosis
eukaryotic initiation factors

FMDV  foot-and-mouth disease virus
Gems gemini of coiled bodies

HCV
IRES

hepatitis C virus
internal ribosome entry site

pICIn Methylosome subunit pICln
PRMT5 protein arginine methyltransferase 5
RBPs RNA-binding proteins

RBS

RNA-binding site

RNPs ribonucleoprotein complexes
SINV Sindbis virus

Sm 7 small proteins
SMA spinal muscular atrophy
SMN survival of motor neuron

snRNAs small nuclear RNAs
snRNPs small nuclear ribonucleoproteins

TPR tetratricopeptide repeat motif
unrip unr-interacting protein

UTR untranslated region

WD tryptophan-aspartic acid motif

YG-box tyrosine-glycine motif

References

1.

Gehring, N.H.; Wahle, E.; Fischer, U. Deciphering the mRNP Code: RNA-Bound Determinants of
Post-Transcriptional Gene Regulation. Trends Biochem. Sci. 2017, 42, 369-382. [CrossRef] [PubMed]
Soto-Rifo, R.; Rubilar, P.S.; Limousin, T.; de Breyne, S.; Decimo, D.; Ohlmann, T. DEAD-box protein DDX3
associates with eIF4F to promote translation of selected mRNAs. EMBO J. 2012, 31, 3745-3756. [CrossRef]
[PubMed]

Lee, K.H.; Woo, K.C.; Kim, D.Y,; Kim, T.D.; Shin, J.; Park, S.M.; Jang, S.K.; Kim, K.T. Rhythmic interaction
between Period1 mRNA and hnRNP Q leads to circadian time-dependent translation. Mol. Cell Biol. 2012,
32,717-728. [CrossRef] [PubMed]

Hinnebusch, A.G. The scanning mechanism of eukaryotic translation initiation. Annu. Rev. Biochem. 2014,
83,779-812. [PubMed]

Walsh, D.; Mohr, I. Viral subversion of the host protein synthesis machinery. Nat. Rev. Microbiol. 2011, 9,
860-875. [PubMed]

Lozano, G.; Francisco-Velilla, R.; Martinez-Salas, E. Deconstructing internal ribosome entry site elements:
An update of structural motifs and functional divergences. Open Biol. 2018, 8, 180155. [PubMed]
Yamamoto, H.; Unbehaun, A.; Spahn, C.M.T. Ribosomal Chamber Music: Toward an Understanding of IRES.
Mechanisms. Trends Biochem. Sci. 2017, 42, 655-668.

Filbin, M.E,; Kieft, ].S. Toward a structural understanding of IRES. RNA function. Curr. Opin. Struct. Biol.
2009, 19, 267-276. [CrossRef]


http://dx.doi.org/10.1016/j.tibs.2017.02.004
http://www.ncbi.nlm.nih.gov/pubmed/28268044
http://dx.doi.org/10.1038/emboj.2012.220
http://www.ncbi.nlm.nih.gov/pubmed/22872150
http://dx.doi.org/10.1128/MCB.06177-11
http://www.ncbi.nlm.nih.gov/pubmed/22124155
http://www.ncbi.nlm.nih.gov/pubmed/24499181
http://www.ncbi.nlm.nih.gov/pubmed/22002165
http://www.ncbi.nlm.nih.gov/pubmed/30487301
http://dx.doi.org/10.1016/j.sbi.2009.03.005

Int. ]. Mol. Sci. 2020, 21, 3868 10 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Lozano, G.; Martinez-Salas, E. Structural insights into viral IRES-dependent translation mechanisms.
Curr. Opin. Virol. 2015, 12, 113-120.

Pelletier, J.; Sonenberg, N. Internal initiation of translation of eukaryotic mRNA directed by a sequence
derived from poliovirus RNA. Nature 1988, 334, 320-325. [CrossRef]

Jang, S.K.; Krausslich, H.G.; Nicklin, M.J.; Duke, G.M.; Palmenberg, A.C.; Wimmer, E. A segment of the
5 nontranslated region of encephalomyocarditis virus RNA directs internal entry of ribosomes during
in vitro translation. J. Virol. 1988, 62, 2636-2643. [PubMed ]

Lozano, G.; Francisco-Velilla, R.; Martinez-Salas, E. Ribosome-dependent conformational flexibility changes
and RNA dynamics of IRES domains revealed by differential SHAPE. Sci. Rep. 2018, 8, 5545. [CrossRef]
[PubMed]

Flather, D.; Semler, B.L. Picornaviruses and nuclear functions: Targeting a cellular compartment distinct
from the replication site of a positive-strand RNA virus. Front. Microbiol. 2015, 6, 594. [PubMed]

Lee, KM.; Chen, C.J.; Shih, S.R. Regulation Mechanisms of Viral IRES-Driven Translation. Trends Microbiol.
2017, 25, 546-561. [CrossRef]

Wilson, J.E.; Pestova, T.V.; Hellen, C.U.; Sarnow, P. Initiation of protein synthesis from the A site of the
ribosome. Cell 2000, 102, 511-520. [CrossRef]

Fernandez, L.S.; Bai, X.C.; Murshudov, G.; Scheres, S.H.; Ramakrishnan, V. Initiation of translation by cricket
paralysis virus IRES requires its translocation in the ribosome. Cell 2014, 157, 823-831.

Nussbacher, ].K,; Tabet, R.; Yeo, G.W.; Lagier-Tourenne, C. Disruption of RNA Metabolism in Neurological
Diseases and Emerging Therapeutic Interventions. Neuron 2019, 102, 294-320. [CrossRef]

Burghes, A.H.; Beattie, C.E. Spinal muscular atrophy: Why do low levels of survival motor neuron protein
make motor neurons sick? Nat. Rev. Neurosci. 2009, 10, 597-609.

Otter, S.; Grimmler, M.; Neuenkirchen, N.; Chari, A.; Sickmann, A.; Fischer 2009, U. A comprehensive
interaction map of the human survival of motor neuron (SMN) complex. J. Biol. Chem. 2007, 282, 5825-5833.
Lau, C.K,; Bachorik, J.L.; Dreyfuss, G. Gemin5-snRNA interaction reveals an RNA binding function for WD
repeat domains. Nat. Struct. Mol. Biol. 2009, 16, 486—491. [CrossRef]

Meister, G.; Buhler, D.; Pillai, R.; Lottspeich, F; Fischer, U. A multiprotein complex mediates the
ATP-dependent assembly of spliceosomal U snRNPs. Nat. Cell Biol. 2001, 3, 945-949. [CrossRef]
[PubMed]

Will, C.L.; Luhrmann, R. Spliceosomal UsnRNP biogenesis, structure and function. Curr. Opin. Cell Biol.
2001, 13, 290-301. [CrossRef]

Paknia, E.; Chari, A.; Stark, H.; Fischer, U. The Ribosome Cooperates with the Assembly Chaperone pICIn to
Initiate Formation of snRNPs. Cell Rep. 2016, 16, 3103-3112. [CrossRef] [PubMed]

Chari, A.; Golas, M.M.; Klingenhager, M.; Neuenkirchen, N.; Sander, B.; Englbrecht, C.; Sickmann, A.;
Stark, H.; Fischer, U. An assembly chaperone collaborates with the SMN complex to generate spliceosomal
SnRNPs. Cell 2008, 135, 497-509. [CrossRef]

Martin, R.; Gupta, K.; Ninan, N.S,; Perry, K.; Van Duyne, G.D. The survival motor neuron protein forms
soluble glycine zipper oligomers. Structure 2012, 20, 1929-1939. [CrossRef]

Gray, KM,; Kaifer, K.A.; Baillat, D.; Wen, Y.; Bonacci, T.R.; Ebert, A.D.; Raimer, A.C.; Spring, A.M.; Have, S.T.;
Glascock, J.].; et al. Self-oligomerization regulates stability of survival motor neuron protein isoforms by
sequestering an SCF(SImb) degron. Mol. Biol. Cell 2018, 29, 96-110. [CrossRef]

Gupta, K.; Martin, R.; Sharp, R.; Sarachan, K.L.; Ninan, N.S.; Van Duyne, G.D. Oligomeric Properties of
Survival Motor Neuron.Gemin2 Complexes. J. Biol. Chem. 2015, 290, 20185-20199. [CrossRef]

Selenko, P.; Sprangers, R.; Stier, G.; Buhler, D.; Fischer, U.; Sattler, M. SMN tudor domain structure and its
interaction with the Sm proteins. Nat. Struct. Biol. 2001, 8, 27-31.

Zhang, R.; So, B.R.; Li, P;; Yong, J.; Glisovic, T.; Wan, L.; Dreyfuss, G. Structure of a key intermediate of the
SMN complex reveals Gemin2’s crucial function in snRNP assembly. Cell 2011, 146, 384-395. [CrossRef]
Husedzinovic, A.; Oppermann, F; Draeger-Meurer, S.; Chari, A.; Fischer, U.; Daub, H.; Gruss, O.J.
Phosphoregulation of the human SMN complex. Eur. J. Cell Biol. 2014, 93, 106-117. [CrossRef]

Yong, J.; Kasim, M.; Bachorik, J.L.; Wan, L.; Dreyfuss, G. Gemin5 delivers snRNA precursors to the SMN
complex for snRNP biogenesis. Mol. Cell 2010, 38, 551-562. [CrossRef] [PubMed]

Battle, D.J.; Lau, C.K.; Wan, L.; Deng, H.; Lotti, F; Dreyfuss, G. The Gemin5 protein of the SMN complex
identifies snRNAs. Mol. Cell 2006, 23, 273-279. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/334320a0
http://www.ncbi.nlm.nih.gov/pubmed/2839690
http://dx.doi.org/10.1038/s41598-018-23845-x
http://www.ncbi.nlm.nih.gov/pubmed/29615727
http://www.ncbi.nlm.nih.gov/pubmed/26150805
http://dx.doi.org/10.1016/j.tim.2017.01.010
http://dx.doi.org/10.1016/S0092-8674(00)00055-6
http://dx.doi.org/10.1016/j.neuron.2019.03.014
http://dx.doi.org/10.1038/nsmb.1584
http://dx.doi.org/10.1038/ncb1101-945
http://www.ncbi.nlm.nih.gov/pubmed/11715014
http://dx.doi.org/10.1016/S0955-0674(00)00211-8
http://dx.doi.org/10.1016/j.celrep.2016.08.047
http://www.ncbi.nlm.nih.gov/pubmed/27653676
http://dx.doi.org/10.1016/j.cell.2008.09.020
http://dx.doi.org/10.1016/j.str.2012.08.024
http://dx.doi.org/10.1091/mbc.E17-11-0627
http://dx.doi.org/10.1074/jbc.M115.667279
http://dx.doi.org/10.1016/j.cell.2011.06.043
http://dx.doi.org/10.1016/j.ejcb.2014.01.006
http://dx.doi.org/10.1016/j.molcel.2010.03.014
http://www.ncbi.nlm.nih.gov/pubmed/20513430
http://dx.doi.org/10.1016/j.molcel.2006.05.036
http://www.ncbi.nlm.nih.gov/pubmed/16857593

Int. ]. Mol. Sci. 2020, 21, 3868 11 0f 14

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Kroiss, M.; Schultz, J.; Wiesner, J.; Chari, A.; Sickmann, A.; Fischer, U. Evolution of an RNP assembly system:
A minimal SMN complex facilitates formation of UsnRNPs in Drosophila melanogaster. Proc. Natl. Acad.
Sci. USA 2008, 105, 10045-10050. [CrossRef] [PubMed]

Charroux, B.; Pellizzoni, L.; Perkinson, R.A.; Shevchenko, A.; Mann, M.; Dreyfuss, G. Gemin3: A novel
DEAD box protein that interacts with SMN, the spinal muscular atrophy gene product, and is a component
of gems. J. Cell Biol. 1999, 147, 1181-1194. [CrossRef]

Meier, 1.D.; Walker, M.P.; Matera, A.G. Gemin4 is an essential gene in mice, and its overexpression in human
cells causes relocalization of the SMN complex to the nucleoplasm. Biol. Open 2018, 7, bio032409. [CrossRef]
Ma, Y.,; Dostie, J.; Dreyfuss, G.; Van Duyne, G.D. The Gemin6-Gemin?7 heterodimer from the survival of
motor neurons complex has an Sm protein-like structure. Structure 2005, 13, 883-892. [CrossRef]
Carissimi, C.; Saieva, L.; Gabanella, F; Pellizzoni, L. Gemin8 is required for the architecture and function of
the survival motor neuron complex. J. Biol. Chem. 2006, 281, 37009-37016. [CrossRef]

Shpargel, K.B.; Matera, A.G. Gemin proteins are required for efficient assembly of Sm-class ribonucleoproteins.
Proc. Natl. Acad. Sci. USA 2005, 102, 17372-17377. [CrossRef]

Jablonka, S.; Holtmann, B.; Meister, G.; Bandilla, M.; Rossoll, W.; Fischer, U.; Sendtner, M. Gene targeting of
Gemin?2 in mice reveals a correlation between defects in the biogenesis of U snRNPs and motoneuron cell
death. Proc. Natl. Acad. Sci. USA 2002, 99, 10126-10131. [CrossRef]

Feng, W.; Gubitz, A K.; Wan, L.; Battle, D.].; Dostie, ].; Golembe, T.J.; Dreyfuss, G. Gemins modulate the
expression and activity of the SMN complex. Hum. Mol. Genet. 2005, 14, 1605-1611. [CrossRef]

Shpargel, K.B.; Praveen, K.; Rajendra, TK.; Matera, A.G. Gemin3 is an essential gene required for larval
motor function and pupation in Drosophila. Mol. Biol. Cell 2009, 20, 90-101. [PubMed]

Borg, R.M.; Fenech Salerno, B.; Vassallo, N.; Bordonne, R.; Cauchi, R.J. Disruption of snRNP biogenesis factors
Tgs1 and pICIn induces phenotypes that mirror aspects of SMN-Gemins complex perturbation in Drosophila,
providing new insights into spinal muscular atrophy. NeuroBiol. Dis. 2016, 94, 245-258. [CrossRef] [PubMed]
Gates, J.; Lam, G.; Ortiz, ]J.A.; Losson, R.; Thummel, C.S. rigor mortis encodes a novel nuclear receptor
interacting protein required for ecdysone signaling during Drosophila larval development. Development
2004, 131, 25-36. [PubMed]

Cauchi, RJ.; Davies, K.E.; Liu, J.L. A motor function for the DEAD-box RNA helicase, Gemin3, in Drosophila.
PLo0S Genet. 2008, 4, €1000265. [CrossRef]

Borg, RM.; Bordonne, R.; Vassallo, N.; Cauchi, R.J. Genetic Interactions between the Members of the
SMN-Gemins Complex in Drosophila. PLoS ONE 2015, 10, e0130974.

Buckingham, M.; Liu, J.L. U bodies respond to nutrient stress in Drosophila. Exp. Cell Res. 2011, 317,
2835-2844. [CrossRef]

Grimmler, M.; Bauer, L.; Nousiainen, M.; Korner, R.; Meister, G.; Fischer, U. Phosphorylation regulates
the activity of the SMN complex during assembly of spliceosomal U snRNPs. EMBO Rep. 2005, 6, 70-76.
[CrossRef]

Donlin-Asp, P.G,; Fallini, C.; Campos, J.; Chou, C.C.; Merritt, M.E.; Phan, H.C.; Bassell, G.J.; Rossoll, W.
The Survival of Motor Neuron Protein Acts as a Molecular Chaperone for mRNP Assembly. Cell Rep. 2017,
18, 1660-1673. [CrossRef]

Ottesen, E.W,; Singh, N.N.; Luo, D.; Singh, R.N. High-affinity RNA targets of the Survival Motor Neuron
protein reveal diverse preferences for sequence and structural motifs. Nucleic Acids Res. 2018, 46, 10983-11001.
Fallini, C.; Donlin-Asp, P.G.; Rouanet, ].P; Bassell, G.J.; Rossoll, W. Deficiency of the Survival of Motor
Neuron Protein Impairs mRNA Localization and Local Translation in the Growth Cone of Motor Neurons.
J. Neurosci. 2016, 36, 3811-3820. [CrossRef]

Rihan, K.; Antoine, E.; Maurin, T.; Bardoni, B.; Bordonne, R.; Soret, ].; Rage, F. A new cis-acting motif is
required for the axonal SMN-dependent Anxa2 mRNA localization. RNA 2017, 23, 899-909. [CrossRef]
[PubMed]

Sanchez, G.; Dury, A.Y,; Murray, L.M.; Biondi, O.; Tadesse, H.; El Fatimy, R.; Kothary, R.; Charbonnier, F.;
Khandjian, E.W.; Cote, J. A novel function for the survival motoneuron protein as a translational regulator.
Hum. Mol. Genet. 2013, 22, 668-684. [CrossRef] [PubMed]

Ning, K.; Drepper, C.; Valori, C.E; Ahsan, M.; Wyles, M.; Higginbottom, A.; Herrmann, T.; Shaw, P.; Azzouz, M.;
Sendtner, M. PTEN depletion rescues axonal growth defect and improves survival in SMN-deficient motor
neurons. Hum. Mol. Genet. 2010, 19, 3159-3168. [PubMed]


http://dx.doi.org/10.1073/pnas.0802287105
http://www.ncbi.nlm.nih.gov/pubmed/18621711
http://dx.doi.org/10.1083/jcb.147.6.1181
http://dx.doi.org/10.1242/bio.032409
http://dx.doi.org/10.1016/j.str.2005.03.014
http://dx.doi.org/10.1074/jbc.M607505200
http://dx.doi.org/10.1073/pnas.0508947102
http://dx.doi.org/10.1073/pnas.152318699
http://dx.doi.org/10.1093/hmg/ddi168
http://www.ncbi.nlm.nih.gov/pubmed/18923150
http://dx.doi.org/10.1016/j.nbd.2016.06.015
http://www.ncbi.nlm.nih.gov/pubmed/27388936
http://www.ncbi.nlm.nih.gov/pubmed/14645129
http://dx.doi.org/10.1371/journal.pgen.1000265
http://dx.doi.org/10.1016/j.yexcr.2011.09.001
http://dx.doi.org/10.1038/sj.embor.7400301
http://dx.doi.org/10.1016/j.celrep.2017.01.059
http://dx.doi.org/10.1523/JNEUROSCI.2396-15.2016
http://dx.doi.org/10.1261/rna.056788.116
http://www.ncbi.nlm.nih.gov/pubmed/28258160
http://dx.doi.org/10.1093/hmg/dds474
http://www.ncbi.nlm.nih.gov/pubmed/23136128
http://www.ncbi.nlm.nih.gov/pubmed/20525971

Int. ]. Mol. Sci. 2020, 21, 3868 12 of 14

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Voigt, T.; Meyer, K.; Baum, O.; Schumperli, D. Ultrastructural changes in diaphragm neuromuscular junctions
in a severe mouse model for Spinal Muscular Atrophy and their prevention by bifunctional U7 snRNA
correcting SMN2 splicing. Neuromuscul. Disord. 2010, 20, 744-752. [CrossRef]

Rajendra, T.K.; Gonsalvez, G.B.; Walker, M.P.; Shpargel, K.B.; Salz, HK.; Matera, A.G. A Drosophila
melanogaster model of spinal muscular atrophy reveals a function for SMN in striated muscle. J. Cell Biol.
2007, 176, 831-841. [CrossRef]

Mourelatos, Z.; Abel, L.; Yong, J.; Kataoka, N.; Dreyfuss, G. SMN interacts with a novel family of hnRNP and
spliceosomal proteins. EMBO J. 2001, 20, 5443-5452. [CrossRef]

Mourelatos, Z.; Dostie, J.; Paushkin, S.; Sharma, A.; Charroux, B.; Abel, L.; Rappsilber, J.; Mann, M.;
Dreyfuss, G. miRNPs: A novel class of ribonucleoproteins containing numerous microRNAs. Genes Dev.
2002, 16, 720-728. [CrossRef]

Grimm, C.; Chari, A,; Pelz, ].P.; Kuper, ].; Kisker, C.; Diederichs, K.; Stark, H.; Schindelin, H.; Fischer, U.
Structural basis of assembly chaperone- mediated snRNP formation. Mol. Cell 2013, 49, 692-703.

Matera, A.G.; Raimer, A.C.; Schmidt, C.A.; Kelly, J.A.; Droby, G.N.; Baillat, D.; Ten Have, S.; Lamond, A.L;
Wagner, E.J.; Gray, KM. Composition of the Survival Motor Neuron (SMN) Complex in Drosophila
melanogaster. G3 (Bethesda) 2019, 9, 491-503. [CrossRef]

Kim, M.S; Pinto, S.M.; Getnet, D.; Nirujogi, R.S.; Manda, S.S.; Chaerkady, R.; Madugundu, A K; Kelkar, D.S.;
Isserlin, R.; Jain, S.; et al. A draft map of the human proteome. Nature 2014, 509, 575-581.

Uhlen, M.; Fagerberg, L.; Hallstrom, B.M.; Lindskog, C.; Oksvold, P; Mardinoglu, A.; Sivertsson, A.;
Kampf, C.; Sjostedt, E.; Asplund, A.; et al. Proteomics. Tissue-based map of the human proteome. Science
2015, 347, 1260419. [CrossRef] [PubMed]

Battle, D.J.; Kasim, M.; Wang, J.; Dreyfuss, G. SMN-independent subunits of the SMN complex. Identification
of a small nuclear ribonucleoprotein assembly intermediate. . Biol. Chem. 2007, 282, 27953-27959. [CrossRef]
[PubMed]

Piazzon, N.; Schlotter, E.; Lefebvre, S.; Dodre, M.; Mereau, A.; Soret, J.; Besse, A.; Barkats, M.; Bordonne, R.;
Branlant, C.; et al. Implication of the SMN complex in the biogenesis and steady state level of the signal
recognition particle. Nucleic Acids Res. 2013, 41, 1255-1272. [CrossRef]

Francisco-Velilla, R.; Fernandez-Chamorro, J.; Ramajo, J.; Martinez-Salas, E. The RNA-binding protein
Gemin5 binds directly to the ribosome and regulates global translation. Nucleic Acids Res. 2016, 44, 8335-8351.
[CrossRef]

Simsek, D.; Tiu, G.C,; Flynn, R.A.; Byeon, G.W.; Leppek, K.; Xu, A.E; Chang, H.Y.; Barna, M. The Mammalian
Ribo-interactome Reveals Ribosome Functional Diversity and Heterogeneity. Cell 2017, 169, 1051-1065 e1018.
[CrossRef]

Pacheco, A.; Lopez de Quinto, S.; Ramajo, J.; Fernandez, N.; Martinez-Salas, E. A novel role for Gemin5 in
mRNA translation. Nucleic Acids Res. 2009, 37, 582-590. [CrossRef]

Workman, E.; Kalda, C.; Patel, A.; Battle, D.J. Gemin5 Binds to the Survival Motor Neuron mRNA to Regulate
SMN Expression. J. Biol. Chem. 2015, 290, 15662-15669. [CrossRef]

Francisco-Velilla, R.; Fernandez-Chamorro, J.; Dotu, I.; Martinez-Salas, E. The landscape of the non-canonical
RNA-binding site of Gemin5 unveils a feedback loop counteracting the negative effect on translation.
Nucleic Acids Res. 2018, 46, 7339-7353. [CrossRef]

Lampe, S.; Kunze, M.; Scholz, A ; Brauss, T.E; Winslow, S.; Simm, S.; Keller, M.; Heidler, J.; Wittig, I.; Brune, B.;
et al. Identification of the TXNIP IRES and characterization of the impact of regulatory IRES trans-acting
factors. Biochim. Biophys. Acta 2018, 1861, 147-157. [CrossRef]

Philippe, L.; Pandarakalam, G.C.; Fasimoye, R.; Harrison, N.; Connolly, B.; Pettitt, J.; Muller, B. An in vivo
genetic screen for genes involved in spliced leader trans-splicing indicates a crucial role for continuous de
novo spliced leader RNP assembly. Nucleic Acids Res. 2017, 45, 8474-8483. [CrossRef]

Pei, W.; Xu, L.; Chen, Z; Slevin, C.C.; Pettie, K.P.; Wincovitch, S.; Program, N.C.S.; Burgess, S.M. A subset of
SMN complex members have a specific role in tissue regeneration via ERBB pathway-mediated proliferation.
NPJ Regen. Med. 2020, 5, 6. [CrossRef] [PubMed]

Pineiro, D.; Ramajo, J.; Bradrick, S.S.; Martinez-Salas, E. Gemin5 proteolysis reveals a novel motif to identify
L protease targets. Nucleic Acids Res. 2012, 40, 4942-4953. [CrossRef]


http://dx.doi.org/10.1016/j.nmd.2010.06.010
http://dx.doi.org/10.1083/jcb.200610053
http://dx.doi.org/10.1093/emboj/20.19.5443
http://dx.doi.org/10.1101/gad.974702
http://dx.doi.org/10.1534/g3.118.200874
http://dx.doi.org/10.1126/science.1260419
http://www.ncbi.nlm.nih.gov/pubmed/25613900
http://dx.doi.org/10.1074/jbc.M702317200
http://www.ncbi.nlm.nih.gov/pubmed/17640873
http://dx.doi.org/10.1093/nar/gks1224
http://dx.doi.org/10.1093/nar/gkw702
http://dx.doi.org/10.1016/j.cell.2017.05.022
http://dx.doi.org/10.1093/nar/gkn979
http://dx.doi.org/10.1074/jbc.M115.646257
http://dx.doi.org/10.1093/nar/gky361
http://dx.doi.org/10.1016/j.bbagrm.2018.01.010
http://dx.doi.org/10.1093/nar/gkx500
http://dx.doi.org/10.1038/s41536-020-0089-0
http://www.ncbi.nlm.nih.gov/pubmed/32218991
http://dx.doi.org/10.1093/nar/gks172

Int. ]. Mol. Sci. 2020, 21, 3868 13 of 14

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Fernandez-Chamorro, J.; Pineiro, D.; Gordon, J.M.; Ramajo, J.; Francisco-Velilla, R.; Macias, M.].;
Martinez-Salas, E. Identification of novel non-canonical RNA-binding sites in Gemin5 involved in internal
initiation of translation. Nucleic Acids Res. 2014, 42, 5742-5754. [CrossRef] [PubMed]

Moreno-Morcillo, M.; Francisco-Velilla, R.; Embarc-Buh, A.; Fernandez-Chamorro, J.; Ramon-Maiques, S.;
Martinez-Salas, E. Structural basis for the dimerization of Gemin5 and its role in protein recruitment and
translation control. Nucleic Acids Res. 2020, 48, 788-801. [CrossRef]

Jin, W.; Wang, Y.; Liu, C.P; Yang, N.; Jin, M.; Cong, Y.; Wang, M.; Xu, R.M. Structural basis for snRNA
recognition by the double-WD40 repeat domain of Gemin5. Genes Dev. 2016, 30, 2391-2403. [CrossRef]
[PubMed]

Xu, C.; Ishikawa, H.; Izumikawa, K; Li, L.; He, H.; Nobe, Y.; Yamauchi, Y.; Shahjee, HM.; Wu, X.H.; Yu, Y.T,;
et al. Structural insights into Gemin5-guided selection of pre-snRNAs for snRNP assembly. Genes Dev. 2016,
30, 2376-2390. [CrossRef] [PubMed]

Tang, X.; Bharath, S.R.; Piao, S.; Tan, V.Q.; Bowler, M.W.; Song, H. Structural basis for specific recognition of
pre-snRNA by Geminb. Cell Res. 2016, 26, 1353-1356. [CrossRef] [PubMed]

Jonas, S.; Izaurralde, E. The role of disordered protein regions in the assembly of decapping complexes and
RNP granules. Genes Dev. 2013, 27, 2628-2641. [CrossRef]

D’Andrea, L.D.; Regan, L. TPR proteins: The versatile helix. Trends Biochem. Sci 2003, 28, 655-662. [CrossRef]
Zhu, H.; Sepulveda, E.; Hartmann, M.D.; Kogenaru, M.; Ursinus, A.; Sulz, E.; Albrecht, R.; Coles, M.;
Martin, J.; Lupas, A.N. Origin of a folded repeat protein from an intrinsically disordered ancestor. Elife 2016,
5,e16761. [CrossRef]

Francisco-Velilla, R.; Azman, E.B.; Martinez-Salas, E. Impact of RNA-Protein Interaction Modes on Translation
Control: The Versatile Multidomain Protein Gemin5. Bioessays 2019, 41, €1800241. [CrossRef] [PubMed]
Xu, H; Lin, Z; Li, E; Diao, W.; Dong, C.; Zhou, H.; Xie, X.; Wang, Z.; Shen, Y.; Long, J. Dimerization of
elongator protein 1 is essential for Elongator complex assembly. Proc. Natl. Acad. Sci. USA 2015, 112,
10697-10702. [CrossRef] [PubMed]

Fierro-Monti, I.; Mohammed, S.; Matthiesen, R.; Santoro, R.; Burns, J.S.; Williams, D.J.; Proud, C.G.;
Kassem, M.; Jensen, O.N.; Roepstorff, P. Quantitative proteomics identifies Gemin5, a scaffolding protein
involved in ribonucleoprotein assembly, as a novel partner for eukaryotic initiation factor 4E. J. Proteome Res.
2006, 5, 1367-1378. [CrossRef]

Bradrick, S.S.; Gromeier, M. Identification of Gemin5 as a novel 7-methylguanosine cap-binding protein.
PLoS ONE 2009, 4, €7030. [CrossRef]

Khatter, H.; Myasnikov, A.G.; Natchiar, S.K.; Klaholz, B.P. Structure of the human 80S ribosome. Nature 2015,
520, 640-645. [CrossRef]

Meskauskas, A.; Dinman, J.D. Ribosomal protein L3: Gatekeeper to the A site. Mol. Cell 2007, 25, 877-888.
[CrossRef]

Mailliot, J.; Garreau de Loubresse, N.; Yusupova, G.; Meskauskas, A.; Dinman, J.D.; Yusupov, M.
Crystal Structures of the uL3 Mutant Ribosome: Illustration of the Importance of Ribosomal Proteins
for Translation Efficiency. J. Mol. Biol. 2016, 428, 3570-3576. [CrossRef]

Stelter, P.; Huber, EM.; Kunze, R.; Flemming, D.; Hoelz, A.; Hurt, E. Coordinated Ribosomal L4 Protein
Assembly into the Pre-Ribosome Is Regulated by Its Eukaryote-Specific Extension. Mol. Cell 2015, 58, 854-862.
[CrossRef]

Heyer, E.E.; Moore, M.]. Redefining the Translational Status of 80S Monosomes. Cell 2016, 164, 757-769.
[CrossRef]

Pineiro, D.; Fernandez-Chamorro, J.; Francisco-Velilla, R.; Martinez-Salas, E. Gemin5: A Multitasking
RNA-Binding Protein Involved in Translation Control. Biomolecules 2015, 5, 528-544. [CrossRef]

Pineiro, D.; Fernandez, N.; Ramajo, J.; Martinez-Salas, E. Gemin5 promotes IRES interaction and translation
control through its C-terminal region. Nucleic Acids Res. 2013, 41, 1017-1028. [PubMed]

Pacheco, A.; Reigadas, S.; Martinez-Salas, E. Riboproteomic analysis of polypeptides interacting with the
internal ribosome-entry site element of foot-and-mouth disease viral RNA. Proteomics 2008, 8, 4782-4790.
[CrossRef] [PubMed]

Martinez-Salas, E. The impact of RNA structure on picornavirus IRES activity. Trends Microbiol. 2008, 16,
230-237. [PubMed]


http://dx.doi.org/10.1093/nar/gku177
http://www.ncbi.nlm.nih.gov/pubmed/24598255
http://dx.doi.org/10.1093/nar/gkz1126
http://dx.doi.org/10.1101/gad.291377.116
http://www.ncbi.nlm.nih.gov/pubmed/27881601
http://dx.doi.org/10.1101/gad.288340.116
http://www.ncbi.nlm.nih.gov/pubmed/27881600
http://dx.doi.org/10.1038/cr.2016.133
http://www.ncbi.nlm.nih.gov/pubmed/27834343
http://dx.doi.org/10.1101/gad.227843.113
http://dx.doi.org/10.1016/j.tibs.2003.10.007
http://dx.doi.org/10.7554/eLife.16761
http://dx.doi.org/10.1002/bies.201800241
http://www.ncbi.nlm.nih.gov/pubmed/30919488
http://dx.doi.org/10.1073/pnas.1502597112
http://www.ncbi.nlm.nih.gov/pubmed/26261306
http://dx.doi.org/10.1021/pr0504539
http://dx.doi.org/10.1371/journal.pone.0007030
http://dx.doi.org/10.1038/nature14427
http://dx.doi.org/10.1016/j.molcel.2007.02.015
http://dx.doi.org/10.1016/j.jmb.2016.02.013
http://dx.doi.org/10.1016/j.molcel.2015.03.029
http://dx.doi.org/10.1016/j.cell.2016.01.003
http://dx.doi.org/10.3390/biom5020528
http://www.ncbi.nlm.nih.gov/pubmed/23221641
http://dx.doi.org/10.1002/pmic.200800338
http://www.ncbi.nlm.nih.gov/pubmed/18937254
http://www.ncbi.nlm.nih.gov/pubmed/18420413

Int. ]. Mol. Sci. 2020, 21, 3868 14 of 14

94.

95.

96.

97.

98.

99.

100.

101.

102.

Holcik, M.; Sonenberg, N.; Korneluk, R.G. Internal ribosome initiation of translation and the control of cell
death. Trends Genet. 2000, 16, 469-473. [CrossRef]

Sonenberg, N.; Hinnebusch, A.G. Regulation of translation initiation in eukaryotes: Mechanisms and
biological targets. Cell 2009, 136, 731-745. [CrossRef]

Leppek, K.; Das, R.; Barna, M. Functional 5* UTR mRNA structures in eukaryotic translation regulation and
how to find them. Nat. Rev. Mol. Cell Biol. 2018, 19, 158-174. [CrossRef]

Komar, A.A.; Hatzoglou, M. Cellular IRES-mediated translation: The war of ITAFs in pathophysiological
states. Cell Cycle 2011, 10, 229-240. [CrossRef]

Faye, M.D.; Holcik, M. The role of IRES trans-acting factors in carcinogenesis. Biochim. Biophys. Acta 2015,
1849, 887-897. [CrossRef]

Fernandez-Chamorro, J.; Francisco-Velilla, R.; Ramajo, J.; Martinez-Salas, E. Rablb and ARF5 are novel
RNA-binding proteins involved in FMDV IRES-driven RNA localization. Life Sci. Alliance 2019, 2, €201800131.
[CrossRef]

Martinez-Salas, E.; Francisco-Velilla, R.; Fernandez-Chamorro, J.; Embarek, A.M. Insights into Structural and
Mechanistic Features of Viral IRES Elements. Front Microbiol. 2017, 8, 2629.

Garcia-Moreno, M.; Noerenberg, M.; Ni, S.; Jarvelin, A.I.; Gonzalez-Almela, E.; Lenz, C.E.; Bach-Pages, M.;
Cox, V,; Avolio, R.; Davis, T.; et al. System-wide Profiling of RNA-Binding Proteins Uncovers Key Regulators
of Virus Infection. Mol. Cell 2019, 74, 196-211.e11. [CrossRef] [PubMed]

Ventoso, I. Adaptive changes in alphavirus mRNA translation allowed colonization of vertebrate hosts.
J. Virol. 2012, 86, 9484-9494. [PubMed]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/S0168-9525(00)02106-5
http://dx.doi.org/10.1016/j.cell.2009.01.042
http://dx.doi.org/10.1038/nrm.2017.103
http://dx.doi.org/10.4161/cc.10.2.14472
http://dx.doi.org/10.1016/j.bbagrm.2014.09.012
http://dx.doi.org/10.26508/lsa.201800131
http://dx.doi.org/10.1016/j.molcel.2019.01.017
http://www.ncbi.nlm.nih.gov/pubmed/30799147
http://www.ncbi.nlm.nih.gov/pubmed/22761388
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The SMN Complex Members and Functions 
	The Modular Structure of Gemin5: Implications for Its Multifunctional Role in Gene Expression 
	The Gemin5 Interactome Unveils the Association with the Ribosome 
	Promoting and Repressing Roles of Gemin5 in Translation Control 
	Conclusions 
	References

