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Abstract
Dysregulated RNA metabolism is emerging as a crucially important mechanism underpinning the pathogenesis of fron-
totemporal dementia (FTD) and the clinically, genetically and pathologically overlapping disorder of amyotrophic lateral 
sclerosis (ALS). Heterogeneous nuclear ribonucleoproteins (hnRNPs) comprise a family of RNA-binding proteins with 
diverse, multi-functional roles across all aspects of mRNA processing. The role of these proteins in neurodegeneration is 
far from understood. Here, we review some of the unifying mechanisms by which hnRNPs have been directly or indirectly 
linked with FTD/ALS pathogenesis, including their incorporation into pathological inclusions and their best-known roles 
in pre-mRNA splicing regulation. We also discuss the broader functionalities of hnRNPs including their roles in cryptic 
exon repression, stress granule assembly and in co-ordinating the DNA damage response, which are all emerging patho-
genic themes in both diseases. We then present an integrated model that depicts how a broad-ranging network of pathogenic 
events can arise from declining levels of functional hnRNPs that are inadequately compensated for by autoregulatory means. 
Finally, we provide a comprehensive overview of the most functionally relevant cellular roles, in the context of FTD/ALS 
pathogenesis, for hnRNPs A1-U.
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Introduction

Frontotemporal lobar degeneration (FTLD) is an umbrella 
pathological term that encompasses a group of heterogene-
ous neurodegenerative disorders known to cause frontotem-
poral dementia (FTD) [108]. FTLD is believed to lie on a 
single disease continuum with the neuromuscular disease 
amyotrophic lateral sclerosis (ALS) [52]. Indeed, disrupted 

RNA and protein homeostasis have been identified as con-
verging mechanisms of neurotoxicity in both disorders. 
RNA-binding proteins (RBPs) play a central role in regulat-
ing all aspects of gene expression, hence their dysfunction is 
likely to be a key contributing feature of disrupted RNA and 
protein homeostasis in these diseases [118]. The heterogene-
ous nuclear ribonucleoprotein (hnRNP) family is a family 
of RBPs containing one or more RNA-binding domains that 
facilitate their extensive and divergent functionality across 
all stages of nucleic acid metabolism [59]. More recently, 
hnRNPs have also been shown to play a role in the orches-
tration of the DNA damage in response to genotoxicity and 
assembly of stress granules in response to other cellular 
stresses. Here, we review some of the common themes by 
which hnRNPs function to maintain homeostasis within cells 
and, by extension, highlight potentially vulnerable pathways 
by which neurotoxicity can be induced or exacerbated fol-
lowing their dysregulation during FTLD/ALS pathogenesis.
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Structure and function of hnRNP proteins

Early studies using nucleoplasm immunopurifications 
reported three novel hnRNPs (A, B, C) to be highly 
abundant polypeptide components of mRNA-bound com-
plexes [32, 163]. The hnRNP family has since expanded 
to include at least twenty other closely related and ubiqui-
tously expressed RBPs named alphabetically from hnRNP 
A1 to hnRNP U [49] (Table 1). Structurally, hnRNPs are 
best defined by their modular structure consisting of one 
or more RNA-binding domains (Fig. 1). These domains, 
which include the most frequently found RNA-recogni-
tion motif (RRM), K homology (KH) domain and RGG 
box motif, confer hnRNPs with the ability to bind a large 
number of RNA targets, within a vast RNA-binding inter-
actome. Notably, as with other RBPs, hnRNPs can also 
bind RNA through their intrinsically disordered regions 
(IDRs) or low complexity domains (LCDs) as they are 
more commonly referred. These are regions of low amino 
acid complexity which facilitates the formation of higher-
order ribonucleoprotein complexes via LCD-driven phase 
separation [20, 74]. Hence, whilst hnRNPs can interact 
with RNA binding partners in a sequence-specific manner, 
nonspecific interactions are also prevalent among hnRNPs 
consistent with their observed overlapping, as well as dis-
tinct functionalities [27]. Several hnRNPs also contain 
nuclear localisation sequences to ensure a predominantly 
nuclear subcellular localisation or nuclear export signals 
which mediates their shuttling to and from the cytoplasm. 
Intriguingly, some nuclear localisation sequences (e.g., 
m9) can also serve as a bi-directional import/export signal 

on its own. Whilst others can override potential export 
signals to prevent shuttling and promote complete nuclear 
retention [148]. 

Functionally, hnRNP proteins have been implicated at all 
stages of mRNA maturation including transcriptional regu-
lation, capping, alternative splicing, polyadenylation, trans-
port and stability [49]. HnRNP localisation is predominantly 
nuclear, however, several hnRNPs can shuttle between the 
nucleus and the cytoplasm to regulate additional cytoplas-
mic functions such as mRNA nucleocytoplasmic transport 
and translation [134]. Indeed, hnRNPs form highly dynamic 
complexes with RNA and other RBPs to regulate these pro-
cesses. They are able to successfully associate and interact 
with an array of different mRNA processing machinery by 
virtue of constant remodelling of their mRNA-protein com-
plex compositions [48]. Hence, hnRNPs bind RNA in a com-
binatorial arrangement according to their relative affinities 
for specific sequence elements and their relative abundances 
in a spatial and temporal manner [48, 80]. The uniquely 
assembled constellation of potentially synergistic or antago-
nistically acting hnRNPs may in-turn enhance or suppress 
the recruitment of further RBPs to the complex which ulti-
mately dictates its precise functionality. Post-translational 
modifications are also likely to modulate hnRNP functioning 
in different cellular contexts which represents another layer 
of regulatory control over an extensive hnRNP protein-RNA 
network [74].

Notably, despite their many structural and functional sim-
ilarities, the distinction of hnRNP proteins from other RBPs 
including SR splicing factors and messenger RNPs (mRNPs) 
proteins is largely a historic one based on old nomencla-
ture [48]. Indeed, the well characterised TAR DNA binding 

Table 1  The hnRNP family and their common aliases

Each hnRNP protein’s most commonly used protein name is highlighted in bold text

HnRNP protein Alternative protein names

A1, A2/B1, A3, A/B hnRNP A1; hnRNP A2/B1; HnRNP A3, HNRPA3; hnRNP A/B, ABBP-1
C hnRNP C, hnRNP C1/C2
D (D0, DL) hnRNP D0, AUF1; hnRNP D-like, laAUF1, JKT41-binding protein
E (E1, E2) hnRNP E1, PCBP1, Alpha-CP1; hnRNP E2, PCBP2, Alpha-CP2
F hnRNP F, nucleolin-like protein mcs94-1
G hnRNP G, RNA-binding motif protein, X chromosome (RBMX), Glycoprotein p43
H (H1, H2, H3) hnRNP H1; hnRNP H2, FTP-3, hnRNP H’; hnRNP H3, hnRNP 2H9
I hnRNP I, PTB, PPTB-1
K hnRNP K, TUNP
L (L, LL) hnRNP L; hnRNP LL, SRRF
M hnRNP M
P hnRNP P, FUS, 75 kDA DNA-pairing protein, oncogene TLS, POMp75
Q hnRNP Q, SYNCRIP, GRY-RBP, NS1-associated protein
R hnRNP R
U hnRNP U, GRIP120, SAF-A, Nuclear p120 ribonucleoprotein
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Fig. 1  The hnRNP family: composition and structure. The hnRNP 
family are named alphabetically from A1 to U, with hnRNP U being 
the largest protein (120  kDa) in the class. The proteins all contain 
varying combinations and quantities of RNA-binding domains which 
facilitate their myriad functional roles in pre-mRNA processing. 
RNA-recognition motifs (RRMs) are by far the most commonly iden-

tified domain in this category. Several hnRNPs also possess a nuclear 
import/export signal to enable them to perform both nuclear and 
cytoplasmic functions. RRM RNA recognition motif, KH K-homol-
ogy domain, RGG Arg-Gly-Gly repeat domain, NLS nuclear locali-
sation signal. Number in the bottom right corner of each schematic 
indicates amino acid length
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protein 43 (TDP-43) is frequently categorised as a member 
of the hnRNP family but is not named as such due to being 
missed by the initial 2-dimensional gel and immunopurifica-
tion experiments. For reasons of clarity and conciseness we 
focus the second half of this review on the original hnRNP 
(A1-U) proteins, noting that more recently added members 
of the hnRNP family, including TDP-43, have been reviewed 
extensively elsewhere [90, 110].

HnRNP proteins in FTLD and ALS

Many hnRNPs have been directly or indirectly implicated in 
FTLD/ALS. This is unsurprising given the vast, overlapping 
interactomes of the hnRNP family with both each other and 
key pathological genes and proteins associated with FTLD/
ALS including TDP-43, C9orf72, FUS and Tau (Fig. 2). We 
will review some of the major areas of hnRNP molecular 
involvement that have been directly or indirectly linked to 
FTLD and ALS pathogenesis.

HnRNPs and FTLD/ALS pathologies

Perhaps the most compelling evidence for hnRNP dysfunc-
tion in FTLD and ALS comes from an examination of both 
disorders’ respective pathologies. As is the case of TDP-43 
and FUS, hnRNPs can be the principal protein component 
of the proteinaceous inclusions that pathologically define 
a majority of ALS and FTLD sub-types. Additionally, 
there is a growing body of evidence to also suggest that 
other hnRNP proteins are being recruited to not only these 

classical inclusions but also pathologies associated with the 
C9orf72 expansion mutation, as reviewed below.

TDP‑43 and FUS pathologies

TDP-43 and FUS are probably the most well-known hnRNPs 
in the field of neurodegeneration. Their accumulation in 
pathological inclusions in ALS and FTLD underpins the 
basis of our current investigations into disease mechanisms. 
Abnormal deposition of TDP-43 is the major neuropatho-
logical feature in 97% of ALS cases and ~ 50% of FTLD 
cases (FTLD-TDP) and are hence often grouped together as 
TDP-43 proteinopathies [110, 180]. In ALS, nuclear clear-
ing of TDP-43 is accompanied by an accumulation of the 
protein into cytoplasmic inclusions. By contrast, the pattern 
of TDP-43 deposition across the FTLD-TDP pathological 
spectrum is far more heterogeneous with a variety of mor-
phologically distinct cytoplasmic and intranuclear TDP-43 
immunoreactive inclusions characterising five molecular 
sub-types [111]. HnRNP E2 has been shown to colocalise 
in FTLD-TDP type C inclusions associated with semantic 
dementia [42] and more recently, type A inclusions [89].

In a far smaller proportion of ALS cases, the predomi-
nating neuropathological feature is inclusions immunoreac-
tive for FUS (ALS-FUS) which account for around 1% of 
sporadic and 4% of familial ALS diagnoses [171]. FUS was 
also identified as the major protein within the pathological 
inclusions of sporadic neuronal intermediate filament inclu-
sion disease (NIFID), atypical FTLD with ubiquitin inclu-
sions (aFTLD-U) and basophilic inclusion body disease 
(BIBD) [107, 146, 152]. These diseases now fall under the 
umbrella term of FTLD-FUS which represents about 5–10% 

Fig. 2  IPA analysis of the hnRNP family. Network analyses obtained 
using ingenuity pathway analysis (IPA) showing the direct, experi-
mentally confirmed interactions of hnRNPs with both each other (a) 
and superimposed key FTLD/ALS genes and proteins (b): TARDBP 

(TDP-43), C9orf72, FUS and MAPT (Tau). Half-circle ‘self’ arrows 
indicate evidence of autoregulation whilst half-circle lines indicates 
evidence of self-binding only
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of ubiquitin-positive FTLDs [107]. Several hnRNPs includ-
ing hnRNP A1, R and Q have been identified to co-deposit 
with a proportion of FUS-positive pathological inclusions 
[58, 63]. Interestingly, multiple other hnRNPs (D, L and I) 
were also found within FUS-negative FTLD-FUS inclusions, 
supporting a wider role of RBP dysregulation beyond FUS-
induced pathobiology [58].

C9orf72 pathologies

Robust evidence of FTLD and ALS belonging to a dis-
ease spectrum came from the discovery that hexanucleo-
tide repeat expansions (HREs) in the first intron of chro-
mosome 9 open reading frame 72 gene (C9orf72) are the 
most common genetic cause of familial FTD (C9-FTD) 
and ALS (C9-ALS) or collectively C9-FTD/ALS [43, 172]. 
Phenotypically, TDP-43 inclusions are associated with the 
majority of these cases and many C9 HRE-carriers meet 
the clinicopathological diagnostic criteria for both disorders 
[180]. Two C9orf72 HRE-mediated toxic gain of function 
mechanisms have been proposed and reviewed: namely RNA 
toxicity mediated by intranuclear RNA foci and dipeptide 
repeat protein (DPR) inclusions from uncanonically trans-
lated HRE transcripts [10]. In addition, loss of function 
of the C9orf72 protein has been proposed as a pathogenic 
mechanism, however, whilst reduced C9orf72 function has 
been shown to exacerbate gain of toxicity mechanisms [221], 
loss of the protein is insufficient to recapitulate a disease 
phenotype in mammals [191]. With respect to hnRNPs, the 
loss of function of the C9orf72 protein has thus far not been 
linked to a dysregulation of hnRNP biology. In contrast, 
several hnRNPs have been linked to C9orf72 RNA foci and 
DPR proteins.

RNA foci have been suggested to exert their toxicity by 
sequestering and causing functional loss of key RBPs. Stud-
ies have revealed hnRNP H1 and hnRNP H3 isoforms to 
be the most consistently found proteins to associate with 
HREs in cell and animal models [66]. HnRNP F, A1 and 
A3 have also been shown to co-purify with RNA foci and 
many of these hnRNP-HRE interactions have been validated 
in human brain tissue of C9-FTD/ALS patients [35, 36, 66, 
113, 177]. C9orf72 HRE transcripts can be translated in 
both directions by non-canonical repeat-associated non-
AUG (RAN) translation to produce five aggregation-prone 
dipeptide repeat proteins (DPRs) which can also induce neu-
rotoxicity [10]. Recently, several hnRNPs including H1, F 
and M were specifically confirmed to interact with poly-PR 
[187]. Immunohistochemically, p62-immunoreactive DPRs 
have also been shown to contain hnRNP A3 [41, 139, 140]. 
This is of particular interest because nuclear depletion of 
hnRNP A3 in fibroblasts derived from patients carrying 
C9orf72 HREs led to an accumulation of nuclear RNA 
foci [41]. Further investigation into how hnRNP levels can 

modulate DPR-induced toxicity within neurons will shed 
light on the pathomechanistic basis of their recruitment to 
inclusions in vivo.

HnRNP functions in FTLD and ALS

The functional importance of hnRNP proteins in nucleic acid 
metabolism is well-established, but there is also a mounting 
level of evidence for hnRNP involvement in the regulation of 
far more diverse cellular processes that converge on neuronal 
homeostasis. Here, we review the molecular involvement of 
hnRNPs in the processes of alternative splicing, repression 
of cryptic exons, stress granules, the DNA damage response 
and mechanisms of self (auto)-regulation. We review the 
evidence for the proposed dysfunction of each process in 
ALS and FTLD pathogenesis which in-turn highlights the 
potential importance of the hnRNPs which serve to regulate 
them.

HnRNPs in alternative splicing

The most intensively studied and best characterised func-
tion of hnRNPs is their involvement in alternative splicing 
(AS) modulation. AS is a crucial post-transcriptional process 
which contributes to extensive protein diversification from a 
limited genome [12]. Canonical AS involves the splicing out 
of intronic fragments and the subsequent differential splic-
ing together or ‘skipping over’ of exon regions to generate 
multiple forms of mature mRNA. These mature transcripts 
can in-turn be synthesised into several protein isoforms all 
encoded for by a single gene. Almost all members of the 
hnRNP family are believed to be splicing regulatory factors 
which influence alternative 5′ or 3′ splice site selection by 
either direct RNA binding or in concert with other compo-
nents of the supraspliceosome complex [50].

HnRNPs are capable of inhibiting splicing by a range of 
mechanisms including the dual-binding of flanking residues 
to loop out exonic regions, competitive inhibition of RNA 
binding sites and the direct displacement of other splicing 
factors through co-operative binding of hnRNP spreading 
to lower affinity sites [51, 155]. However, hnRNPs are also 
known to occasionally operate within splicing activator com-
plexes which can be recruited to exonic splicing enhancer 
(ESE) motifs to promote accurate splice site selection [159]. 
An additional layer of complexity arises as hnRNPs exten-
sively co-operate either synergistically or occasionally 
antagonistically to regulate splicing activity. A genome-wide 
analysis compared thousands of hnRNP-dependent splicing 
events with and without specific hnRNP-targeting siRNAs 
and identified over a half of all alternative splicing events 
are regulated by multiple hnRNP proteins [80].
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Splicing misregulation or ‘mis-splicing’ has been increas-
ingly implicated in ALS and C9-FTLD/ALS as a potential 
causative mechanism of neurotoxicity [5, 35, 45]. Conlon 
et al. conceptualise a model whereby RBPs exist in a state of 
solubility equilibrium. When the balance is tipped towards 
insolubility, which can be precipitated by C9orf72 muta-
tion, TDP-43 aggregation or otherwise, splicing defects 
occur [34, 62]. The most prototypical example in FTLD 
is the aberrant splicing of the microtubule-associated pro-
tein tau gene, MAPT [46]. Under physiological conditions, 
the human tau gene is alternatively spliced into three iso-
forms with three microtubule-binding repeat regions (3R) 
and three isoforms with four repeat sites (4R). The homeo-
static balance of both 3R and 4R tau isoforms is critical for 
the normal functioning of neurons, with excesses of either 
resulting in the formation of insoluble, hyperphosphorylated 
assemblies within filaments [103]. Indeed, FTLD with tau 
inclusions (FTLD-tau) accounts for nearly half of all FTLD 
cases. Autosomal dominantly inherited mutations in MAPT 
account for up to 10% of all FTLD cases with the majority 
of them clustering around intron and exon 10 [173]. Many 
of these mutations are thought to cause an increase in the 
4R:3R splicing ratio by destabilising a regulatory hairpin 
structure at the exon 10′s 5′ splice site [47, 65]. Multiple 
hnRNPs have been implicated in the regulation of this key 
splicing event, with some repressing splicing (e.g., hnRNP G 
and hnRNP A1) and others activating it (hnRNP E2, hnRNP 
E3) [73, 119, 205]. Exactly how pathogenic mutations or 
intronic polymorphisms cause exon 10 mis-splicing remains 
unclear. It is plausible that mutations may exert their toxic-
ity either by directly influencing splice site recognition or 
indirectly disrupting RBP binding. In the case of the latter, 
a greater understanding of both the combinatorial nature of 
splicing regulation and the spatial and temporal regulation 
of splicing factor activity levels will further hone therapeutic 
efforts in tauopathies including FTLD-tau.

HnRNPs in cryptic splicing

Recently, the incorporation of non-conserved cryptic or 
‘pseudo’ exons has been identified within brains that exhibit 
TDP-43 pathology including FTLD/ALS and Alzheimer’s 
disease with concomitant TDP-43 inclusions [115, 196]. 
Cryptic exon inclusion is a specific form of intron retention 
mis-splicing event; arising from the aberrant inclusion of an 
intronic region due to the spliceosome incorrectly selecting a 
sequence element that only resembles a bona fide splice site 
[21]. Resultant transcripts are either targeted for nonsense-
mediated decay due to a shift in the open reading frame 
introducing a premature stop codon or are translated into 
novel protein isoforms completely untested by evolution [83] 
(Fig. 3).

Cellular depletion models have identified TDP-43 to have 
a crucial role in constitutively repressing non-conserved 
cryptic events. TDP-43 depletion leads to destabilisation of 
target transcripts that have been further validated in FTLD 
and ALS brain tissue [83, 115]. Most notably, two studies 
have identified a cryptic exon activated within the neu-
ronal growth-associated factor stathmin-2 (STMN2 gene) 
upon TDP-43 depletion [99, 132]. This cryptic event leads 
to reduced functional transcript levels of stathmin-2 and 
reduced axonal outgrowth in neuronal cell models [99]. This 
is an example of a direct functional consequence of cryptic 
exon inclusion in a TDP-43 target. Other hnRNP proteins 
including hnRNP C, I (PTB), L and M have also been shown 
to maintain splicing fidelity by repressing cryptic exons 
[114, 130, 207, 217]. It remains to be confirmed whether 
cryptic exon repression by these hnRNPs is in any way com-
promised in FTLD/ALD pathogenesis. Cryptic exon inclu-
sion in other hnRNP targets may or may not result in any 
structural or functional changes to target proteins. However, 
a reduction in functional protein levels, as observed with 
stathmin-2, is potentially sufficient to induce neurotoxicity.

HnRNPs in the DNA damage response

There is an increasing body of evidence to suggest that 
hnRNPs have active, pleiotropic roles within the DNA 
damage response (DDR) pathway. The DDR is a collective 
term for the elaborate network of mechanisms that survey, 
detect and respond to DNA damage resulting from geno-
toxic stressors [85]. The best characterised role of hnRNPs 
in responding to genotoxic stress is in the alternative splicing 
regulation of key effector proteins. Evidence for extensive, 
hnRNP-elicited transcriptional reprogramming of alternative 
splicing regulation has emerged from a number of molecular 
assays of DNA damage induction including double-stranded 
break (DSB)-inducing micro-irradiation [68, 149].

The disease-relevance of this interplay between the DDR 
and RNA processing has been most intensively studied in 
human cancers where aberrant expression and activity of 
splicing factors have been shown to be contributing features 
of oncogenesis [149]. DNA damage has also been shown 
to induce the ubiquitylation and sumoylation of hnRNP K 
which is required for its transcriptional coactivation of p53, 
also known as the ‘the guardian of the genome’ [143, 160]. 
Recently, additional hnRNPs have been shown to be guard-
ians of genome integrity. Indeed several hnRNP proteins, 
including hnRNP A1 and FUS, have been implicated in tel-
omere maintenance by enhancing telomerase activity [189, 
218] and in the activation of topoisomerase 1 activity that 
prevents potentially harmful R-loop formation during tran-
scription [39]. HnRNPs may even have more direct, as yet 
unclarified roles in DNA-damage repair following evidence 
that hnRNP G localises to DNA lesion sites [2].
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Fig. 3  HnRNP involvement in cryptic exon repression. Several 
hnRNP proteins have been known to bind to exonic and intronic 
regions of pseudo/cryptic 5′ splice sites. Their presence sterically 
occludes appropriate assembly of the spliceosome, in-turn inhibiting 
cryptic exon inclusion. HnRNP dysfunction leads to elevated cryptic 
inclusion in the final mRNA transcript. If a premature termination 

codon (PTC) is introduced following a frameshift, non-sense medi-
ated decay (NMD) may be activated to destroy the transcript. Alterna-
tively, the transcript may be partially translated into a truncated, aber-
rant protein isoform. Indeed, if by chance no PTC is introduced upon 
cryptic splicing then the full-length transcript may be translated



606 Acta Neuropathologica (2020) 140:599–623

1 3

The role of DNA damage and compromised repair path-
ways in FTLD and ALS pathogenesis is a rapidly developing 
research area. DNA damage has been especially implicated 
in C9-FTLD/ALS pathobiology as a result of RNA foci and 
DPR-induced genotoxic stress [122]. However, recent evi-
dence for TDP-43 being a key scaffolding component of 
the non-homologous end joining (NHEJ) pathway for DSB 
repair has also linked TDP-43 pathology to defective DNA 
repair in TDP-43-ALS [137]. Finally, genome damage and 
defective repair are emerging phenotypic hallmarks of neu-
rons with familial ALS FUS and SOD1 mutations [93, 204]. 
This is unsurprising because the permanently post-mitotic 
state of neurons means these cells are especially vulnerable 
to compromised genome integrity. It remains to be eluci-
dated whether a dysregulation of hnRNP-associated DDR 
roles contributes to FTLD/ALS pathology in an analogous 
fashion to oncogenesis.

HnRNPs and stress granule formation

Some hnRNPs are known to undergo liquid–liquid phase 
separation (LLPS) leading to the generation of membrane-
less organelles such as nuclear speckles, processing bod-
ies, RNA transport granules and stress granules [212]. The 
LCD is a key component driving the formation of these 
organelles which is characterised by regions rich in alanine, 
glycine, glutamine and proline residues [138, 212]. LCDs 
typically have a propensity to form low-affinity and highly 
dynamic protein complexes with rapidly fast binding and 
unbinding kinetics. LLPS refers to the reversible process by 
which extensive intermolecular binding between the LCDs 
of hnRNPs and other RBPs allows them to aggregate into 
droplet-like structures within an aqueous environment [212].

Stress granules are transient, membraneless organelles 
assembled in the cytoplasm through LLPS upon exposure 
to stressful stimuli. They function to stall mRNA translation 
by physically sequestering translation machinery to re-direct 
protein synthesis towards survival pathways [138]. ALS 
and FTLD-associated mutations within the LCD regions of 
stress granule related RBPs, including hnRNPA1, hnRN-
PA2B1, FUS and TDP-43 function to lower the threshold 
for mutant RBPs to undergo LLPS and aggregate [11, 138]. 
This leads to altered biophysical properties of stress granules 
and the subsequent accumulation of more stable, insoluble 
aggregates that persist within the cell [166]. Persisting stress 
granules are in-turn thought to act as ‘pathological seeding 
hubs’ for the further accumulation of other known aggre-
gation-prone RBPs perpetuating further proteostatic and 
wider homeostatic dysfunction in the cell [11]. Prevention 
of pathological stress granule accumulation has been shown 
to confer neuroprotection in animal disease models of ALS 
and FTLD [97, 168]. However, further work is required to 

further clarify the relationship between chronic stress gran-
ules and neurodegenerative disease.

HnRNP autoregulation

Several hnRNP proteins have been found to self-regulate 
their own expression levels via negative feedback systems. 
Indeed mRNA-autoregulatory pathways have been pro-
posed to be a potentially unifying feature of the majority 
of, if not-all, RNA binding proteins, although this remains 
to be experimentally confirmed [19]. For the majority of 
known, autoregulating hnRNPs, the mechanism relies upon 
the upregulation of NMD-sensitive isoforms leading to a 
reduced expression of the functional RNA and protein. The 
clearest example of this is the binding of hnRNP L protein 
to the intronic region immediately upstream of exon 6A of 
its own transcript to promote its ‘poisonous’ inclusion [176]. 
Whereas, elevated hnRNP I (PTB) protein levels leads to its 
increased binding to intron 11 and subsequent promotion 
of exon 11 skipping. The resulting frameshift in the open 
reading frame causes a number of downstream PTCs which 
targets the transcript for NMD [211]. However, not all splic-
ing-dependent mechanisms of autoregulation rely on NMD. 
The FUS (hnRNP P)-induced upregulation of intron 6/7 was 
found to autoregulate FUS expression levels independently 
from NMD. Instead, intron 6/7-retaining transcripts are 
unable to undergo nuclear export [83]. Indeed, increased 
nuclear retention is an additional mechanism of autoregula-
tion employed by several other hnRNPs (Fig. 4a–c).

Additionally, 3′ UTR-dependent mechanisms of autoregu-
lation have also been elucidated in several hnRNPs. Analo-
gous to the RNA processing mechanisms described above, 
hnRNP A1 and hnRNP D/DL autoregulate their own expres-
sion levels by activating 3′ UTR poison exon and intron 
retention events in each of their transcripts, respectively [26, 
91]. Both splicing events designate the transcripts for NMD 
by virtue of extending the gap between the last exon-junc-
tion complex and the termination codon beyond 50 nucleo-
tides in length [81]. Finally, perhaps the most well-studied 
and mechanistically complex autoregulation loop belongs 
to TDP-43 (Fig. 4d). Direct interactions between TDP-43 
and its transcript at the 3′ UTR have been confirmed [164, 
195]. TDP-43 self-binding promotes nuclear detainment 
and transcript instability by the promotion of an alterna-
tive polyadenylation selection site. Retained transcripts were 
found to be at least partially vulnerable to exosome-mediated 
degradation [7]. An extra layer of complexity arises from 
the observation that cellular levels of TDP-43 decrease dra-
matically throughout embryonic development and continue 
to decline in an age-dependent manner [37, 181]. Hence, 
whilst TDP-43 autoregulates itself throughout life, it is very 
much an integrated mechanism that is highly synchronised 
with the aging process.
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HnRNP dysregulation: the tipping point?

Obtaining a better understanding of hnRNP autoregula-
tion will be important to determine whether this process 
is systematically overwhelmed or compromised in FTLD/
ALS pathogenesis. This appears to be the case with TDP-
43 where nuclear depletion in ALS motor neurons has been 
shown to be associated with abnormal autoregulation of 
the protein [101]. Indeed ALS-causing mutations in TDP-
43 knock-in mouse models also exhibit perturbed TDP-43 
autoregulation and a gain of toxic TDP-43 functioning as a 
result [55, 209]. Similarly, ALS-causing mutations in FUS 
which disrupt its nuclear localisation signal contribute to a 
loss of splicing function and particularly in intron retention 

events that FUS itself utilises to autoregulate its own expres-
sion [82, 220].

Hence, it is possible that hnRNP proteins that may be 
mislocalised or otherwise sequestered within FTLD-asso-
ciated pathologies may be contributing to a vicious cycle 
of neurotoxicity propagated by autoregulatory malfunction. 
This is analogous perhaps to nuclear clearance of TDP-43 
which leads to unchecked cryptic activation within tar-
gets (including Stathmin-2), elevated NMD activation and 
reduced levels of functional target transcripts [132]. All the 
while being exacerbated by a failing autoregulatory system 
[101].

Moreover, hnRNP proteins are expected to be in high 
demand to neutralise potentially toxic RNA metabolic and 

Fig. 4  HnRNP autoregulation mechanisms. HnRNPs autoregulate 
their expression by several RNA processing mechanisms. HnRNP 
binding promotes specific splicing events that result in the produc-
tion of NMD-sensitive mRNAs and/or transcripts confined to the 
nucleus (blue background). These include the activation of a normally 
skipped premature termination codon (PTC)-containing ‘poison exon’ 
(a), the skipping of a normally ‘essential exon’ (EE) (b) or reten-
tion of intronic RNA (IR) (c). TDP-43 binds to its 3′UTR TARDBP 
binding site within intron 7 and inhibits the selection of the proxi-
mal poly(A) site (pA1), up-regulating alternative polyadenylation at 
its more distal sites: pA4 and more rarely pA2 (isoform not shown) 

(d). The unstable isoform generated is detained in the nucleus and is 
subject to exosome-mediated degradation. TDP-43-binding and sub-
sequent RNA Pol II stalling can also lead to alternative splicing of 3′ 
UTR intronic regions (red rectangles) which truncates the final exon, 
eliminates the true stop signal and exposes an alternative termination 
codon (ATC). The ATC being > 50 nt from the final exon-junction 
complex designates the transcript for NMD. This splicing event is not 
believed to significantly contribute to TDP-43 autoregulation, but is a 
crucial feature of hnRNP A1 and hnRNP D/DL autoregulatory mech-
anisms which activate 3′ UTR poison exon/intron events
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genotoxic events that are believed to characterise the early 
disease phases of FTLD/ALS. Hence, neurons are likely to 
be especially sensitive to perturbed hnRNP levels even in 
the absence of significant functional depletion. Functional 
redundancy between hnRNPs and their partial ability to 
cross-regulate one another (e.g., TDP-43 co-regulating both 
FUS and hnRNP A1 expression levels) may provide some 
level of compensation [45, 80, 82]. However, beyond a ‘tip-
ping point’ of hnRNP functional inadequacy be it a result 
of unmet cellular demand, functional sequestration or more 
likely a combination of the two, the balance may tip from 
homeostatic control to whole network-level disarray at the 
RNA, DNA and protein levels (Fig. 5). This, largely loss-
of-function framework also has the potential to exacerbate 
gain-of-function pathogenic events mediated by the primary 
pathology underlying the FTLD/ALS disease (TDP-43, 

FUS, Tau, C9orf72 etc.) and hence the most important 
molecular pathways affected by hnRNP dysregulation may 
reflect this pathological heterogeneity.

The HnRNP family

In this next section, members of the hnRNP family are dis-
cussed in more detail with respect to their structure, function 
and potential dysfunction within FTLD/ALS pathogenesis.

HnRNP A/B

The hnRNP A/B subfamily comprises A1, A2/B1, A3 and 
A0 as well as the more distantly related AB. Structurally, 
all members of the subfamily have two N-terminally located 

Fig. 5  Proposed model of hnRNP dysfunction in FTLD-ALS. The 
upper panel illustrates hnRNPs continuing to perform their homeo-
static functions under relatively low levels of stress e.g., at early 
stages of FTLD-ALS pathogenesis. HnRNP protein levels are 
reduced as a result of low-level sequestration within cytoplasmic 
pathological inclusions (nuclear inclusions not shown) and/or recruit-
ment to stress granules. Indeed persistence of stress granules may be 
the root cause of some of these aggregates. However, autoregulation 
ensures adequate amounts of hnRNPs are replenished so they may 

perform their myriad nuclear functions including alternative splicing 
regulation, cryptic exon repression and DNA damage repair. By con-
trast, the lower panel illustrates a scenario whereby hnRNP depletion 
by pathological sequestration breaches a homeostatic ‘tipping point’ 
that is beyond compensation by autoregulatory means. At this stage, 
ensuing mRNA metabolic dysfunction from alternative splicing dys-
regulation and elevated cryptic exon activation in addition to unre-
paired DNA damage may rapidly lead to neurotoxicity and acceler-
ated neurodegeneration
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RRM domains followed by a glycine-rich C terminal domain 
which, in the case of hnRNP A1 also contains an RGG box 
and a nuclear targeting (m9) sequence. The latter of which 
has also been identified within the highly homologous 
hnRNPA2B1 splicing isoforms hnRNP A2 and B1, which 
also both contain a more classical nuclear localisation sig-
nal (NLS) at the extreme N-terminus [86]. HnRNPA0 was 
first characterised in 1995 [147] but its functions remain 
relatively unknown. By contrast, hnRNP A1 is one of the 
most abundant proteins in the nucleus and by extension one 
of the most intensely studied proteins of the whole hnRNP 
family [14].

HnRNP A1 has been shown to modulate splicing activity 
by competing with splicing activator (SR) proteins for com-
mon RNA binding sites. RNA binding affinity studies have 
shown hnRNP A1 has a particularly strong preference for 
transcripts rich in UAGA(G) motifs [26]. Indeed, hnRNP A1 
has been linked to the exclusion of exon 7 within survival 
motor neuron (SMN2), a key aetiological event of the neu-
rodegenerative disease spinal muscular atrophy (SMA) [88]. 
Proteomic investigations have shown that hnRNP A1 also 
partakes in spliceosome assembly itself [87] by forming a 
complex with the splicing factor U2AF which distinguishes 
between functional and cryptic splice sites [193]. An ALS-
associated mutation in hnRNP A2/B1 (D290V) has been 
shown to exhibit abnormal splicing changes in iPSC-motor 
neurons [128].

Mutations within the low complexity domain of hnRNP 
A1 and hnRNP A2B1 account for a very minor subset 
(< 1%) of familial and sporadic ALS cases [96]. Mechanis-
tically, these mutations function to exacerbate and acceler-
ate self-polymerisation and subsequent self-seeding of new 
fibril-prone proteins. However, mutations in this region 
are far more commonly associated with the pleiotropic 
degenerative disorder multisystem proteinopathy [96]. Of 
perhaps more relevance to sporadic ALS, hnRNP A1 and 
A2 have been identified within stress granules and indeed 
the glycine-rich LCD of these proteins predisposes even the 
wild-type protein forms to self-fibrillisation. It has been sug-
gested that upon export from the nucleus and incorporation 
into stress granules, hnRNP A1/A2 fibrillisation leads to 
the formation of persisting cytoplasmic inclusions. In sup-
port of this, nuclear clearing of hnRNP A1 and subsequent 
mislocalisation to the cytoplasm has been reported within 
spinal cord motor neurons of postmortem ALS cases [45, 
76]. However, cytoplasmic aggregates of hnRNP A1 were 
not found to colocalise with TDP-43 inclusions [45]. Never-
theless, TDP-43 has been shown to interact with hnRNP A1 
and modulate its splicing by binding to exon 8 and upregu-
lating the inclusion of cassette exon 7B within the hnRNP 
A1 transcript [45]. TDP-43 mutations have been identified 
to increase hnRNP A1-7B levels by this gain of splicing 

mechanism [182]. It has been suggested that TDP-43 nuclear 
depletion may initiate and/or propagate a vicious cycle of 
impaired TDP-43 autoregulation and hnRNP A1 cross-reg-
ulation [55].

HnRNP A3 has been widely implicated within C9orf72 
FTLD/ALS pathology. It has been reported to specifically 
bind to mutant C9orf72 repeat RNA [139] and later identi-
fied to also bind dipeptide repeat proteins (DPRs) within hip-
pocampal neurons and cerebellar granule cells of C9orf72 
FTLD/ALS tissue [41, 140]. An immunohistochemical 
examination revealed hnRNP A3 to be mislocalised from 
the nucleus to the cytoplasm specifically within spinal 
motor neurons of C9/ALS patient tissue [53] further sup-
porting a pathomechanistic role of this protein specifically 
in C9-mediated FTLD/ALS. Moreover, reduced nuclear 
hnRNPA3 expression has been correlated with elevated lev-
els of repeat RNA and DPRs and DNA damage [140, 153]. 
Hence hnRNP A3 may function to suppress repeat RNA 
and DPR-associated DNA damage which is allowed to go 
unchecked if hnRNP A3 is sufficiently functionally seques-
tered within RNA foci and DPR inclusions [153].

HnRNP C

HnRNP C is highly abundant within the nucleus and was 
one of the three originally immunopurified hnRNP proteins 
[32] along with hnRNP A and B. There are two alternatively 
spliced variants (hnRNP C1 and C2) which differ by only 
13 amino acids [133]. HnRNP C contains just one RNA-
binding domain (RRM) and it must oligomerise with itself 
into tetramers to interact with its RNA targets [33]. HnRNP 
C heterotetramers can selectively bind to unstructured RNA 
regions longer than 200–300 nucleotides which enables the 
complex to sort transcripts by length according to whether 
or not they exceed this threshold [131].

HnRNP C was also one of the first hnRNPs to be impli-
cated in splicing repression and, more recently, cryptic 
exon repression [6, 217]. Quantitative individual-nucleotide 
resolution crosslinking-immunoprecipitation (iCLIP) data 
showed hnRNP C competes with splicing factor U2AF65 at 
both bonafide and cryptic splice sites throughout the whole 
human transcriptome with a high affinity for polypyrimi-
dine tracts [217]. RNA-seq data showed that repressed exons 
had an hnRNP C binding site within 30 nucleotides of their 
3′ splice site. These sites are quickly occupied by U2AF65 
upon depletion of hnRNP C, resulting in exon inclusion 
[217]. Further, the authors prove that hnRNP C blocking of 
U2AF65 activity also occurs within intronic regions, inhibit-
ing the inclusion of cryptic exons (mostly Alu exons) which 
are normally excluded from the transcriptome. Alu exon 
inclusion has been implicated in a variety of diseases [200]. 
Therefore, hnRNP C blocking of this aberrant exonisation 
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is likely to be of crucial homeostatic importance. Indeed, 
hnRNP C depletion has been found to induce a greater num-
ber of cryptic events than depletion of TDP-43 or FUS [83, 
217].

HnRNP D

HnRNP D/D0 is also commonly known as AU-rich element 
RNA-binding protein 1 (AUF1). There are four known spli-
ceoforms for this gene, p37, p40, p42 and p45 [202]. AU-
rich elements (ARE) are 3′ UTR cis-regulatory elements 
which regulate gene expression and mRNA stability [28]. 
HnRNP D is one of the RBPs which interact with AREs 
to regulate mRNA degradation [13]. An estimated 8% of 
the human genome codes for mRNAs which contain AREs, 
suggesting that hnRNP D plays a major regulatory role in 
gene expression and ARE-directed mRNA decay [8]. The 
effect of hnRNP D binding on mRNA stability has been 
found to be both cell-type specific [13, 215] and isoform 
dependent [121]. As with many hnRNPs, hnRNP D can 
shuttle between the nucleus and the cytoplasm to perform 
different functions. Although its subcellular localisation can 
be influenced by cellular stressors such as heat shock which 
sequesters hnRNP D to the perinuclear space to block decay 
of AU-rich mRNAs [106]. HnRNP D’s own expression and 
degradation is mediated by an NMD-sensitive autoregula-
tory circuit which is also employed by and cross-regulated 
by its well-known paralog hnRNP DL [91].

Direct evidence linking hnRNP D to FTLD/ALS is 
sparse. Cytoplasmic accumulation of the protein has been 
identified in FTLD-FUS patient tissue, although deposits 
were not found to be colocalised with FUS inclusions [58]. 
However, hnRNP D-mediated decay of mRNAs has been 
identified as a vital regulatory event underpinning muscle 
development and integrity [1, 30]. Mutations and/or nuclear 
depletion of hnRNP D has been linked to human skeletal 
muscle wasting diseases including limb-girdle muscular 
dystrophy [1] which may warrant investigation within the 
neuromuscular disease of ALS.

HnRNP E1, E2 (PCBP1‑2)

HnRNP E1 and E2 are best known as polycytosine-binding 
proteins (PCBPs) 1 and 2 owing to their high preferen-
tial binding to poly(C)-rich sequences of DNA and RNA. 
HnRNP E1 is encoded by a single exon and, therefore, lacks 
alternatively spliced isoforms in contrast to its multi exon-
coded, co-expressing hnRNP E2 paralog [124]. The PCBP 
sub-family also includes hnRNP K as well as hnRNP E1/2 
paralogs PCBP-3 and PCBP-4; both of which are not clas-
sified as hnRNP proteins due to their predominantly cyto-
plasmic localisation. HnRNP E1/E2 have three K homol-
ogy (KH) domains which independently mediate binding to 

poly(C) regions, one localised to the N-terminus and two to 
the C-terminus. Despite their high level of sequence homol-
ogy (82%), both proteins have been found to exhibit a num-
ber of non-overlapping, non-redundant functions in regulat-
ing mRNA stability prior to translation [156]. Many studies 
have focused on the protein’s roles in forming complexes 
that regulate mRNA stability prior to translation. HnRNP 
E1 has been found to promote ribosomal entry by unfolding 
mRNA secondary structures whilst hnRNP E2, together with 
hnRNP K, actively blocks recruitment of the 60S ribosomal 
unit to inhibit premature translation during RNA-trafficking 
[100, 162].

Immunohistochemical studies have confirmed a colocali-
sation between hnRNP E2 and specific TDP-43 pathologies 
in FTLD-TDP type C and type A pathologies in postmor-
tem brain tissue [42, 89]. Whilst the FTLD-TDP subtype-
specificity of hnRNP E2 inclusion remains enigmatic; its 
potential sequestration within TDP-43 aggregates is further 
evidence for hnRNP functional deficit within FTLD patho-
genesis. Additionally, hnRNP E2 has been reported to be a 
component of stress granules colocalising with TIA-1 [57]. 
Hence, it is feasible that under stressful conditions, both 
TDP-43 and hnRNP E2 may be actively recruited into stress 
granules that may persist into TDP-43 pathological inclu-
sions. As mentioned previously, both hnRNP E2 and hnRNP 
E3 have also been shown to be modest activators of tau exon 
10 splicing by binding to a C triplet within proximal down-
stream intron 10 [18, 206]. How hnRNP E3 can function as 
an alternative splicing regulator despite being exclusively 
cytosolic remains unclear.

HnRNP G (RBMX)

HnRNP G or its more commonly used alias; RNA-binding 
motif protein X (RBMX) was originally identified as the 
previously described nuclear glycoprotein p43 [185]. The 
X-chromosomally encoded gene for hnRNP G (RBMX) has 
an N-terminally located RRM which binds preferentially 
to CC(A/C)-rich regions on nascent transcripts to regulate 
alternative splice site selection. However, numerous hnRNP 
G deletion clones have demonstrated that hnRNP G can bind 
necessary splicing factors via its unique c-terminus to func-
tion as part of the supraspliceosome independently of its 
RRM [71]. HnRNP G has a paralog on the Y chromosome 
(RBMY) with ~ 88% sequence homology which is believed 
to encode a male germ cell-specific RNA regulator during 
spermatogenesis [183].

Several model systems have shown hnRNP G to be a key 
modulator of alternative splicing in multiple genes impli-
cated in neurogenerative disease including SMN2 in spi-
nal muscular atrophy and microtubule-associated protein 
tau (MAPT) in FTLD [73, 145]. In a screen of candidate 
splicing regulators, overexpression of hnRNP G was found 
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to strongly inhibit exon 10 inclusion within COS cells co-
transfected with a human tau exon-10 containing-construct 
[205]. Further co-transfection and co-immunoprecipitation 
based studies have found hnRNP G to interact with Serine/
arginine-rich splicing factor 4 (SRSF4) to promote tau exon 
10 skipping. HnRNP G has also been identified as having 
a central role in the DNA damage response pathway [135, 
149]. A genome-wide siRNA-based screen on human cells 
revealed hnRNP G to be a key promotor of homologous 
recombination which accumulates at regions of microirra-
diation-induced DNA damage [2].

HnRNP H1‑3 and HnRNP F

HnRNP H1, H2, H3 and F are a closely related sub-family 
of hnRNP proteins. HnRNP H3 is the most divergent mem-
ber of the subset (48% sequence homology with H1) due to 
lacking the first RRM thought to be most actively involved 
in RNA processing events [77]. Both hnRNP H and F pro-
teins are known to significantly contribute towards protein 
diversity by regulating mechanisms of alternative splicing 
and alternative polyadenylation with at least some level of 
functional redundancy [150, 199]. Alternative polyadenyla-
tion involves the cleavage of alternative poly(A) sites on 
the 3′ end of pre-mRNA followed by the addition of an ade-
nine nucleotide chain (100–250 residues long) to stabilise 
transcripts prior to translation [123]. All members of the 
hnRNP H/F family have been shown to interact with both 
intronic splicing enhancers and silencers with a bias towards 
G-triplet repeat binding sites [24]. Indeed, immunoprecipi-
tation, affinity pull-down assays and genome-wide analyses 
have revealed a host of RNA targets for hnRNP H1/2 and 
hnRNP F-bound splicing complexes that regulate neuronal 
and oligodendroglial differentiation pathways in the develop-
ing brain [64, 125].

The strongest link that members of the hnRNP H/F family 
have to FTLD-ALS is their known association with sparse 
RNA foci generated from the bidirectional transcription of 
C9orf72 HREs in carrier brain tissue. One study reported 
up to 70% of foci visualised by RNA fluorescence in situ 
hybridisation (FISH) colocalised with hnRNP H within 
C9-cerebellum brains [113]. HnRNP H-HRE co-aggrega-
tion has been shown to correlate with impaired splicing 
efficiency of its known target transcripts including the well-
characterised exon 7 inclusion event on TARBP2 RNA [35, 
214]. It has been postulated that in addition to disrupted 
splicing, the binding of hnRNP H may directly enhance 
the toxicity of RNA foci by increasing their propensity to 
aggregate, but this remains to be confirmed experimentally 
[113]. Both hnRNP H1 and F have also been identified to 
associate with polydipeptide repeat protein poly-PR within 
a poly(PR) expressing cell model [187]. The co-transfection 
of hnRNP F and hnRNP H1 siRNAs into poly-PR expressing 

cells did lead to a significant reduction in cell viability rela-
tive to independent hnRNP F/H1 knockdowns. This suggests 
poly(PR)-associated neurotoxicity may be at least partially 
mediated by the sequestration of both hnRNP H and hnRNP 
F which are unable to functionally compensate for each other 
[187].

Notably, Conlon et al. have also presented evidence for 
elevated levels of biochemically insoluble hnRNP H and 
associated splicing dysregulation of a panel of validated 
hnRNP H targets in a significant subset (50%) of apparently 
sporadic FTLD and ALS brains [34]. Interestingly, hnRNP 
H insolubility in brain homogenate was significantly higher 
in sporadic FTLD samples than in ALS. Hence, hnRNP H 
insolubility and associated abnormal splicing may be a more 
general pathogenic event within FTLD pathogenesis inde-
pendent of C9-associated pathology.

HnRNP I (PTB)

HnRNP I is far more commonly referred to as polypy-
rimidine tract-binding protein 1 (PTBP1) or PTB. Prior to 
its re-classification as a hnRNP, PTB was already a well-
characterised splicing factor so-named for its propensity to 
bind CU tracts within polypyrimidine-rich regions of RNA 
[60]. Earlier models of PTB exon repression proposed PTB 
to dimerise and bind to CU microsatellites either flanking 
the exon or within the internal sequence of the exon itself 
to efficiently loop out the RNA [203]. However, it is now 
known that a single PTB molecule can loop out alterna-
tive exons alone by virtue of its four equally viable RRMs 
[105]. PTB along with its neuronally-enriched homologue 
nPTB (PTBP2), are now known to have extensive regulatory 
control of the developmental pre-mRNA splicing program 
in neurons [201].

PTB-dependent splicing regulation has been found to 
have particular relevance to FTLD. Transcriptomic profiling 
of RNA extracted from temporal cortex identified both spe-
cific age-related and FTLD-related exon-splicing events that 
were enriched with PTB-targeting exons [195]. Additionally, 
RNA-seq data from PTB knockdown in HeLa cells revealed 
it to be a constitutive repressor of non-conserved cryptic 
exons with only partial compensation from nPTB [114, 190]. 
Previously, using a cellular model of TDP-43 depletion, the 
same group found reduced TDP-43 repression of non-con-
served cryptic exons to be a potentially contributing mecha-
nism to cell death in TDP-43 proteinopathies [115, 190]. 
The functional consequences of activating PTB-repressed 
cryptic exons and subsequent downregulation of associated 
transcripts by NMD remains, at least in the context of FTLD, 
hypothetical. A greater understanding of if and how PTB-
regulated splicing is perturbed in the pathogenesis of FTLD 
will shed light on the disease-relevance of this protein.
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Additionally, two recent studies using alternative knock-
down approaches have shown that depletion of PTB in corti-
cal and midbrain astrocytes efficiently reprogram them into 
region-specific neurons [167, 219]. This is in keeping with 
previous studies that have shown sequential downregulation 
of PTB and nPTB to be an important regulatory event in 
neurogenesis [216]. From a clinical standpoint, PTB deple-
tion-induced astrocyte to neuron conversion by antisense 
therapy may represent a novel therapeutic strategy in neu-
rodegenerative disorders in the future.

HnRNP K

One of the most abundantly expressed and best-characterised 
proteins in the hnRNP family is hnRNP K [129]. Function-
ally, hnRNP K is best known for its high preferential bind-
ing to polycytocine (poly-c) tracts via the sequence-specific 
interaction of its three K homology (KH1-3) domains which 
serve as nucleic acid recognition motifs [44]. Structurally 
unique to hnRNP K is its K interactive (KI) region sand-
wiched between KH2 and 3 which is responsible for hnRNP 
K’s many known protein–protein interactions [17]. The KI 
region itself contains multiple protein binding sites which 
have led to its designation as a docking platform capable of 
facilitating molecular cross-talk between kinases and other 
proteins involved in gene expression and signal transduc-
tion [17]. Genome-wide expression studies on human brain 
tissue have confirmed hnRNP K to be a widely expressed 
protein in multiple brain regions [197]. Indeed, in amongst 
hnRNP K’s myriad hnRNP-typical functions in all aspects 
of nucleic acid metabolism, it has been identified as a key 
protein in the post-transcriptional regulation of several neu-
rodevelopmental processes including axogenesis [120], CNS 
myelination [109] and in the mediation of synaptic plasticity 
in hippocampal neurons [54].

There is very little known about hnRNP K-regulated path-
ways in the context of neurodegenerative disease. Although 
it is has been proposed to be an important binding partner of 
TDP-43 in neuronal stress granule formation. The blocking 
of hnRNP K phosphorylation by cyclin-dependent kinase 2 
inhibition, or the siRNA-mediated knockdown of hnRNP 
K protein levels itself, prevents the recruitment of physi-
ological TDP-43 to stress granules in stress-induction proto-
cols [142, 208]. Following evidence of disrupted hnRNP K 
expression in TDP-43 ALS mutant cell and animal models; 
it will be important to clarify the extent to which dysregu-
lated hnRNP K/TDP-43-induced perturbation of the stress 
granular response contributes to the ALS disease pheno-
type [141]. By contrast, there is an abundance of research 
linking abnormal hnRNP K expression to enhanced malig-
nancy in several cancers. Like other hnRNPs, under normal 
physiological conditions hnRNP K is largely confined to the 
nucleus. However, hnRNP K overexpression and subsequent 

mis-localisation to the cytoplasm have been observed in 
colorectal, lung, liver [25] and blood cancers among others 
[29]. Investigating hnRNP K localisation in brain tissue will 
be required to determine whether this pathological event is 
common in the neurodegeneration phenotype. Such dramatic 
alterations in expression would be predicted to have wide-
ranging transcriptional consequences which may also impact 
hnRNP K’s capacity to modulate the DNA damage response 
[143, 160].

HnRNP L

HnRNP L and its closely related paralog hnRNP L-like, 
hnRNP LL, share similar domain organisations, each con-
taining four and three RNA-recognition motifs (RRMs), 
respectively. However, the N-terminal Gly-rich regions of 
hnRNP L are less pronounced in the LL paralog, and the 
Pro-rich regions between RRMs 2 and 3 of hnRNP L are 
notably absent in LL [84].

HnRNP L interacts with hnRNP I/PTB during pre-mRNA 
splicing [67]. These two RBPs have also been shown to co-
interact with the 3′ UTR of nitric-oxide synthase mRNA 
and this interaction is modulated via inflammation [184]. 
Genome-wide iCLIP in combination with deep-sequencing 
(iCLIP-seq) has revealed the global roles of hnRNP L in 
splicing regulation [175]. HnRNP L preferentially binds CA-
rich RNA elements in intronic regions upstream of cassette 
exons to repress exon inclusion and downstream CA-rich 
intronic regions to activate splicing. However, a combined 
splice-sensitive microarray and RNAi analysis have demon-
strated several modes of hnRNP-dependent splicing regu-
lation beyond cassette exon inclusion/exclusion including 
intron retention, suppression of multiple exons and alterna-
tive poly(A) site selection [84]. HnRNP L also binds to 3′ 
UTR sites which have been found to overlap with predicted 
microRNA targets indicating a further role for hnRNP L 
in competitive inhibition of microRNA regulation [175]. 
Lastly, hnRNP L as with hnRNP I/PTB has been identi-
fied as a factor which protects vulnerable transcripts from 
degradation by NMD such as those with long 3′ UTRs [98, 
210]. Kishor and colleagues found that mRNA recruitment 
of hnRNP L was associated with reduced occupancy of 
UPF1 (an RNA helicase and central conductor of the NMD 
response) and reduced mRNA decay. This system is hijacked 
by B-cell lymphomas which harbor translocation mutations 
that promote hnRNP L-mediated NMD evasion [98]. The 
extent to which hnRNP L mediated splicing, competitive 
inhibition at microRNA target sites and NMD-evasion is 
diminished or dysregulated within neurodegenerative patho-
genesis remains unknown.
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HnRNP M

The hnRNP M proteins M1-M4 have three RRMs, two 
C-terminally located and one at the N-terminus which 
preferentially bind to poly(G) and poly(U) homopolymers 
in vitro. Additionally, all the M proteins possess an unusual 
hexapeptide-repeat region rich in methionine and arginine 
residues (MR repeat motif) which is involved in 3′-end matu-
ration of pre-mRNAs [40]. HnRNP M associates with early 
spliceosomes and also interacts with additional RNA pro-
cessing factors: PSF (polypyrimidine tract-binding protein-
associated splicing factor) and p54(nrb) [126]. This same 
study found that hnRNP M colocalises with PSF within 
nuclear paraspeckles and co-fractionates with both PSF and 
p54(nrb) in biochemical nuclear matrix preparations [126]. 
Importantly, hnRNP M has shown the ability to both nega-
tively and positively influence splicing regulation in multi-
ple targets including FGFR2 [78]. HnRNP M has also been 
shown to play a regulatory role in splicing of the SMN2 and 
SMN1 genes to promotes the inclusion of exon 7 within the 
mature transcripts [31].

HnRNP M has been shown to interact with the human 
Ewing Sarcoma (EWS) protein, an RNA-binding protein of 
the FET family which also includes FUS [158]. Addition-
ally, hnRNP M1-2 isoforms have been shown to associate 
with TLS/FUS itself, whilst the higher molecular weight 
hnRNP M3-4 isoforms associate with another member of 
the FET protein family: transcription factor TAF15 [127]. 
The formation of hnRNP M-FET complexes appears to be 
based on protein–protein interactions and is not dependent 
on the presence of RNA [127], whilst co-deposition of FET 
proteins in FUS inclusions, including EWS and TAF15, 
appears to be specific to FTLD-FUS pathology [151, 188]. 
Hence, the hnRNP M-FET protein interactome may be pref-
erentially disturbed within FTLD-FUS and some rare forms 
of familial ALS.

HnRNP P (FUS)

FUS protein was first identified as hnRNP P2 in 1995 [22] 
and has since been classified as a member of the multifunc-
tional FET protein family of proto-oncoproteins. The C-ter-
minal region of the FUS protein contains multiple domains 
involved in RNA–protein interactions, while the N-terminus 
is involved in transcription activation [165] and serves as 
an essential transforming domain for a number of fusion 
oncoproteins in human sarcomas and leukemias [222]. FUS 
is a ubiquitously expressed protein able to bind both RNA 
[38] and DNA targets [161]. FUS subcellular localisation 
differs between cell type being predominantly nuclear in 
neurons and largely cytoplasmic in glia [3]. Like several 

other hnRNPs, FUS is also localised to stress granules upon 
heat shock or oxidative stress induction [11].

FUS is undoubtedly one of the best studied hnRNPs 
in relation to neurodegeneration and has been extensively 
reviewed in recent years. We herein succinctly summarise 
the main findings in the FTLD/ALS field whilst referring the 
reader to more extensive and comprehensive reviews on the 
subject [15, 104, 169].

Since 2009, FUS has been inextricably linked with neuro-
degeneration. The first studies to genetically associate FUS 
with ALS [102, 198] were closely followed by its pathologi-
cal associations in FTLD [107, 146, 152]. Mutations in the 
FUS gene are associated with about 4% of familial ALS 
cases [179]. Most missense or deletion FUS mutations are 
predominantly found within the C-terminal domain which 
also contains the NLS, thereby affecting the subcellular 
localisation of the protein [102, 198]. Postmortem analy-
sis of brain and spinal cord from patients harbouring FUS 
mutations revealed abnormal FUS cytoplasmic inclusions 
in both neurons and glia with such inclusions also being 
immunoreactive for GRP78, p62 and ubiquitin [102, 192, 
198]. Similarly, cytoplasmic and intranuclear FUS inclu-
sions have been identified within the brains and spinal cord 
of FTLD patients. However, in contrast to ALS, FUS muta-
tions are very rarely found in FTLD and none have been 
pathologically confirmed. In both ALS and FTLD, FUS-
positive inclusions appear to be independent of TDP-43 
pathology [154].

Studies in cell and animal models have led to the belief 
that FUS mutations contribute to disease in a predominantly 
gain of function manner. Overexpression of wild-type FUS 
or ALS-linked mutations in FUS lead to ALS-like motor 
deficits and pathological hallmarks in mice [136]. Mecha-
nistically, mutations in the NLS region have been shown to 
prevent FUS from autoregulating its own expression lead-
ing to dose-dependent neurotoxicity [82, 117]. Addition-
ally, ALS patients harbouring FUS-NLS mutations as well 
as FTLD-FUS patients, exhibit enhanced phase separation 
of FUS and greater subsequent accumulation of the protein 
into stress granules albeit via distinct pathomechanisms [75]. 
Hence, furthering the evidence for disrupted liquid-phase 
homeostasis of RBPs in both disorders. However, a loss of 
function in FUS is also expected to be deleterious to the cell 
considering its multifactorial roles in RNA metabolism and 
its tight levels of autoregulation. Indeed, it is most likely that 
both gain and loss of function mechanisms contribute to the 
neurodegenerative phenotype observed in FUS-associated 
neurodegenerative disease [169].

HnRNP R and hnRNP Q

The HNRNPR gene can be alternatively spliced to give rise 
to two protein isoforms, hnRNP R1 and the less abundant 
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hnRNP R2 which is mostly expressed in neural tissues [79]. 
The expression of both isoforms is tightly regulated by cir-
cadian cues [112]. Both contain an acidic N-terminal region, 
three consecutive canonical RRMs, one RGG domain and a 
C-terminal domain rich in clusters of glutamine and aspara-
gine residues [69]. Functionally, hnRNP R is an important 
component of pre-mRNA splicing machinery and is known 
to have especially important roles in the regulation of neu-
rodevelopment and the adaptive immune response [170]. 
In addition, as a binding partner of SMN protein in motor 
neurons, it is believed to be essential for both the pre-mRNA 
processing of β-actin mRNA and its accurate translocation 
to the growth cone within developing motor neurons [178].

HnRNP Q is structurally and functionally very similar to 
hnRNP R. Alternative splicing of the SYNCRIP gene gen-
erates three major isoforms of hnRNP Q (Q1–Q3) [144]. 
Unsurprisingly then, hnRNP Q recognises similar all-be it 
distinct RNA target sequences and protein species including 
SMN. Different hnRNP Q isoforms have been associated 
with differential splicing activity of the SMN2 exon 7 in 
the neurodegenerative disease SMA [144]. Further functions 
of hnRNP Q include the post-transcriptional modulation of 
circadian clock gene mRNAs levels [94, 95], morphologi-
cal development of neuromuscular junctions [194] and the 
exosomal sorting of specific micro RNAs [72]. Both hnRNP 
R and Q have been identified as potentially important regula-
tors of neuronal homeostasis and cellular pathways associ-
ated with neurodegeneration [23].

Several studies have identified a link between hnRNP R 
and Q and the proteins implicated in FTLD/ALS pathogen-
esis using both predictive modelling and experimental vali-
dation. Appocher et al.’s functional Drosophila screen identi-
fied the hnRNP Q homolog SYNCRIP to be a key modulator 
of TDP-43 toxicity [4]. Interestingly, RNAi-induced knock-
down of SYNCRIP powerfully rescued the neurodegen-
erative eye phenotype in a TDP-43 overexpression model; 
yet pan-neuronal SYNCRIP suppression induced complete 
paralysis when doubly knocked down alongside TDP-43. 
Follow-up work in SH-SY-5Y cells identified both hnRNP 
R/Q to contribute to the regulation of a subset of TDP-
43-controlled mRNA splicing and gene expression events 
[16, 116]. Differences in hnRNP Q proteins levels have also 
been found in ALS patient postmortem tissue, hinting at a 
potential dysregulation of the protein within ALS pathogen-
esis [9]. Immunoblotting and immunohistochemical studies 
have shown increased levels of hnRNP Q in the cerebellum 
of C9-ALS and sporadic ALS cases. Interestingly, sporadic 
ALS cases displayed a more nuclear localisation of hnRNP 
Q whilst C9-ALS cases showed more diffuse cytoplasmic 
immunoreactivity; although the reason for this disparity 
remains unknown [9]. Additionally, in FTLD hnRNP R 
mRNA expression was found to be significantly increased 
and a pathological assessment revealed both hnRNP R and 

Q proteins to be present in neuronal cytoplasmic inclusions 
and occasional nuclear inclusions within FTLD-FUS cases 
[63]. Double immunofluorescence with FUS and its nuclear 
transporter Transportin confirmed colocalisation between 
hnRNP R and the FUS protein in these cases. Hence, whilst 
there is evidence linking hnRNP R and Q with FUS, no 
functional relationship between these proteins has been 
clearly established. Of note, there has been a little empha-
sis from any study in determining the potentially different 
roles of the separate isoforms of these proteins. Given that 
it appears different R and Q isoforms may serve distinct, 
non-redundant cellular functions [23], it will be important 
to establish whether they also play different roles in disease 
pathogenesis.

HnRNP U

The largest member of the hnRNP family is hnRNP U, 
originally measured at 120 kDa by SDS-PAGE [92]. As a 
known protein component of the nuclear matrix, hnRNP 
U is also known by its alternative name—nuclear scaffold 
attachment factor A (SAF-A). Intriguingly, hnRNP U is 
the only hnRNP to lack both RRM and KH RNA-binding 
domains; instead RNA-binding is afforded to hnRNP U via 
its arginine and glycine-rich RGG box at the C-terminus 
which binds to G/U-rich RNA targets with high affinity. 
Another unique feature within the hnRNP family is hnRNP 
U’s N-terminally located SAP domain which mediates DNA 
and chromatin interactions. Hence, hnRNP U is believed 
to have roles in chromosomal DNA organisation, telomere 
length regulation and the DNA damage response in addi-
tion to regulating hnRNP-typical RNA metabolic functions 
such as alternative splicing [70, 213]. Hypomorphic muta-
tions in hnRNP U lead to embryonic lethality in a murine 
model (99.7% homology), consistent with essential roles of 
hnRNP U within embryonic development including mitotic 
cell progression [174].

The strongest evidence connecting hnRNP U to FTLD/
ALS pathogenesis comes from its known molecular inter-
actions with ALS-FTLD related proteins. Several interac-
tomic studies using either co-immunoprecipitation or pull-
down assays in conjunction with quantitative proteomic 
analyses have revealed hnRNP U to be a binding partner 
of both wild-type and ALS-mutant forms of TDP-43, FUS 
and Ataxin 2 [16, 56, 116]. A two-hybrid screening assay in 
yeast also identified hnRNP U to be a novel binding partner 
of ubiquilin-2 along with hnRNP A1 and hnRNP A3 [61]. 
Of particular disease interest, hnRNP U has been identified 
as a mediator of TDP-43-associated neurotoxicity in TDP-
43-overexpressing NSC34 cells. Indeed, siRNA-mediated 
depletion of hnRNP U exacerbated TDP-43-induced neu-
ronal cell death [186]. This finding was later validated in a 
functional genetic screen of hnRNPs in Drosophila. HnRNP 
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U was one of only two hnRNPs (hnRNP A2/B1 being the 
other) to significantly enhance the TDP-43 gain-of-function 
phenotype in flies following RNAi-mediated disruption of 
hnRNP candidate genes [4]. HnRNP U has also been found 
to preferentially bind to sense G-quadruplex RNA foci gen-
erated from hexanucleotide repeat expansions in C9orf72 
[66]. This apparent conformational specificity is in keeping 
with RGG box-containing proteins (including hnRNP U, 
FUS and fragile x mental retardation protein—fmrp) hav-
ing a stronger binding preference for G-quadruplexes such 
as those within telomeric regions of DNA [157].

Conclusions

Here we have reviewed the hnRNP proteins in the context 
of FTLD and ALS and highlighted how they are involved 
in many diverse cellular activities including cryptic exon 
repression, stress granule assembly and the DNA damage 
response. This is in addition to their traditional regulatory 
roles spanning every step of the mRNA life cycle; making 
the hnRNP family of proteins an exceptionally versatile 
family of RNA-binding proteins. Despite their structural 
heterogeneity, on a functional level there is undisputable 
functional convergence between many if not all proteins 
within the hnRNP family. Their ability to form dynamic, 
co-operative complexes both with each other and other RBPs 
to fulfil a myriad of overlapping regulatory functions includ-
ing their own autoregulation demonstrates their undeniable 
inter-connectivity.

Given their far-reaching functionalities, it is not at all sur-
prising that so many of them have been linked either directly 
or indirectly to FTLD and ALS pathogenesis. Vicious cycles 
of aberrant RNA metabolism, DNA damage and proteostasis 
dysfunction are all emerging as important themes that may 
initiate and propagate neurodegeneration in these diseases. 
The studies reviewed here suggest that hnRNPs play cru-
cial homeostatic roles in neutralising all these potentially 
pathogenic events. Hence, a functional deficit of hnRNP lev-
els due to pathological depletion, mislocalisation or simply 
from an unmet soaring cellular demand is expected to be 
associated with compromised neuronal health. It is likely 
that FTLD/ALS disease pathology is driven by a myriad 
of complex and inter-connected RNA metabolic processes 
that cannot be solely attributed to any one dysfunctional 
molecular event. Hence, their dysregulation and/or other-
wise depletion at a time of high cellular demand, may poten-
tially ‘tip’ the balance from survival to spiralling toxicity 
within afflicted cells. Elucidating the precise ways in which 
hnRNPs co-interact to modify the neurotoxic effects exerted 
within established ALS-FTLD cell and animal models will 
be of crucial importance moving forward.

Future directions

There are, as yet, many unanswered questions surrounding 
the role hnRNPs play in ALS and FTLD. Is hnRNP mislo-
calisation a predominantly loss of function mechanism of 
neurotoxicity as modelled here or are there also associated 
gain of functions exerted by the inclusions they are recruited 
into? Is their mislocalisation a cause of, or a result of, a dys-
functional autoregulatory system and how does this tempo-
rally link to the onset of neurodegeneration? More broadly, 
to what extent are the processes of stress granule assembly 
and DNA damage affected as a result of functional hnRNP 
sequestration within these inclusions? This review highlights 
the need to look beyond TDP-43, FUS and C9orf72 pathol-
ogy in future immunohistochemical examinations of post-
mortem brain tissue. The identification of additional, abnor-
mally localised hnRNPs in different pathological contexts 
could shed light on novel pathways that are worth exploring 
for potential dysregulation in ALS and FTLD pathogenesis 
in the future.

Finally, it is clear that cryptic exon repression is a homeo-
static process performed by many members of the hnRNP 
family. However, the extent to which repression of these 
nonconserved cryptic exons is compromised in FTLD and 
ALS animal models remains to be determined. Further down 
the line, what specific cryptic events have direct functional 
consequences on neuronal health, perhaps in an analogous 
fashion to STMN2 cryptic exons in TDP-43 knockdown 
models? And could their presence serve as biomarkers for 
RNA processing dysfunction in distinct disease subtypes? 
Investigations into the transcriptomic changes that accom-
pany dysfunction of these RBPs in ALS and FTLD are 
likely to offer great mechanistic and potentially therapeutic 
insights into these diseases going forwards.

Acknowledgements AB is supported by the Wolfson Foundation and 
Eisai. LG is also supported by the Wolfson foundation. PF is supported 
by an MRC/MNDA Lady Edith Wolfson Fellowship and by the NIHR-
UCLH Biomedical Research Centre. TL is supported by an Alzhei-
mer’s Research UK senior fellowship. AG is supported by the Rosetrees 
Trust. The Queen Square Brain Bank is supported by the Reta Lila 
Weston Institute of Neurological Studies, UCL Institute of Neurology.

Author contributions AG and TL conceptualised the idea for the arti-
cle. AB, LG, AG and TL contributed to both the literature review and 
writing of the article with AB drafting the largest proportion of the 
manuscript. PF provided expertise on the RNA components of the 
review and all authors contributed to the critical revision and editing 
of the final script. All artwork was created with BioRender.com.

Compliance with ethical standards 

Conflict of interest The authors have no competing interests.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 



616 Acta Neuropathologica (2020) 140:599–623

1 3

adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://creat iveco mmons 
.org/licen ses/by/4.0/.

References

 1. Abbadi D, Yang M, Chenette DM, Andrews JJ, Schneider RJ 
(2019) Muscle development and regeneration controlled by 
AUF1-mediated stage-specific degradation of fate-determining 
checkpoint mRNAs. Proc Natl Acad Sci USA 116:11285–11290. 
https ://doi.org/10.1073/pnas.19011 65116 

 2. Adamson B, Smogorzewska A, Sigoillot FD, King RW, Elledge 
SJ (2012) A genome-wide homologous recombination screen 
identifies the RNA-binding protein RBMX as a component of 
the DNA-damage response. Nat Cell Biol 14:318–328. https ://
doi.org/10.1038/ncb24 26

 3. Andersson MK, Ståhlberg A, Arvidsson Y, Olofsson A, Semb 
H, Stenman G et al (2008) The multifunctional FUS, EWS and 
TAF15 proto-oncoproteins show cell type-specific expression 
patterns and involvement in cell spreading and stress response. 
BMC Cell Biol 9:37. https ://doi.org/10.1186/1471-2121-9-37

 4. Appocher C, Mohagheghi F, Cappelli S, Stuani C, Romano M, 
Feiguin F et al (2017) Major hnRNP proteins act as general TDP-
43 functional modifiers both in Drosophila and human neuronal 
cells. Nucleic Acids Res 45:8026–8045. https ://doi.org/10.1093/
nar/gkx47 7

 5. Arnold ES, Ling S-C, Huelga SC, Lagier-Tourenne C, Polymeni-
dou M, Ditsworth D et al (2013) ALS-linked TDP-43 mutations 
produce aberrant RNA splicing and adult-onset motor neuron 
disease without aggregation or loss of nuclear TDP-43. Proc 
Natl Acad Sci USA 110:E736–E745. https ://doi.org/10.1073/
pnas.12228 09110 

 6. Attig J, de Los R, Mozos I, Haberman N, Wang Z, Emmett 
W et al (2016) Splicing repression allows the gradual emer-
gence of new Alu-exons in primate evolution. Elife. https ://doi.
org/10.7554/eLife .19545 

 7. Ayala YM, De Conti L, Avendaño-Vázquez SE, Dhir A, Romano 
M, D’Ambrogio A et al (2011) TDP-43 regulates its mRNA lev-
els through a negative feedback loop. EMBO J 30:277–288. https 
://doi.org/10.1038/emboj .2010.310

 8. Bakheet T, Williams BRG, Khabar KSA (2003) ARED 2.0: an 
update of AU-rich element mRNA database. Nucleic Acids Res 
31:421–423. https ://doi.org/10.1093/nar/gkg02 3

 9. Bakkar N, Kovalik T, Lorenzini I, Spangler S, Lacoste A, Spo-
naugle K et al (2018) Artificial intelligence in neurodegenera-
tive disease research: use of IBM Watson to identify additional 
RNA-binding proteins altered in amyotrophic lateral sclerosis. 
Acta Neuropathol 135:227–247. https ://doi.org/10.1007/s0040 
1-017-1785-8

 10. Balendra R, Isaacs AM (2018) C9orf72-mediated ALS and FTD: 
multiple pathways to disease. Nat Rev Neurol 14:544–558. https 
://doi.org/10.1038/s4158 2-018-0047-2

 11. Baradaran-Heravi Y, Van Broeckhoven C, van der Zee J (2020) 
Stress granule mediated protein aggregation and underlying gene 
defects in the FTD-ALS spectrum. Neurobiol Dis 134:104639. 
https ://doi.org/10.1016/j.nbd.2019.10463 9

 12. Baralle FE, Giudice J (2017) Alternative splicing as a regula-
tor of development and tissue identity. Nat Rev Mol Cell Biol 
18:437–451. https ://doi.org/10.1038/nrm.2017.27

 13. Barreau C, Paillard L, Osborne HB (2005) AU-rich elements and 
associated factors: are there unifying principles? Nucleic Acids 
Res 33:7138–7150. https ://doi.org/10.1093/nar/gki10 12

 14. Beyer AL, Christensen ME, Walker BW, LeStourgeon WM 
(1977) Identification and characterization of the packaging pro-
teins of core 40S hnRNP particles. Cell 11:127–138. https ://doi.
org/10.1016/0092-8674(77)90323 -3

 15. Birsa N, Bentham MP, Fratta P (2020) Cytoplasmic functions 
of TDP-43 and FUS and their role in ALS. Semin Cell Dev Biol 
99:193–201. https ://doi.org/10.1016/j.semcd b.2019.05.023

 16. Blokhuis AM, Koppers M, Groen EJN, van den Heuvel DMA, 
Dini Modigliani S et al (2016) Comparative interactomics anal-
ysis of different ALS-associated proteins identifies converging 
molecular pathways. Acta Neuropathol 132:175–196. https ://doi.
org/10.1007/s0040 1-016-1575-8

 17. Bomsztyk K, Denisenko O, Ostrowski J (2004) hnRNP K: one 
protein multiple processes. BioEssays 26:629–638. https ://doi.
org/10.1002/bies.20048 

 18. Broderick J, Wang J, Andreadis A (2004) Heterogeneous nuclear 
ribonucleoprotein E2 binds to tau exon 10 and moderately acti-
vates its splicing. Gene 331:107–114. https ://doi.org/10.1016/j.
gene.2004.02.005

 19. Buratti E, Baralle FE (2011) TDP-43: new aspects of autoregula-
tion mechanisms in RNA binding proteins and their connection 
with human disease. FEBS J 278:3530–3538. https ://doi.org/10
.1111/j.1742-4658.2011.08257 .x

 20. Calabretta S, Richard S (2015) Emerging roles of disordered 
sequences in RNA-binding proteins. Trends Biochem Sci 
40:662–672. https ://doi.org/10.1016/j.tibs.2015.08.012

 21. Calarco JA (2013) “Cryptic” exons reveal some of their secrets. 
Elife 2:e00476. https ://doi.org/10.7554/eLife .00476 

 22. Calvio C, Neubauer G, Mann M, Lamond AI (1995) Identifica-
tion of hnRNP P2 as TLS/FUS using electrospray mass spec-
trometry. RNA 1:724–733

 23. Cappelli S, Romano M, Buratti E (2018) Systematic analysis of 
gene expression profiles controlled by hnRNP Q and hnRNP R, 
two closely related human RNA binding proteins implicated in 
mRNA processing mechanisms. Front Mol Biosci 5:79. https ://
doi.org/10.3389/fmolb .2018.00079 

 24. Caputi M, Zahler AM (2001) Determination of the RNA bind-
ing specificity of the heterogeneous nuclear ribonucleoprotein 
(hnRNP) H/H’/F/2H9 family. J Biol Chem 276:43850–43859. 
https ://doi.org/10.1074/jbc.M1028 61200 

 25. Carpenter B, McKay M, Dundas SR, Lawrie LC, Telfer C, Mur-
ray GI (2006) Heterogeneous nuclear ribonucleoprotein K is 
over expressed, aberrantly localised and is associated with poor 
prognosis in colorectal cancer. Br J Cancer 95:921–927. https ://
doi.org/10.1038/sj.bjc.66033 49

 26. Chabot B, Blanchette M, Lapierre I, La Branche H (1997) 
An intron element modulating 5′ splice site selection in the 
hnRNP A1 pre-mRNA interacts with hnRNP A1. Mol Cell Biol 
17:1776–1786. https ://doi.org/10.1128/mcb.17.4.1776

 27. Chaudhury A, Chander P, Howe PH (2010) Heterogeneous 
nuclear ribonucleoproteins (hnRNPs) in cellular processes: 
Focus on hnRNP E1’s multifunctional regulatory roles. RNA 
16:1449–1462. https ://doi.org/10.1261/rna.22541 10

 28. Chen CY, Xu N, Shyu AB (1995) mRNA decay medi-
ated by two distinct AU-rich elements from c-fos and 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1073/pnas.1901165116
https://doi.org/10.1038/ncb2426
https://doi.org/10.1038/ncb2426
https://doi.org/10.1186/1471-2121-9-37
https://doi.org/10.1093/nar/gkx477
https://doi.org/10.1093/nar/gkx477
https://doi.org/10.1073/pnas.1222809110
https://doi.org/10.1073/pnas.1222809110
https://doi.org/10.7554/eLife.19545
https://doi.org/10.7554/eLife.19545
https://doi.org/10.1038/emboj.2010.310
https://doi.org/10.1038/emboj.2010.310
https://doi.org/10.1093/nar/gkg023
https://doi.org/10.1007/s00401-017-1785-8
https://doi.org/10.1007/s00401-017-1785-8
https://doi.org/10.1038/s41582-018-0047-2
https://doi.org/10.1038/s41582-018-0047-2
https://doi.org/10.1016/j.nbd.2019.104639
https://doi.org/10.1038/nrm.2017.27
https://doi.org/10.1093/nar/gki1012
https://doi.org/10.1016/0092-8674(77)90323-3
https://doi.org/10.1016/0092-8674(77)90323-3
https://doi.org/10.1016/j.semcdb.2019.05.023
https://doi.org/10.1007/s00401-016-1575-8
https://doi.org/10.1007/s00401-016-1575-8
https://doi.org/10.1002/bies.20048
https://doi.org/10.1002/bies.20048
https://doi.org/10.1016/j.gene.2004.02.005
https://doi.org/10.1016/j.gene.2004.02.005
https://doi.org/10.1111/j.1742-4658.2011.08257.x
https://doi.org/10.1111/j.1742-4658.2011.08257.x
https://doi.org/10.1016/j.tibs.2015.08.012
https://doi.org/10.7554/eLife.00476
https://doi.org/10.3389/fmolb.2018.00079
https://doi.org/10.3389/fmolb.2018.00079
https://doi.org/10.1074/jbc.M102861200
https://doi.org/10.1038/sj.bjc.6603349
https://doi.org/10.1038/sj.bjc.6603349
https://doi.org/10.1128/mcb.17.4.1776
https://doi.org/10.1261/rna.2254110


617Acta Neuropathologica (2020) 140:599–623 

1 3

granulocyte-macrophage colony-stimulating factor transcripts: 
different deadenylation kinetics and uncoupling from transla-
tion. Mol Cell Biol 15:5777–5788. https ://doi.org/10.1128/
mcb.15.10.5777

 29. Chen X, Gu P, Xie R, Han J, Liu H, Wang B et al (2017) Het-
erogeneous nuclear ribonucleoprotein K is associated with poor 
prognosis and regulates proliferation and apoptosis in bladder 
cancer. J Cell Mol Med 21:1266–1279. https ://doi.org/10.1111/
jcmm.12999 

 30. Chenette DM, Cadwallader AB, Antwine TL, Larkin LC, Wang 
J, Olwin BB et al (2016) Targeted mRNA decay by RNA binding 
protein AUF1 regulates adult muscle stem cell fate, promoting 
skeletal muscle integrity. Cell Rep 16:1379–1390. https ://doi.
org/10.1016/j.celre p.2016.06.095

 31. Cho S, Moon H, Loh TJ, Oh HK, Cho S, Choy HE et al (2014) 
hnRNP M facilitates exon 7 inclusion of SMN2 pre-mRNA in 
spinal muscular atrophy by targeting an enhancer on exon 7. 
Biochim Biophys Acta 1839:306–315. https ://doi.org/10.1016/j.
bbagr m.2014.02.006

 32. Choi YD, Dreyfuss G (1984) Monoclonal antibody characteriza-
tion of the C proteins of heterogeneous nuclear ribonucleoprotein 
complexes in vertebrate cells. J Cell Biol 99:1997–2204. https ://
doi.org/10.1083/jcb.99.6.1997

 33. Cieniková Z, Jayne S, Damberger FF, Allain FH-T, Maris C 
(2015) Evidence for cooperative tandem binding of hnRNP C 
RRMs in mRNA processing. RNA 21:1931–1942. https ://doi.
org/10.1261/rna.05237 3.115

 34. Conlon EG, Fagegaltier D, Agius P, Davis-Porada J, Gregory 
J, Hubbard I et  al (2018) Unexpected similarities between 
C9ORF72 and sporadic forms of ALS/FTD suggest a common 
disease mechanism. Elife. https ://doi.org/10.7554/eLife .37754 

 35. Conlon EG, Lu L, Sharma A, Yamazaki T, Tang T, Shneider 
NA et al (2016) The C9ORF72 GGG GCC  expansion forms 
RNA G-quadruplex inclusions and sequesters hnRNP H to dis-
rupt splicing in ALS brains. Elife. https ://doi.org/10.7554/eLife 
.17820 

 36. Cooper-Knock J, Walsh MJ, Higginbottom A, Robin Highley J, 
Dickman MJ, Edbauer D et al (2014) Sequestration of multiple 
RNA recognition motif-containing proteins by C9orf72 repeat 
expansions. Brain 137:2040–2051. https ://doi.org/10.1093/brain 
/awu12 0

 37. Cragnaz L, Klima R, De Conti L, Romano G, Feiguin F, Buratti E 
et al (2015) An age-related reduction of brain TBPH/TDP-43 lev-
els precedes the onset of locomotion defects in a Drosophila ALS 
model. Neuroscience 311:415–421. https ://doi.org/10.1016/j.
neuro scien ce.2015.10.037

 38. Crozat A, Aman P, Mandahl N, Ron D (1993) Fusion of CHOP 
to a novel RNA-binding protein in human myxoid liposarcoma. 
Nature 363:640–644. https ://doi.org/10.1038/36364 0a0

 39. Czubaty A, Girstun A, Kowalska-Loth B, Trzcińska AM, Purta E, 
Winczura A et al (2005) Proteomic analysis of complexes formed 
by human topoisomerase I. Biochim Biophys Acta 1749:133–
141. https ://doi.org/10.1016/j.bbapa p.2005.03.007

 40. Datar KV, Dreyfuss G, Swanson MS (1993) The human hnRNP 
M proteins: identification of a methionine/arginine-rich repeat 
motif in ribonucleoproteins. Nucleic Acids Res 21:439–446. 
https ://doi.org/10.1093/nar/21.3.439

 41. Davidson YS, Flood L, Robinson AC, Nihei Y, Mori K, Rollinson 
S et al (2017) Heterogeneous ribonuclear protein A3 (hnRNP 
A3) is present in dipeptide repeat protein containing inclusions 
in frontotemporal lobar degeneration and motor neurone disease 
associated with expansions in C9orf72 gene. Acta Neuropathol 
Commun 5:31. https ://doi.org/10.1186/s4047 8-017-0437-5

 42. Davidson YS, Robinson AC, Flood L, Rollinson S, Benson BC 
et al (2017) Heterogeneous ribonuclear protein E2 (hnRNP E2) 
is associated with TDP-43-immunoreactive neurites in semantic 

dementia but not with other TDP-43 pathological subtypes of 
frontotemporal lobar degeneration. Acta Neuropathol Commun 
5:54. https ://doi.org/10.1186/s4047 8-017-0454-4

 43. DeJesus-Hernandez M, Mackenzie IR, Boeve BF, Boxer AL, 
Baker M, Rutherford NJ et al (2011) Expanded GGG GCC  hexa-
nucleotide repeat in noncoding region of C9ORF72 causes chro-
mosome 9p-linked FTD and ALS. Neuron 72:245–256. https ://
doi.org/10.1016/j.neuro n.2011.09.011

 44. Dejgaard K, Leffers H (1996) Characterisation of the 
nucleic-acid-binding activity of KH domains. Different proper-
ties of different domains. Eur J Biochem 241:425–431. https ://
doi.org/10.1111/j.1432-1033.1996.00425 .x

 45. Deshaies J-E, Shkreta L, Moszczynski AJ, Sidibé H, Semmler 
S, Fouillen A et al (2018) TDP-43 regulates the alternative 
splicing of hnRNP A1 to yield an aggregation-prone variant in 
amyotrophic lateral sclerosis. Brain 141:1320–1333. https ://doi.
org/10.1093/brain /awy06 2

 46. Dickson DW, Kouri N, Murray ME, Josephs KA (2011) Neu-
ropathology of frontotemporal lobar degeneration-tau (FTLD-
tau). J Mol Neurosci 45:384–389. https ://doi.org/10.1007/s1203 
1-011-9589-0

 47. Donahue CP, Muratore C, Wu JY, Kosik KS, Wolfe MS 
(2006) Stabilization of the tau exon 10 stem loop alters pre-
mRNA splicing. J Biol Chem 281:23302–23306. https ://doi.
org/10.1074/jbc.C6001 43200 

 48. Dreyfuss G, Kim VN, Kataoka N (2002) Messenger-RNA-
binding proteins and the messages they carry. Nat Rev Mol 
Cell Biol 3:195–205. https ://doi.org/10.1038/nrm76 0

 49. Dreyfuss G, Matunis MJ, Piñol-Roma S, Burd CG (1993) 
hnRNP proteins and the biogenesis of mRNA. Annu Rev Bio-
chem 62:289–321. https ://doi.org/10.1146/annur ev.bi.62.07019 
3.00144 5

 50. Dvinge H (2018) Regulation of alternative mRNA splicing: old 
players and new perspectives. FEBS Lett 592:2987–3006

 51. Erkelenz S, Mueller WF, Evans MS, Busch A, Schöneweis 
K, Hertel KJ et al (2013) Position-dependent splicing activa-
tion and repression by SR and hnRNP proteins rely on com-
mon mechanisms. RNA 19:96–102. https ://doi.org/10.1261/
rna.03704 4.112

 52. Ferrari R, Kapogiannis D, Huey ED, Momeni P (2011) FTD and 
ALS: a tale of two diseases. Curr Alzheimer Res 8:273–294. 
https ://doi.org/10.2174/15672 05117 95563 700

 53. Fifita JA, Zhang KY, Galper J, Williams KL, McCann EP, 
Hogan AL et al (2017) Genetic and pathological assessment of 
hnRNPA1, hnRNPA2/B1, and hnRNPA3 in familial and sporadic 
amyotrophic lateral sclerosis. Neurodegener Dis 17:304–312. 
https ://doi.org/10.1159/00048 1258

 54. Folci A, Mapelli L, Sassone J, Prestori F, D’Angelo E, Bassani 
S et al (2014) Loss of hnRNP K impairs synaptic plasticity in 
hippocampal neurons. J Neurosci 34:9088–9095. https ://doi.
org/10.1523/JNEUR OSCI.0303-14.2014

 55. Fratta P, Sivakumar P, Humphrey J, Lo K, Ricketts T, Oliveira 
H et al (2018) Mice with endogenous TDP-43 mutations exhibit 
gain of splicing function and characteristics of amyotrophic lat-
eral sclerosis. EMBO J. https ://doi.org/10.15252 /embj.20179 
8684

 56. Freibaum BD, Chitta RK, High AA, Taylor JP (2010) Global 
analysis of TDP-43 interacting proteins reveals strong association 
with RNA splicing and translation machinery. J Proteome Res 
9:1104–1120. https ://doi.org/10.1021/pr901 076y

 57. Fujimura K, Kano F, Murata M (2008) Identification of PCBP2, 
a facilitator of IRES-mediated translation, as a novel constituent 
of stress granules and processing bodies. RNA 14:425–431. https 
://doi.org/10.1261/rna.78070 8

 58. Gami-Patel P, Bandopadhyay R, Brelstaff J, Revesz T, Lashley T 
(2016) The presence of heterogeneous nuclear ribonucleoproteins 

https://doi.org/10.1128/mcb.15.10.5777
https://doi.org/10.1128/mcb.15.10.5777
https://doi.org/10.1111/jcmm.12999
https://doi.org/10.1111/jcmm.12999
https://doi.org/10.1016/j.celrep.2016.06.095
https://doi.org/10.1016/j.celrep.2016.06.095
https://doi.org/10.1016/j.bbagrm.2014.02.006
https://doi.org/10.1016/j.bbagrm.2014.02.006
https://doi.org/10.1083/jcb.99.6.1997
https://doi.org/10.1083/jcb.99.6.1997
https://doi.org/10.1261/rna.052373.115
https://doi.org/10.1261/rna.052373.115
https://doi.org/10.7554/eLife.37754
https://doi.org/10.7554/eLife.17820
https://doi.org/10.7554/eLife.17820
https://doi.org/10.1093/brain/awu120
https://doi.org/10.1093/brain/awu120
https://doi.org/10.1016/j.neuroscience.2015.10.037
https://doi.org/10.1016/j.neuroscience.2015.10.037
https://doi.org/10.1038/363640a0
https://doi.org/10.1016/j.bbapap.2005.03.007
https://doi.org/10.1093/nar/21.3.439
https://doi.org/10.1186/s40478-017-0437-5
https://doi.org/10.1186/s40478-017-0454-4
https://doi.org/10.1016/j.neuron.2011.09.011
https://doi.org/10.1016/j.neuron.2011.09.011
https://doi.org/10.1111/j.1432-1033.1996.00425.x
https://doi.org/10.1111/j.1432-1033.1996.00425.x
https://doi.org/10.1093/brain/awy062
https://doi.org/10.1093/brain/awy062
https://doi.org/10.1007/s12031-011-9589-0
https://doi.org/10.1007/s12031-011-9589-0
https://doi.org/10.1074/jbc.C600143200
https://doi.org/10.1074/jbc.C600143200
https://doi.org/10.1038/nrm760
https://doi.org/10.1146/annurev.bi.62.070193.001445
https://doi.org/10.1146/annurev.bi.62.070193.001445
https://doi.org/10.1261/rna.037044.112
https://doi.org/10.1261/rna.037044.112
https://doi.org/10.2174/156720511795563700
https://doi.org/10.1159/000481258
https://doi.org/10.1523/JNEUROSCI.0303-14.2014
https://doi.org/10.1523/JNEUROSCI.0303-14.2014
https://doi.org/10.15252/embj.201798684
https://doi.org/10.15252/embj.201798684
https://doi.org/10.1021/pr901076y
https://doi.org/10.1261/rna.780708
https://doi.org/10.1261/rna.780708


618 Acta Neuropathologica (2020) 140:599–623

1 3

in frontotemporal lobar degeneration with FUS-positive inclu-
sions. Neurobiol Aging 46:192–203. https ://doi.org/10.1016/j.
neuro biola ging.2016.07.004

 59. Geuens T, Bouhy D, Timmerman V (2016) The hnRNP fam-
ily: insights into their role in health and disease. Hum Genet 
135:851–867. https ://doi.org/10.1007/s0043 9-016-1683-5

 60. Ghetti A, Piñol-Roma S, Michael WM, Morandi C, Dreyfuss G 
(1992) hnRNP I, the polypyrimidine tract-binding protein: dis-
tinct nuclear localization and association with hnRNAs. Nucleic 
Acids Res 20:3671–3678. https ://doi.org/10.1093/nar/20.14.3671

 61. Gilpin KM, Chang L, Monteiro MJ (2015) ALS-linked mutations 
in ubiquilin-2 or hnRNPA1 reduce interaction between ubiqui-
lin-2 and hnRNPA1. Hum Mol Genet 24:2565–2577. https ://doi.
org/10.1093/hmg/ddv02 0

 62. Gitler AD, Fryer JD (2018) A matter of balance. Elife. https ://
doi.org/10.7554/eLife .40034 

 63. Gittings LM, Foti SC, Benson BC, Gami-Patel P, Isaacs AM, 
Lashley T (2019) Heterogeneous nuclear ribonucleoproteins 
R and Q accumulate in pathological inclusions in FTLD-FUS. 
Acta Neuropathol Commun 7:18. https ://doi.org/10.1186/s4047 
8-019-0673-y

 64. Grammatikakis I, Zhang P, Panda AC, Kim J, Maudsley S, 
Abdelmohsen K et al (2016) Alternative splicing of neuronal 
differentiation factor TRF2 regulated by HNRNPH1/H2. Cell 
Rep 15:926–934. https ://doi.org/10.1016/j.celre p.2016.03.080

 65. Grover A, Houlden H, Baker M, Adamson J, Lewis J, Prihar 
G et al (1999) 5′ splice site mutations in tau associated with 
the inherited dementia FTDP-17 affect a stem-loop structure 
that regulates alternative splicing of exon 10. J Biol Chem 
274:15134–15143. https ://doi.org/10.1074/jbc.274.21.15134 

 66. Haeusler AR, Donnelly CJ, Periz G, Simko EAJ, Shaw PG, Kim 
M-S et al (2014) C9orf72 nucleotide repeat structures initiate 
molecular cascades of disease. Nature 507:195–200. https ://doi.
org/10.1038/natur e1312 4

 67. Hahm B, Cho OH, Kim JE, Kim YK, Kim JH, Oh YL et al (1998) 
Polypyrimidine tract-binding protein interacts with HnRNP 
L. FEBS Lett 425:401–406. https ://doi.org/10.1016/s0014 
-5793(98)00269 -5

 68. Haley B, Paunesku T, Protić M, Woloschak GE (2009) Response 
of heterogeneous ribonuclear proteins (hnRNP) to ionising radia-
tion and their involvement in DNA damage repair. Int J Radiat 
Biol 85:643–655. https ://doi.org/10.1080/09553 00090 30095 48

 69. Hassfeld W, Chan EK, Mathison DA, Portman D, Dreyfuss G, 
Steiner G et al (1998) Molecular definition of heterogeneous 
nuclear ribonucleoprotein R (hnRNP R) using autoimmune anti-
body: immunological relationship with hnRNP P. Nucleic Acids 
Res 26:439–445. https ://doi.org/10.1093/nar/26.2.439

 70. Hegde ML, Banerjee S, Hegde PM, Bellot LJ, Hazra TK, 
Boldogh I et al (2012) Enhancement of NEIL1 protein-initiated 
oxidized DNA base excision repair by heterogeneous nuclear rib-
onucleoprotein U (hnRNP-U) via direct interaction. J Biol Chem 
287:34202–34211. https ://doi.org/10.1074/jbc.M112.38403 2

 71. Heinrich B, Zhang Z, Raitskin O, Hiller M, Benderska N, Hart-
mann AM et al (2009) Heterogeneous nuclear ribonucleopro-
tein G regulates splice site selection by binding to CC(A/C)-rich 
regions in pre-mRNA. J Biol Chem 284:14303–14315. https ://
doi.org/10.1074/jbc.M9010 26200 

 72. Hobor F, Dallmann A, Ball NJ, Cicchini C, Battistelli C, Ogrodo-
wicz RW et al (2018) A cryptic RNA-binding domain mediates 
Syncrip recognition and exosomal partitioning of miRNA targets. 
Nat Commun 9:831. https ://doi.org/10.1038/s4146 7-018-03182 
-3

 73. Hofmann Y, Wirth B (2002) hnRNP-G promotes exon 7 inclu-
sion of survival motor neuron (SMN) via direct interaction 
with Htra2-beta1. Hum Mol Genet 11:2037–2049. https ://doi.
org/10.1093/hmg/11.17.2037

 74. Hofweber M, Dormann D (2019) Friend or foe-Post-translational 
modifications as regulators of phase separation and RNP granule 
dynamics. J Biol Chem 294:7137–7150. https ://doi.org/10.1074/
jbc.TM118 .00118 9

 75. Hofweber M, Hutten S, Bourgeois B, Spreitzer E, Niedner-
Boblenz A, Schifferer M et  al (2018) Phase separation of 
FUS is suppressed by its nuclear import receptor and arginine 
methylation. Cell 173:706–719.e13. https ://doi.org/10.1016/j.
cell.2018.03.004

 76. Honda H, Hamasaki H, Wakamiya T, Koyama S, Suzuki SO, 
Fujii N et al (2015) Loss of hnRNPA1 in ALS spinal cord motor 
neurons with TDP-43-positive inclusions. Neuropathology 
35:37–43. https ://doi.org/10.1111/neup.12153 

 77. Honoré B, Rasmussen HH, Vorum H, Dejgaard K, Liu X, Gro-
mov P et al (1995) Heterogeneous nuclear ribonucleoproteins H, 
H′, and F are members of a ubiquitously expressed subfamily of 
related but distinct proteins encoded by genes mapping to differ-
ent chromosomes. J Biol Chem 270:28780–28789. https ://doi.
org/10.1074/jbc.270.48.28780 

 78. Hovhannisyan RH, Carstens RP (2007) Heterogeneous ribonu-
cleoprotein m is a splicing regulatory protein that can enhance 
or silence splicing of alternatively spliced exons. J Biol Chem 
282:36265–36274. https ://doi.org/10.1074/jbc.M7041 88200 

 79. Huang J, Chen X, Wu K, Xu P (2005) Cloning and expression 
of a novel isoform of heterogeneous nuclear ribonucleoprotein-
R. NeuroReport 16:727–730. https ://doi.org/10.1097/00001 
756-20050 5120-00014 

 80. Huelga SC, Vu AQ, Arnold JD, Liang TY, Liu PP, Yan BY et al 
(2012) Integrative genome-wide analysis reveals cooperative 
regulation of alternative splicing by hnRNP proteins. Cell Rep 
1:167–178. https ://doi.org/10.1016/j.celre p.2012.02.001

 81. Hug N, Longman D, Cáceres JF (2016) Mechanism and regula-
tion of the nonsense-mediated decay pathway. Nucleic Acids 
Res 44:1483–1495. https ://doi.org/10.1093/nar/gkw01 0

 82. Humphrey J, Birsa N, Milioto C, McLaughlin M, Ule AM, 
Robaldo D et al (2020) FUS ALS-causative mutations impair 
FUS autoregulation and splicing factor networks through 
intron retention. Nucleic Acids Res. https ://doi.org/10.1093/
nar/gkaa4 10

 83. Humphrey J, Emmett W, Fratta P, Isaacs AM, Plagnol V 
(2017) Quantitative analysis of cryptic splicing associated 
with TDP-43 depletion. BMC Med Genomics 10:38. https ://
doi.org/10.1186/s1292 0-017-0274-1

 84. Hung L-H, Heiner M, Hui J, Schreiner S, Benes V, Bindereif 
A (2008) Diverse roles of hnRNP L in mammalian mRNA 
processing: a combined microarray and RNAi analysis. RNA 
14:284–296. https ://doi.org/10.1261/rna.72520 8

 85. Jackson SP, Bartek J (2009) The DNA-damage response in 
human biology and disease. Nature 461:1071–1078. https ://
doi.org/10.1038/natur e0846 7

 86. Jean-Philippe J, Paz S, Caputi M (2013) hnRNP A1: the Swiss 
army knife of gene expression. Int J Mol Sci 14:18999–19024. 
https ://doi.org/10.3390/ijms1 40918 999

 87. Jurica MS, Licklider LJ, Gygi SR, Grigorieff N, Moore MJ 
(2002) Purification and characterization of native spliceosomes 
suitable for three-dimensional structural analysis. RNA 8:426–
439. https ://doi.org/10.1017/s1355 83820 20210 88

 88. Kashima T, Manley JL (2003) A negative element in SMN2 
exon 7 inhibits splicing in spinal muscular atrophy. Nat Genet 
34:460–463. https ://doi.org/10.1038/ng120 7

 89. Kattuah W, Rogelj B, King A, Shaw CE, Hortobágyi T, Troakes 
C (2019) Heterogeneous nuclear ribonucleoprotein E2 (hnRNP 
E2) is a component of TDP-43 aggregates specifically in the 
A and C pathological subtypes of frontotemporal lobar degen-
eration. Front Neurosci 13:551. https ://doi.org/10.3389/fnins 
.2019.00551 

https://doi.org/10.1016/j.neurobiolaging.2016.07.004
https://doi.org/10.1016/j.neurobiolaging.2016.07.004
https://doi.org/10.1007/s00439-016-1683-5
https://doi.org/10.1093/nar/20.14.3671
https://doi.org/10.1093/hmg/ddv020
https://doi.org/10.1093/hmg/ddv020
https://doi.org/10.7554/eLife.40034
https://doi.org/10.7554/eLife.40034
https://doi.org/10.1186/s40478-019-0673-y
https://doi.org/10.1186/s40478-019-0673-y
https://doi.org/10.1016/j.celrep.2016.03.080
https://doi.org/10.1074/jbc.274.21.15134
https://doi.org/10.1038/nature13124
https://doi.org/10.1038/nature13124
https://doi.org/10.1016/s0014-5793(98)00269-5
https://doi.org/10.1016/s0014-5793(98)00269-5
https://doi.org/10.1080/09553000903009548
https://doi.org/10.1093/nar/26.2.439
https://doi.org/10.1074/jbc.M112.384032
https://doi.org/10.1074/jbc.M901026200
https://doi.org/10.1074/jbc.M901026200
https://doi.org/10.1038/s41467-018-03182-3
https://doi.org/10.1038/s41467-018-03182-3
https://doi.org/10.1093/hmg/11.17.2037
https://doi.org/10.1093/hmg/11.17.2037
https://doi.org/10.1074/jbc.TM118.001189
https://doi.org/10.1074/jbc.TM118.001189
https://doi.org/10.1016/j.cell.2018.03.004
https://doi.org/10.1016/j.cell.2018.03.004
https://doi.org/10.1111/neup.12153
https://doi.org/10.1074/jbc.270.48.28780
https://doi.org/10.1074/jbc.270.48.28780
https://doi.org/10.1074/jbc.M704188200
https://doi.org/10.1097/00001756-200505120-00014
https://doi.org/10.1097/00001756-200505120-00014
https://doi.org/10.1016/j.celrep.2012.02.001
https://doi.org/10.1093/nar/gkw010
https://doi.org/10.1093/nar/gkaa410
https://doi.org/10.1093/nar/gkaa410
https://doi.org/10.1186/s12920-017-0274-1
https://doi.org/10.1186/s12920-017-0274-1
https://doi.org/10.1261/rna.725208
https://doi.org/10.1038/nature08467
https://doi.org/10.1038/nature08467
https://doi.org/10.3390/ijms140918999
https://doi.org/10.1017/s1355838202021088
https://doi.org/10.1038/ng1207
https://doi.org/10.3389/fnins.2019.00551
https://doi.org/10.3389/fnins.2019.00551


619Acta Neuropathologica (2020) 140:599–623 

1 3

 90. Kawakami I, Arai T, Hasegawa M (2019) The basis of clin-
icopathological heterogeneity in TDP-43 proteinopathy. Acta 
Neuropathol 138:751–770. https ://doi.org/10.1007/s0040 
1-019-02077 -x

 91. Kemmerer K, Fischer S, Weigand JE (2018) Auto- and cross-
regulation of the hnRNPs D and DL. RNA 24:324–331. https 
://doi.org/10.1261/rna.06342 0.117

 92. Kiledjian M, Dreyfuss G (1992) Primary structure and 
binding activity of the hnRNP U protein: binding RNA 
through RGG box. EMBO J 11:2655–2664. https ://doi.
org/10.1002/j.1460-2075.1992.tb053 31.x

 93. Kim BW, Jeong YE, Wong M, Martin LJ (2020) DNA dam-
age accumulates and responses are engaged in human ALS 
brain and spinal motor neurons and DNA repair is activat-
able in iPSC-derived motor neurons with SOD1 mutations. 
Acta Neuropathol Commun 8:7. https ://doi.org/10.1186/s4047 
8-019-0874-4

 94. Kim D-Y, Kwak E, Kim S-H, Lee K-H, Woo K-C, Kim K-T 
(2011) hnRNP Q mediates a phase-dependent translation-
coupled mRNA decay of mouse Period3. Nucleic Acids Res 
39:8901–8914. https ://doi.org/10.1093/nar/gkr60 5

 95. Kim D-Y, Woo K-C, Lee K-H, Kim T-D, Kim K-T (2010) hnRNP 
Q and PTB modulate the circadian oscillation of mouse Rev-
erb alpha via IRES-mediated translation. Nucleic Acids Res 
38:7068–7078. https ://doi.org/10.1093/nar/gkq56 9

 96. Kim HJ, Kim NC, Wang Y-D, Scarborough EA, Moore J, Diaz 
Z et al (2013) Mutations in prion-like domains in hnRNPA2B1 
and hnRNPA1 cause multisystem proteinopathy and ALS. Nature 
495:467–473. https ://doi.org/10.1038/natur e1192 2

 97. Kim H-J, Raphael AR, LaDow ES, McGurk L, Weber RA, 
Trojanowski JQ et al (2014) Therapeutic modulation of eIF2α 
phosphorylation rescues TDP-43 toxicity in amyotrophic lateral 
sclerosis disease models. Nat Genet 46:152–160. https ://doi.
org/10.1038/ng.2853

 98. Kishor A, Ge Z, Hogg JR (2019) hnRNP L-dependent protection 
of normal mRNAs from NMD subverts quality control in B cell 
lymphoma. EMBO J. https ://doi.org/10.15252 /embj.20189 9128

 99. Klim JR, Williams LA, Limone F, Guerra San Juan I, Davis-
Dusenbery BN, Mordes DA et al (2019) ALS-implicated protein 
TDP-43 sustains levels of STMN2, a mediator of motor neu-
ron growth and repair. Nat Neurosci 22:167–179. https ://doi.
org/10.1038/s4159 3-018-0300-4

 100. Kosturko LD, Maggipinto MJ, Korza G, Lee JW, Carson JH, 
Barbarese E (2006) Heterogeneous nuclear ribonucleoprotein 
(hnRNP) E1 binds to hnRNP A2 and inhibits translation of A2 
response element mRNAs. Mol Biol Cell 17:3521–3533. https 
://doi.org/10.1091/mbc.e05-10-0946

 101. Koyama A, Sugai A, Kato T, Ishihara T, Shiga A, Toyoshima Y 
et al (2016) Increased cytoplasmic TARDBP mRNA in affected 
spinal motor neurons in ALS caused by abnormal autoregula-
tion of TDP-43. Nucleic Acids Res 44:5820–5836. https ://doi.
org/10.1093/nar/gkw49 9

 102. Kwiatkowski TJ, Bosco DA, Leclerc AL, Tamrazian E, Vander-
burg CR, Russ C et al (2009) Mutations in the FUS/TLS gene 
on chromosome 16 cause familial amyotrophic lateral sclerosis. 
Science 323:1205–1208. https ://doi.org/10.1126/scien ce.11660 
66

 103. Lacovich V, Espindola SL, Alloatti M, Pozo Devoto V, Cromb-
erg LE, Čarná ME et al (2017) Tau isoforms imbalance impairs 
the axonal transport of the amyloid precursor protein in human 
neurons. J Neurosci 37:58–69. https ://doi.org/10.1523/JNEUR 
OSCI.2305-16.2016

 104. Lagier-Tourenne C, Polymenidou M, Cleveland DW (2010) 
TDP-43 and FUS/TLS: emerging roles in RNA processing and 
neurodegeneration. Hum Mol Genet 19:R46–64. https ://doi.
org/10.1093/hmg/ddq13 7

 105. Lamichhane R, Daubner GM, Thomas-Crusells J, Auweter SD, 
Manatschal C, Austin KS et al (2010) RNA looping by PTB: 
evidence using FRET and NMR spectroscopy for a role in splic-
ing repression. Proc Natl Acad Sci USA 107:4105–4110. https 
://doi.org/10.1073/pnas.09070 72107 

 106. Laroia G, Cuesta R, Brewer G, Schneider RJ (1999) Control of 
mRNA decay by heat shock-ubiquitin-proteasome pathway. Sci-
ence 284:499–502. https ://doi.org/10.1126/scien ce.284.5413.499

 107. Lashley T, Rohrer JD, Bandopadhyay R, Fry C, Ahmed Z, Isaacs 
AM et al (2011) A comparative clinical, pathological, biochemi-
cal and genetic study of fused in sarcoma proteinopathies. Brain 
134:2548–2564. https ://doi.org/10.1093/brain /awr16 0

 108. Lashley T, Rohrer JD, Mead S, Revesz T (2015) Review: an 
update on clinical, genetic and pathological aspects of fronto-
temporal lobar degenerations. Neuropathol Appl Neurobiol 
41:858–881. https ://doi.org/10.1111/nan.12250 

 109. Laursen LS, Chan CW, Ffrench-Constant C (2011) Translation 
of myelin basic protein mRNA in oligodendrocytes is regulated 
by integrin activation and hnRNP-K. J Cell Biol 192:797–811. 
https ://doi.org/10.1083/jcb.20100 7014

 110. Lee EB, Lee VM-Y, Trojanowski JQ (2012) Gains or losses: 
molecular mechanisms of TDP43-mediated neurodegeneration. 
Nat Rev Neurosci 13:38–50. https ://doi.org/10.1038/nrn31 21

 111. Lee EB, Porta S, Michael Baer G, Xu Y, Suh E, Kwong LK 
et al (2017) Expansion of the classification of FTLD-TDP: dis-
tinct pathology associated with rapidly progressive frontotem-
poral degeneration. Acta Neuropathol 134:65–78. https ://doi.
org/10.1007/s0040 1-017-1679-9

 112. Lee H-R, Kim T-D, Kim H-J, Jung Y, Lee D, Lee K-H et al 
(2015) Heterogeneous ribonucleoprotein R regulates aryla-
lkylamine N-acetyltransferase synthesis via internal ribosomal 
entry site-mediated translation in a circadian manner. J Pineal 
Res 59:518–529. https ://doi.org/10.1111/jpi.12284 

 113. Lee Y-B, Chen H-J, Peres JN, Gomez-Deza J, Attig J, Stalekar 
M et al (2013) Hexanucleotide repeats in ALS/FTD form length-
dependent RNA foci, sequester RNA binding proteins, and are 
neurotoxic. Cell Rep 5:1178–1186. https ://doi.org/10.1016/j.
celre p.2013.10.049

 114. Ling JP, Chhabra R, Merran JD, Schaughency PM, Wheelan SJ, 
Corden JL et al (2016) PTBP1 and PTBP2 repress nonconserved 
cryptic exons. Cell Rep 17:104–113. https ://doi.org/10.1016/j.
celre p.2016.08.071

 115. Ling JP, Pletnikova O, Troncoso JC, Wong PC (2015) TDP-43 
repression of nonconserved cryptic exons is compromised in 
ALS-FTD. Science 349:650–655. https ://doi.org/10.1126/scien 
ce.aab09 83

 116. Ling S-C, Albuquerque CP, Han JS, Lagier-Tourenne C, Toku-
naga S, Zhou H et al (2010) ALS-associated mutations in TDP-
43 increase its stability and promote TDP-43 complexes with 
FUS/TLS. Proc Natl Acad Sci USA 107:13318–13323. https ://
doi.org/10.1073/pnas.10082 27107 

 117. Ling S-C, Dastidar SG, Tokunaga S, Ho WY, Lim K, Ilieva H 
et al (2019) Overriding FUS autoregulation in mice triggers 
gain-of-toxic dysfunctions in RNA metabolism and autophagy-
lysosome axis. Elife. https ://doi.org/10.7554/eLife .40811 

 118. Ling S-C, Polymenidou M, Cleveland DW (2013) Converg-
ing mechanisms in ALS and FTD: disrupted RNA and protein 
homeostasis. Neuron 79:416–438. https ://doi.org/10.1016/j.neuro 
n.2013.07.033

 119. Liu Y, Kim D, Choi N, Oh J, Ha J, Zhou J et al (2020) hnRNP 
A1 regulates alternative splicing of tau exon 10 by targeting 3′ 
splice sites. Cells. https ://doi.org/10.3390/cells 90409 36

 120. Liu Y, Szaro BG (2011) hnRNP K post-transcriptionally co-
regulates multiple cytoskeletal genes needed for axonogenesis. 
Development 138:3079–3090. https ://doi.org/10.1242/dev.06699 
3

https://doi.org/10.1007/s00401-019-02077-x
https://doi.org/10.1007/s00401-019-02077-x
https://doi.org/10.1261/rna.063420.117
https://doi.org/10.1261/rna.063420.117
https://doi.org/10.1002/j.1460-2075.1992.tb05331.x
https://doi.org/10.1002/j.1460-2075.1992.tb05331.x
https://doi.org/10.1186/s40478-019-0874-4
https://doi.org/10.1186/s40478-019-0874-4
https://doi.org/10.1093/nar/gkr605
https://doi.org/10.1093/nar/gkq569
https://doi.org/10.1038/nature11922
https://doi.org/10.1038/ng.2853
https://doi.org/10.1038/ng.2853
https://doi.org/10.15252/embj.201899128
https://doi.org/10.1038/s41593-018-0300-4
https://doi.org/10.1038/s41593-018-0300-4
https://doi.org/10.1091/mbc.e05-10-0946
https://doi.org/10.1091/mbc.e05-10-0946
https://doi.org/10.1093/nar/gkw499
https://doi.org/10.1093/nar/gkw499
https://doi.org/10.1126/science.1166066
https://doi.org/10.1126/science.1166066
https://doi.org/10.1523/JNEUROSCI.2305-16.2016
https://doi.org/10.1523/JNEUROSCI.2305-16.2016
https://doi.org/10.1093/hmg/ddq137
https://doi.org/10.1093/hmg/ddq137
https://doi.org/10.1073/pnas.0907072107
https://doi.org/10.1073/pnas.0907072107
https://doi.org/10.1126/science.284.5413.499
https://doi.org/10.1093/brain/awr160
https://doi.org/10.1111/nan.12250
https://doi.org/10.1083/jcb.201007014
https://doi.org/10.1038/nrn3121
https://doi.org/10.1007/s00401-017-1679-9
https://doi.org/10.1007/s00401-017-1679-9
https://doi.org/10.1111/jpi.12284
https://doi.org/10.1016/j.celrep.2013.10.049
https://doi.org/10.1016/j.celrep.2013.10.049
https://doi.org/10.1016/j.celrep.2016.08.071
https://doi.org/10.1016/j.celrep.2016.08.071
https://doi.org/10.1126/science.aab0983
https://doi.org/10.1126/science.aab0983
https://doi.org/10.1073/pnas.1008227107
https://doi.org/10.1073/pnas.1008227107
https://doi.org/10.7554/eLife.40811
https://doi.org/10.1016/j.neuron.2013.07.033
https://doi.org/10.1016/j.neuron.2013.07.033
https://doi.org/10.3390/cells9040936
https://doi.org/10.1242/dev.066993
https://doi.org/10.1242/dev.066993


620 Acta Neuropathologica (2020) 140:599–623

1 3

 121. Loflin P, Chen CY, Shyu AB (1999) Unraveling a cytoplasmic 
role for hnRNP D in the in vivo mRNA destabilization directed 
by the AU-rich element. Genes Dev 13:1884–1897. https ://doi.
org/10.1101/gad.13.14.1884

 122. Lopez-Gonzalez R, Lu Y, Gendron TF, Karydas A, Tran H, Yang 
D et al (2016) Poly(GR) in C9ORF72-related ALS/FTD compro-
mises mitochondrial function and increases oxidative stress and 
DNA damage in iPSC-derived motor neurons. Neuron 92:383–
391. https ://doi.org/10.1016/j.neuro n.2016.09.015

 123. MacDonald CC (2019) Tissue-specific mechanisms of alterna-
tive polyadenylation: testis, brain, and beyond (2018 update). 
Wiley Interdiscip Rev RNA 10:e1526. https ://doi.org/10.1002/
wrna.1526

 124. Makeyev AV, Chkheidze AN, Liebhaber SA (1999) A set 
of highly conserved RNA-binding proteins, alphaCP-1 and 
alphaCP-2, implicated in mRNA stabilization, are coex-
pressed from an intronless gene and its intron-containing par-
alog. J Biol Chem 274:24849–24857. https ://doi.org/10.1074/
jbc.274.35.24849 

 125. Mandler MD, Ku L, Feng Y (2014) A cytoplasmic quaking I 
isoform regulates the hnRNP F/H-dependent alternative splicing 
pathway in myelinating glia. Nucleic Acids Res 42:7319–7329. 
https ://doi.org/10.1093/nar/gku35 3

 126. Marko M, Leichter M, Patrinou-Georgoula M, Guialis A (2010) 
hnRNP M interacts with PSF and p54(nrb) and co-localizes 
within defined nuclear structures. Exp Cell Res 316:390–400. 
https ://doi.org/10.1016/j.yexcr .2009.10.021

 127. Marko M, Leichter M, Patrinou-Georgoula M, Guialis A (2014) 
Selective interactions of hnRNP M isoforms with the TET pro-
teins TAF15 and TLS/FUS. Mol Biol Rep 41:2687–2695. https 
://doi.org/10.1007/s1103 3-014-3128-3

 128. Martinez FJ, Pratt GA, Van Nostrand EL, Batra R, Huelga SC, 
Kapeli K et al (2016) Protein-RNA networks regulated by nor-
mal and ALS-associated mutant HNRNPA2B1 in the nervous 
system. Neuron 92:780–795. https ://doi.org/10.1016/j.neuro 
n.2016.09.050

 129. Matunis MJ, Michael WM, Dreyfuss G (1992) Characterization 
and primary structure of the poly(C)-binding heterogeneous 
nuclear ribonucleoprotein complex K protein. Mol Cell Biol 
12:164–171. https ://doi.org/10.1128/mcb.12.1.164

 130. McClory SP, Lynch KW, Ling JP (2018) HnRNP L represses 
cryptic exons. RNA 24:761–768. https ://doi.org/10.1261/
rna.06550 8.117

 131. McCloskey A, Taniguchi I, Shinmyozu K, Ohno M (2012) 
hnRNP C tetramer measures RNA length to classify RNA poly-
merase II transcripts for export. Science 335:1643–1646. https 
://doi.org/10.1126/scien ce.12184 69

 132. Melamed Z, López-Erauskin J, Baughn MW, Zhang O, Drenner 
K, Sun Y et al (2019) Premature polyadenylation-mediated loss 
of stathmin-2 is a hallmark of TDP-43-dependent neurodegen-
eration. Nat Neurosci 22:180–190. https ://doi.org/10.1038/s4159 
3-018-0293-z

 133. Merrill BM, Barnett SF, LeStourgeon WM, Williams KR (1989) 
Primary structure differences between proteins C1 and C2 of 
HeLa 40S nuclear ribonucleoprotein particles. Nucleic Acids Res 
17:8441–8449. https ://doi.org/10.1093/nar/17.21.8441

 134. Michael WM, Eder PS, Dreyfuss G (1997) The K nuclear shut-
tling domain: a novel signal for nuclear import and nuclear 
export in the hnRNP K protein. EMBO J 16:3587–3598. https ://
doi.org/10.1093/emboj /16.12.3587

 135. Mikolaskova B, Jurcik M, Cipakova I, Kretova M, Chovanec M, 
Cipak L (2018) Maintenance of genome stability: the unifying 
role of interconnections between the DNA damage response and 
RNA-processing pathways. Curr Genet 64:971–983. https ://doi.
org/10.1007/s0029 4-018-0819-7

 136. Mitchell JC, McGoldrick P, Vance C, Hortobagyi T, Sreedharan 
J, Rogelj B et al (2013) Overexpression of human wild-type FUS 
causes progressive motor neuron degeneration in an age- and 
dose-dependent fashion. Acta Neuropathol 125:273–288. https 
://doi.org/10.1007/s0040 1-012-1043-z

 137. Mitra J, Hegde ML (2019) A commentary on TDP-43 and DNA 
damage response in amyotrophic lateral sclerosis. J Exp Neuro-
sci 13:1179069519880166. https ://doi.org/10.1177/11790 69519 
88016 6

 138. Molliex A, Temirov J, Lee J, Coughlin M, Kanagaraj AP, Kim 
HJ et al (2015) Phase separation by low complexity domains 
promotes stress granule assembly and drives pathological 
fibrillization. Cell 163:123–133. https ://doi.org/10.1016/j.
cell.2015.09.015

 139. Mori K, Lammich S, Mackenzie IRA, Forné I, Zilow S, Kretzsch-
mar H et al (2013) hnRNP A3 binds to GGG GCC  repeats and is 
a constituent of p62-positive/TDP43-negative inclusions in the 
hippocampus of patients with C9orf72 mutations. Acta Neuro-
pathol 125:413–423. https ://doi.org/10.1007/s0040 1-013-1088-7

 140. Mori K, Nihei Y, Arzberger T, Zhou Q, Mackenzie IR, Hermann 
A et al (2016) Reduced hnRNPA3 increases C9orf72 repeat 
RNA levels and dipeptide-repeat protein deposition. EMBO Rep 
17:1314–1325. https ://doi.org/10.15252 /embr.20154 1724

 141. Moujalled D, Grubman A, Acevedo K, Yang S, Ke YD, Mou-
jalled DM et al (2017) TDP-43 mutations causing amyotrophic 
lateral sclerosis are associated with altered expression of RNA-
binding protein hnRNP K and affect the Nrf2 antioxidant path-
way. Hum Mol Genet 26:1732–1746. https ://doi.org/10.1093/
hmg/ddx09 3

 142. Moujalled D, James JL, Yang S, Zhang K, Duncan C, Moujalled 
DM et al (2015) Phosphorylation of hnRNP K by cyclin-depend-
ent kinase 2 controls cytosolic accumulation of TDP-43. Hum 
Mol Genet 24:1655–1669. https ://doi.org/10.1093/hmg/ddu57 8

 143. Moumen A, Masterson P, O’Connor MJ, Jackson SP (2005) 
hnRNP K: an HDM2 target and transcriptional coactivator of 
p53 in response to DNA damage. Cell 123:1065–1078. https ://
doi.org/10.1016/j.cell.2005.09.032

 144. Mourelatos Z, Abel L, Yong J, Kataoka N, Dreyfuss G (2001) 
SMN interacts with a novel family of hnRNP and spliceosomal 
proteins. EMBO J 20:5443–5452. https ://doi.org/10.1093/emboj 
/20.19.5443

 145. Moursy A, Allain FH-T, Cléry A (2014) Characterization of the 
RNA recognition mode of hnRNP G extends its role in SMN2 
splicing regulation. Nucleic Acids Res 42:6659–6672. https ://
doi.org/10.1093/nar/gku24 4

 146. Munoz DG, Neumann M, Kusaka H, Yokota O, Ishihara K, 
Terada S, Kuroda S, Mackenzie IR (2009) FUS pathology in 
basophilic inclusion body disease. Acta Neuropathol 118:617–
627. https ://doi.org/10.1007/s0040 1-009-0598-9

 147. Myer VE, Steitz JA (1995) Isolation and characterization of a 
novel, low abundance hnRNP protein: A0. RNA 1:171–182

 148. Nakielny S, Dreyfuss G (1996) The hnRNP C proteins contain 
a nuclear retention sequence that can override nuclear export 
signals. J Cell Biol 134:1365–1373. https ://doi.org/10.1083/
jcb.134.6.1365

 149. Naro C, Bielli P, Pagliarini V, Sette C (2015) The interplay 
between DNA damage response and RNA processing: the unex-
pected role of splicing factors as gatekeepers of genome stability. 
Front Genet 6:142. https ://doi.org/10.3389/fgene .2015.00142 

 150. Nazim M, Masuda A, Rahman MA, Nasrin F, Takeda J-I, Ohe 
K et al (2017) Competitive regulation of alternative splicing and 
alternative polyadenylation by hnRNP H and CstF64 determines 
acetylcholinesterase isoforms. Nucleic Acids Res 45:1455–1468. 
https ://doi.org/10.1093/nar/gkw82 3

https://doi.org/10.1101/gad.13.14.1884
https://doi.org/10.1101/gad.13.14.1884
https://doi.org/10.1016/j.neuron.2016.09.015
https://doi.org/10.1002/wrna.1526
https://doi.org/10.1002/wrna.1526
https://doi.org/10.1074/jbc.274.35.24849
https://doi.org/10.1074/jbc.274.35.24849
https://doi.org/10.1093/nar/gku353
https://doi.org/10.1016/j.yexcr.2009.10.021
https://doi.org/10.1007/s11033-014-3128-3
https://doi.org/10.1007/s11033-014-3128-3
https://doi.org/10.1016/j.neuron.2016.09.050
https://doi.org/10.1016/j.neuron.2016.09.050
https://doi.org/10.1128/mcb.12.1.164
https://doi.org/10.1261/rna.065508.117
https://doi.org/10.1261/rna.065508.117
https://doi.org/10.1126/science.1218469
https://doi.org/10.1126/science.1218469
https://doi.org/10.1038/s41593-018-0293-z
https://doi.org/10.1038/s41593-018-0293-z
https://doi.org/10.1093/nar/17.21.8441
https://doi.org/10.1093/emboj/16.12.3587
https://doi.org/10.1093/emboj/16.12.3587
https://doi.org/10.1007/s00294-018-0819-7
https://doi.org/10.1007/s00294-018-0819-7
https://doi.org/10.1007/s00401-012-1043-z
https://doi.org/10.1007/s00401-012-1043-z
https://doi.org/10.1177/1179069519880166
https://doi.org/10.1177/1179069519880166
https://doi.org/10.1016/j.cell.2015.09.015
https://doi.org/10.1016/j.cell.2015.09.015
https://doi.org/10.1007/s00401-013-1088-7
https://doi.org/10.15252/embr.201541724
https://doi.org/10.1093/hmg/ddx093
https://doi.org/10.1093/hmg/ddx093
https://doi.org/10.1093/hmg/ddu578
https://doi.org/10.1016/j.cell.2005.09.032
https://doi.org/10.1016/j.cell.2005.09.032
https://doi.org/10.1093/emboj/20.19.5443
https://doi.org/10.1093/emboj/20.19.5443
https://doi.org/10.1093/nar/gku244
https://doi.org/10.1093/nar/gku244
https://doi.org/10.1007/s00401-009-0598-9
https://doi.org/10.1083/jcb.134.6.1365
https://doi.org/10.1083/jcb.134.6.1365
https://doi.org/10.3389/fgene.2015.00142
https://doi.org/10.1093/nar/gkw823


621Acta Neuropathologica (2020) 140:599–623 

1 3

 151. Neumann M, Bentmann E, Dormann D, Jawaid A, DeJesus-Her-
nandez M, Ansorge O et al (2011) FET proteins TAF15 and EWS 
are selective markers that distinguish FTLD with FUS pathology 
from amyotrophic lateral sclerosis with FUS mutations. Brain 
134:2595–2609. https ://doi.org/10.1093/brain /awr20 1

 152. Neumann M, Roeber S, Kretzschmar HA, Rademakers R, Baker 
M, Mackenzie IRA (2009) Abundant FUS-immunoreactive 
pathology in neuronal intermediate filament inclusion disease. 
Acta Neuropathol 118:605–616. https ://doi.org/10.1007/s0040 
1-009-0581-5

 153. Nihei Y, Mori K, Werner G, Arzberger T, Zhou Q, Khosravi 
B et al (2020) Poly-glycine-alanine exacerbates C9orf72 repeat 
expansion-mediated DNA damage via sequestration of phospho-
rylated ATM and loss of nuclear hnRNPA3. Acta Neuropathol 
139:99–118. https ://doi.org/10.1007/s0040 1-019-02082 -0

 154. Nolan M, Talbot K, Ansorge O (2016) Pathogenesis of FUS-
associated ALS and FTD: insights from rodent models. Acta 
Neuropathol Commun 4:99. https ://doi.org/10.1186/s4047 
8-016-0358-8

 155. Okunola HL, Krainer AR (2009) Cooperative-binding and splic-
ing-repressive properties of hnRNP A1. Mol Cell Biol 29:5620–
5631. https ://doi.org/10.1128/MCB.01678 -08

 156. Ostareck-Lederer A, Ostareck DH, Hentze MW (1998) Cytoplas-
mic regulatory functions of the KH-domain proteins hnRNPs 
K and E1/E2. Trends Biochem Sci 23:409–411. https ://doi.
org/10.1016/s0968 -0004(98)01301 -2

 157. Ozdilek BA, Thompson VF, Ahmed NS, White CI, Batey RT, 
Schwartz JC (2017) Intrinsically disordered RGG/RG domains 
mediate degenerate specificity in RNA binding. Nucleic Acids 
Res 45:7984–7996. https ://doi.org/10.1093/nar/gkx46 0

 158. Pahlich S, Quero L, Roschitzki B, Leemann-Zakaryan RP, 
Gehring H (2009) Analysis of Ewing sarcoma (EWS)-binding 
proteins: interaction with hnRNP M, U, and RNA-helicases 
p68/72 within protein-RNA complexes. J Proteome Res 8:4455–
4465. https ://doi.org/10.1021/pr900 235t

 159. Paradis C, Cloutier P, Shkreta L, Toutant J, Klarskov K, Chabot 
B (2007) hnRNP I/PTB can antagonize the splicing repressor 
activity of SRp30c. RNA 13:1287–1300. https ://doi.org/10.1261/
rna.40360 7

 160. Pelisch F, Pozzi B, Risso G, Muñoz MJ, Srebrow A (2012) DNA 
damage-induced heterogeneous nuclear ribonucleoprotein K 
sumoylation regulates p53 transcriptional activation. J Biol Chem 
287:30789–30799. https ://doi.org/10.1074/jbc.M112.39012 0

 161. Perrotti D, Bonatti S, Trotta R, Martinez R, Skorski T, Salomoni 
P et al (1998) TLS/FUS, a pro-oncogene involved in multiple 
chromosomal translocations, is a novel regulator of BCR/ABL-
mediated leukemogenesis. EMBO J 17:4442–4455. https ://doi.
org/10.1093/emboj /17.15.4442

 162. Pickering BM, Mitchell SA, Evans JR, Willis AE (2003) 
Polypyrimidine tract binding protein and poly r(C) binding pro-
tein 1 interact with the BAG-1 IRES and stimulate its activity 
in vitro and in vivo. Nucleic Acids Res 31:639–646. https ://doi.
org/10.1093/nar/gkg14 6

 163. Piñol-Roma S, Choi YD, Matunis MJ, Dreyfuss G (1988) Immu-
nopurification of heterogeneous nuclear ribonucleoprotein parti-
cles reveals an assortment of RNA-binding proteins. Genes Dev 
2:215–227. https ://doi.org/10.1101/gad.2.2.215

 164. Polymenidou M, Lagier-Tourenne C, Hutt KR, Huelga SC, 
Moran J, Liang TY et al (2011) Long pre-mRNA depletion and 
RNA missplicing contribute to neuronal vulnerability from loss 
of TDP-43. Nat Neurosci 14:459–468. https ://doi.org/10.1038/
nn.2779

 165. Prasad DD, Ouchida M, Lee L, Rao VN, Reddy ES (1994) TLS/
FUS fusion domain of TLS/FUS-erg chimeric protein resulting 
from the t(16;21) chromosomal translocation in human myeloid 

leukemia functions as a transcriptional activation domain. Onco-
gene 9:3717–3729

 166. Purice MD, Taylor JP (2018) Linking hnRNP function to 
ALS and FTD pathology. Front Neurosci 12:326. https ://doi.
org/10.3389/fnins .2018.00326 

 167. Qian H, Kang X, Hu J, Zhang D, Liang Z, Meng F et al (2020) 
Reversing a model of Parkinson’s disease with in situ converted 
nigral neurons. Nature 582:550–556. https ://doi.org/10.1038/
s4158 6-020-2388-4

 168. Radford H, Moreno JA, Verity N, Halliday M, Mallucci GR 
(2015) PERK inhibition prevents tau-mediated neurodegenera-
tion in a mouse model of frontotemporal dementia. Acta Neuro-
pathol 130:633–642. https ://doi.org/10.1007/s0040 1-015-1487-z

 169. Ratti A, Buratti E (2016) Physiological functions and pathobiol-
ogy of TDP-43 and FUS/TLS proteins. J Neurochem 138(Suppl 
1):95–111. https ://doi.org/10.1111/jnc.13625 

 170. Reches A, Nachmani D, Berhani O, Duev-Cohen A, Shreib-
man D, Ophir Y et al (2016) HNRNPR regulates the expression 
of classical and nonclassical MHC class I proteins. J Immunol 
196:4967–4976. https ://doi.org/10.4049/jimmu nol.15015 50

 171. Renton AE, Chiò A, Traynor BJ (2014) State of play in amyo-
trophic lateral sclerosis genetics. Nat Neurosci 17:17–23. https 
://doi.org/10.1038/nn.3584

 172. Renton AE, Majounie E, Waite A, Simón-Sánchez J, Rollin-
son S, Gibbs JR et al (2011) A hexanucleotide repeat expan-
sion in C9ORF72 is the cause of chromosome 9p21-linked 
ALS-FTD. Neuron 72:257–268. https ://doi.org/10.1016/j.neuro 
n.2011.09.010

 173. Rohrer JD, Warren JD (2011) Phenotypic signatures of genetic 
frontotemporal dementia. Curr Opin Neurol 24:542–549. https 
://doi.org/10.1097/WCO.0b013 e3283 4cd44 2

 174. Roshon MJ, Ruley HE (2005) Hypomorphic mutation in hnRNP 
U results in post-implantation lethality. Transgenic Res 14:179–
192. https ://doi.org/10.1007/s1124 8-004-8147-8

 175. Rossbach O, Hung L-H, Khrameeva E, Schreiner S, König J, 
Curk T et al (2014) Crosslinking-immunoprecipitation (iCLIP) 
analysis reveals global regulatory roles of hnRNP L. RNA Biol 
11:146–155. https ://doi.org/10.4161/rna.27991 

 176. Rossbach O, Hung L-H, Schreiner S, Grishina I, Heiner M, Hui J 
et al (2009) Auto- and cross-regulation of the hnRNP L proteins 
by alternative splicing. Mol Cell Biol 29:1442–1451. https ://doi.
org/10.1128/MCB.01689 -08

 177. Rossi S, Serrano A, Gerbino V, Giorgi A, Di Francesco L, Nen-
cini M et al (2015) Nuclear accumulation of mRNAs under-
lies G4C2-repeat-induced translational repression in a cellular 
model of C9orf72 ALS. J Cell Sci 128:1787–1799. https ://doi.
org/10.1242/jcs.16533 2

 178. Rossoll W, Jablonka S, Andreassi C, Kröning A-K, Karle K, 
Monani UR et al (2003) Smn, the spinal muscular atrophy-deter-
mining gene product, modulates axon growth and localization of 
beta-actin mRNA in growth cones of motoneurons. J Cell Biol 
163:801–812. https ://doi.org/10.1083/jcb.20030 4128

 179. Sabatelli M, Moncada A, Conte A, Lattante S, Marangi G, Luig-
etti M et al (2013) Mutations in the 3′ untranslated region of FUS 
causing FUS overexpression are associated with amyotrophic 
lateral sclerosis. Hum Mol Genet 22:4748–4755. https ://doi.
org/10.1093/hmg/ddt32 8

 180. Scaber J, Talbot K (2016) What is the role of TDP-43 in C9orf72-
related amyotrophic lateral sclerosis and frontemporal dementia? 
Brain 139:3057–3059. https ://doi.org/10.1093/brain /aww26 4

 181. Sephton CF, Good SK, Atkin S, Dewey CM, Mayer P, Herz J et al 
(2010) TDP-43 is a developmentally regulated protein essential 
for early embryonic development. J Biol Chem 285:6826–6834. 
https ://doi.org/10.1074/jbc.M109.06184 6

 182. Sivakumar P, De Giorgio F, Ule AM, Neeves J, Nair RR, 
Bentham M et al (2018) TDP-43 mutations increase HNRNP 

https://doi.org/10.1093/brain/awr201
https://doi.org/10.1007/s00401-009-0581-5
https://doi.org/10.1007/s00401-009-0581-5
https://doi.org/10.1007/s00401-019-02082-0
https://doi.org/10.1186/s40478-016-0358-8
https://doi.org/10.1186/s40478-016-0358-8
https://doi.org/10.1128/MCB.01678-08
https://doi.org/10.1016/s0968-0004(98)01301-2
https://doi.org/10.1016/s0968-0004(98)01301-2
https://doi.org/10.1093/nar/gkx460
https://doi.org/10.1021/pr900235t
https://doi.org/10.1261/rna.403607
https://doi.org/10.1261/rna.403607
https://doi.org/10.1074/jbc.M112.390120
https://doi.org/10.1093/emboj/17.15.4442
https://doi.org/10.1093/emboj/17.15.4442
https://doi.org/10.1093/nar/gkg146
https://doi.org/10.1093/nar/gkg146
https://doi.org/10.1101/gad.2.2.215
https://doi.org/10.1038/nn.2779
https://doi.org/10.1038/nn.2779
https://doi.org/10.3389/fnins.2018.00326
https://doi.org/10.3389/fnins.2018.00326
https://doi.org/10.1038/s41586-020-2388-4
https://doi.org/10.1038/s41586-020-2388-4
https://doi.org/10.1007/s00401-015-1487-z
https://doi.org/10.1111/jnc.13625
https://doi.org/10.4049/jimmunol.1501550
https://doi.org/10.1038/nn.3584
https://doi.org/10.1038/nn.3584
https://doi.org/10.1016/j.neuron.2011.09.010
https://doi.org/10.1016/j.neuron.2011.09.010
https://doi.org/10.1097/WCO.0b013e32834cd442
https://doi.org/10.1097/WCO.0b013e32834cd442
https://doi.org/10.1007/s11248-004-8147-8
https://doi.org/10.4161/rna.27991
https://doi.org/10.1128/MCB.01689-08
https://doi.org/10.1128/MCB.01689-08
https://doi.org/10.1242/jcs.165332
https://doi.org/10.1242/jcs.165332
https://doi.org/10.1083/jcb.200304128
https://doi.org/10.1093/hmg/ddt328
https://doi.org/10.1093/hmg/ddt328
https://doi.org/10.1093/brain/aww264
https://doi.org/10.1074/jbc.M109.061846


622 Acta Neuropathologica (2020) 140:599–623

1 3

A1–7B through gain of splicing function. Brain 141:e83. https 
://doi.org/10.1093/brain /awy26 0

 183. Skrisovska L, Bourgeois CF, Stefl R, Grellscheid S-N, Kister L, 
Wenter P et al (2007) The testis-specific human protein RBMY 
recognizes RNA through a novel mode of interaction. EMBO 
Rep 8:372–379. https ://doi.org/10.1038/sj.embor .74009 10

 184. Söderberg M, Raffalli-Mathieu F, Lang MA (2002) Inflamma-
tion modulates the interaction of heterogeneous nuclear ribonu-
cleoprotein (hnRNP) I/polypyrimidine tract binding protein and 
hnRNP L with the 3’untranslated region of the murine inducible 
nitric-oxide synthase mRNA. Mol Pharmacol 62:423–431. https 
://doi.org/10.1124/mol.62.2.423

 185. Soulard M, Della Valle V, Siomi MC, Piñol-Roma S, Codogno 
P, Bauvy C et al (1993) hnRNP G: sequence and characteriza-
tion of a glycosylated RNA-binding protein. Nucleic Acids Res 
21:4210–4217. https ://doi.org/10.1093/nar/21.18.4210

 186. Suzuki H, Shibagaki Y, Hattori S, Matsuoka M (2015) Nuclear 
TDP-43 causes neuronal toxicity by escaping from the inhibitory 
regulation by hnRNPs. Hum Mol Genet 24:1513–1527. https ://
doi.org/10.1093/hmg/ddu56 3

 187. Suzuki H, Shibagaki Y, Hattori S, Matsuoka M (2019) C9-ALS/
FTD-linked proline-arginine dipeptide repeat protein associates 
with paraspeckle components and increases paraspeckle for-
mation. Cell Death Dis 10:746. https ://doi.org/10.1038/s4141 
9-019-1983-5

 188. Svetoni F, Frisone P, Paronetto MP (2016) Role of FET proteins 
in neurodegenerative disorders. RNA Biol 13:1089–1102. https 
://doi.org/10.1080/15476 286.2016.12112 25

 189. Takahama K, Takada A, Tada S, Shimizu M, Sayama K, Kurok-
awa R et al (2013) Regulation of telomere length by G-quad-
ruplex telomere DNA- and TERRA-binding protein TLS/
FUS. Chem Biol 20:341–350. https ://doi.org/10.1016/j.chemb 
iol.2013.02.013

 190. Tan Q, Yalamanchili HK, Park J, De Maio A, Lu H-C, Wan Y-W 
et al (2016) Extensive cryptic splicing upon loss of RBM17 and 
TDP43 in neurodegeneration models. Hum Mol Genet 25:5083–
5093. https ://doi.org/10.1093/hmg/ddw33 7

 191. Tang X, Toro A, Sahana TG, Gao J, Chalk J, Oskarsson BE et al 
(2020) Divergence, convergence, and therapeutic implications: 
a cell biology perspective of C9ORF72-ALS/FTD. Mol Neuro-
degener 15:34. https ://doi.org/10.1186/s1302 4-020-00383 -7

 192. Tateishi T, Hokonohara T, Yamasaki R, Miura S, Kikuchi H, 
Iwaki A et al (2010) Multiple system degeneration with baso-
philic inclusions in Japanese ALS patients with FUS mutation. 
Acta Neuropathol 119:355–364. https ://doi.org/10.1007/s0040 
1-009-0621-1

 193. Tavanez JP, Madl T, Kooshapur H, Sattler M, Valcárcel J (2012) 
hnRNP A1 proofreads 3′ splice site recognition by U2AF. Mol 
Cell 45:314–329. https ://doi.org/10.1016/j.molce l.2011.11.033

 194. Titlow J, Robertson F, Järvelin A, Ish-Horowicz D, Smith C, 
Gratton E et al (2020) Syncrip/hnRNP Q is required for activity-
induced Msp300/Nesprin-1 expression and new synapse forma-
tion. J Cell Biol. https ://doi.org/10.1083/jcb.20190 3135

 195. Tollervey JR, Wang Z, Hortobágyi T, Witten JT, Zarnack K, 
Kayikci M et al (2011) Analysis of alternative splicing associated 
with aging and neurodegeneration in the human brain. Genome 
Res 21:1572–1582. https ://doi.org/10.1101/gr.12222 6.111

 196. Torres P, Andrés-Benito P, Fernàndez-Bernal A, Ricart M, Ayala 
V, Pamplona R et al (2020) Selected cryptic exons accumulate in 
hippocampal cell nuclei in Alzheimer’s disease with and with-
out associated TDP-43 proteinopathy. Brain 143:e20. https ://doi.
org/10.1093/brain /awaa0 13

 197. Trabzuni D, Wray S, Vandrovcova J, Ramasamy A, Walker 
R, Smith C et al (2012) MAPT expression and splicing is dif-
ferentially regulated by brain region: relation to genotype and 

implication for tauopathies. Hum Mol Genet 21:4094–4103. 
https ://doi.org/10.1093/hmg/dds23 8

 198. Vance C, Rogelj B, Hortobágyi T, De Vos KJ, Nishimura AL, 
Sreedharan J et al (2009) Mutations in FUS, an RNA processing 
protein, cause familial amyotrophic lateral sclerosis type 6. Sci-
ence 323:1208–1211. https ://doi.org/10.1126/scien ce.11659 42

 199. Venables JP, Koh C-S, Froehlich U, Lapointe E, Couture S, Inkel 
L et al (2008) Multiple and specific mRNA processing targets for 
the major human hnRNP proteins. Mol Cell Biol 28:6033–6043. 
https ://doi.org/10.1128/MCB.00726 -08

 200. Vorechovsky I (2010) Transposable elements in disease-asso-
ciated cryptic exons. Hum Genet 127:135–154. https ://doi.
org/10.1007/s0043 9-009-0752-4

 201. Vuong JK, Lin C-H, Zhang M, Chen L, Black DL, Zheng S 
(2016) PTBP1 and PTBP2 serve both specific and redundant 
functions in neuronal pre-mRNA splicing. Cell Rep 17:2766–
2775. https ://doi.org/10.1016/j.celre p.2016.11.034

 202. Wagner BJ, DeMaria CT, Sun Y, Wilson GM, Brewer G (1998) 
Structure and genomic organization of the human AUF1 gene: 
alternative pre-mRNA splicing generates four protein isoforms. 
Genomics 48:195–202. https ://doi.org/10.1006/geno.1997.5142

 203. Wagner EJ, Garcia-Blanco MA (2001) Polypyrimidine tract bind-
ing protein antagonizes exon definition. Mol Cell Biol 21:3281–
3288. https ://doi.org/10.1128/MCB.21.10.3281-3288.2001

 204. Wang H, Hegde ML (2019) New mechanisms of DNA repair 
defects in fused in sarcoma-associated neurodegeneration: 
stage set for DNA repair-based therapeutics? J Exp Neurosci 
13:1179069519856358. https ://doi.org/10.1177/11790 69519 
85635 8

 205. Wang J, Gao Q-S, Wang Y, Lafyatis R, Stamm S, Andreadis A 
(2004) Tau exon 10, whose missplicing causes frontotemporal 
dementia, is regulated by an intricate interplay of cis elements 
and trans factors. J Neurochem 88:1078–1090. https ://doi.org/1
0.1046/j.1471-4159.2003.02232 .x

 206. Wang Y, Wang J, Gao L, Stamm S, Andreadis A (2011) An 
SRp75/hnRNPG complex interacting with hnRNPE2 regulates 
the 5’ splice site of tau exon 10, whose misregulation causes 
frontotemporal dementia. Gene 485:130–138. https ://doi.
org/10.1016/j.gene.2011.06.020

 207. West KO, Scott HM, Torres-Odio S, West AP, Patrick KL, Wat-
son RO (2019) The splicing factor hnRNP M is a critical regula-
tor of innate immune gene expression in macrophages. Cell Rep 
29:1594–1609.e5. https ://doi.org/10.1016/j.celre p.2019.09.078

 208. White A, Moujalled D, James J, Grubman A, Kanninen K, 
Crouch P (2013) Phosphorylation of hnRNP K controls cytosolic 
accumulation of TDP-43. Mol Neurodegener 8:P46. https ://doi.
org/10.1186/1750-1326-8-S1-P46

 209. White MA, Kim E, Duffy A, Adalbert R, Phillips BU, Peters OM 
et al (2018) TDP-43 gains function due to perturbed autoregula-
tion in a Tardbp knock-in mouse model of ALS-FTD. Nat Neu-
rosci 21:552–563. https ://doi.org/10.1038/s4159 3-018-0113-5

 210. Wilkinson MF (2019) Genetic paradox explained by nonsense. 
Nature 568:179–180. https ://doi.org/10.1038/d4158 6-019-00823 
-5

 211. Wollerton MC, Gooding C, Wagner EJ, Garcia-Blanco MA, 
Smith CWJ (2004) Autoregulation of polypyrimidine tract bind-
ing protein by alternative splicing leading to nonsense-mediated 
decay. Mol Cell 13:91–100. https ://doi.org/10.1016/s1097 
-2765(03)00502 -1

 212. Wolozin B, Ivanov P (2019) Stress granules and neurodegen-
eration. Nat Rev Neurosci 20:649–666. https ://doi.org/10.1038/
s4158 3-019-0222-5

 213. Xiao R, Tang P, Yang B, Huang J, Zhou Y, Shao C et al (2012) 
Nuclear matrix factor hnRNP U/SAF-A exerts a global control 
of alternative splicing by regulating U2 snRNP maturation. Mol 
Cell 45:656–668. https ://doi.org/10.1016/j.molce l.2012.01.009

https://doi.org/10.1093/brain/awy260
https://doi.org/10.1093/brain/awy260
https://doi.org/10.1038/sj.embor.7400910
https://doi.org/10.1124/mol.62.2.423
https://doi.org/10.1124/mol.62.2.423
https://doi.org/10.1093/nar/21.18.4210
https://doi.org/10.1093/hmg/ddu563
https://doi.org/10.1093/hmg/ddu563
https://doi.org/10.1038/s41419-019-1983-5
https://doi.org/10.1038/s41419-019-1983-5
https://doi.org/10.1080/15476286.2016.1211225
https://doi.org/10.1080/15476286.2016.1211225
https://doi.org/10.1016/j.chembiol.2013.02.013
https://doi.org/10.1016/j.chembiol.2013.02.013
https://doi.org/10.1093/hmg/ddw337
https://doi.org/10.1186/s13024-020-00383-7
https://doi.org/10.1007/s00401-009-0621-1
https://doi.org/10.1007/s00401-009-0621-1
https://doi.org/10.1016/j.molcel.2011.11.033
https://doi.org/10.1083/jcb.201903135
https://doi.org/10.1101/gr.122226.111
https://doi.org/10.1093/brain/awaa013
https://doi.org/10.1093/brain/awaa013
https://doi.org/10.1093/hmg/dds238
https://doi.org/10.1126/science.1165942
https://doi.org/10.1128/MCB.00726-08
https://doi.org/10.1007/s00439-009-0752-4
https://doi.org/10.1007/s00439-009-0752-4
https://doi.org/10.1016/j.celrep.2016.11.034
https://doi.org/10.1006/geno.1997.5142
https://doi.org/10.1128/MCB.21.10.3281-3288.2001
https://doi.org/10.1177/1179069519856358
https://doi.org/10.1177/1179069519856358
https://doi.org/10.1046/j.1471-4159.2003.02232.x
https://doi.org/10.1046/j.1471-4159.2003.02232.x
https://doi.org/10.1016/j.gene.2011.06.020
https://doi.org/10.1016/j.gene.2011.06.020
https://doi.org/10.1016/j.celrep.2019.09.078
https://doi.org/10.1186/1750-1326-8-S1-P46
https://doi.org/10.1186/1750-1326-8-S1-P46
https://doi.org/10.1038/s41593-018-0113-5
https://doi.org/10.1038/d41586-019-00823-5
https://doi.org/10.1038/d41586-019-00823-5
https://doi.org/10.1016/s1097-2765(03)00502-1
https://doi.org/10.1016/s1097-2765(03)00502-1
https://doi.org/10.1038/s41583-019-0222-5
https://doi.org/10.1038/s41583-019-0222-5
https://doi.org/10.1016/j.molcel.2012.01.009


623Acta Neuropathologica (2020) 140:599–623 

1 3

 214. Xiao X, Wang Z, Jang M, Nutiu R, Wang ET, Burge CB (2009) 
Splice site strength-dependent activity and genetic buffering by 
poly-G runs. Nat Struct Mol Biol 16:1094–1100. https ://doi.
org/10.1038/nsmb.1661

 215. Xu N, Chen CY, Shyu AB (2001) Versatile role for hnRNP D 
isoforms in the differential regulation of cytoplasmic mRNA 
turnover. Mol Cell Biol 21:6960–6971. https ://doi.org/10.1128/
MCB.21.20.6960-6971.2001

 216. Xue Y, Qian H, Hu J, Zhou B, Zhou Y, Hu X et al (2016) Sequen-
tial regulatory loops as key gatekeepers for neuronal reprogram-
ming in human cells. Nat Neurosci 19:807–815. https ://doi.
org/10.1038/nn.4297

 217. Zarnack K, König J, Tajnik M, Martincorena I, Eustermann 
S, Stévant I et al (2013) Direct competition between hnRNP C 
and U2AF65 protects the transcriptome from the exonization 
of Alu elements. Cell 152:453–466. https ://doi.org/10.1016/j.
cell.2012.12.023

 218. Zhang Q-S, Manche L, Xu R-M, Krainer AR (2006) hnRNP A1 
associates with telomere ends and stimulates telomerase activity. 
RNA 12:1116–1128. https ://doi.org/10.1261/rna.58806 

 219. Zhou H, Su J, Hu X, Zhou C, Li H, Chen Z et al (2020) Glia-to-
neuron conversion by CRISPR-CasRx alleviates symptoms of 

neurological disease in mice. Cell 181:590–603.e16. https ://doi.
org/10.1016/j.cell.2020.03.024

 220. Zhou Y, Liu S, Liu G, Oztürk A, Hicks GG (2013) ALS-asso-
ciated FUS mutations result in compromised FUS alternative 
splicing and autoregulation. PLoS Genet 9:e1003895. https ://
doi.org/10.1371/journ al.pgen.10038 95

 221. Zhu Q, Jiang J, Gendron TF, McAlonis-Downes M, Jiang L, 
Taylor A et al (2020) Reduced C9ORF72 function exacerbates 
gain of toxicity from ALS/FTD-causing repeat expansion in 
C9orf72. Nat Neurosci 23:615–624. https ://doi.org/10.1038/
s4159 3-020-0619-5

 222. Zinszner H, Sok J, Immanuel D, Yin Y, Ron D (1997) TLS (FUS) 
binds RNA in vivo and engages in nucleo-cytoplasmic shuttling. 
J Cell Sci 110(Pt 15):1741–1750

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1038/nsmb.1661
https://doi.org/10.1038/nsmb.1661
https://doi.org/10.1128/MCB.21.20.6960-6971.2001
https://doi.org/10.1128/MCB.21.20.6960-6971.2001
https://doi.org/10.1038/nn.4297
https://doi.org/10.1038/nn.4297
https://doi.org/10.1016/j.cell.2012.12.023
https://doi.org/10.1016/j.cell.2012.12.023
https://doi.org/10.1261/rna.58806
https://doi.org/10.1016/j.cell.2020.03.024
https://doi.org/10.1016/j.cell.2020.03.024
https://doi.org/10.1371/journal.pgen.1003895
https://doi.org/10.1371/journal.pgen.1003895
https://doi.org/10.1038/s41593-020-0619-5
https://doi.org/10.1038/s41593-020-0619-5

	The role of hnRNPs in frontotemporal dementia and amyotrophic lateral sclerosis
	Abstract
	Introduction
	Structure and function of hnRNP proteins
	HnRNP proteins in FTLD and ALS

	HnRNPs and FTLDALS pathologies
	TDP-43 and FUS pathologies
	C9orf72 pathologies

	HnRNP functions in FTLD and ALS
	HnRNPs in alternative splicing
	HnRNPs in cryptic splicing
	HnRNPs in the DNA damage response
	HnRNPs and stress granule formation
	HnRNP autoregulation
	HnRNP dysregulation: the tipping point?

	The HnRNP family
	HnRNP AB
	HnRNP C
	HnRNP D
	HnRNP E1, E2 (PCBP1-2)
	HnRNP G (RBMX)
	HnRNP H1-3 and HnRNP F
	HnRNP I (PTB)
	HnRNP K
	HnRNP L
	HnRNP M
	HnRNP P (FUS)
	HnRNP R and hnRNP Q
	HnRNP U

	Conclusions
	Future directions
	Acknowledgements 
	References




