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a b s t r a c t 

Stress granules (SGs) are membrane-less cytosolic assemblies that form in response to stress (e.g., heat, 

oxidative stress, hypoxia, viral infection and UV). Composed of mRNA, RNA binding proteins and signalling 

proteins, SGs minimise stress-related damage and promote cell survival. Recent research has shown that 

the stress granule response is vital to the cochlea’s response to stress. However, emerging evidence sug- 

gests stress granule dysfunction plays a key role in the pathophysiology of multiple neurodegenerative 

diseases, several of which present with hearing loss as a symptom. Hearing loss has been identified as 

the largest potentially modifiable risk factor for dementia. The underlying reason for the link between 

hearing loss and dementia remains to be established. However, several possible mechanisms have been 

proposed including a common pathological mechanism. Here we will review the role of SGs in the patho- 

physiology of neurodegenerative diseases and explore possible links and emerging evidence that they 

may play an important role in maintenance of hearing and may be a common mechanism underlying 

age-related hearing loss and dementia. 

© 2022 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Abbreviations: A β , amyloid beta; ABR, auditORY brainstem response; AD, 

lzheimer’s disease; ALS, amyotrophic lateral sclerosis; APP, amyloid precursor pro- 

ein; ARHL, age-related hearing loss; ASC, apoptosis-associated speck-like protein 

ontaining a CARD; BAG, Bcl-2 associated athanogene; Caprin1, cell cycle associ- 

ted protein 1; CAPS, cryoporin-associated periodic syndrome; CNS, central nervous 

ystem; DDX3X, dead-box helicase 3 X-linked; DRiPs, defective ribosomal prod- 

cts; FRAP, fluorescence recovery after photobleaching; FTD, frontotemporal demen- 

ia; FUS, fused in sarcoma; G3BP1, RAS GTPase-activating protein-binding protein 

; GCN2, general control nonderepressible 2; GSDMD, gasdermin D; HD, Hunting- 

on’s disease; hnRNPA1, heterogenous nuclear ribonucleoprotein A1; HRI, Heme- 

egulated initiation factor 2 α kinase; HSP(s), heat shock protein(s); HuR, human 

ntigen R; IDR, intrinsically disordered regions; IHC, inner hair cell; IL-1b, inter- 

eukin 1-beta; IL-18, interleukin 18; ISRIB, integrated stress response inhibitor; JNK, 

-JUN N-terminal Kinase; LLPS, liquid-liquid phase separation; MAPK, mitogen acti- 

ated protein kinase; MAPT, microtubule associated protein tau; MS, multiple scle- 

osis; mTOR, mammalian target of rapamycin; mTORC1, mammalian target of ra- 

amycin complex 1; NEK7, NIMA (Never in mitosis gene A) related kinase 7; NF κB, 

uclear factor kappa B; NFT(s), neurofibrillary tangle(s); NIHL, noise-induced hear- 

ng loss; NLRP3, NLR family pyrin domain containing 3; PAB-1, polyadenylate bind- 

ng protein; PB, P-body; PERK, PKR-like endoplasmic reticulum kinase; PKR, protein 

inase RNA-activated; PS1, presenilin 1; PSEN1, presenilin-1; RACK1, receptor for 

ctivated C kinase 1; RAPTOR, regulatory-associated protein of mTOR; Rbm24, RNA 

inding motif 24; RNP, ribonucleoprotein (complex of ribonucleic acid and RNA- 

inding protein); SG(s), stress granule(s); SGN, spiral ganglion neuron; SQSTM1, se- 

uestosome 1; SSNHL, sudden sensorineural hearing loss; TBC1D7, TBC1 domain 

amily member 7; TDP-43, TAR DNA binding protein 43; TIA-1, T-cell intracellular 

ntigen 1; TIAR-2, T-cell intracellular antigen related protein 2; TNF, tumour necro- 
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. Introduction 

The cochlea, the organ of hearing is an extremely stressful en- 

ironment. Repeated exposure to noise, use of ototoxic medica- 

ions to treat infections ( Huth et al., 2011 ) or cancer ( Rybak et al.,

009 ), viral infection ( Cohen et al., 2014 ) and the ageing process

 Keithley, 2020 ) can all lead to the irreversible loss of cochlear 

ells, particularly sensory hair cells, ultimately leading to hearing 

oss. Cells have evolved mechanisms to deal with and respond to 

hese stressors including the temporary formation of stress gran- 

les (SGs). SGs are cytoplasmic aggregations of RNA binding pro- 

eins which regulate translation of specific RNAs during stress and 

ct as cell signalling hubs in order to aid cell recovery from stress 

 Anderson and Kedersha, 2006 ). Dysregulation of SGs or mutation 

f SG components can lead to aberrant, persistent SGs that have 

een shown to play a crucial role in the pathogenesis of cancer 

 Anderson et al., 2015 ) and neurodegeneration, particularly in amy- 
is factor; TOR, target of rapamycin; TRAF2, TNF receptor associated factor 2; TSC, 

uberous sclerosis complex; UBQLN2, ubiquilin-2; UPS, ubiquitin proteasome sys- 

em; VCP, Valosin-containing protein; ZFAND1, zinc finger AN1-type containing 1. 
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trophic lateral sclerosis (ALS) and fronto-temporal dementia (FTD) 

 Zhang et al., 2019 ). Our understanding of the role of SGs in the

ochlear recovery from stress is much more limited. Noise-induced 

earing loss (NIHL), age-related hearing loss (ARHL) and ototoxi- 

ity result in extensive damage to cochlear cells. Determining the 

G response to these insults in the cochlea could inform the de- 

elopment of preventative SG-based therapies. The link between 

earing loss and dementia is a particularly important area of inter- 

st. ARHL is the most common sensory deficit in the elderly and 

as been identified as the highest modifiable risk factor for de- 

entia ( Livingston et al., 2020 ).The underlying reasons for the link 

etween ARHL and dementia remain to be established. Several hy- 

otheses have been put forward including the additional cognitive 

oad associated with impaired hearing or the possibility that sim- 

ly that the hearing loss is an early manifestation of existing cog- 

itive decline ( Peelle, 2018 ; Shen et al., 2018 ). Another possibility 

s that a common pathological mechanism (or mechanisms) under- 

ies both conditions. Given the emerging central role of SGs in the 

athology of several neurodegenerative diseases and the link be- 

ween hearing loss in mid-life and dementia, we hypothesise that 

berrant/chronic SGs may contribute to both the development of 

RHL and to dementia. This review will describe the biology of 

Gs, will focus on emerging evidence that SGs may play an im- 

ortant role in maintenance of hearing and will explore the role 

berrant SGs may play in the pathophysiology of neurodegenera- 

ive diseases including dementia. Additionally, the signalling path- 

ays regulated by SGs and how their disruption by aberrant or 

ersistent SGs may lead to hearing loss will be explored. 

. What are stress granules? 

SGs are membrane-less cytosolic assemblies of messenger ri- 

onucleoproteins (mRNPs) that form in response to the inhibi- 

ion of translation initiation by environmental stress (e.g., heat, 

xidative stress, hypoxia, viral infection and UV). SGs are dy- 

amic structures that quickly form when cells are exposed to a 

tress stimulus, and normally disperse when the stress is resolved 

nd normal translation conditions are restored ( Kedersha et al., 

999 ). SGs are composed of mRNA, RNA binding proteins, 40s ri- 

osomal subunits and mRNA associated translation initiation com- 

lexes. Multiple SG-related RNA-binding proteins (RBPs) have been 

dentified, including: cell cycle associated protein 1 (Caprin1), 

-cell intracellular antigen 1 (TIA-1), Human antigen R (HuR) 

nd Ras GTPase-activating protein-binding protein 1 (G3BP1), 

 Anderson and Kedersha, 2006 ). SGs serve as temporary reposito- 

ies for these complexes, preventing translation of bound mRNA 

uring stress and allowing these largely pre-assembled complexes 

o resume gene expression when they are released after stress res- 

lution ( Anderson and Kedersha, 2009b ). SGs range in size from 

.1 to 2μm and were first identified in tomato cells exposed to 

eat shock ( Nover et al., 1983 ). This led to SGs originally being

ermed heat-stress granules, yet a characteristic of SGs is the ex- 

lusion of heat-shock proteins (HSPs) ( Nover et al., 1989 ). Subse- 

uent work has identified numerous proteins and mRNA that are 

omponents of SGs (see Table 1 ), several of which have links to 

earing loss. Like other RNA granules SGs arise, at least in part, 

hrough liquid-liquid phase separation (LLPS). LLPS is a biophys- 

cal phenomenon in which RNA-protein complexes separate from 

he surrounding aqueous cytoplasm to create a functional cellular 

ompartment with liquid properties ( Hyman et al., 2014 ). 

SGs interact closely with another type of RNA granule, process- 

ng bodies (PBs). PBs are cytoplasmic RNP granules that are con- 

titutively expressed and conserved amongst eukaryotes and bear 

imilarities to SGs ( Eulalio et al., 2007 ). PBs are composed of trans-

ationally repressed mRNAs and proteins related to mRNA decay. 

he initial discovery that proteins associated with the 5’ to 3’ 
2 
RNA decay pathway and decay intermediates were localised to 

Bs led to the hypothesis that PBs were cellular sites of mRNA de- 

ay. However, subsequent work has shown that mRNA decay can 

ccur in the absence of PBs ( Eulalio et al., 2007 ), and that mRNA

an be recycled from PBs to translating polysomes ( Brengues et al., 

005 ). These observations led to the emergence of an alternative 

odel in which PBs are storage sites for translationally repressed 

RNAs and inactive mRNA decay enzymes ( Hubstenberger et al., 

017 ). PBs have been studied far less extensively than SGs and to 

ate there is less evidence linking PB dysfunction to disease than 

here is for SGs. However, given the role of PBs in the storage 

f translationally repressed mRNAs and their interaction with SGs 

hese have the potential to impact both hearing loss and neurode- 

enerative disease. 

SG formation is proposed to affect biological reactions in sev- 

ral ways. Firstly, SGs act as an RNA triage centre, sequestering 

RNA of house-keeping proteins and prioritising the continued 

ranslation of proteins that are involved with the stress response 

 Anderson and Kedersha, 2008 ). Secondly, through activation of 

tress-associated proteins due to their concentrating effect. For ex- 

mple, during viral infection SGs recruit high concentrations of 

nti-viral proteins, stimulating their activation and enhancing the 

nduction of the innate immune response and restricting virus 

eplication ( Rozelle et al., 2014 ). Thirdly, through their modulation 

f signalling pathways by limiting the interactions of sequestered 

omponents of signalling pathways, such as Receptor for activated 

 kinase 1 (RACK1), target of rapamycin (TOR) and Tumor necrosis 

actor receptor associated factor 2 (TRAF2) ( Takahashi et al., 2013 ; 

rimoto et al., 2008 ; Kim et al., 2005 ). In recent years, it has be-

ome clear that the assembly and content of SGs varies depending 

n cell type and the stress involved. 

.1. Stress granule assembly 

SGs form in response to the inhibition of translation initiation 

y a stress stimulus. There are two mechanisms by which this hap- 

ens, the canonical and non-canonical pathways ( Fig. 1 ). In the 

anonical SG pathway , a stress stimulus activates one or more 

IF2 α kinases. This leads to phosphorylation of eIF2 α, a compo- 

ent of the ternary complex that delivers tRNA to translationally 

ompetent pre-initiation complexes assembled at the 5’ ends of 

RNA ( Jackson et al., 2010 ). eIF2 α phosphorylation results in the 

educed ability of eIF2 to couple with GTP and consequently, to 

eliver initiator tRNA to ribosomes for start codon recognition, ul- 

imately leading to a reduction in global translation initiation. 

There are four known mammalian eIF2 α kinases, each is acti- 

ated by a distinct stimulus: 

1. Heme-regulated initiation factor 2 α kinase (HRI, eIF2 αK1) mon- 

itors the synthesis of globin chains in order to balance them 

with available heme levels during erythrocyte maturation and 

also senses oxidative stress ( Lu et al., 2001 ). 

2. Protein kinase RNA-activated (PKR, eIF2 αK2) is activated by 

double stranded RNA resulting from viral infection, heat shock, 

or UV radiation ( Srivastava et al., 1998 ). 

3. PKR-like endoplasmic reticulum kinase (PERK, eIF2 αK3) is ac- 

tivated by disruption of protein homeostasis in the ER lumen 

( Harding et al., 20 0 0 ). 

4. General control nonderepressible 2 (GCN2, eIF2 αK4) monitors 

amino acid levels and is activated by amino acid deprivation 

( Wek et al., 1995 ). 

Phosphorylation of eIF2 α by one or more of these kinases re- 

ults in reduced availability of the eIF2 α-GTP-tRNA i 
met ternary 

omplex resulting in stalled translation. Unaffected elongating ri- 

osomes “run off” stalled polysomes, resulting in circularised 

RNA still bound to the preinitiation machinery. Aggregation of 
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Table 1 

Common stress granule components and their properties, functions and links to hearing. 

Component Properties and function Links to hearing 

Caprin1 Cell cycle proliferation; RNA binding protein; 

Nucleates SGs ( Kedersha et al., 2016 ) 

Deletion in mouse leads to progressive hearing loss 

( Nolan et al., 2022 ) 

DDX3X Recruitment to SG prevents assembly and 

activation of the NLRP3 inflammasome 

( Samir et al., 2019 ) 

Characteristics of human DDX3X mutation include 

hearing impairments (Snijders Blok et al., 2015 ). NLRP3 

inflammasome activation associated with several hearing 

losses ( Nakanishi et al., 2017 ; Shi et al., 2017 ) 

G3BP Ras signaling; SG assembly ( Kedersha et al., 

2016 ) 

No known role 

hnRNPA1 Splicing; export; translational regulator; 

mRNA stability ( Clarke et al., 2021 ) 

Mislocalisation identified in MS. MS patients can present 

with hearing loss ( Ralli et al., 2018 ) 

HuR mRNA stability; splicing regulator 

( Anderson et al., 2015 ) 

No known link 

Lin28 RNA binding protein; regulates miRNA let-7; 

localises to SGs ( Balzer and Moss, 2007 ) 

Controls the ability of neonatal mouse supporting cells to 

generate hair cells through mTOR signaling ( Li and 

Doetzlhofer, 2020 ) 

RACK1 Cell signaling scaffold protein; apoptotic 

regulator, recruitment to SGs inhibits 

apoptosis ( Arimoto et al., 2008 ) 

No known link 

Rbm24 RNA binding. Localises to SGs under various 

stresses ( Wang et al., 2022 ) 

Rbm24 deficiency leads to hair cell death and hearing 

loss ( Zhang et al., 2020 ). Regulated by Atoh1. 

TDP-43 DNA/RNA binding; mRNA transport 

( Colombrita et al., 2009 ) 

Mutations in TDP-43 associated with ALS. Madras motor 

neuron sub-type presents with hearing loss ( Nalini et al., 

2008 ) 

TIA-1 Nucleates SGs ( Gilks et al., 2004 ) No known link 

TRAF2 TNF α signaling, sequestered by SGs 

( Kim et al., 2005 ) 

No known link 

VCP/p97 Participates in SG disassembly, directing 

proteins to degradation ( Buchan et al., 2013 ) 

Inclusion body myopathy with Paget’s disease of the bone 

and fronto-temporal dementia (IBMPFD) caused by VCP 

mutations can lead to hearing loss ( Tresse et al., 2010 ) 

Fig. 1. Canonical and non-canonical formation of stress granules. Canonical or eIF2 α dependent assembly of SGs is initiated when a stimulus activates one of the four stress 

kinases, leading to the phosphorylation of eIF2 α and inhibition of translation initiation and subsequent SG formation. In the non-canonical or eIF2 α-independent pathway, 

stress causes the inactivation of mTORC1, resulting in the accumulation of hypo-phosphorylated 4E-BP1. 4E-BP1 is then able to bind to eIF4E, displacing eIF4G and eIF4A 

from the eIF4F complex. Consequently, translation initiation is inhibited and SGs are formed. 

t

s

o

r

p

(

t

v

t

2

m

p

w

b

t

t

hese mRNPs results in the formation of SGs ( Anderson and Keder- 

ha, 2009a ). 

In the non-canonical SG pathway , stress induced inactivation 

f mammalian target of rapamycin (mTOR) leads to dephospho- 

ylation of p-4E-BP1 and its conversion into an active form that 

revents the assembly of eIF4F and inhibits translation initiation 

 Dang et al., 2006 ). 

SGs are comprised of at least two phases; solid-like RNP cores 

hat form early during SG assembly, suggesting that they may pro- 
3 
ide the specific interactions that are necessary for seeding forma- 

ion of the second phase, a liquid-like SG shell ( Wheeler et al., 

016 ). Polyribosome disassembly not only leads to the release of 

RNAs and translational factors, but also of newly synthesised 

olypeptides. These polypeptides fold into their native structure 

ith the assistance of chaperones. However, it is estimated that 

etween 6% and 30% of all newly synthesised proteins are defec- 

ive ribosomal products (DRiPs) that are very rapidly degraded by 

he ubiquitin-proteasome system (UPS) ( Alberti et al., 2017 ). It has 



J.L. Martin, S.J. Dawson and J.E. Gale Hearing Research 426 (2022) 108634 

Fig. 2. Stress granule clearance by either proteasome or autophagy mediated degradation. Typical SGs are cleared by chaperone mediated proteasomal degradation. VCP in 

conjunction with co-factors and adaptors extract RBPs from SGs for RBP recycling or directs them to the 26S proteasome for degradation. Under conditions of VCP impairment 

or chronic stress, DRiP positive SGs are cleared by autophagy. 
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een shown previously that DRiPs and 60S are released from dis- 

ssembling polysomes prior to SG assembly and are cleared with 

he assistance of autophagy, lysosomes, Valosin-containing protein 

VCP) and the UPS. In cases of autophagy impairment or VCP de- 

letion, DRiPs accumulate within or adjacent to SGs. Accumula- 

ion of DRiPs adjacent to or inside SGs correlates with impaired 

G assembly ( Seguin et al., 2014 ). SGs forming under conditions 

f VCP inhibition accumulate non-canonical components (DRiPs, 

0S), which in turn can lead to impaired SG dynamics and con- 

ribute to SG persistence ( Buchan et al., 2013 ). It has been pro-

osed that these persistent or partially disassembled SGs, if not 

ully removed, may act as seeds for aggregation that can become 

athogenic ( Wolozin, 2012 ). 

SGs are highly dynamic structures that exhibit liquid-like be- 

aviour with rapid exchange rates of components. However, the 

xchange dynamics of SG components can vary greatly. Fluorescent 

ecovery after photobleaching (FRAP) analysis shows that some 

G proteins like TIA1 and G3BP1 rapidly shuttle between SGs 

nd the cytoplasm, while others like HuR exchange very slowly 

 Kedersha et al., 2005 ). ATP-dependent remodelling complexes are 

esponsible, in part, for the dynamics of SGs and impaired ATP pro- 

uction eliminates SG movement, fusion and fission ( Jain et al., 

016 ). The ATP dependence of SG dynamics is consistent with a 

odel that considers granules as active-liquids, where the energy 

f ATP-driven remodelling maintains the dynamic state of the as- 

embly. 

.2. Stress granule clearance 

After cell recovery from stress the subsequent disassembly and 

learance of SGs is critical for the restoration of normal cellular 

unction ( Fig. 2 ). Chaperone-mediated disassembly is the preferred 

athway of SG clearance as cells favour recycling of RBPs rather 

han their degradation ( Mateju et al., 2017 ). Molecular chaperones 

ransiently interact with and stabilise unfolded proteins to facili- 

ate folding into their native conformations. When misfolding and 

ggregation cannot be prevented, chaperones can promote the tar- 
4 
eting of these misfolded proteins for degradation. An important 

roup of molecular chaperones are the HSP family. HSPs can sense 

nd bind to hydrophobic regions of unfolded/misfolded proteins. 

mall HSPs possess no ATPase activity and maintain the bound 

rotein in a state conducive to further processing in co-operation 

ith other chaperones. HSP70 has been shown to prevent the ac- 

umulation of misfolded proteins in SGs, maintaining their dy- 

amic liquid-like state, in addition to promoting SG disassembly 

 Mateju et al., 2017 ). 

HSP70 can bind to nucleotide exchange factors, including the 

cl-2 associated athanogene (BAG) proteins, these catalyse the dis- 

ociation of ADP from HSP70, ensuring substrate release and chap- 

rone recycling. These factors and chaperones can also promote 

argeting of HSP70 bound proteins to degradation systems, such 

s the proteasome or autophagy. Under conditions of proteasome 

mpairment, the HSPB8-BAG3-HSP70 chaperone complex is upreg- 

lated, which re-routes poly-ubiquitinated proteins to p62 bod- 

es for autophagy mediated disposal. Conversely, upon inhibition 

f autophagy-mediated degradation, cells preferentially upregulate 

AG1. Association of BAG1 with the HSP70-HSPB8 complex re- 

outes ubiquitinated proteins to the proteasome for degradation 

 Ganassi et al., 2016 ). 

The 26S proteasome is directly involved in the clearance of 

rsenite-induced SGs, and impairment to the proteasome, VCP 

r VCP adaptors, results in the transition of SGs into an aber- 

ant state. Persistent SGs are preferentially degraded by autophagy 

 Turakhiya et al., 2018 ). A recent study identified a novel VCP adap-

or, zinc finger AN1-type containing 1 (ZFAND1), with a role in 

he clearance of arsenite-induced SGs, acting by recruiting VCP and 

he 26S proteasome ( Turakhiya et al., 2018 ). During recovery from 

rsenite stress, SGs dissociate in a process requiring the HSPB8- 

AG3-HSP70 chaperone complex, VCP and the 26S proteasome. In 

ddition to the induction of SGs, arsenite stress also induces the 

ccumulation of ubiquitylated DRiPs, which are rapidly degraded 

y the 26S proteasome during post-stress recovery. In the absence 

f ZFAND1, arsenite-induced SGs lack VCP and DRiPs accumulate 

n close vicinity to SGs. A significant portion of these SGs can- 
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Fig. 3. Stress granules as signalling hubs. SGs can influence cell signalling by sequestering signalling proteins. Sequestration of DDX3X prevents the assembly and activation 

of the NLRP3 inflammasome reducing the secretion of inflammatory cytokines and pyroptosis. Sequestration of RACK1 prevents apoptosis by interrupting MAPK signalling. 

Sequestration of the mTORC1 component RAPTOR prevents mTORC1 formation and affects downstream signalling. 
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ot be cleared under these conditions and are instead transformed 

nto aberrant DRiP-positive SGs, which are then recruited by p62 

nto LC3 positive autophagosomes and degraded via autophagy 

 Buchan et al., 2013 ). 

. Stress granules as signalling hubs 

SG formation alters multiple signalling pathways by sequester- 

ng signalling proteins, including adaptor/scaffold proteins, protein 

nd lipid kinases, GTPases and ubiquitin modifying enzymes, many 

ontaining low-complexity regions that may regulate their inter- 

ction with SGs, summarised in Fig. 3 . For example sequestration 

f scaffolding protein TRAF2 in SGs, plays a key role in the reduc- 

ion of NF κB signalling by TNF α ( Kim et al., 2005 ). The sequestra-

ion of RACK1 to SGs inhibits the stress-induced activation of the 

38/c-jun N-terminal kinase (JNK) signalling cascade that triggers 

poptosis ( Arimoto et al., 2008 ) giving SGs a key role in regulating

poptosis as well as translation. The interaction between SGs and 

wo other major cell signalling molecules, mTOR and DDX3X will 

e explored in more detail and their relevance to hearing loss will 

e reviewed. 

.1. mTORC1 

The mTOR pathway is a central regulator of cell growth, prolif- 

ration and metabolism and has been implicated in multiple age- 

elated diseases ( Johnson et al., 2013 ). mTOR is a serine/threonine 

inase that co-ordinates numerous cellular processes and assem- 

les into two distinct multiprotein complexes: the rapamycin- 

ensitive mTORC1 and the rapamycin-insensitive mTORC2, which 

hile differing in composition and function, are both expressed in 

he cochlea ( Leitmeyer et al., 2015 ). The more extensively studied 

TORC1 is a homodimer composed of mTOR, the defining sub-unit 

egulatory-Associated Protein of TOR (RAPTOR) and mammalian 

ethal with SEC13 protein 8 (mLST8) ( Kim et al., 2003 ). Tuber- 

us sclerosis complex (TSC), which is composed of TSC1, TSC2 and 

BC1D7 is involved in the negative regulation of mTORC1 activity 
5 
 Dibble et al., 2012 ). The loss or disruption of this complex results

n constitutive activation of mTORC1, that is largely independent of 

ellular growth conditions ( Zhang et al., 2003 ). 

Emerging studies are revealing the complex crosstalk between 

TORC1 and SGs, particularly in the context of ageing and age- 

elated diseases [reviewed by (Cadena Sandoval et al., 2021 )]. 

TORC1 inhibition has been proposed to induce SG formation by 

reventing the phosphorylation of 4E-BP1 and thus the assem- 

ly of the eIF4F complex and translation initiation. However, 4E- 

P1 can be targeted by several kinases and phosphatases in addi- 

ion to mTORC1 ( Qin et al., 2016 ; Kolupaeva, 2019 ). None of the

tudies examining knockdown or inhibition of 4E-BP1 and sub- 

equent SG induction have examined whether mTORC1 is neces- 

ary ( Fujimura, Sasaki, et al., 2012 ; Fujimura, Scharengella, et al., 

012 ). Furthermore, the knockdown of RAPTOR in the absence 

f stress is insufficient to induce SG formation ( Sfakianos et al., 

018 ). Therefore, the question of 4E-BP1-mediated SG formation 

ue to inactive mTORC1 remains open. Conversely, SG assembly 

lters mTOR signalling by sequestering both mTORC1 and down- 

tream kinases. In human cells, oxidative or osmotic stress pro- 

otes the recruitment of RAPTOR to SGs ( Kedersha et al., 2013 ). 

APTOR is recruited to SGs by the protein astrin, which mediates 

he anti-apoptotic function of SGs by preventing mTORC1 hyper- 

ctivation ( Thedieck et al., 2013 ). During recovery from stress, re- 

ctivation of mTORC1 correlates with its release from disassembled 

Gs ( Takahara and Maeda, 2012 ). The core SG component G3BP1, 

n the absence of stress acts as a lysosomal anchor of the TSC 

 Prentzell et al., 2021 ). This tethering suppresses signalling through 

TORC1 and prevents mTORC1 hyperactivation by metabolic stim- 

li. 

Overactive mTORC1 signalling has been identified as a signif- 

cant contributor to the pathology of multiple types of hearing 

oss. The possibility of targeting mTOR signalling to prevent hear- 

ng loss is an emerging idea [reviewed by ( Cortada et al., 2021 )].

iven that SGs sequester RAPTOR (see Fig. 3 ) and thereby inhibit 

TOR signaling, one could potentially target SGs to promote their 

equestration of RAPTOR in cases where overactive mTORC1 sig- 
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aling is suspected to be a contributing factor. Recent work has 

hown that the mTORC1 inhibitor rapamycin has a protective role 

gainst aminoglycoside ototoxicity ( Kim et al., 2017 ), cisplatin oto- 

oxicity ( Fang and Xiao, 2014 ), NIHL ( Yuan et al., 2015 ) and ARHL

 Altschuler et al., 2021 ). Further evidence for the role of mTORC1 in

RHL was provided by a study which utilised mice with cochlear 

eurosensory epithelial specific deletions of the mTORC1 signalling 

egulators RAPTOR and TSC1. The results showed that loss of RAP- 

OR led to mice developing hearing loss slower than wild-type 

ittermates. Conversely, cKO-TSC1 mice have early onset loss of 

ochlear cells and accelerated hearing loss that could be rescued 

ith rapamycin treatment ( Fu et al., 2018 ). Interestingly, disrup- 

ion of mTOR function by rapamycin in neonatal mice leads to 

earing loss suggesting mTOR signalling may play a role in post- 

atal development and formation of cochlear hair cell synapses 

 Xiong et al., 2020 ). There is also recent evidence that mTORC1 sig-

alling is involved in the regeneration of hair cells in the mouse 

ochlea ( Li and Doetzlhofer, 2020 ; Shu et al., 2019 ). In support-

ng cells that have been induced to proliferate by transient co- 

ctivation of Myc and Notch1, with concurrent overexpression of 

he pro-hair cell specification factor Atoh1, there is increased ex- 

ression of phosphorylated ribosomal S6 protein ( Shu et al., 2019 ). 

ibosomal protein S6 is phosphorylated through the mTORC1/S6K 

xis as described in Fig. 3 and when mTORC1 signalling is inhibited 

ith rapamycin, this results in a decline in the number of prolif- 

rating cells and regenerated hair cell-like cells. Furthermore, loss 

f LIN28B, a known SG component ( Balzer and Moss, 2007 ), atten- 

ates mTORC1 signalling and renders young, immature supporting 

ells incapable of producing hair cells ( Li and Doetzlhofer, 2020 ). 

he possibility of there being a role for SGs in hair cell regen- 

ration is entirely unexplored. There is however recent evidence 

hat SGs play a role in axon regeneration ( Sahoo et al., 2018 ). Sa-

oo and colleagues found that disrupting G3BP1 activated intra- 

xonal mRNA translation, increased axon growth in cultured neu- 

ons and disassembled axonal SG-like structures. Moreover, they 

ound that disruption of G3BP1 in-vivo accelerated nerve regener- 

tion. More recent work has identified the sequestration of RNA- 

inding motif protein 24 (Rbm24) within SGs ( Wang et al., 2022 ). 

bm24 has previously been shown to be necessary for hair cell 

evelopment in zebrafish ( Zhang et al., 2020 ). Rbm24 is directly 

egulated by Atoh1 in a subset of hair cells ( Cai et al., 2015 ) and

bm24 deficiency leads to hair cell death and hearing loss in a 

nockout mouse model ( Zheng et al., 2021 ). These recent discov- 

ries and the known propensity of SG persistence to increase with 

ge, in combination suggest a role for SGs in auditory hair cell sur- 

ival and protection. It may be the case that age-related, persis- 

ent SGs permanently sequester signalling proteins necessary for 

air cell maintenance, survival and/or recovery thereby leading to 

RHL. Approaches to prevent accumulation of, or induce clearance 

f age-related, persistent SGs in hair cells and spiral ganglion neu- 

ons (SGNs) may reset the normal SG response, promote cell sur- 

ival and ameliorate ARHL. 

.2. DDX3X and NLRP3 

DDX3X is a member of the DEAD-box helicase family, the 

argest helicase family in eukaryotes. DDX3X is expressed ubiqui- 

ously in humans and participates in multiple biological processes. 

ocalised predominantly in the cytoplasm but also present in the 

ucleus, DDX3X has various roles in RNA metabolism, SG forma- 

ion and in NLRP3 inflammasome formation ( Fig. 3 ). Recently, a 

ew role for DDX3X in the stress-inflammation axis was identified. 

amir and colleagues identified DDX3X as a ’live-or-die’ checkpoint 

n cells undergoing stress ( Samir et al., 2019 ). Under stress con- 

itions, cells face a choice between survival and death. Cellular 

tressors cause both the formation of SGs and the formation and 
6 
ctivation of the NLRP3 inflammasome. DDX3X is necessary for 

oth the formation and activation of the NLRP3 inflammasome and 

or the formation of SGs. The exact mechanism by which DDX3X 

romotes these two distinct assemblies is not fully understood. 

he proteins NEK7 (NIMA related kinase 7) and ASC (apoptosis- 

ssociated speck-like protein containing a CARD) are essential for 

LRP3 inflammasome formation, activation and caspase-1 recruit- 

ent ( He et al., 2016 ; Vajjhala et al., 2012 ). NEK7 acts downstream

f potassium efflux and the pyrin binding domain of ASC interacts 

ith the pyrin binding domain of NLRP3. NLRP3 inflammasome ac- 

ivation allows for cleavage of pro forms of inflammatory cytokines 

L-1 β and IL-18 into their active forms and cleavage of Gasdermin 

 (GSDMD). Cleavage of GSDMD produces N-terminal fragments 

hat form plasma membrane pores, facilitating the secretion of ma- 

ure IL-1 β and IL-18 ultimately leading to pyroptosis ( Liu et al., 

016 ). It has been proposed that DDX3X promotes NLRP3 inflam- 

asome activation by interacting with the NLRP3 NACHT domain 

hrough its helicase domain ( Samir et al., 2019 ). However, for SG 

ormation the helicase activity of DDX3X is dispensable, but the 

IF4E binding of DDX3X is necessary for SG nucleation. Knockdown 

r pharmacological inhibition of DDX3X inhibits the formation of 

Gs ( Cui et al., 2020 ). A stress insult that is sufficient to induce SGs

nhibits the formation and activation of the NLRP3 inflammasome 

y sequestering DDX3X, reducing NLRP3 formation and subsequent 

aspase-1 activation and IL-1 β and IL-18 secretion ( Samir et al., 

019 ) suggesting DDX3X sequestration is a key factor in cell fate 

uring stress. 

Inflammation has been associated with multiple types of hear- 

ng loss. In NIHL, noise exposure causes a robust activation of 

nflammatory mechanisms ( Frye et al., 2019 ). In aminoglycoside- 

nduced hearing loss, inflammation is thought to up-regulate the 

xpression of aminoglycoside-permeant cation channels, increas- 

ng hair cell uptake of aminoglycosides ( Jiang et al., 2019 ). In- 

ammation triggered by the activation of the NLRP3 inflamma- 

ome in the ageing cochlea is a potential contributor to ARHL 

 Shi et al., 2017 ). Mutations of NLRP3 are associated with sev- 

ral diseases that have hearing loss as a main component. Hearing 

oss is one of the most common manifestations for patients with 

ryoporin-associated periodic syndromes (CAPS). There are multi- 

le sub-types of CAPS, with the prevalence of hearing loss between 

ub-types ranging from 25% to 86%, with higher frequencies being 

ffected to a greater degree than lower frequencies. Hearing loss 

f CAPS patients also appears to progress with age ( Ahmadi et al., 

011 ). Furthermore, a gain-of-function mutation in NLRP3 has been 

hown to cause autosomal dominant non-syndromic hearing loss 

FNA34 ( Nakanishi et al., 2017 ). 

Activation of the NLRP3 inflammasome has also been shown 

o be integral to the cognitive decline seen in dementia. APP/PS1 

ice deficient in NLRP3 and caspase-1 were spared from memory 

eficits and LTP suppression unlike APP1/PS1 that could activate 

he NLRP3 inflammasome ( Heneka et al., 2012 ). NLRP3 activation 

as also been shown to be essential in the A β-tau cascade. Tau22 

ice injected with A β-containing APP/PS1 brain homogenates 

xhibited increased levels of tau hyperphosphorylation, cleaved 

aspase-1, IL-1 β and ASC. However, when Tau22/ASC 

−/ − or 

au22/Nlrp3 −/ − mice were injected, tau hyperphosphorylation did 

ot occur. There were also lower levels of cleaved caspase-1 and 

L-1 β ( Ising et al., 2019 ). 

It is clear from these investigations that inflammation and 

pecifically the NLRP3 inflammasome has a role in both ARHL and 

ome forms of dementia but whether this is due to SG regulation 

f the inflammasome remains to be established. SG composition 

s known to change under chronic stress conditions compared 

o acute stress ( Reineke et al., 2018 ). The activation of NLRP3 in

RHL ( Shi et al., 2017 ) could be a consequence of the change

n composition of SGs induced by the chronic “inflammaging”
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ssociated with ageing ( Franceschi et al., 2018 ). If SGs in ARHL lose

he sequestration of DDX3X, there will be increased activation of 

he NLRP3 inflammasome. One possibility is that the SG-induced 

ro-inflammatory mechanism that is associated with chronic 

tress during ageing is common to both the cochlea and the brain 

nd contributes to the aggregated protein pathology and cognitive 

ecline seen in both neurodegenerative disease. The evidence 

ehind this rationale is discussed below. If this were the case, 

ince there is a change in composition of SGs induced by ageing- 

ssociated chronic stress, it is not clear whether targeting the 

Gs themselves would provide benefit or not. However, therapies 

sing existing inhibitors targeting excess NLRP3 inflammasome 

ctivation ( Chen et al., 2021 ) are worthy of investigation and may 

rove beneficial in treating ARHL and cognitive decline. 

. Stress granules and disease 

SG dysfunction has been implicated in the pathogenesis or pro- 

ression of a wide range of diseases, most notably in neurodegen- 

ration and dementia ( Wolozin and Ivanov, 2019 ). Given the link 

etween hearing loss and dementia, and the recent evidence for 

 role for SGs in cochlear cell protection ( Gonçalves et al., 2019 ;

olan et al., 2022 ), which are discussed below, it is worth ex- 

loring whether SG dysfunction might be a common pathological 

echanism in the two traits. Here, we describe the evidence for 

 role for aberrant SGs in different diseases and detail any known 

ffects on the auditory system associated with these pathologies. 

.1. The role of stress granules in neurodegeneration 

Protein aggregation is a common characteristic amongst neu- 

odegenerative diseases that is implicated in disease pathogene- 

is. The aggregated proteins involved are typically specific to each 

eurodegenerative disease, although some like TAR DNA binding 

rotein 43 (TDP-43) and Tau are seen in several neurodegenerative 

iseases. The low complexity regions found in many RBPs, impor- 

ant for the LLPS of SGs, can also form beta sheets that accumulate 

nto amyloids ( Wolozin and Ivanov, 2019 ). Disturbances in SG dy- 

amics have been implicated as a primary driver of neurodegen- 

rative diseases ( Zhang et al., 2019 ). Persistence of SGs, which are 

ormally transient structures, appears to function as a seed for the 

ggregation of pathological proteins. The progression of neurode- 

enerative diseases occurs over many years. ALS generally lasts 3- 

 years ( Kiernan et al., 2011 ) while overt clinical manifestations 

f Alzheimer’s disease (AD) last up to 15 years, with A β deposi- 

ion frequently preceding overt manifestations by up to a further 

5 years ( Scheltens et al., 2016 ). The chronic repeated stress asso- 

iated with these diseases leads to the formation of persistent SGs 

hat lose their anti-apoptotic phenotype and take on a “pro-death”

henotype ( Reineke and Neilson, 2018 ). 

The link between hearing loss and dementia is an area of in- 

ense interest. ARHL is the most common sensory deficit in the el- 

erly and has been identified as the highest modifiable risk factor 

or dementia ( Livingston et al., 2020 ). The underlying reasons for 

he link between ARHL and dementia remain to be established and 

everal hypotheses have been put forward including the additional 

ognitive load associated with impaired hearing or the possibility 

hat the hearing loss is an early manifestation of existing cogni- 

ive decline. A third possibility is that there is a common patho- 

ogical mechanism or mechanisms underlying both conditions. Age 

s the biggest overall risk factor for dementia. Not only is hear- 

ng loss the highest modifiable risk factor, it is also highly preva- 

ent and the risk of developing hearing impairment increases with 

ge. Hearing loss affects more than 40% of people over 50 years of 

ge, rising to 70% of people aged over 70 (RNID, 2018). It is hy-

othesised that the chronic stress of ageing, termed “inflammag- 
7 
ng” ( Franceschi et al., 20 0 0 ) can lead to the formation of persis-

ent SGs, that then act as a nidus for the aggregation of disease- 

ssociated proteins. Additionally, there is evidence that as cells age 

G components are more prone to aggregation, even in the absence 

f stress. RNA granule components including two key SG RBPs with 

ow complexity prion-like domains poly(A)-binding protein 1 (PAB- 

) and T-cell intracellular antigen related protein 2 (TIAR-2) ag- 

regate in aged C.elegans in the absence of disease ( Lechler and 

avid, 2017 ). Given the emerging central role of SGs in the pathol- 

gy of several neurodegenerative diseases and the link between 

earing loss in mid-life and dementia, we hypothesise that aber- 

ant/chronic SGs may have a common role in the development of 

RHL and dementia and that this area of research warrants further 

nvestigation. 

.2. Alzheimer’s disease 

AD is a chronic neurodegenerative disease that is accompa- 

ied by the death of neurons and loss of synapses in the cere- 

ral cortex and sub-cortical regions of the brain ( Bloom, 2014 ). AD 

s the most common form of dementia, in the UK 1 in 14 peo- 

le aged over 65 years is affected by AD, and the incidence in- 

reases with age ( Alzheimer’s, 2021 ). The two hallmarks of AD 

re amyloid beta (A β) plaque deposition and tau neurofibrillary 

angles (NFTs). Tau is a microtubule-associated protein considered 

o be the causative factor of several neurodegenerative diseases 

tauopathies) including AD and a sub-type of FTD ( Orr et al., 2017 ).

he human brain expresses six tau isoforms that are generated 

y alternative splicing. Under non-stressful conditions tau mainly 

ocalises to axons, where it binds to microtubules, promotes mi- 

rotubule assembly and facilitates formation of the long processes 

hat characterise axons. In response to stress tau is phosphorylated 

ear and in its microtubule domain, which prevents tau binding to 

icrotubules ( Johnson and Stoothoff, 2004 ). Hyper-phosphorylated 

au (p-tau) accumulates in the neuronal soma rather than the axon 

n response to stress, due to the stress-related phosphorylation 

ccurring on newly synthesised tau ( Lopes et al., 2016 ). Hyper- 

hosphorylation, misfolding and accumulation of p-tau protein are 

athological features of AD and result in the deposition of NFTs 

nd neuronal death. The levels of tau deposition are correlated 

ore strongly with cognitive decline in AD than other markers 

uch as A β plaques ( Hanseeuw et al., 2019 ). 

Tau undergoes LLPS, just as RBPs do and the tendency of tau to 

o through LLPS increases in the presence of RNA ( Wegmann et al., 

018 ). The interaction of tau with SGs has important consequences 

or the pathophysiology of tauopathies because the association of 

au with these structures stimulates the formation of insoluble tau 

ggregates. TIA-1 is an RNA binding protein with a prion-like ag- 

regation domain that promotes SG formation under various stress 

onditions. TIA-1 also stimulates tau aggregation and tau toxic- 

ty both in cultured cells and in mouse models of AD by pro- 

oting tau-positive SG formation ( Vanderweyde et al., 2016 ). Crit- 

cal to the formation of Tau/TIA-1-positive SGs is the ubiquitin- 

pecific protease 10 (USP10). Over-expression of USP10 without 

tress stimuli is sufficient to induce tau-positive SGs. Knockdown 

f USP10 attenuates tau-positive SG formation elicited by either 

IA-1 over-expression or proteasome inhibition. USP10 colocalises 

ith tau aggregates in the cell body of neurons from AD patients 

 Piatnitskaia et al., 2019 ). These findings indicate pathogenic tau 

ggregation is driven by SG formation and requires USP10. 

The role SGs play in AD is not restricted to tau pathophysiol- 

gy, for example there is evidence that SGs are contributing to 

he deficits seen in microglia from AD brains. Microglia from the 

rains of AD patients are known to be recruited to A β plaques 

here they exhibit an activated phenotype but are defective for 

laque removal by phagocytosis ( Ghosh and Geahlen, 2015 ). Mi- 

roglia stressed with sodium arsenite or A β1-42 peptides or fibrils, 
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orm SGs to which the tyrosine kinase SYK is recruited. This se- 

uestration of SYK inhibits the ability of microglial cells to phago- 

ytose A β fibrils. Interestingly, aged microglia are more susceptible 

o the formation of SGs. SGs containing SYK and phosphotyrosine 

re prevalent in the brains of patients with severe AD. Phagocytic 

ctivity can be restored to stressed microglia by IgG treatment 

 Ghosh and Geahlen, 2015 ). These observations suggest a mecha- 

ism by which stress compromises the function of microglial cells 

n AD through SG formation. 

There are several links between AD and auditory pathology. In 

he early stage of AD, brain atrophy occurs in the central audi- 

ory cortex and related functional nuclei and the characteristic A β
laques and NFTs are extensively distributed throughout the relay 

tations of the ascending auditory pathway ( Sinha et al., 1993 ). 

 β plaques and Tau tangles have been identified in the brain- 

tem from the cochlear nucleus, superior olivary complex, inferior 

olliculus and nuclei of lateral lemniscus along the afferent au- 

itory pathway in AD patients ( Sinha et al., 1993 ). Additionally, 

ouse models of AD exhibit an early onset high frequency hear- 

ng loss that progresses to all frequencies with age. 5xFAD mice 

xpress human amyloid precursor protein (APP) and presenilin 1 

PSEN1) transgenes with five AD-linked mutations. Three of those 

utations are in APP (Swedish, Florida and London mutations). 

he two remaining mutations are in PSEN1 (M146L and L286V). 

PP/PS1 mice contain transgenes for APP bearing the Swedish mu- 

ation and PSEN1 containing a L166P mutation. Both 5xFAD and 

PP/PS1 mice show elevated ABR thresholds. 5xFAD mice exhibit 

myloid plaque deposition at 2 months of age and at 13 months 

xhibit large amounts of basal and apical hair cell loss, particularly 

uter hair cells ( O’Leary et al., 2017 ). APP/PS1 mice have progres- 

ive early onset hearing loss, that is detectable at 2 months of age 

nd prior to any other AD phenotypes ( Liu et al., 2020 ). In 3xTg-

D mice that have the Swedish mutation in APP, the P301L muta- 

ion in microtubule associated protein tau (MAPT) and the M146V 

utation in PSEN1 there is a reduction of SGNs at 9 months of 

ge ( Wang and Wu, 2015 ). These three mouse models of AD all

ave a C57BL genetic background. C57BL mice have an early onset 

earing loss, starting as early as from 2 months ( Mikaelian et al., 

009 ). Therefore, determining whether the hearing loss associated 

ith these AD mouse models is due to their genetic background 

r AD pathology becomes difficult. Evidence of cognitive decline 

n C57BL mice from 6 months tends to support the theory that 

earing loss precedes AD pathology, as the cognitive decline is 

 months after the onset of hearing loss ( Hendrickx et al., 2022 ).

urther evidence supporting a molecular mechanism between 

earing loss and dementia is that CBA mice that have minimal 

RHL also have no cognitive decline. However, when CBA mice are 

xposed to noise to produce moderate to severe hearing loss, sev- 

ral months later there are detectable deficits in spatial learning 

nd memory ( Liu et al., 2016 ). It may be of interest to use noise-

xposed CBA mice to explore the possibility of SGs as the molecu- 

ar mechanism between hearing loss and dementia. 

.3. Huntington’s disease 

Huntingdon’s disease (HD) is a neurodegenerative disorder 

aused by an expansion of a polyglutamine repeat within the HD 

ene product huntingtin (Htt). HD manifests with midlife cogni- 

ive impairment, motor incoordination and psychiatric symptoms. 

ate-stage HD patients often present with hearing problems in ad- 

ition to typical dysfunctions ( Profant et al., 2017 ). The pathophys- 

ological mechanisms underlying HD-related auditory dysfunction 

re poorly understood. Aggregated mutant Htt (mHtt) is the most 

lassic cellular pathological characteristic of HD ( Hoffner et al., 

007 ). CAG repeats in exon 1 of huntingtin causes poly glutamine 

xtension at the N-terminal of Htt protein leading to accumula- 

ion of mHtt and neuronal loss. The average CAG repeat length in 
8 
he general population is 17-20 repeats ( Kremer et al., 2010 ). In 

D patients one copy of the gene has a CAG tract that has ex- 

anded to 36 or more repeats ( Walker, 2007 ). Neuronal loss pref- 

rentially affects the cortico-striatal circuits which leads to char- 

cteristic chorea and as HD progresses mHtt spreads to peripheral 

issue, including the inner ear ( Lin et al., 2011 ). 

Multiple studies have demonstrated the involvement of SGs in 

D. Expanded Htt has been shown to re-distribute to SGs under 

R stress and interact with SG components G3BP1 and Caprin1 

 Ratovitski et al., 2012 ). HD-R6/2 transgenic mice exhibit a high 

ensity of G3BP1-positive SGs in the cortex and hippocampus. HD 

atients also exhibit increased numbers of SGs in the superior 

rontal cortex and an increase in the mislocalisation of TDP-43 in 

G-positive cortical neurons ( Sanchez et al., 2021 ). 

Studies have also illustrated that hearing impairment is ob- 

erved in and closely correlated with motor deficits in HD. A study 

rom 2011 of 19 HD patients revealed HD patients had a 15dB 

hreshold increase at high sound frequencies, with no difference in 

atency or inter-peak intervals in ABRs, indicating the hearing im- 

airment in HD is associated with the peripheral auditory system 

ather than the central auditory system ( Lin et al., 2011 ). However, 

ther studies found HD patients displayed normal sound sensation 

ut decreases in speech understanding and sound source lateralisa- 

ion, indicating HD also effects the cortical and sub-cortical regions 

f the central auditory pathway ( Profant et al., 2017 ). HD patients 

lso have delayed auditory event-related potentials which are also 

ound in those at risk of HD ( Wetter et al., 2005 ). 

.4. Multiple sclerosis 

Multiple sclerosis (MS) is a demyelinating autoimmune disor- 

er of the CNS in which neurodegeneration plays a significant role 

n its pathogenesis. MS is a neuromotor disorder that can be clas- 

ified as clinically isolated syndrome, relapsing-remitting, primary 

rogressive or secondary progressive. One of the key features of 

S is the development of demyelinated lesions or plaques in the 

NS ( Lubetzki and Stankoff, 2014 ). Plaques, depending on their 

tage can contain numerous immune cells, including T cells and 

acrophages ( Høglund and Maghazachi, 2014 ). In addition to in- 

ammation, lesions also show evidence of axonal injury. Multiple 

echanisms underlying MS have been proposed, including axonal 

ransport deficits, mitochondrial dysfunction and autoantibodies to 

on-myelin antigens ( Campbell and Mahad, 2018 ). 

In 2018, evidence for the involvement of SGs in MS was pro- 

ided when neurons from an MS patient were shown to have 

igh levels of mislocalisation of the RBP heterogeneous nuclear 

ibonucleoprotein A1 (hnRNPA1), moving from the nucleus to 

he cytoplasm where it formed aggregates that co-localised with 

G markers ( Salapa et al., 2018 ). More recently, a larger study 

f 12 MS patients and 6 control cases found cortices from MS 

atients showed a reduction in the number of neurons with 

uclear hnRNPA1 and TDP-43 and an increase in cytoplasmic 

islocalisation compared to control brains ( Salapa, Hutchinson, 

t al., 2020 ). Additionally, it has been shown that mislocalisation 

f TDP-43 and hnRNPA1 is a prominent feature in mouse models 

f MS ( Salapa, Libner, et al., 2020 ). Interestingly, the degree of 

nRNPA1 mislocalisation positively correlates with the severity of 

isease in experimental autoimmune encephalomyelitis models 

nd negatively correlates with neuronal cell count. These data 

uggest that the severity of RBP mislocalisation may be related 

o neurodegeneration and disease progression. MS associated 

nRNPA1 mutations (P275S and F281L) alter its function and 

romote SG formation. These mutations cause cytoplasmic mislo- 

alisation, alter hnRNPA1 cluster kinetics and cause SGs to form 

ore quickly and frequently in response to stimuli ( Clarke et al., 

021 ). The prevalence of audio-vestibular impairments in MS 

s highly variable, with sudden onset sensorineural hearing loss 
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SSNHL) affecting between 0.7% and 25% of patients ( Ralli et al., 

018 ). When patients are in the remitting phase difficulty with 

earing is a rare complaint. It has also been proposed that SSNHL 

an be an early manifestation of MS ( Di Stadio et al., 2018 ). 

.5. Amyotrophic lateral sclerosis 

ALS is a progressive neurodegenerative disease with no cure 

hat causes both degeneration of upper and lower motor neurons 

nd leads to atrophy of the innervating muscles and progressive 

aralysis. 147 genes have been identified that are associated with 

LS, and the exact mechanism underlying the pathology is un- 

nown ( Dervishi et al., 2018 ). Several pathological processes have 

een associated with ALS, including protein aggregation and de- 

ects in RNA metabolism. Many mutations that cause ALS-FTD are 

n RNA-binding proteins associated with SGs e.g., TDP-43, fused in 

arcoma (FUS), hnRNPA1, and TIA-1. These mutations largely clus- 

er in low-complexity, intrinsically disordered regions (IDRs) and 

n many cases have been shown to change the dynamic proper- 

ies of SGs ( Ding et al., 2021 ). Another set of disease-causing muta-

ions impact ubiquitin-binding proteins e.g., VCP, p62/SQSTM1 and 

biquilin-2 (UBQLN2) that facilitate the disassembly and clearance 

f SGs ( Buchan et al., 2013 ). 

TDP-43 itself has been shown to undergo LLPS in-vitro 

 Conicella et al., 2016 ) and chronic SGs contain the protein FUS 

hich is associated with ALS ( Reineke and Neilson, 2018 ). Chronic 

Gs also do not contain 40s ribosomal sub-units, which could in- 

icate that the cell has lost the ability to translate the RNA within 

he SG. In the absence of external/exogenous stressors, persistent 

r repetitive assembly of SGs is cytotoxic and is accompanied by 

he evolution of SGs to cytoplasmic inclusions that recapitulate the 

athology of ALS-FTD ( Zhang et al., 2019 ). 

To date there is no clear association of hearing loss with 

LS, except for the rare Madras sub-type ( Nalini et al., 2008 ). 

earing loss is however, associated with FTD and its sub-types 

 Johnson et al., 2021 ). Why the auditory system is spared in ALS

s currently unknown. There are several possibilities. One possi- 

le reason for the sparing of the auditory system in ALS may be 

he way that TDP-43 spreads. The “dying-forward hypothesis” pro- 

oses that ALS begins in the cortical regions of the brain and 

preads through connected regions via TDP-43 in a “prion-like”

ashion ( Lee and Kim, 2015 ). It has been observed that motor neu-

ons receiving direct, monosynaptic cortical input predominantly 

evelop TDP-43 pathology, while subcortical motor neurons do not 

 Eisen et al., 2017 ). Additionally, the fact that motor neurons with- 

ut monosynaptic connections to motor neurons such as oculomo- 

or and Onuf’s nuclei are spared in ALS tends to support this hy- 

othesis ( Ragagnin et al., 2019 ). Another possibility for the spar- 

ng of the auditory system is the difference between motor neu- 

ons and auditory neurons. Motor neurons are unique cells, even 

mongst neurons. They have particularly long axons, up to 1m and 

ave very high energetic requirements. These characteristics may 

ender them particularly sensitive to changes in SG homeostasis 

ompared to auditory neurons and cochlear cells. Lastly, it may 

imply be the case that hearing loss hasn’t had the time to de- 

elop due to the shorter disease duration of ALS. The typical time 

rom symptom onset to death in ALS is 2-3 years ( Hardiman et al.,

011 ). Which is significantly shorter than neurodegenerative dis- 

ases that do exhibit hearing loss, such as AD, that progress over 

ecades ( Vermunt et al., 2019 ). 

. Stress granules and hearing loss 

To date, the majority of our understanding of SGs in the cochlea 

omes from ototoxicity studies, specifically, aminoglycoside oto- 

oxicity. In 2004, a study on the chick basilar papilla exposed to 

minoglycoside treatments resulted in the first identification of 
9 
Gs in the ear. The authors identified TIAR-positive granules in 

esponse to gentamicin treatment in the cytoplasm of hair cells 

 Mangiardi et al., 2004 ). The first evidence of SGs in the mam- 

alian cochlea was published in 2011, neomycin treatment re- 

ulted in SG formation in ex-vivo cochlear hair cells ( Towers et al., 

011 ). More recently, an important study demonstrated the in- 

egral role SGs play in the cochlea’s response to stress. In the 

tudy, inhibition of SGs with the small molecule inhibitor ISRIB, 

ncreased hair cell death in response to aminoglycoside treatment. 

onversely, inducing SG formation using the silvestrol analogue hy- 

roxamate (-)-9 (or CR 1-31 B) protected against aminoglycoside- 

nduced hair-cell death. Furthermore, this work provided the first 

vidence of SG formation in mammalian cochlear hair cells in-vivo 

 Gonçalves et al., 2019 ). 

Recent work has shown that conditional knock-out of the key 

G protein Caprin1 in the inner ear leads to an early onset and 

rogressive hearing loss in mice ( Nolan et al., 2022 ). These mice 

ere also less able to recover from a temporary hearing loss af- 

er mild noise exposure. Caprin1 (also known as RNG105) is an 

BP and core nucleating component of SGs, playing a key role in 

G condensation by competing with USP10 for binding to G3BP1 

nd in recruiting specific RNAs to SGs ( Kedersha et al., 2016 ). In-

erestingly, Caprin1 cKO mice are still able to form SGs. Presum- 

bly, the absence of Caprin1 will have altered the composition 

f these SGs, possibly reducing their auditory protective function. 

BRs from Caprin1 cKO mice show reduced thresholds with a sig- 

ificant reduction in wave-1 amplitudes compared to wild type- 

ice. Reduced ABR wave 1 amplitudes in the presence of an oth- 

rwise normal audiogram are considered a characteristic feature of 

ochlear synaptopathy. The loss or damage to, synaptic connections 

etween sensory hair cells and the peripheral afferent dendrites 

f SGNs, typically seen in after noise exposure and/or ageing. The 

air cell-SGN synapses of cKO mice were shown to have abnor- 

ally large post-synaptic GluA2 puncta. The data suggest that the 

egulation of cochlear synaptic form and function is dependent on 

euronal RNA granules and the function of Caprin1. In disease con- 

itions, persistent SGs could impact hearing maintenance by se- 

uestering Caprin1, preventing it from maintaining the hair cell- 

GN synapse resulting in hearing loss. 

. Conclusion 

Aging itself is not considered a disease, but aging and age- 

elated diseases often share the same molecular mechanisms 

 Franceschi et al., 2018 ). The chronic stress associated with ag- 

ng and age-related diseases can lead to the impaired assembly 

nd clearance of SGs. There is compelling evidence for the role 

hat these persistent SGs play in neurodegenerative diseases and 

merging evidence of the importance of the SG response in pro- 

ecting the cochlea from damage. The link between hearing loss 

nd dementia is well-established, yet unexplained. Therefore, the 

ossibility that age-related dysfunction/dysregulation of SGs is a 

ommon mechanism underlying ARHL and dementia becomes an 

nteresting prospect and certainly warrants further investigation 

 Fig. 4 ). However, there remains a significant amount of work to 

e done to document the change in composition of persistent SGs 

nd acute SGs within the cochlea exposed to different stresses. If 

his mechanism is established to play a significant role in ARHL, 

hen manipulation of the SG pathway may be a potential target 

or prevention of ARHL. Prophylactic induction of SGs has already 

een shown to be a viable therapeutic target for the prevention 

f aminoglycoside ototoxicity. The induction of SGs prior to other 

elatively acute stressors, such as noise may afford similar protec- 

ion, but remains to be tested. Given that it is the persistence of 

Gs that is the issue in chronic diseases such as ARHL, drugs that 

ncrease SG clearance, such as autophagy activators or specifically 
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Fig. 4. Schematic illustration of the role persistent SGs play in neurodegeneration. Chronic stress or mutations in disease related proteins leads to formation of persistent 

SGs that have altered compositions, causing a shift from a pro-survival to a pro-death phenotype. Hearing loss is the largest, potentially modifiable risk factor for dementia, 

hearing loss prevention in mid-life can reduce the risk of dementia by 8%. Multiple neurodegenerative diseases that involve an aberrant SG response present with some form 

of hearing dysfunction. Here, we suggest that persistent SGs due to the chronic stress associated with ageing termed “inflammaging” contributes to age-related hearing loss 

and that persistent SG formation might be an underlying molecular mechanism between hearing loss and dementia. 
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argeted to persistent SGs may be beneficial in re-setting the SG 

esponse. An alternative approach would be to target the signal- 

ng pathways activated by changes in SG composition. Thus, target- 

ng SGs or SG-related signalling pathways are potential therapeutic 

trategies for the treatment and/or prevention of age-related dis- 

ases including ARHL and dementia. 
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