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Abstract: The main goal of this review is to provide an updated overview of the involvement of the
RNA-binding protein (RBP) HuD, encoded by the ELAVL4 gene, in nervous system development,
maintenance, and function, and its emerging role in nervous system diseases. A particular focus is on
recent studies reporting altered HuD levels, or activity, in disease models and patients. Substantial
evidence suggests HuD involvement in Parkinson’s disease (PD), Alzheimer’s disease (AD), and
amyotrophic lateral sclerosis (ALS). Interestingly, while possible disease-causing mutations in the
ELAVL4 gene remain elusive, a common theme in these diseases seems to be the altered regulation
of HuD at multiple steps, including post-transcriptional and post-translational levels. In turn, the
changed activity of HuD can have profound implications for its target transcripts, which are overly
stabilized in case of HuD gain of function (as proposed in PD and ALS) or reduced in case of decreased
HuD binding (as suggested by some studies in AD). Moreover, the recent discovery that HuD is a
component of pathological cytoplasmic inclusion in both familial and sporadic ALS patients might
help uncover the common molecular mechanisms underlying such complex diseases. We believe
that deepening our understanding of the involvement of HuD in neurodegeneration could help
developing new diagnostic and therapeutic tools.

Keywords: HuD; amyotrophic lateral sclerosis; Alzheimer’s disease; Parkinson’s disease; RNA-binding
protein; ELAVL4

1. HuD Functions in Neuronal Development, Synaptic Plasticity and Regeneration

The RNA-binding protein (RBP) HuD, encoded by the ELAVL4 gene, is a member of
the Hu protein family, which includes homologs of the Drosophila elav (embryonic lethal
abnormal vision) gene, while HuB (ELAVL2) is expressed in neurons and gonads, and HuR
(ELAVL1) is ubiquitously expressed in all tissues, HuC (ELAVL3) and HuD are exclusively
expressed in neurons [1]. HuD is considered one of the most important regulatory factors
in the nervous system, governing many neuronal processes such as development, plasticity,
and functionality. In this context, HuD exerts its regulatory functions through tightly con-
trolling mRNA metabolism, including neuronal mRNA stability, localization, degradation,
and translation. HuD mRNA is detectable since the initial stages of brain development,
suggesting an early role in the regulation of nervous system formation [2]. Indeed, one of
its leading roles is in the context of neuronal commitment by suppressing neuroblast prolif-
eration [3]. HuD knockout mice showed a significant increase in the self-renewal and loss of
differentiation of neural precursors [4]. Moreover, HuD-deficient mice showed higher levels
of apoptosis and an increased number of subventricular proliferative zones, suggesting
that finely regulated HuD expression is essential for promoting differentiation [4]. HuD
downregulation resulted in a remarkable inhibition of neurites outgrowth [5,6]. Contrarily,
up-regulated HuD levels in embryonic stem cells produced a significant increase in the rate
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and length of growing neurites, and in the number of cells with long extensions [6,7]. This
evidence supports the key role of HuD in neurite morphological development, specifically
in axonal and dendritic elongation [6,8,9]. The HuD protein is predominantly localized in
the cytoplasm, where it acts at the post-transcriptional level by stabilizing its target mRNAs.
In neurons, important HuD targets such as GAP-43, Tau, and NEURITIN1 (NRN1) are
involved in growth cone development and cytoskeletal assembly [5,6,8-11]. In particular,
GAP-43 is crucial for axonal growth during nervous system development [6,8,12]. HuD
promotes neurite outgrowth by increasing GAP-43 mRNA levels by binding its 3" untrans-
lated region (3"UTR) [6]. Accordingly, a decrease in HuD levels led to an acceleration of
the GAP-43 mRNA degradation rate and resulted in defective neurite outgrowth during
differentiation [8]. The AU-rich element (ARE) present in the 3'UTR is sufficient for GAP-43
mRNA localization and translation in the axon region through the interaction with a com-
plex formed by HuD and ZBP1 [13]. HuD also plays a role in supporting axonal recovery
after neurites damage by stabilizing key target transcripts. Both GAP-43 and HuD levels are
upregulated during post-injury axonal regeneration [13]. Another well-known HuD target
is NRN1, which promotes axon extension during development and upon injury [9,14]. In
addition, NRN1 expression has been detected in the earliest stages of ventral spinal cord
development, suggesting its implication in the refining process of exuberant branches for
establishing neuromuscular junctions (NMJs) [15]. Together these data suggest an indirect
role for HuD during the development of neuromuscular synaptic connections.

2. HuD Structure and Functioning Mechanisms

The ELAVL4 gene, located on chromosome 1 in humans, is well conserved in verte-
brates [3]. It spans ~146 kb of DNA and is divided into seven coding exons (E2 to E8) [1].
The complexity of the 5" sequence of HuD transcripts, which encode different HuD N-
termini, and the alternative splicing of exons 6 and 7 lead to the generation of several HuD
mRNA isoforms [16] (Figure 1). The encoded protein is ~40—42 kDa in size and contains
three RNA recognition motifs (RRMs). The linker region, housing the nuclear export (NES)
and the putative nuclear localization signal (NLS), separates the second and the third
RRM and contains multiple residues that are post-translationally modified [1]. RRM1 and
RRM2 associate with target mRNAs by binding to AREs, which are commonly found in
the 3'UTR of short-lived transcripts encoding proteins involved in cellular proliferation,
differentiation, transcription, RNA metabolism, inflammation, and stress response [1,17].
The third RRM is also involved in ARE binding, but it interacts as well with long poly(A)
tails of transcripts and with other proteins, mediating homo- and hetero-multimerization
of Hu family members [1,16].

HuD variants differ in amino acid sequences of NLS or NES in the linker region, which
play a crucial role in the temporal and spatial regulation of neuronal differentiation [16].
Indeed, the analysis of the sequence between RRM2 and RRM3 led to the identification
of three variants, which are expressed in specific stages of neuronal differentiation and
show variable localization patterns in cells, thus playing different roles according to their
cellular compartment [18].

HuD controls neuronal gene expression at multiple levels, including mRNA turnover,
translation, splicing and localization [16] (Figure 2). Several studies demonstrated the
role of HuD as a stabilizer of neuronal mRNAs, decreasing the deadenylation rate of its
targets [3,17]. Since the deadenylation is the first step of mRNA degradation, followed
by rapid and processive decay of the body of mRNA, HuD plays an important role in
increasing mRNA half-life. Along with promoting mRNA stability, evidence supports the
role of HuD in regulating both the localization and translation of its target transcripts [1].
As previously mentioned, a nuclear export signal in the linker region allows HuD to shuttle
transcripts into the cytoplasm; in addition, the first two RRM domains and the linker region
interact with the mRNA export receptor TAP/NXF1 [19].
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Figure 1. Schematic representation of HuD gene, mRNA, and protein. Top, a schematic representation
of the ELAVL4 gene in which the PD-linked SNPs are indicated. Middle, a schematic representation
of HuD mRNA isoforms, showing coding exons (green and purple rectangles), alternative non-

coding exon 1 (blue rectangles), and the favored (") versus putative alternate translation start site (*).
MicroRNAs and RBPs interacting with the 3'UTR are also displayed. Bottom, schematic diagram of
HuD protein domains and the post-translational modification involved in PD. This figure was drawn
using the vector image bank of Servier Medical Art (https://smart.servier.com/).

With a few exceptions, HuD generally promotes the expression of target genes, en-
hancing their mRNAs’ translation (Table 1). HuD enhances cap-dependent translation by
binding to eIF4A and the poly(A) tail of transcripts via its linker region and the third RRM
domain. However, HuD can also repress some targets” protein synthesis [1,16]. Moreover,
HuD has been shown to control alternative splicing and alternative polyadenylation of neu-
ronal transcripts. Several studies demonstrated that HuD, along with other neural ELAV
proteins, can promote or suppress exon inclusion by interacting with (or antagonizing)
splicing, transcription, and chromatin components. In addition, by blocking the association
of the essential components of the cleavage and polyadenylation machinery, HuD can
regulate alternative polyadenylation of target mRNAs, such as calcitonin/calcitonin gene-
related peptide (CGRP). In this case, HuD binding is crucial to promote the neuron-specific
CGRP pathway [20]. Finally, it has been recently reported that HuD can bind neuronal
circular RNAs (circRNAs), thus participating in the regulation of networks comprising
mRNAs, circRNAs, and microRNAs [21-23].
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Figure 2. Schematic representation of HuD roles in neurons. In the nucleus, HuD cooperates with
transcription factors for RNA synthesis, it is involved in RNA splicing through interaction with
spliceosome complex, and it promotes mRNA export to the cytoplasm through nuclear pores. In the
cytoplasm, HuD is involved in mRNAs translation and, in cooperation with other RBPs, it prevents
mRNAs degradation and controls specific nRNA localization in neuronal compartments. This figure
was drawn using the vector image bank of Servier Medical Art (https://smart.servier.com/).

Table 1. HuD target transcripts. The table shows a list of known HuD target transcripts. In the

“Function” column, + indicates upregulation and — indicates downregulation.

Target Region Sequence Regulatory Mechanism Function  Reference
AChE 3’'UTR AU-rich element mRNA stability + [10]
AChE 3'UTR AU-rich element mRNA stability + [24]
ADAMI10 3'UTR AU-rich element mRNA stability + [25]
APP 3’'UTR mRNA stability + [26]
U-rich . ..
APP Intron clement Alternative splicing + [27]
a-synuclein (SNCA) 3UTR orich N [28]
, U-rich .
BACE1 3'UTR mRNA stability + [26]
element
BACE-AS - U-rich + [26]
element
BDNF 3'UTR AU-rich element mRNA stability + [29]
CGPR Intron Urich Alternative splicing + [20]
element
CaMKIIx 3’'UTR AU-rich element mRNA stability + [30]



https://smart.servier.com/

Int. J. Mol. Sci. 2022, 23, 14606 50f13
Table 1. Cont.

Target Region Sequence Regulatory Mechanism Function Reference
CDKN1A 3'UTR e&i}ﬁgﬁ ¢ mRNA stability + [31]
cirHomerla - AU-rich element Expression and transport + [22]
GAP-43 3'UTR AU-rich element mRNA stability + [32]
GAP-44 3'UTR AU-rich element Transport + [13]
Gls Intron GU-rich element Alternative splicing - [33]
LRRK2 3'UTR eﬁiggﬂ . + [28]
MYCN 3'UTR AU-rich element mRNA stability + [34]
MYCN 3'UTR AU-rich element mRNA stability + [35]
NEP 3'UTR AU-rich element mRNA stability + [29]
NGF 3'UTR AU-rich element mRNA stability + [29]
Neuritin 1 3'UTR AU-rich element Localization + [9]
Neuritin 1 3'UTR AU-rich element Localization + [14]
Neuritin 1 3'UTR AU-rich element mRNA stability + [36]
NF-1 Intron AU-rich element Alternative splicing + [37]
NF-1 Intron AU-rich element Local transcription elongation + [38]
Neuroserpin 3'UTR AU-rich element mRNA stability + [39]
NT-3 3'UTR AU-rich element mRNA stability + [29]
NOVA-1 3'UTR AU-rich element ~ mRNA stability and Translation + [40]
MSI1 3'UTR AU-rich element mRNA stability + [41]
Kv1.1 coding region ellje-rl;iﬂ t Translation + [42]
SATB1 3'UTR AU-rich element mRNA stability + [43]
SOD1 3'UTR AU-rich element mRNA stability + [44]
Tau 3'UTR e[li;;iz‘}; t Transport + [45]

3. Possible Roles of HuD in Nervous System Diseases

HuD functions have been extensively studied in neuronal development, plasticity, and

regeneration. Recent studies, however, suggest that HuD misregulation might underlie
neurological disorders, including neurodegenerative diseases such as Parkinson’s disease,
Alzheimer’s disease, and amyotrophic lateral sclerosis (Figure 3).

3.1. Parkinson’s Disease (PD)

PD is a neurodegenerative disease characterized by the loss of dopaminergic neurons
caused by the aberrant accumulation of a-synuclein in the midbrain. The pathological
etiology seems to be related to both genetic and environmental risk factors [57]. Interest-
ingly, three different studies analyzed the genetic elements influencing the age-at-onset
(AAO) of PD and among various candidates they reported HuD as a plausibly associated
factor [46-48]. PARK10 is a genetic locus with a robust linkage signal associated with AAO
of PD mapping on chromosome 1p, which hosts the ELAVL4 gene. Among nine different
single-nucleotide polymorphisms (SNPs) found in the Caucasian population, two have
been associated with the AAO of PD. Specifically, rs967582 is located in the first intron and
rs2494876 is a non-synonymous SNP mapping in the coding region of exon 8 [46]. Another
study examined the correlation between ELAVL4 SNPs and AAO of PD in Norwegian,
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United States (US) and Irish populations [47]. While no association was found in the first
two populations, a strong link has been identified in the Irish one for two markers: the
already mentioned rs967582 and another intronic SNP, rs3902720. Given the correlation
between the Iceland population with late-onset PD and their Celtic origins, a possible Irish
founder effect in the ELAVL4 association to PD has been hypothesized. A third study
confirmed the strong correlation between PD and the rs967582 SNP, extending its relevance
also in US and Norwegian populations [48]. Interestingly, the rs2494876 SNP consists of
a serine substitution with a proline in the linker region between RRM2 and RRM3, with
possible consequences in the protein function [17].

Parkinson’s disease
ALTERATION MECHANISM REFERENCES

SNPs ¢ Mutation Noureddine et al., 2005;
Haurgavoll et al., 2007;
DeStefano et al., 2008

Loss of function * Hyperphosphorylation by LRKK2-G2019S Pastic et al., 2022

Alzheimer’s Disease

ALTERATION MECHANISM REFERENCES
Loss of function * Decreased stabilization by ADAM10 Amadio et al., 2009;
* Reduced PCK levels preventing HuD binding to ADAM10 transcript Pascale et al., 2005
Gain of function * Increased levels of HuD transcript and/or protein Kang et al., 2014;

Subhadra et al.,2013;
van der Linden et al., 2022

Impaired localization * PCK decrease impairs HuD export in the cytoplasm Pascale et al., 2005

Amyotrophic Lateral Sclerosis

ALTERATION MECHANISM REFERENCES
Loss of function * Increased levels of mir-129-5p in SOD1-ALS models Loffreda et al., 2020
Gain of function ¢ Reduced mir-375 levels and loss of FMRP binding in FUS-ALS models De Santis et al., 2017

* Induction by oxidative stress Garone et al., 2021
* Environmental stress in sporadic ALS Dell’Orco et al., 2021
Impaired localization « Entrapment in pathological cytoplasmatic inclusions in FUS, TDP43 and sporadic ALS Blokhuis et al., 2016

De Santis et al., 2019

Figure 3. Summative figure of the evidence on the possible implication of HuD in major neurodegen-
erative diseases [25,26,28,44,46-56].

Increased activity of the Leucine-Rich-Repeat Kinase-2 (LRKK2), due to mutations
such as the G2019S, is a major cause of familial PD. Pastic et al. recently demonstrated
that LRKK2 can phosphorylate conserved serine and threonine residues in the RRM2 of
neuronal ELAVLs, including HuD [28]. They proposed that hyperphosphorylation of the
RRM2 by LRKK2-G2019S can alter the activity of HuD in PD. Specifically, phosphorylation
of HuD RRM2 increases its binding to mRNA target. Notably, HuD hyperphosphorylation
by LRRK2 has an inhibitory effect on its mRINA stabilizing activity, while it enhances its
effects on mRNA splicing. Levels of several HuD targets, including genes involved in
the mitochondrial organization, inflammation, and organelle trafficking, were accordingly
altered in PD patients.

3.2. Alzheimer’s Disease (AD)

HuD involvement in processes of learning and memory formation paved the way for
studies on the impairment of its functions in AD, a neurodegenerative disease characterized
by progressive loss of memory and cognitive functions. Amadio et al. showed a remarkable
decrease in HuD levels correlated to an increase of 3-amyloid (Af) aggregates in post-
mortem hippocampal tissues of AD patients [25]. They reported higher levels of pathogenic
Ap peptide with a length of 42 residues (A31-42) compared with a shorter physiological
form (A(31-40). This might be partly due to impaired ADAM10 mRNA stabilization due to
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reduced HuD levels. ADAM10 encodes for one of the most relevant x-secretases involved
in APP cleavage for producing soluble and non-pathogenic ABPP. The presence of an
ARE region in the ADAM10 3'UTR suggested possible post-transcriptional regulation by
HuD [25]. Immunoprecipitation analysis demonstrated that ADAMI10 mRNA is indeed
a HuD target [25]. In addition, HuD binding to the ADAM10 ARE could be promoted by
protein kinase C (PKC). PKC, which is decreased in postmortem AD brain tissues, is di-
rectly implicated in the activation of the x-secretase ADAM10, leading to an increase of the
soluble ABPP production at the expense of A3 fragments. Moreover, PKC promotes HuD
export from the nucleus and its cytoplasmic and cytoskeletal localization, with important
consequences in the up-regulation of HuD targets [49].

In contrast with the earlier study by Amadio et al. [25], who found decreased HuD
levels in the hippocampus, other authors have later reported increased HuD levels in AD
patients’ post-mortem samples. In particular, increased HuD levels have been detected
in superior temporal gyrus by Kang et al. [26] and in the frontal cortex, possibly due to
increased activation of the thyroid hormone pathway, by Subhadra et al. [50]. Regarding
the underlying pathological mechanisms, Kang et al. investigated the association between
HuD, the (3-secretase BACE], and the long noncoding RNA (IncRNA) BACE1AS [26]. -
secretase enzymes are crucial for A3 production and represent possible druggable targets
for AD treatment. BACE1AS acts as a BACE1 expression enhancer thanks to sequence
complementarity to BACEI mRNA. HuD binding to BACE1AS increases the levels of this
IncRNA, thus indirectly promoting BACET stabilization and translation [26]. Accordingly,
increased levels of HuD were mirrored by increased BACEIAS and BACEI mRNA levels
in AD brains. Moreover, HuD overexpressing mice showed increased amounts of Af3,
APP, BACE1, and BACE1AS in the hippocampus, cortex, and cerebellum [26]. Collectively,
these data further support the implication of HuD in APP cleavage control during AD
progression.

Transcript levels of another HuD target, neuroserpin, are increased in AD brains [50].
Neuroserpin is an inhibitor of tissue plasminogen activator (tPA). tPA inhibition leads to a
dramatic reduction of plasmin protease activity, which regulates and degrades [3-amyloid
plaques for safeguarding brain homeostasis. Thus, in AD patients’ brain, increased HuD
activity might lead to an aberrant rise in neuroserpin protein levels [50].

A recent study analyzed the effects of HuD loss- and gain-of-function in an iPSC-based
AD model [51]. HuD overexpression rescued the AD-associated phenotype, up-regulating
some specific APP splicing isoforms and reducing the A31-42/A(31-40 ratio. In particu-
lar, the authors showed a significant increase in the APP695 splicing isoform, which is
downregulated in AD, at the expense of the APP751 and APP770 isoforms. In addition,
HuD overexpressing cortical neurons showed Af1-42 reduced levels compared with the
-amyloid protective A31-40 counterpart. Transcriptional and proteomic analysis in over-
expressing neurons revealed that HuD regulates several cellular pathways. Particularly
noteworthy is “axogenesis signaling”, including axonal guidance and synaptogenesis regu-
lation. Moreover, aberrant DNA damage, cell cycle re-entry and mitochondrial pathways
were impaired in HuD knock-down and AD conditions.

3.3. Amyotrophic Lateral Sclerosis (ALS)

ALS is a complex neurodegenerative disease primarily caused by motoneurons’ (MNs)
progressive loss, with considerable genetic and phenotypic heterogeneity. Indeed, clinical
and basic research evidence suggests multiple contributing factors, with important but
varied genetic components and a complex onset. Recent evidence suggests that altered
HubD activity might be a common underlying pathomechanism in both familial (fALS) and
sporadic (sALS) ALS.

In 2011, two independent laboratories studied HuD in the context of the MN. The
authors showed how the interaction between HuD and survival of motor neuron (SMN)
could rescue motor neuron defects in spinal muscular atrophy, albeit with different mecha-
nisms [9,58]. HuD was then found among the interactors of ALS-linked factors, including
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the RBPs Fused in sarcoma (FUS) and TAR DNA binding protein 43 (TDP-43), in neuroblas-
toma cells [55]. More direct evidence of the possible involvement of HuD in ALS was shown
in 2017, when our laboratory performed a transcriptome profiling in induced pluripotent
stem cells (iPSCs)-derived MNs. HuD transcript and protein levels were significantly
increased in MNs carrying a severe ALS-linked mutation in the FUS gene (P525L) [53].
This may be partly due to the fact that miR-375, a microRNA negatively regulating HuD
expression, was downregulated in FUS mutant MNs. Notably, miR-375 involvement in
ALS might extend to sporadic ALS, since its levels were altered in a sSALS mouse model [59].
Other microRNAs might be involved in HuD regulation in ALS. For instance, a mouse
model carrying an ALS mutation in the Cu/Zn SuperOxide Dismutase 1 (SOD1) gene
showed increased levels of miR-129-5p and decreased HuD levels [52].

Subsequent studies suggested that, beyond microRNAs, the molecular mechanisms
underlying HuD altered levels in ALS might involve multiple levels of regulation. By
taking advantage of photoactivatable ribonucleoside-enhanced crosslinking and immuno-
precipitation (PAR-CLIP), we found that ALS mutant FUS, but not the wild-type protein,
binds the HuD mRNA 3'UTR [56]. Mutant FUS binding to 3'UTRs generally correlates with
increased protein levels of its targets [60]. In the case of HuD, the molecular mechanism
involves the RBP FMRP (fragile X mental retardation protein). In MNs, FMRP directly
binds the 3"UTR of HuD and acts as a negative regulator of HuD translation [54]. Mutant
FUS binding to the same sites intrudes on this function, leading to increased HuD trans-
lation [54]. In turn, HuD targets NRN1 and GAP-43 were increased in FUS-ALS human
and mouse models [54,61]. Accordingly, increased axon branching, arborization, and faster
growth upon injury were observed in FUS mutant cells. These axonal phenotypes were
rescued by dampening NRN1 levels in FUS-P525L MNs, demonstrating that this phenotype
is a consequence of increased NRN1 [54]. New evidence suggests that the effects of HuD
upregulation on its target genes in ALS might extend beyond NRN1 and GAP-43. By taking
advantage of human iPSC-derived MNs cultured in compartmented chambers and RNA
profiling by digital colour-coded molecular barcoding in soma and neurites, it was found
that HuD overexpression in FUS-WT MNs produces changes strikingly similar to those
observed in mutant FUS MNSs, especially for the expression of a set of genes involved in
synaptic transmission and neuron development [62]. This finding supports the importance
of HuD in the context of a complex regulatory RBP network, which is in place in normal
MNs and disrupted upon FUS mutation (and possibly also in sALS, see below). Accord-
ingly, Tebaldi et al. showed that genes associated with MN diseases, such as ALS and spinal
muscular atrophy (SMA), were enriched among HuD targets and that HuD overexpression
in NSC-34 cells (a mouse hybrid line between MNs and neuroblastoma) increases their
translation [63]. Interestingly, it has been recently reported HuD can bind and regulate the
expression of neuronal circRNAs [22]. Since several circRNAs were deregulated upon FUS
loss of function or mutation in MNs [64], this evidence suggests the possibility that the ac-
tivities of these two RBPs might converge also on this class of transcripts, with implications
for ALS.

HuD might play a role also at late disease stages as it was detected as a component
of pathological cytoplasmic inclusions in FUS and TDP-43 ALS patients’ postmortem
samples [55,56]. HuD capturing in these macromolecular aggregates, which represent a
hallmark of the pathology, might occur via direct protein-protein interaction with mutant
FUS (and possibly other protein components of the inclusions), through prior recruitment
of HuD into stress granules (which are thought to represent precursors of the aggregate),
and/or by binding to RNA molecules involved in aggregate formation [56,65]. Interest-
ingly, the co-expression of mutant FUS and HuD in HelLa cells is sufficient to induce
the formation of stiff cytoplasmic speckles, which might represent an early stage during
aggregate formation [56].

HuD involvement in ALS might extend to the sporadic cases devoid of any mutation
in known ALS-linked genes. We have detected HuD in pathological inclusions of sALS
patients, colocalizing with a phosphorylated form of TDP-43 typically associated with the
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pathology [56]. The Cereda and Perrone-Bizzozero laboratories recently demonstrated that
HuD binds the 3"UTR of SODI mRNA increasing its levels during oxidative stress [44].
Notably, increased mRNA and protein levels of both SOD1 and HuD were reported in
the motor cortex of sporadic ALS patients, possibly due to increased HuD binding to
SOD1 mRNA [44].

4. Conclusions and Future Perspectives

HuD involvement in neurological diseases was initially proposed when SNPs in the
ELAVLA4 gene were associated with PD. Since then, increasing evidence points to a possible
role for this RBP in other neurodegenerative diseases as well. This is not unexpected, given
its multiple functions in the nervous system. However, strong genetic evidence of HuD
mutations associated with AD and ALS is still missing, and even for PD a causal effect of
the aforementioned SNPs is still uncertain.

Recent studies suggest that in neurodegenerative diseases rather than being mutated
per se, HuD functions could be altered due to impairment of the transcriptional, post-
transcriptional and/or post-translational regulatory mechanisms that ensure, in normal
neurons, proper levels of expression and activity. In PD, this would occur due to mutations
in LRKK?2, a kinase that phosphorylates HuD and other neural ELAVLs regulating their
RNA binding ability. Altered HuD activity has been also proposed to play a role in AD.
In this case, several studies have shown either decreased or increased HuD levels in post-
mortem patients” brain samples [25,26,50]. Such apparently conflicting evidence might
result from the different brain regions analyzed (hippocampus or cortex). Moreover, it
has been proposed that both a loss-of-function (in an iPSC-based model) and an aberrant
gain-of-function (in a mouse) of HuD might trigger pathological mechanisms in AD [26,51].
Collectively, it is conceivable that an alteration of HuD levels in opposite directions might
occur at different disease stages and/or in different brain regions in AD patients. In any
case, both increased and decreased activity of HuD might produce a significant effect on
multiple targets involved in AD pathogenesis.

In MNs, the 3'UTR of the HuD transcript represents an important regulatory element,
to which direct binding has been shown for several microRNAs and RBPs. ALS-linked
RBPs FUS and TDP-43 are involved in microRNA biogenesis. Therefore, impairment in
the production of specific microRNAs might, at least in part, cause an aberrant increase of
HubD protein levels in ALS patients’ MNs. Moreover, recent evidence that FMRP negatively
regulates HuD translation in MNs suggests that, in normal conditions, keeping low levels
of HuD is crucial for these cells. Thus, HuD aberrant upregulation due to environmental
(e.g., oxidative stress) or genetic (FUS or TDP-43 mutation) triggers might represent an
early pathogenic event with important consequences on the expression of several other
genes involved in MN diseases. We and others have also reported that HuD is a component
of pathological inclusions found in fALS (TDP-43 and FUS) and sALS. Notably, most of
the proteins associated with these aggregates are ubiquitously expressed, while HuD is
a neural-specific factor. Whether HuD represents a mere bystander or an active trigger
in toxic aggregate formation is still unknown. Answering this question might lead to
developing novel therapeutic strategies for ALS based on HuD targeting.

In conclusion, increasing evidence of alteration of HuD levels and/or activity in multi-
ple neurodegenerative diseases lays the basis for the rational design of new diagnostic and
therapeutic approaches. However, there are still important aspects that need to be clarified.
A relevant point is related to the isoforms produced by alternative splicing, transcrip-
tional start sites and cleavage/polyadenylation sites that are expressed in physiological
and pathological conditions. Most of the studies have been focused so far on major HuD
isoforms, but we cannot exclude that minor isoforms, possibly with different intracellular
localization and /or RNA binding activity, play any role in disease. Notably, alternative
cleavage and polyadenylation can produce transcripts with shorter 3’'UTRs, which would
escape from negative regulation by miRNAs (such as miR-375) and RBPs (such as FMRP).
Similarly, post-translational modifications, such as phosphorylation, that might alter HuD
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activity have been rarely taken into consideration in previous studies. We believe that better
characterization of HuD mRINA and protein species expressed at different disease stage,
and in different brain regions, would provide important information to better clarify its
contribution to disease. Another important advancement would be the characterization of
HubD targetome in the specific cell type affected by each neurodegenerative disease, possibly
at different disease stages. To this regard, human iPSCs, which can be derived from patients,
modified by gene editing and differentiated into (virtually) any cell type, could represent
a useful tool for RNA-immunoprecipitation or cross-linking and immunoprecipitation
(CLIP)-based approaches. In parallel with these basic studies, we propose that strategies
for modulating HuD levels (or activity) should be taken into account for developing new
therapeutic approaches for neurodegenerative diseases. In this regard, an interesting op-
portunity is provided by recent pre-clinical and clinical studies based on the use of artificial
oligonucleotides, such as aptamers or antisense oligonucleotides (ASOs) [66,67]. Aptamers
are synthetic modified nucleic acids able to bind with high affinity a molecular target. An
important advancement in the field comes from the possibility to design aptamer sequences
which are highly specific for a given RBP, thus allowing to interfere with its activity and/or
visualize it by microscopy with subcellular resolution [68]. ASOs can be used to modulate
gene expression at the post-transcriptional level by different mechanisms, e.g., splicing
modulation or RNase H-mediated knock-down. Importantly, this technology has been
already translated into an effective drug for neurodegeneration [69].

Author Contributions: Conceptualization, B.S.,, M.M., M.G.G. and A.R.; writing—original draft
preparation, B.S., M.M., M.G.G. and A.R,; writing—review and editing, A.R.; supervision, A.R.;
funding acquisition, A.R. All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by Sapienza University and Fondazione Istituto Italiano di Tecnologia.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank all the members of the Rosa lab for helpful discussion and Beatrice
Borhy for her contribution to figures drawing.

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

References

1. Bronicki, L.M.; Jasmin, B.]. Emerging complexity of the HuD/ELAVI14 gene; implications for neuronal development, function,
and dysfunction. RNA 2013, 19, 1019-1037. [CrossRef] [PubMed]

2. Abdelmohsen, K.; Hutchison, E.R.; Lee, E.K.; Kuwano, Y.; Kim, M.M.; Masuda, K.; Srikantan, S.; Subaran, S.S.; Marasa, B.S.;
Mattson, M.P,; et al. miR-375 inhibits differentiation of neurites by lowering HuD levels. Mol. Cell Biol. 2010, 30, 4197-4210.
[CrossRef]

3. Deschenes-Furry, J.; Perrone-Bizzozero, N.; Jasmin, B.J. The RNA-binding protein HuD: A regulator of neuronal differentiation,
maintenance and plasticity. Bioessays 2006, 28, 822-833. [CrossRef] [PubMed]

4. Akamatsu, W.; Fujihara, H.; Mitsuhashi, T.; Yano, M.; Shibata, S.; Hayakawa, Y.; Okano, H.J.; Sakakibara, S.-I.; Takano, H.; Takano,
T.; et al. The RNA-binding protein HuD regulates neuronal cell identity and maturation. Proc. Natl. Acad. Sci. USA 2005, 102,
4625-4630. [CrossRef]

5. Aranda-Abreu, G.E.; Behar, L.; Chung, S.; Furneaux, H.; Ginzburg, I. Embryonic lethal abnormal vision-like RNA-binding
proteins regulate neurite outgrowth and tau expression in PC12 cells. J. Neurosci. 1999, 19, 6907-6917. [CrossRef] [PubMed]

6.  Anderson, K.D.; Sengupta, ].; Morin, M.; Neve, R.L.; Valenzuela, C.F,; Perrone-Bizzozero, N.I. Overexpression of HuD accelerates
neurite outgrowth and increases GAP-43 mRNA expression in cortical neurons and retinoic acid-induced embryonic stem cells
in vitro. Exp. Neurol. 2001, 168, 250-258. [CrossRef] [PubMed]

7. Perrone-Bizzozero, N.I; Tanner, D.C.; Mounce, J.; Bolognani, F. Increased expression of axogenesis-related genes and mossy fibre
length in dentate granule cells from adult HuD overexpressor mice. ASN Neuro 2011, 3, 259-270. [CrossRef] [PubMed]

8. Mobarak, C.D.; Anderson, K.D.; Morin, M.; Beckel-Mitchener, A.; Rogers, S.L.; Furneaux, H.; King, P.; Perrone-Bizzozero, N.L

The RNA-binding protein HuD is required for GAP-43 mRNA stability, GAP-43 gene expression, and PKC-dependent neurite
outgrowth in PC12 cells. Mol. Biol. Cell 2000, 11, 3191-3203. [CrossRef]


http://doi.org/10.1261/rna.039164.113
http://www.ncbi.nlm.nih.gov/pubmed/23861535
http://doi.org/10.1128/MCB.00316-10
http://doi.org/10.1002/bies.20449
http://www.ncbi.nlm.nih.gov/pubmed/16927307
http://doi.org/10.1073/pnas.0407523102
http://doi.org/10.1523/JNEUROSCI.19-16-06907.1999
http://www.ncbi.nlm.nih.gov/pubmed/10436048
http://doi.org/10.1006/exnr.2000.7599
http://www.ncbi.nlm.nih.gov/pubmed/11259113
http://doi.org/10.1042/AN20110015
http://www.ncbi.nlm.nih.gov/pubmed/22004431
http://doi.org/10.1091/mbc.11.9.3191

Int. . Mol. Sci. 2022, 23, 14606 110f13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Akten, B.; Kye, M.].; Hao, L.T.; Wertz, M.H.; Singh, S.; Nie, D.; Huang, J.; Merianda, T.T.; Twiss, ].L.; Beattie, C.E.; et al. Interaction
of survival of motor neuron (SMN) and HuD proteins with mRNA cpg15 rescues motor neuron axonal deficits. Proc. Natl. Acad.
Sci. USA 2011, 108, 10337-10342. [CrossRef]

Deschenes-Furry, J.; Belanger, G.; Perrone-Bizzozero, N.; Jasmin, B.J. Post-transcriptional regulation of acetylcholinesterase
mRNAs in nerve growth factor-treated PC12 cells by the RNA-binding protein HuD. J. Biol. Chem. 2003, 278, 5710-5717. [CrossRef]
Kasashima, K.; Terashima, K.; Yamamoto, K.; Sakashita, E.; Sakamoto, H. Cytoplasmic localization is required for the mammalian
ELAV-like protein HuD to induce neuronal differentiation. Genes Cells 1999, 4, 667-683. [CrossRef] [PubMed]

Pascale, A.; Gusev, P.A.; Amadio, M.; Dottorini, T.; Govoni, S.; Alkon, D.L.; Quattrone, A. Increase of the RNA-binding protein
HuD and posttranscriptional up-regulation of the GAP-43 gene during spatial memory. Proc. Natl. Acad. Sci. USA 2004, 101,
1217-1222. [CrossRef] [PubMed]

Yoo, S.; Kim, H.H.; Kim, P.; Donnelly, C.J.; Kalinski, A.L.; Vuppalanchi, D.; Park, M.; Lee, S.J.; Merianda, T.T.; Perrone-Bizzozero,
N.L; et al. A HuD-ZBP1 ribonucleoprotein complex localizes GAP-43 mRNA into axons through its 3’ untranslated region
AU-rich regulatory element. |. Neurochem. 2013, 126, 792-804. [CrossRef] [PubMed]

Gomes, C.; Lee, S.J.; Gardiner, A.S.; Smith, T.; Sahoo, PK.; Patel, P.; Thames, E.; Rodriguez, R.; Taylor, R.; Yoo, S.; et al. Axonal
localization of neuritin/CPG15 mRNA is limited by competition for HuD binding. J. Cell Sci. 2017, 130, 3650-3662. [CrossRef]
[PubMed]

Javaherian, A.; Cline, H.T. Coordinated motor neuron axon growth and neuromuscular synaptogenesis are promoted by CPG15
in vivo. Neuron 2005, 45, 505-512. [CrossRef] [PubMed]

Jung, M.; Lee, E K. RNA-Binding Protein HuD as a Versatile Factor in Neuronal and Non-Neuronal Systems. Biology 2021, 10, 361.
[CrossRef] [PubMed]

Perrone-Bizzozero, N.; Bird, C.W. Role of HuD in nervous system function and pathology. Front. Biosci. 2013, 5, 554-563.
[CrossRef] [PubMed]

Hayashi, S.; Yano, M.; Igarashi, M.; Okano, H.J.; Okano, H. Alternative role of HuD splicing variants in neuronal differentiation. J.
Neurosci. Res. 2015, 93, 399—-409. [CrossRef] [PubMed]

Saito, K.; Fujiwara, T.; Katahira, J.; Inoue, K.; Sakamoto, H. TAP/NXF1, the primary mRNA export receptor, specifically interacts
with a neuronal RNA-binding protein HuD. Biochem. Biophys. Res. Commun. 2004, 321, 291-297. [CrossRef]

Zhu, H.; Hasman, R.A.; Barron, V.A.; Luo, G.; Lou, H. A nuclear function of Hu proteins as neuron-specific alternative RNA
processing regulators. Mol. Biol. Cell 2006, 17, 5105-5114. [CrossRef]

Zimmerman, A.J.; Hafez, A K.; Amoah, SK.; Rodriguez, B.A.; Dell'Orco, M.; Lozano, E.; Hartley, B.].; Alural, B.; Lalonde, J.;
Chander, P; et al. A psychiatric disease-related circular RNA controls synaptic gene expression and cognition. Mol. Psychiatry
2020, 25, 2712-2727. [CrossRef]

Dell’Orco, M.; Oliver, RJ.; Perrone-Bizzozero, N. HuD Binds to and Regulates Circular RNAs Derived From Neuronal
Development- and Synaptic Plasticity-Associated Genes. Front. Genet. 2020, 11, 790. [CrossRef] [PubMed]

Dell’Orco, M.; Elyaderani, A.; Vannan, A.; Sekar, S.; Powell, G.; Liang, W.S.; Neisewander, J.L.; Perrone-Bizzozero, N.I. HuD
Regulates mRNA-circRNA-miRNA Networks in the Mouse Striatum Linked to Neuronal Development and Drug Addiction.
Biology 2021, 10, 939. [CrossRef]

Deschenes-Furry, J.; Mousavi, K.; Bolognani, F.; Neve, R.L.; Parks, R.J.; Perrone-Bizzozero, N.I; Jasmin, B.]. The RNA-binding
protein HuD binds acetylcholinesterase mRNA in neurons and regulates its expression after axotomy. |. Neurosci. 2007, 27,
665-675. [CrossRef]

Amadio, M,; Pascale, A.; Wang, ].; Ho, L.; Quattrone, A.; Gandy, S.; Haroutunian, V.; Racchi, M.; Pasinetti, G.M. nELAV proteins
alteration in Alzheimer’s disease brain: A novel putative target for amyloid-beta reverberating on AbetaPP processing. .
Alzheimers Dis. 2009, 16, 409—419. [CrossRef] [PubMed]

Kang, M.-].; Abdelmohsen, K.; Hutchison, E.R.; Mitchell, S.J.; Grammatikakis, I.; Guo, R.; Noh, J.H.; Martindale, ].L.; Yang, X.; Lee,
E.K.; et al. HuD regulates coding and noncoding RNA to induce APP— A processing. Cell Rep. 2014, 7, 1401-1409. [CrossRef]
[PubMed]

Fragkouli, A.; Koukouraki, P.; Vlachos, I.S.; Paraskevopoulou, M.D.; Hatzigeorgiou, A.G.; Doxakis, E. Neuronal ELAVL proteins
utilize AUF-1 as a co—partner to induce neuron-specific alternative splicing of APP. Sci. Rep. 2017, 7, 44507. [CrossRef] [PubMed]
Pastic, A.; Negeri, O.; Ravel-Chapuis, A.; Savard, A.; Trung, M.T,; Palidwor, G.; Guo, H.; Marcogliese, P.; Taylor, J.A.; Okano,
H.; et al. LRRK2 Phosphorylates Neuronal Elav RNA-Binding Proteins to Regulate Phenotypes Relevant to Parkinson’s Disease.
bioRxiv 2022. [CrossRef]

Lim, C.S.; Alkon, D.L. Protein kinase C stimulates HuD-mediated mRNA stability and protein expression of neurotrophic factors
and enhances dendritic maturation of hippocampal neurons in culture. Hippocampus 2012, 22, 2303-2319. [CrossRef]

Sosanya, N.M.; Cacheaux, L.P.; Workman, E.R.; Niere, F.; Perrone-Bizzozero, N.I.; Raab-Graham, K.F. Mammalian Target of
Rapamycin (mTOR) Tagging Promotes Dendritic Branch Variability through the Capture of Ca?* /Calmodulin-dependent Protein
Kinase II alpha (CaMKIlIalpha) mRNAs by the RNA-binding Protein HuD. |. Biol. Chem. 2015, 290, 16357-16371. [CrossRef]
Joseph, B.; Orlian, M.; Furneaux, H. p21(wafl) mRNA contains a conserved element in its 3’~untranslated region that is bound by
the Elav-like mRNA-stabilizing proteins. . Biol. Chem. 1998, 273, 20511-20516. [CrossRef] [PubMed]

Beckel-Mitchener, A.C.; Miera, A.; Keller, R.; Perrone-Bizzozero, N.I. Poly(A) tail length—-dependent stabilization of GAP-43
mRNA by the RNA-binding protein HuD. |. Biol. Chem. 2002, 277, 27996-28002. [CrossRef] [PubMed]


http://doi.org/10.1073/pnas.1104928108
http://doi.org/10.1074/jbc.M209383200
http://doi.org/10.1046/j.1365-2443.1999.00292.x
http://www.ncbi.nlm.nih.gov/pubmed/10620013
http://doi.org/10.1073/pnas.0307674100
http://www.ncbi.nlm.nih.gov/pubmed/14745023
http://doi.org/10.1111/jnc.12266
http://www.ncbi.nlm.nih.gov/pubmed/23586486
http://doi.org/10.1242/jcs.201244
http://www.ncbi.nlm.nih.gov/pubmed/28871047
http://doi.org/10.1016/j.neuron.2004.12.051
http://www.ncbi.nlm.nih.gov/pubmed/15721237
http://doi.org/10.3390/biology10050361
http://www.ncbi.nlm.nih.gov/pubmed/33922479
http://doi.org/10.2741/S389
http://www.ncbi.nlm.nih.gov/pubmed/23277068
http://doi.org/10.1002/jnr.23496
http://www.ncbi.nlm.nih.gov/pubmed/25332105
http://doi.org/10.1016/j.bbrc.2004.06.140
http://doi.org/10.1091/mbc.e06-02-0099
http://doi.org/10.1038/s41380-020-0653-4
http://doi.org/10.3389/fgene.2020.00790
http://www.ncbi.nlm.nih.gov/pubmed/32849796
http://doi.org/10.3390/biology10090939
http://doi.org/10.1523/JNEUROSCI.4626-06.2007
http://doi.org/10.3233/JAD-2009-0967
http://www.ncbi.nlm.nih.gov/pubmed/19221430
http://doi.org/10.1016/j.celrep.2014.04.050
http://www.ncbi.nlm.nih.gov/pubmed/24857657
http://doi.org/10.1038/srep44507
http://www.ncbi.nlm.nih.gov/pubmed/28291226
http://doi.org/10.1101/2022.04.24.489327
http://doi.org/10.1002/hipo.22048
http://doi.org/10.1074/jbc.M114.599399
http://doi.org/10.1074/jbc.273.32.20511
http://www.ncbi.nlm.nih.gov/pubmed/9685407
http://doi.org/10.1074/jbc.M201982200
http://www.ncbi.nlm.nih.gov/pubmed/12034726

Int. . Mol. Sci. 2022, 23, 14606 12 0f13

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Ince-Dunn, G.; Okano, H.J.; Jensen, K.B.; Park, W.Y.; Zhong, R.; Ule, ].; Mele, A.; Fak, ].].; Yang, C.; Zhang, C.; et al. Neuronal Elav—-
like (Hu) proteins regulate RNA splicing and abundance to control glutamate levels and neuronal excitability. Neuron 2012, 75,
1067-1080. [CrossRef]

Ross, R.A.; Lazarova, D.L.; Manley, G.T.; Smitt, P.S.; Spengler, B.A.; Posner, J.B.; Biedler, J.L. HuD, a neuronal-specific RNA-
binding protein, is a potential regulator of MYCN expression in human neuroblastoma cells. Eur. J. Cancer 1997, 33, 2071-2074.
[CrossRef] [PubMed]

Manohar, C.F; Short, M.L.; Nguyen, A.; Nguyen, N.N.; Chagnovich, D.; Yang, Q.; Cohn, S.L. HuD, a neuronal-specific RNA-
binding protein, increases the in vivo stability of MYCN RNA. |. Biol. Chem. 2002, 277, 1967-1973. [CrossRef] [PubMed]

Wang, Z.H,; Li, S.J.; Qi, Y.; Zhao, J.J.; Liu, X.Y,; Han, Y; Xu, P; Chen, X.H. HuD regulates the cpg15 expression via the 3'-UTR and
AU-rich element. Neurochem. Res. 2011, 36, 1027-1036. [CrossRef]

Zhu, H.; Hinman, M.N.; Hasman, R.A.; Mehta, P.; Lou, H. Regulation of neuron-specific alternative splicing of neurofibromatosis
type 1 pre-mRNA. Mol. Cell Biol. 2008, 28, 1240-1251. [CrossRef]

Zhou, H.L.; Hinman, M.N.; Barron, V.A.; Geng, C.; Zhou, G.; Luo, G.; Siegel, R.E.; Lou, H. Hu proteins regulate alternative
splicing by inducing localized histone hyperacetylation in an RNA-dependent manner. Proc. Natl. Acad. Sci. USA 2011, 108,
E627-E635. [CrossRef]

Cuadrado, A.; Navarro-Yubero, C.; Furneaux, H.; Kinter, J.; Sonderegger, P.; Munoz, A. HuD binds to three AU-rich sequences in
the 3’~UTR of neuroserpin mRNA and promotes the accumulation of neuroserpin mRNA and protein. Nucleic Acids Res. 2002, 30,
2202-2211. [CrossRef]

Ratti, A.; Fallini, C.; Colombrita, C.; Pascale, A.; Laforenza, U.; Quattrone, A.; Silani, V. Post—transcriptional regulation of
neuro-oncological ventral antigen 1 by the neuronal RNA-binding proteins ELAV. J. Biol. Chem. 2008, 283, 7531-7541. [CrossRef]
Ratti, A.; Fallini, C.; Cova, L.; Fantozzi, R.; Calzarossa, C.; Zennaro, E.; Pascale, A.; Quattrone, A.; Silani, V. A role for the ELAV
RNA-binding proteins in neural stem cells: Stabilization of Msil mRNA. J. Cell Sci. 2006, 119, 1442-1452. [CrossRef] [PubMed]

Sosanya, N.M.; Huang, PP.C.; Cacheaux, L.P.,; Chen, C.J.; Nguyen, K.; Perrone-Bizzozero, N.I.; Raab-Graham, K.F. Degradation of
high affinity HuD targets releases Kvl.1 mRNA from miR-129 repression by mTORC]. Cell Biol. 2013, 202, 53—69. [CrossRef]
[PubMed]

Wang, E; Tidei, ].].; Polich, E.D.; Gao, Y.; Zhao, H.; Perrone-Bizzozero, N.I.; Guo, W.; Zhao, X. Positive feedback between RNA-
binding protein HuD and transcription factor SATB1 promotes neurogenesis. Proc. Natl. Acad. Sci. USA 2015, 112, E4995-E5004.
[CrossRef] [PubMed]

Dell’Orco, M.; Sardone, V.; Gardiner, A.S.; Pansarasa, O.; Bordoni, M.; Perrone-Bizzozero, N.I.; Cereda, C. HuD regulates SOD1
expression during oxidative stress in differentiated neuroblastoma cells and sporadic ALS motor cortex. Neurobiol. Dis. 2021, 148,
105211. [CrossRef]

Atlas, R.; Behar, L.; Elliott, E.; Ginzburg, I. The insulin-like growth factor mRNA binding-protein IMP-1 and the Ras-regulatory
protein G3BP associate with tau mRNA and HuD protein in differentiated P19 neuronal cells. |. Neurochem. 2004, 89, 613—626.
[CrossRef]

Noureddine, M.A.; Qin, X.-].; Oliveira, S.A.; Skelly, T.].; van der Walt, J.; Hauser, M.A.; Pericak-Vance, M.A.; Vance, ] M.; Li, Y.-J.
Association between the neuron-specific RNA-binding protein ELAVL4 and Parkinson disease. Hum. Genet. 2005, 117, 27-33.
[CrossRef]

Haugarvoll, K.; Toft, M.; Ross, O.A; Stone, ].T.; Heckman, M.G.; White, L.R.; Lynch, T.; Gibson, ] M.; Wszolek, Z.K.; Uitti, RJ.; et al.
ELAVL4, PARK10, and the Celts. Mov. Disord. 2007, 22, 585-587. [CrossRef]

DeStefano, A.L.; Latourelle, J.; Lew, M.E,; Suchowersky, O.; Klein, C.; Golbe, L.I.; Mark, M.H.; Growdon, J.H.; Wooten, G.F.; Watts,
R.; et al. Replication of association between ELAVL4 and Parkinson disease: The GenePD study. Hum. Genet. 2008, 124, 95-99.
[CrossRef]

Pascale, A.; Amadio, M.; Scapagnini, G.; Lanni, C.; Racchi, M.; Provenzani, A.; Govoni, S.; Alkon, D.L.; Quattrone, A. Neuronal
ELAV proteins enhance mRNA stability by a PKCalpha-dependent pathway. Proc. Natl. Acad. Sci. USA 2005, 102, 12065-12070.
[CrossRef]

Subhadra, B.; Schaller, K.; Seeds, N.W. Neuroserpin up-regulation in the Alzheimer’s disease brain is associated with elevated
thyroid hormone receptor-1 and HuD expression. Neurochem. Int. 2013, 63, 476—481. [CrossRef]

van der Linden, R.J.; Gerritsen, ].S.; Liao, M.; Widomska, J.; Pearse, R.V.; White, EM.; Franke, B.; Young-Pearse, T.L.; Poelmans,
G. RNA-binding protein ELAVL4/HuD ameliorates Alzheimer’s disease-related molecular changes in human iPSC-derived
neurons. Prog. Neurobiol. 2022, 217, 102316. [CrossRef] [PubMed]

Loffreda, A.; Nizzardo, M.; Arosio, A.; Ruepp, M.-D.; Calogero, R.A.; Volinia, S.; Galasso, M.; Bendotti, C.; Ferrarese, C.; Lunetta,
C.; et al. miR-129-5p: A key factor and therapeutic target in amyotrophic lateral sclerosis. Prog. Neurobiol. 2020, 190, 101803.
[CrossRef] [PubMed]

De Santis, R.; Santini, L.; Colantoni, A.; Peruzzi, G.; de Turris, V.; Alfano, V.; Bozzoni, I.; Rosa, A. FUS Mutant Human
Motoneurons Display Altered Transcriptome and microRNA Pathways with Implications for ALS Pathogenesis. Stem Cell Rep.
2017, 9, 1450-1462. [CrossRef] [PubMed]

Garone, M.G.; Birsa, N.; Rosito, M.; Salaris, F.; Mochi, M.; de Turris, V.; Nair, R.R.; Cunningham, T.].; Fisher, EIM.C.; Morlando,
M.; et al. ALS-related FUS mutations alter axon growth in motoneurons and affect HuD/ELAVL4 and FMRP activity. Commun.
Biol. 2021, 4, 1025. [CrossRef] [PubMed]


http://doi.org/10.1016/j.neuron.2012.07.009
http://doi.org/10.1016/S0959-8049(97)00331-6
http://www.ncbi.nlm.nih.gov/pubmed/9516855
http://doi.org/10.1074/jbc.M106966200
http://www.ncbi.nlm.nih.gov/pubmed/11711535
http://doi.org/10.1007/s11064-011-0443-0
http://doi.org/10.1128/MCB.01509-07
http://doi.org/10.1073/pnas.1103344108
http://doi.org/10.1093/nar/30.10.2202
http://doi.org/10.1074/jbc.M706082200
http://doi.org/10.1242/jcs.02852
http://www.ncbi.nlm.nih.gov/pubmed/16554442
http://doi.org/10.1083/jcb.201212089
http://www.ncbi.nlm.nih.gov/pubmed/23836929
http://doi.org/10.1073/pnas.1513780112
http://www.ncbi.nlm.nih.gov/pubmed/26305964
http://doi.org/10.1016/j.nbd.2020.105211
http://doi.org/10.1111/j.1471-4159.2004.02371.x
http://doi.org/10.1007/s00439-005-1259-2
http://doi.org/10.1002/mds.21336
http://doi.org/10.1007/s00439-008-0526-4
http://doi.org/10.1073/pnas.0504702102
http://doi.org/10.1016/j.neuint.2013.08.010
http://doi.org/10.1016/j.pneurobio.2022.102316
http://www.ncbi.nlm.nih.gov/pubmed/35843356
http://doi.org/10.1016/j.pneurobio.2020.101803
http://www.ncbi.nlm.nih.gov/pubmed/32335272
http://doi.org/10.1016/j.stemcr.2017.09.004
http://www.ncbi.nlm.nih.gov/pubmed/28988989
http://doi.org/10.1038/s42003-021-02538-8
http://www.ncbi.nlm.nih.gov/pubmed/34471224

Int. . Mol. Sci. 2022, 23, 14606 13 0f 13

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Blokhuis, A.M.; Koppers, M.; Groen, E.].N.; van den Heuvel, D.M.A; Dini Modigliani, S.; Anink, J.J.; Fumoto, K.; van Diggelen,
F.; Snelting, A.; Sodaar, P; et al. Comparative interactomics analysis of different ALS-associated proteins identifies converging
molecular pathways. Acta Neuropathol. 2016, 132, 175-196. [CrossRef] [PubMed]

De Santis, R.; Alfano, V.; de Turris, V.; Colantoni, A.; Santini, L.; Garone, M.G.; Antonacci, G.; Peruzzi, G.; Sudria-Lopez, E.; Wyler,
E.; et al. Mutant FUS and ELAVL4 (HuD) Aberrant Crosstalk in Amyotrophic Lateral Sclerosis. Cell Rep. 2019, 27, 3818-3831. 5.
[CrossRef]

Tolosa, E.; Garrido, A.; Scholz, S.W.; Poewe, W. Challenges in the diagnosis of Parkinson’s disease. Lancet Neurol. 2021, 20,
385-397. [CrossRef]

Hubers, L.; Valderrama-Carvajal, H.; Laframboise, J.; Timbers, J.; Sanchez, G.; C6té, ]. HuD interacts with survival motor neuron
protein and can rescue spinal muscular atrophy-like neuronal defects. Hum. Mol. Genet. 2011, 20, 553-579. [CrossRef]

Rohm, M.; May, C.; Marcus, K.; Steinbach, S.; Theis, V.; Theiss, C.; Matschke, V. The microRNA miR-375-3p and the Tumor
Suppressor NDRG2 are Involved in Sporadic Amyotrophic Lateral Sclerosis. Cell. Physiol. Biochem. 2019, 52, 1412-1426.
Garone, M.G.; Alfano, V.; Salvatori, B.; Braccia, C.; Peruzzi, G.; Colantoni, A.; Bozzoni, I.; Armirotti, A.; Rosa, A. Proteomics
analysis of FUS mutant human motoneurons reveals altered regulation of cytoskeleton and other ALS-linked proteins via 3'UTR
binding. Sci. Rep. 2020, 10, 11827. [CrossRef]

Birsa, N.; Ule, A.M.; Garone, M.G.; Tsang, B.; Mattedi, F.; Chong, P.A.; Humphrey, J.; Jarvis, S.; Pisiren, M.; Wilkins, O.G.; et al.
FUS-ALS mutants alter FMRP phase separation equilibrium and impair protein translation. Sci. Adv. 2021, 7, eabf8660. [CrossRef]
[PubMed]

Garone, M.G.; Salerno, D.; Rosa, A. Digital color-coded molecular barcoding reveals dysregulation of common FUS and FMRP
targets in soma and neurites of ALS mutant motoneurons. bioRxiv 2022. [CrossRef]

Tebaldi, T.; Zuccotti, P; Peroni, D.; Kohn, M.; Gasperini, L.; Potrich, V.; Bonazza, V.; Dudnakova, T.; Rossi, A.; Sanguinetti, G.; et al.
HuD Is a Neural Translation Enhancer Acting on mTORC1-Responsive Genes and Counteracted by the Y3 Small Non-coding
RNA. Mol. Cell. 2018, 71, 256-270.e10. [CrossRef] [PubMed]

Errichelli, L.; Dini Modigliani, S.; Laneve, P.; Colantoni, A.; Legnini, I.; Capauto, D.; Rosa, A.; De Santis, R.; Scarfo, R.; Peruzzi,
G.; et al. FUS affects circular RNA expression in murine embryonic stem cell-derived motor neurons. Nat. Commun. 2017, 8, 14741.
[CrossRef] [PubMed]

Ripin, N.; Parker, R. Are stress granules the RNA analogs of misfolded protein aggregates? RNA 2022, 28, 67-75. [CrossRef]
Barresi, V.; Musmeci, C.; Rinaldi, A.; Condorelli, D.F. Transcript-Targeted Therapy Based on RNA Interference and Antisense
Oligonucleotides: Current Applications and Novel Molecular Targets. Int. J. Mol. Sci. 2022, 23, 8875. [CrossRef] [PubMed]
Mollasalehi, N.; Francois-Moutal, L.; Porciani, D.; Burke, D.H.; Khanna, M. Aptamers Targeting Hallmark Proteins of Neurode-
generation. Nucleic Acid. Ther. 2022, 32, 235-250. [CrossRef] [PubMed]

Zacco, E.; Kantelberg, O.; Milanetti, E.; Armaos, A.; Panei, EP.; Gregory, J.; Jeacock, K.; Clarke, D.J.; Chandran, S.; Ruocco, G.; et al.
Probing TDP-43 condensation using an in silico designed aptamer. Nat. Commun. 2022, 13, 3306. [CrossRef] [PubMed]

Kim, J.; Hu, C.; Moufawad El Achkar, C.; Black, L.E.; Douville, J.; Larson, A.; Pendergast, M.K.; Goldkind, S.F.; Lee, E.A,;
Kuniholm, A.; et al. Patient-Customized Oligonucleotide Therapy for a Rare Genetic Disease. N. Engl. ]. Med. 2019, 381,
1644-1652. [CrossRef]


http://doi.org/10.1007/s00401-016-1575-8
http://www.ncbi.nlm.nih.gov/pubmed/27164932
http://doi.org/10.1016/j.celrep.2019.05.085
http://doi.org/10.1016/S1474-4422(21)00030-2
http://doi.org/10.1093/hmg/ddq500
http://doi.org/10.1038/s41598-020-68794-6
http://doi.org/10.1126/sciadv.abf8660
http://www.ncbi.nlm.nih.gov/pubmed/34290090
http://doi.org/10.1101/2022.08.02.502510
http://doi.org/10.1016/j.molcel.2018.06.032
http://www.ncbi.nlm.nih.gov/pubmed/30029004
http://doi.org/10.1038/ncomms14741
http://www.ncbi.nlm.nih.gov/pubmed/28358055
http://doi.org/10.1261/rna.079000.121
http://doi.org/10.3390/ijms23168875
http://www.ncbi.nlm.nih.gov/pubmed/36012138
http://doi.org/10.1089/nat.2021.0091
http://www.ncbi.nlm.nih.gov/pubmed/35452303
http://doi.org/10.1038/s41467-022-30944-x
http://www.ncbi.nlm.nih.gov/pubmed/35739092
http://doi.org/10.1056/NEJMoa1813279

	HuD Functions in Neuronal Development, Synaptic Plasticity and Regeneration 
	HuD Structure and Functioning Mechanisms 
	Possible Roles of HuD in Nervous System Diseases 
	Parkinson’s Disease (PD) 
	Alzheimer’s Disease (AD) 
	Amyotrophic Lateral Sclerosis (ALS) 

	Conclusions and Future Perspectives 
	References

