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Prion-like domain disease-causing 
mutations and misregulation of 
alternative splicing relevance in 
limb-girdle muscular dystrophy 
(LGMD) 1G 

Human prion-like proteins often correspond to nucleic acid bind-
ing proteins, displaying both globular domains and long intrin-
sically disordered regions (IDRs) (Harrison and Shorter, 2017). 
Their IDRs are of low complexity and resemble in amino acid 
composition to the disordered yeast prion domains, being usually 
enriched in Gln and Asn residues and depleted in hydrophobic and 
charged residues. Accordingly, these sequence stretches are named 
prion-like domains (PrLDs). Prion-like proteins can aggregate into 
amyloid fibrils, which can accommodate incoming protein mono-
mers, propagating thus the polymeric fold, both processes being 
driven by their PrLDs. Human prion-like proteins are attracting at-
tention because they are found in the insoluble inclusions identified 
in an increasing number of neurodegenerative diseases (Harrison 
and Shorter, 2017). Some well-characterized examples are FUS, 
TDP43, TAF15, EWSR1, TIA1, hnRNPA1, and hnRNPA2 proteins. 
Importantly, mutations in the genes that encode for these poly-
peptides are connected with degenerative diseases, such as amyo-
trophic lateral sclerosis, frontotemporal dementia or multisystem 
proteinopathy. A significant proportion of these mutations map in 
the PrLD of the prion-like protein, and often they result in their ac-
celerated aggregation, both in vitro and in vivo. These proteins shut-
tle between the nucleus and the cytoplasm and are involved in the 
formation of membraneless organelles, like stress granules, through 
liquid-liquid phase separation (LLPS) (Boeynaems et al., 2018). 
Their aggregation typically occurs after protein mislocalization to 
the cytoplasm, where they form the insoluble inclusions observed 
in patients. It has been hypothesized that LLPS, which creates a 
high local protein density, is the first step towards a liquid-to-solid 
state transition that initiates aggregation. Membraneless organelles 
are highly dynamic in order to sense environmental changes and 
generate adequate adaptative responses. This property obeys to the 
fact that prion-like proteins phase separate via transient and weak 
non-covalent interactions. Nevertheless, genetic mutations can 
strengthen LLPS interactions, increasing the kinetic barrier for dis-
sociation, leading to the population of an irreversible aberrant state, 
which resolves into the aggregates observed in the above-described 
diseases. Thus, mutations in these prion-like proteins have been 
suggested to result in a gain of toxic function phenotype similar to 
the one occurring in the brain of patients with neurodegenerative 
diseases like Alzheimer’s and Parkinson’s diseases (Harrison and 
Shorter, 2017).

Limb-girdle muscular dystrophy (LGMD) is a rare genetic dis-
ease of late childhood to adult-onset, characterized by progressive 
pelvic or shoulder girdle muscle weakness and wasting (Liewluck 
and Milone, 2018). It is the fourth most common muscular dys-
trophy. There are autosomal dominant or recessive inherited forms 
of the disease, referred to as LGMD1 or LGMD2, respectively. LG-
MD1G is an autosomal dominant variant caused by mutations in 
the hnRNPDL prion-like protein (Vieira et al., 2014; Berardo et al., 
2019; Sun et al., 2019). hnRNPDL is a ribonucleoprotein displaying 
two canonical RNA recognition motifs and is involved in mRNA 
biogenesis, including alternative splicing (AS) and transcriptional 
regulation (Batlle et al., 2020). LGMD1G-linked mutations involve 
a single conserved Asp residue in the PrLD of hnRNPDL. In LG-
MD1G patients, this residue is substituted by either His or Asn. As 
observed for other prion-like proteins, these mutations accelerate 
the in vitro aggregation kinetics of hnRNPDL (Batlle et al., 2020). 
It is important to note that the association between the mutation 

of a single and well-conserved Asp residue in a PrLD and disease 
also occurs in the case of hnRNPA1, hnRNPA2, and hnRNPD pri-
on-like proteins (Harrison and Shorter, 2017; Prakash et al., 2017). 
It has been suggested that these Asp residues act as gatekeepers, 
increasing the energy barrier for self-assembly employing electro-
static repulsion; therefore, their mutation would facilitate the tran-
sition towards aggregated states. Importantly, the impact of these 
mutations cannot be explained simply by a global reduction of the 
PrLD absolute net charge, but it is instead the specific positions of 
these Asp residues that determine the increase in aggregation pro-
pensities caused by their mutations (Batlle et al., 2017).

Prion-like protein’s associated diseases (i.e., amyotrophic lateral 
sclerosis, frontotemporal dementia, and multisystem proteinopa-
thy) are characterized by the presence of cytoplasmic inclusions, as 
mentioned above (Harrison and Shorter, 2017; Batlle et al., 2020). 
This kind of deposits has, however, not been detected in LGM-
D1G patients. Batlle et al. (2020) demonstrated recently that the 
disease-associated mutations impact hnRNPDL solubility in vivo, 
making the resulting variants utterly insoluble in the myocytes of 
a Drosophila disease model, without their coalescence into visible 
protein inclusions. Therefore, the authors proposed that a loss of 
function mechanism causes LGMD1G, instead of the toxic gain of 
function phenotype commonly caused by this kind of mutations 
(Figure 1A). Consistent with this view, hnRNPDL knockdown in 
zebrafish results in restricted and uncoordinated movements, typi-
cally associated with myopathy (Vieira et al., 2014). In the future, it 
would be relevant to perform a transcriptome analysis of LGMD1G 
patients, and compare the obtained results with a recent transcrip-
tome study of hnRNPDL knockdown in HeLa cells (Li et al., 2019), 
to observe if the transcript profiles and splicing patterns coincide 
in both cellular contexts, thus supporting a loss of function mecha-
nism for LGMD1G.

In their recent work, Batlle et al. (2020) not only show how dis-
ease-causing mutations impact protein aggregation, but they also 
focus on the effect of AS in the properties of prion-like proteins. It 
is becoming increasingly clear that AS plays a vital role in degener-
ative disorders. Many prion-like proteins experiment AS events at 
their PrLDs, generating isoforms with or without these domains, 
which critically influence their self-assembly properties. It has been 
reported that the presence of the PrLD in the spliced forms of ri-
bonucleoproteins (hnRNPs) promotes the formation of assemblies 
that regulate the AS of other genes (Gueroussov et al., 2017; Feng 
et al., 2019). Therefore, the upstream regulation of hnRNPs’ AS 
resulting in isoforms with or without PrLDs, regulates at the same 
time their downstream splicing program. Misregulation of this AS 
events would lead to an improper intracellular balance of a variety 
of isoforms with different functionality and aggregation propensi-
ties, causing disease.

Three isoforms are produced by AS of the HNRNPDL gene, 
named hnRNPDL isoform 1, 2, and 3 (DL1, DL2, and DL3). The 
three isoforms consist of two RNA recognition motifs, but they 
differ in the number of IDRs present in their sequence (Figure 1B). 
DL2 is the predominant isoform, and it only contains a C-terminus 
Tyr-rich IDR, predicted to be a PrLD. DL1 is the longer isoform 
containing an additional N-terminus Arg-rich IDR, and DL3 does 
not contain any IDR. Batlle et al. (2020) showed that hnRNPDL iso-
forms have different LLPS and aggregation behavior, that can be ex-
plained according to their IDRs composition. The presence of Arg 
and Tyr residues at the two distal IDRs in DL1 mediates cation-π 
interactions promoting LLPS. Mutation of the Arg to Lys or Tyr 
to Phe decreases DL1 phase separation, indicating that long-dis-
tance and specific cation-π interactions govern LLPS in hnRNPDL. 
Accordingly, DL2, missing the Arg-rich IDR, has lower LLPS pro-
pensity, but, in contrast, it is the isoform with higher potential to 
aggregate into amyloid fibrils. DL3, without IDRs, remains soluble 
in solution, indicating that the IDRs are the responsible regions for 
both LLPS and aggregation. LLPS has usually been suggested to be 
the first step towards amyloid aggregation in prion-like proteins 
associated with diseases. However, the authors show that this would 
not be the case for hnRNPDL and LGMD1G. DL1 is the isoform 
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Figure 1 Disease-causing mutations and alternative splicing effects in 
hnRNPDL.
(A) Schematic representation of hnRNPDL loss of function by LGM-
D1G-linked mutations. Genome sequencing of LGMD1G patients detected 
Asn (N) and His (H) substitutions in the Asp (D) residue at position 378 
(red). This residue is located in the prion-like domain (PrLD) of hnRNPDL 
(green), and mutations enhance hnRNPDL aggregation propensity. hnRN-
PDL functions in transcription, splicing, and mRNA processing are lost be-
cause the mutated protein becomes insoluble and is eventually degraded by 
the protein quality control machinery. (B) Schematic diagram of hnRNPDL 
isoforms and their behavior. There exist three hnRNPDL isoforms produced 
by alternative splicing. hnRNPDL consists of two RNA recognition motifs 
(RRM, dark grey) and two, one or none predicted intrinsically disordered 
regions (IDRs). hnRNPDL isoform 1 contains an N-terminus Arg-rich IDR 
(orange) and a C-terminus Tyr-rich IDR (green), which is also predicted to 
be a PrLD. hnRNPDL isoform 2 only contains the C-terminus Tyr-rich IDR, 
and isoform 3 does not have any long IDR. The behavior of these hnRNPDL 
isoforms is connected to their composition: isoform 1 phase separates into 
liquid droplets, isoform 2 aggregates into amyloid fibrils, and isoform 3 re-
mains soluble in solution. 

with higher LLPS propensity, but it is instead DL2 the isoform with 
higher amyloid potential. This observation indicates that the N-ter-
minus Arg-rich IDR in DL1 may act as a protective mechanism 
against aggregation by promoting LLPS, something not previously 
described for other prion-like proteins.

The distinct self-assembly properties of hnRNPDL isoforms re-
sult in a differential behavior in mammalian cells, impacting their 
localization, dynamics, and interactions (Batlle et al., 2020). The 
PrLD in DL1 and DL2 isoforms determines their intranuclear com-
partmentalization, being both forms excluded from the nucleolus. 
Moreover, the presence of one or both IDRs in the protein sequence 
increases protein multivalency, favors protein-protein or pro-
tein-nucleic acids interactions, promotes the formation of more rig-
id and bigger complexes, and decreases protein mobility, being DL1 
the less dynamic isoform. The formation of larger or more stable 
complexes in DL1, due to highly connected interaction networks, 
affects its nuclear-cytoplasmic shuttling, precluding its transport to 
the cytoplasm. Interestingly enough, other prion-like proteins, such 
as FUS, hnRNPD and TAF15 exhibit a similar dependence of their 
cellular properties on IDRs presence in their isoforms (Gueroussov 
et al., 2017; Batlle et al., 2020), indicating that AS is an essential and 
generic mechanism that regulates prion-like proteins’ biological 
function in cells.

In conclusion, it is now clear that disease-causing mutations in 
prion-like proteins can promote both loss and gain of function 
phenotypes, AS controlling the self-assembly properties of these 

polypeptides, with significant downstream functional consequenc-
es. It is still not well understood the exact mechanism by which dis-
ease-linked protein aggregates appear and cause neurodegenerative 
and muscular human disorders since LLPS seems to be able to both 
promote and prevent amyloid formation. Important open questions 
remain: Why among a large number of potential mutations in the 
PrLDs of proteins like hnRNPA1, hnRNPA2, and hnRNPDL, only 
specific Asp substitutions elicit disease onset? How and why PrLDs 
inclusion or exclusion is regulated by AS? The answer to these 
questions might allow developing generic therapeutic approaches 
for these diseases and provide new insights into human evolution 
complexity.
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