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Abstract. The assumption that chronic mechanical stress in brain cells stemming from intracranial hypertension,
arterial hypertension, or mechanical injury is a risk factor for neurodegenerative diseases was put forward in the
1990s and has since been supported. However, the molecular mechanisms that underlie the way from cell expo-
sure to mechanical stress to disturbances in synaptic plasticity followed by changes in behavior, cognition, and
memory are still poorly understood. Here we review (1) the current knowledge of molecular mechanisms regulat-
ing local translation and the actin cytoskeleton state at an activated synapse, where they play a key role in the
formation of various sorts of synaptic plasticity and long-term memory, and (2) possible pathways of mechanical
stress intervention. The roles of the mTOR (mammalian target of rapamycin) signaling pathway; the RNA-binding
FMRP protein; the CYFIP1 protein, interacting with FMRP; the family of small GTPases; and the WAVE regulatory
complex in the regulation of translation initiation and actin cytoskeleton rearrangements in dendritic spines of the
activated synapse are discussed. Evidence is provided that chronic mechanical stress may result in aberrant activa-
tion of mTOR signaling and the WAVE regulatory complex via the YAP/TAZ system, the key sensor of mechanical
signals, and influence the associated pathways regulating the formation of F actin filaments and the dendritic spine
structure. These consequences may be a risk factor for various neurological conditions, including autistic spectrum
disorders and epileptic encephalopathy. In further consideration of the role of the local translation system in the
development of neuropsychic and neurodegenerative diseases, an original hypothesis was put forward that one
of the possible causes of synaptopathies is impaired proteome stability associated with mTOR hyperactivity and
formation of complex dynamic modes of de novo protein synthesis in response to synapse-stimulating factors,
including chronic mechanical stress.

Key words: synapse; YAP/TAZ mechanosensor; mTOR; FMRP-dependent translation; complex dynamics; F actin;
WAVE regulatory complex; autism spectrum disorders; epileptic encephalopathy.

For citation: Khlebodarova T.M. The molecular view of mechanical stress of brain cells, local translation, and neuro-
degenerative diseases. Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov Journal of Genetics and Breeding. 2021;25(1):
92-100. DOI 10.18699/VJ21.011

MexaHn4YeCcKuin CTpecCC KJIETOK MO3ra, JIOKaJIbHad TpaHCIAIUA
n HeﬁpOﬂEPEHepaTI/IBHbIe 3a060/1IeBaHNSs:
MOJIEKVIIAPDHO-TeHETNYECKINE aCIIE€KThI

T.M. Xae6opapopal’ 2

1 DepepanbHblii NCCNEROBATENbCKUI LeHTP VHCTUTYT umtonorum n reHetrkn Cbrpckoro otaeneHns POCCMInCKoOl akageMmnm Hayk,
HoBocnburpck, Poccus

2 KypuaToBCKUIA FeHOMHbIN LeHTp VIHCTUTYTa umTonorum n reHetnkn Cnbrnpckoro otaeneHns Poccninckoii akagemun Hayk, HoBocnbupck, Poccus

@ tamara@bionet.nsc.ru

AHHoTauuA. Miges o ToM, UTO XPOHUYECKNIN MEXAHUYECKUI CTPECC, KOTOPbIN UCMbITbIBAIOT KETKU MO3ra Npu rno-
BbILLEHHOM BHYTPUYepernHOM AaBIEHUN, apTepranbHON MMAePTEH3NN U BCIeACTBYE TPaBMbl, MOXET ObiTb 0f-
HUM 13 GaKTOPOB PYCKA B Pa3BUTUN HeNPOAereHepaTUBHbIX 3ab01eBaHUil, NoABMIAch elle B 90-e rogbl NPOLWIOro
CTONEeTVA U NoaAepKMBaeTca B HacTosALlee Bpema. OfHaKo MONEKYNAPHO-TeHeTUYEeCKME MEXaHU3MbI peann3aumm
COObITUI, BEAYLUMX OT MEXaHNYECKOrO BO3AENCTBUA Ha KNETKM K HaPYLUEHWUIO NNAacTUYHOCTU CMHAMCoB 1 nocne-
ZylolemMy N3MeHeHMIo NoBeAeHUsA, KOTHUTBHBIX COCOBHOCTEN 1 MaMATY, He ACHbI. B HacToAwem o63ope pac-
CMOTpPEHbI CyLlecTBytoLMe faHHbIe O MONEKYNAPHO-TEHETUYECKX MEXaHM3MaX PEerynaummn oKabHOWM TpaHCA-
UMM 1 aKTUHOBOTO LMTOCKeneTa B akTUBMPOBAHHOM CMHAMCe, UrpaloLmx LeHTpanbHy ponb B GopMUpoBaHum
pPasnnUHbIX BUOOB MNACTUYHOCTU CMHAMCa Y AONTOBPEMEHHON MaMATW, U BO3MOXHbIX NYTAX BAUAHUA MeXaHu-
YeCcKoro cTpecca Ha ux coctosaHmne. O6cyxpaetca ponb mTOR curHanbHoro Kackapa, PHK-cBasbiBatowero 6enka
FMRP, 6enka CYFIP1, B3anmogeictaytowero ¢ FMRP, cemeictea manbix 'T®a3 n WAVE perynatopHoro Kommnekca
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MexaHunyecKkmni cTpecc, nokanbHaa TpaHCALNA
1 HelpofereHepaTUBHble 3aboneBaHns

B pPerynaummn nHuumMaLmnm oKanbHON TPaHCIALUN U NePeCcTPOoeK akTVHOBOIO LIMTOCKeneTa B AeHAPUTHbBIX WNMNK-
Kax akTMBMPOBaHHOro cuHanca. MpueoaAatca GakTbl, CBUAETENLCTBYIOWME O TOM, YTO B YC/IOBUAX XPOHNYECKOrO
MeXaHMYeCKoro cTpecca BO3MOXHa abeppaHTHan aktuauusa mTOR curHanbHoro kackaga n WAVE perynatopHoro
KOMIJIEKCa Yepe3 CEHCOP MeXaHNYeCKUX CUTHaNoB — perynatopHbii aktop YAP/TAZ, cnefcTBrEM KOTOPOM MOTYT
6bITb HapyLIEeHNA aKTUBHOCTN CUCTEMbI JTIOKaNbHOM TPAHCIALMUN, @ TaKkXKe CBA3aHHbIX C HAMU MEXaHU3MOB peryns-
Uy GopMmpoBaHnA F-akTUHOBBIX GUNAMEHTOB U CTPYKTYPbl AEHAPUTHBIX LWAMUKOB. TO MOXeT ObITb OfHON 13
NPVYMH Pa3BUTUA Pa3IMYHbIX HEBPOMOrMYECKMX NaTOOrWIA, BKOYaA ayTUCTUYeCKne paccTpPorCTBa 1 anwuen-
TUYeckyto dHuedanonatuio. BoickasbiBaeTca opurmHanbHas rmnoTesa, CorfacHO KOTOPOW OAHOM M3 BO3MOMHbIX
NPVYMH CUHANTOMATUI MOXET ObITb HapyLUeHNe CTabMNbHOCTU NPOTEOMa, CBA3AHHOE C r’MNepakTMBHOCTbIO MTOR
1 GopMMPOBaHMEM CITOXKHBIX AUHAMUYECKNX PEXMMOB CUHTe3a 6eIKOB de Novo B OTBET Ha CTUMYMALMIO CMHAaNCa,
B TOM YMCJIE U B YCIIOBUAX XPOHNYECKOTO MEXaHUYeCKoro cTpecca.

KnioueBble cnosa: cmHanc; mexaHoceHcop YAP/TAZ; mTOR; FMRP-3aBncmas TpaHCNALMA; CNIOXKHAA ONHAMUKS;
F-akTuH; WAVE perynatopHblii KOMNNEKC; PacCTPONCTBA ayTUCTUUYECKOrO CNeKTpa; anunentTnyeckas sHuedano-
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naTtmA.

Mechanical stress

and neurodegenerative disorders

Mechanical signals are an important factor that determines the
fate of cells, including their proliferation, survival, and dif-
ferentiation, and takes part in tissue regeneration and wound
healing. Mechanotransduction involves the reception of these
forces and their conversion to biochemical and molecular
signals, in particular, triggering of signaling pathways and
expression of certain genes to allow cell adaptation to physi-
cal environment. There is ample evidence for the central role
of the transcription regulator YAP (yes-associated protein 1)
and its paralog TAZ (transcriptional co-activator with PDZ-
binding motif), collectively named YAP/TAZ, as mechanical
signal sensors and mediators (Dupont et al., 2011; Totaro et al.,
2018; Dasgupta, McCollum, 2019). Impaired interaction of a
cell and its environment causes aberrant YAP/TAZ activation
and eventually a variety of diseases: atherosclerosis, fibrosis,
lung hypertension, inflammation, muscle dystrophy, and can-
cer (Levy Nogueiraetal.,2015,2018; Yuetal., 2015; Panciera
etal.,2017; Hongetal., 2019; Zhu et al., 2020). Recent studies
indicate that mechanical stress may be among the causes of
neurodegenerative processes in the brain, e.g., Alzheimer’s
disease (Levy Nogueira et al., 2015, 2016a, b, 2018).

The assumption that chronic mechanical stress experienced
by brain cells exposed to intracranial hypertension, arterial
hypertension, or mechanical injury is a risk factor for Alzhei-
mer’s disease and other neurodegenerative conditions was put
forward as early as (Wostyn, 1994), and it is supported still
now (Levy Nogueira et al., 2018).

What facts point to the existence of mechanisms by which
mechanical stress influences nerve cell functions? First, it has
been found that YAP/TAZ, being the key sensor and media-
tor of mechanical signals, activates the mTOR (mammalian
target of rapamycin) signaling pathway (Tumaneng et al.,
2012; McCarthy, 2013; Hu et al., 2017). This pathway is the
central regulator of cap-dependent translation at a synapse.
This regulation supports the dynamic plasticity of the synapse
in response to external stimuli, and this plasticity underlies
learning and memory (Costa-Mattioli et al., 2009; Buffing-
ton et al., 2014; Rosenberg et al., 2014; Santini et al., 2014).
Disruption of these processes causes synaptic dysfunction
and various neuropsychic disorders (Trifonova et al., 2017).
YAP/TAZ activates mTOR by two mechanisms, illustrated

in Fig. 1: by stimulating the transcription of Rheb GTPase
(Ras homologue enriched in brain) (Hu et al., 2017), which
is an mTORCI kinase activator, and by inhibiting the transla-
tion of PTEN (phosphatase and tensin homolog) with miR29
microRNA, thereby inducing aberrant PI3K-mediated acti-
vation of mMTORC1 and mTORC?2 kinases (Tumaneng et al.,
2012; McCarthy, 2013).

Second, the actin cytoskeleton is the key mediator of me-
chanical signals (Seo, Kim, 2018). Its rearrangements in
dendritic spines contribute much to learning and long-term
memory formation (Basu, Lamprecht, 2018; Borovac et al.,
2018). They are controlled by Rho GTPases (Tapon, Hall,
1997), whose hypo- or hyperactivity results in dendritic spine
structure distortion, defective memory, and poor learnability.
It may also cause multiple neurodevelopment disorders of vari-
ous origins (Ba et al., 2013; Pyronneau et al., 2017; Zamboni
etal.,2018; Nishiyama, 2019). The function of Rho GTPases
at an activated synapse depends considerably on their de novo
synthesis, which is determined by mTOR activity (Briz et
al., 2015).

The activation of the mTOR signaling pathway by the YAP/
TAZ mechanosensor under mechanical stress (Tumaneng et
al.,2012; McCarthy, 2013; Hu et al., 2017) also promotes the
activation of the heteropentameric WAVE regulatory complex
(WASP family verprolin homologue) via S6K kinase and
RAC1 GTPase (Derivery et al., 2009) by inducing its break-
down into subcomplexes and interaction of WAVEI] with
Arp2/3 (Cory, Ridley, 2002; Millard et al., 2004; Abekhoukh,
Bardoni, 2014; Molinie, Gautreau, 2018). These processes re-
sult in aberrant actin polymerization and structural anomalies
of dendritic spines (see Fig. 1).

Thus, the pathways of the influence of mechanical stimuli
on nerve cell functioning may involve the activation of mTOR
signaling and rearrangements of the actin cytoskeleton in
dendritic spines, which, in turn, depend on the activity of
the local translation system at the synapse, controlled by
mTOR. Just the disturbances in the local translation system
at the synapse, including those caused by enhanced mTOR
activity (manifesting themselves as synapse plasticity aber-
rations in the form of imbalance between synapse excitation
and inhibition (Gobert et al., 2020)) are thought to be asso-
ciated with various neuropsychic conditions, including autism
spectrum disorders (ASDs), epilepsy, Parkinson’s disease,
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Fig. 1. Possible pathways of the effect of mechanical stress mediated by
mTOR signaling on the intensity of local translation and the formation of
actin cytoskeleton in dendritic spines of glutamatergic synapses in pyra-
midal cells of the hippocampus.

mGIuR - receptor protein; PIKE (PI3-kinase enhancer), Rheb (Ras homologue
enriched in brain), and Rac1 - GTPases; PI3K — phosphatidylinositol-3-kinase;
Akt - protein kinase B; TSC1/2 - tuberous sclerosis complex 1/2; mTOR (me-
chanistic target of rapamycin) - serine/threonine kinase; S6K1 — S6 kinase 1;
PTEN - phosphatase and tensin homolog; PP2A - protein phosphatase 2A;
YAP/TAZ - mechanosensor; WAVE-1 - WAVE-1 regulatory complex; Arp2/3 -
actin binding proteins. Proteins whose gene mutations are associated with
neurological disorders are shown in red. Green arrows indicate translation acti-
vation via PP2A phosphatase and actin polymerization via S6 kinase and Rac1
GTPase in response to synapse stimulation by glutamate. Red arrows indicate
possible mechanisms by which mechanical stress affects mTOR signaling.

and Alzheimer’s disease (Gkogkas, Sonenberg, 2013; Meng
et al., 2013; Won et al., 2013; Cai et al., 2015; Huber et al.,
2015; Pramparo et al., 2015; Klein et al., 2016; Martin, 2016;
Onore et al., 2017).

In this regard, the molecular mechanisms regulating local
translation and dynamic rearrangements of the actin cytoske-
leton in dendritic spines affected by this regulation enjoy close
attention (Bramham, 2008).

Local translation

and neurodegenerative disorders

There is convincing evidence that local cap-dependent trans-
lation in the postsynaptic space of a dendritic spine enables
its dynamic plasticity in response to external stimuli, which
underlies learning and memory (Huber et al., 2000; Costa-
Mattioli et al., 2009; Rosenberg et al., 2014; Santini et al.,
2014; Louros, Osterweil, 2016).

Numerous examples have been reported that impaired local
translation control at a synapse brings forth various neuropsy-
chic disorders, including ASDs, epilepsy, Parkinson’s disease,
etc. (Gkogkas, Sonenberg, 2013; Buffington et al., 2014; Klein
et al., 2016; Martin, 2016; Trifonova et al., 2017). Figure 2
illustrates the main regulatory events mediating the activation
of local protein synthesis in dendritic spines of glutamatergic
synapses of hippocampal pyramidal cells in response to the
stimulation of metabotropic glutamate receptors (mGIuR) on
the postsynaptic membrane of excitatory synapses by gluta-
mate. The local translation activity is controlled by the mTOR

Mechanical stress, local translation,
and neurodegenerative diseases
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Fig. 2. Schematic presentation of local translation regulation in dendritic
spines of glutamatergic synapses of hippocampal pyramidal cells in re-
sponse to synapse stimulation.

mGIuR - receptor protein; NLGNs, Shank, PSD95, HOMERI - postsynaptic
proteins; PIKE (PI3-kinase enhancer) and Rheb (Ras homologue enriched in
brain) - GTPases; PI3K - phosphatidylinositol-3-kinase; Akt - protein kinase B;
S6K1 — S6 kinase 1; TSC1/2 - tuberous sclerosis complex 1/2; mTOR (mecha-
nistic target of rapamycin) — serine/threonine kinase; FMRP (fragile X mental
retardation protein) — RNA binding protein; PP2A - protein phosphatase 2A;
H-RAS - GTPase; RAF1, MEK1/2, ERK1/2 and MNK1/2 - kinases; elF4E — factor of
translation initiation; 4EBP2 - 4E-binding protein; CYFIP1 - cytoplasmic FMRP
interacting protein 1. The proteinaceous products of genes whose mutations
are associated with neurological disorders are shown in red. Green arrows in-
dicate pathways of local translation activation via PP2A phosphatase and the
RAS/ERK signaling pathway. The red arrow indicates blocking via the mTOR
signaling pathway.

and RAS/ERK pathways (Huber et al., 2000; Darnell, Klann,
2013; Beggs et al., 2015; Chen, Joseph, 2015).

The key element in the regulation of local cap-dependent
translation at a synapse is the RNA-binding fragile X mental
retardation protein, or FMRP (Feng et al., 1997). It is the target
of S6 kinase and PP2A phosphatase, which are activated in
response to the stimulation of mGluR receptors (Narayanan
et al., 2007, 2008). When phosphorylated, it arrests transla-
tion by binding to mRNA, ribosomes, and the eIF4E transla-
tion factor (Brown et al., 1998; Napoli et al., 2008; Chen et
al., 2014). Dephosphorylation disrupts FMRP linkage to its
targets, resulting in, on the one hand, to accelerated mRNA
translation and, on the other hand, rapid degradation of FMRP
itself (Nalavadi et al., 2012). FMRP controls translation ef-
ficiency through RNA binding sites (Chen, Joseph, 2015). It
directly binds to the coding and 3’-UTR mRNA sequences
(Brown etal., 1998; Darnell et al., 2011) and to the L5 protein
of 80S ribosomes (Chen et al., 2014). In this way, it controls
transcription elongation and termination. Translation can also
be repressed in 3'-UTR by physical interaction of FMRP with
the 43-kDa TAR DNA-binding protein (TDP-43) (Majumder
etal., 2016).
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FMREP is also involved in translation regulation at its ini-
tiation step by interaction with the cytoplasmic FMRP-inter-
acting protein 1 (CYFIP1) (Napoli et al., 2008). The current
notions of mechanisms regulating translation by means of
FMRP (Napoli et al., 2008; Majumder et al., 2016) presume
the interaction of a single molecule of the protein with 3'-UTR
via TDP-43 and with translation initiation factor eIF4E via
CYFIP1. Thus, FMRP and CYFIP1 are the key regulators of
translation regulation at an activated synapse.

FMRP targets are mRNAs for proteinaceous components
of the mTOR signaling pathway (PI3K kinase, PTEN phos-
phatase, tuberous sclerosis complex 2 (TSC2 and mTOR),
PP2A phosphatase, receptor proteins (mGluR, NMDAR,
and AMPAR), proteins forming the postsynaptic membrane
(NLGN, SHANK, and PSD95), the ubiquitin-dependent
protein degradation system (E3 ubiquitin ligase), and its own
mRNA (FMR1) (Brown et al., 1998; Muddashetty et al., 2007;
Gross et al., 2010; Sharma et al., 2010; Darnell et al., 2011,
Ascano et al., 2012). Apparently, FMRP plays the key role in
dynamic proteome regulation at an activated synapse (Zukin
et al., 2009; lacoangeli, Tiedge, 2013).

It is known that mutations in genes encoding most of these
proteins result in synapse malfunction and various disorders.
Mutations in the gene for the SHANKS3 protein of the post-
synaptic membrane cause Phelan-McDermid syndrome; in
the gene for PTEN phosphatase, Cowden’s disease; for NF1,
type 1 neurofibromatosis; in the genes for GTPase, H-RAS,
RAF1, and MEKI1 kinase, Costello and Noonan syndromes;
TSC2-TSCI, tuberous sclerosis; FMRP, fragile X syndrome;
UBE3A ubiquitin-protein ligase, Angelman syndrome; and in
genes for neuroligins NLGN3/4 and neurexin NRXN1, typi-
cal autism (Trifonova et al., 2016). Mutations in the Shank3
gene and its abnormal expression are also considered to
cause autism, schizophrenia, and epilepsy (Pega et al., 2011;
Mei et al., 2016; de Sena Cortabitarte et al., 2017; Monteiro,
Feng, 2017; Fu et al., 2020). Mutations in the gene for PTEN
phosphatase often bring forth various neurological diseases:
macrocephaly, epilepsy, mental deficiency, and autism (Zhou,
Parada, 2012; Trifonova et al., 2016).

These data suggest that synapse malfunctions are related to
anomalies in local translation regulation. One of the possible
synaptopathy causes is disturbed proteome stability, which
hampers the formation of synapse plasticity and long-term
memory (Cajigas et al., 2010). Indeed, just poor proteome
stability is reported to be associated with autism and other
neuropsychic disorders (Klein et al., 2016; Louros, Osterweil,
2016).

It should be mentioned that the structure-functional or-
ganization of the system regulating FMRP activity includes
negative and positive feedback loops, which are instability
factors in molecular systems (Mackey, Glass, 1977; Decroly,
Goldbeter, 1982; Goldbeter et al., 2001; Bastos de Figueiredo
etal.,2002; Likhoshvai et al., 2013, 2015, 2016, 2020; Kogai
et al., 2015, 2017; Suzuki et al., 2016; Khlebodarova et al.,
2017).

These regulatory loops act in different time spans. They
are associated with rapid (ca. 1 min) translation activation of
FMRP-dependent mRNAs via PP2A phosphatase and its rather
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rapid (2—5 min) arrest via the activation of S6 kinase (Naraya-
nan et al., 2007, 2008). That is, the normal work of a synapse
is supported by fine dynamic interplay among components of
these signaling pathways at an activated synapse (see Fig. 2).

Analysis of dynamic features of the local translation system
shows that an increase in the rate and efficiency of FMRP-de-
pendent translation may induce instability in the local trans-
lation system, in particular, just in the physiological range of
its operation (Khlebodarova et al., 2018; Likhoshvai, Khle-
bodarova, 2019). This result suggests that the known cases
of ASDs related to the hyperactivity of the translation system
at synapses (Pramparo et al., 2015; Onore et al., 2017) stem
from proteome stability impairments associated with the
formation of complex dynamic patterns of receptor protein
synthesis in response to synapse stimulation (Khlebodarova et
al.,2018,2020). It is a brand-new insight into possible causes
of synaptopathies.

It should be added that the elevated activity of mTOR sig-
naling is a feature of not only ASDs but also other psychic
and neurological diseases: Alzheimer’s disease (Pei, Hugon,
2008), epilepsy (Wong, 2010), and even Down syndrome
(Troca-Marin et al., 2012). It is also presumed that elevated
mTOR activity causes early senescence and age-related neu-
rodegenerative conditions in humans (Johnson et al., 2013).

In this regard, the hypothesis that the high copy numbers of
rRNAs in some individuals are a risk factor for the develop-
ment of ASDs, schizophrenia, and mental deficiency appears
to be reasonable (Chestkov al., 2018; Porokhovnik, 2019;
Porokhovnik, Lyapunova, 2019) on the assumption that in-
dividual variations in copy numbers of rRNA genes correlate
with ribosome concentrations in a cell and the activity of the
translational machinery.

The actin cytoskeleton

and neurodegenerative diseases

The actin cytoskeleton structure determines the morphology
of dendritic spines in nerve cells. Its rearrangements by rapid
assembly of actin monomers (G actin) to filaments (F actin)
and inverse disassembly are essential for the formation of
synaptic plasticity and long-term memory (Penzes, Rafa-
lovich, 2012; Basu, Lamprecht, 2018). Disturbances in the
mechanisms regulating the formation of F actin filaments and
dendritic spine structure are thought to be associated with neu-
rodegenerative disorders: Alzheimer’s disease, schizophrenia,
and autism (Bamburg, Bernstein, 2016; Borovac et al., 2018;
Forrestetal.,2018; Ben Zablah et al., 2020; Lauterborn et al.,
2020). Fig. 3 illustrates the major regulatory events underly-
ing actin cytoskeleton rearrangements in dendritic spines of
glutamatergic synapses in hippocampal pyramidal cells, which
are activated in response to the action of glutamate on metabo-
tropic glutamate receptors mGluR and ionotropic glutamate
receptors NMDAR (N-methyl-d-aspartate receptor) on the
postsynaptic membrane of excitatory synapses.

The induction of actin filament formation and filament
stabilization at an activated synapse depends substantially
on the activity of cofilin and the WAVE regulatory complex,
which is controlled by S6K, LIMK1, and PAK1 kinases via
signaling pathways mediated by the RAS family of small
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Fig. 3. Schematic presentation of the regulation of actin cytoskeleton
formation in dendritic spines of glutamatergic synapses of hippocampal
pyramidal cells in response to synapse stimulation.

mGIuR, NMDAR - receptor proteins; H-RAS, RHOA, RAC1, CDC42 - RAS
GTPases; CakKMII, MEK1/2, RAF1, ERK1/2, S6K1, PAK1, ROCK, LIMK1 - kinases;
CYFIP1 - cytoplasmic FMRP interacting protein 1; WAVE-1 - WAVE-1 regulatory
complex; Arp2/3 - actin binding proteins; Cofilin — actin depolymerization
factor. The proteinaceous products of genes whose mutations are associated
with neurological disorders are shown in red. Green arrows indicate the path-
ways of actin polymerization regulation via mTOR and S6K1, black — via CaKMII
signaling.

GTPases: H-RAS, RhoA, Racl, and Cdc42 (Tapon, Hall,
1997; Rex etal., 2009; Ip etal., 2011; Chen etal., 2017; Schaks
et al., 2018). The operation of these signaling pathways at an
activated synapse depends greatly on fast de novo synthesis of
Rho GTPases (Briz et al., 2015). Arrest of protein synthesis in
dendritic spines of hippocampal cells completely suppresses
the stimulation of RhoA GTPase, cofilin phosphorylation,
and actin polymerization (Briz et al., 2015). A mutation in the
Fmrl gene, which encodes the FMRP protein, the key local
transcription regulator, completely suppresses the physiologi-
cal stimulation of GTPase Rac1 and its effector PAK1 kinase,
disrupting the stabilization of actin filaments at hippocampal
cell synapses (Chen et al., 2010).

Proceeding from the above, the activity of RAS GTPases
controlling the formation and stabilization of actin filaments
in dendritic spines depends directly on their de novo synthe-
sis, i.e., on the activity of mMTOR and FMRP-dependent local
translation. It is conjectured that unstable local translation
(Khlebodarova et al., 2018, 2020; Likhoshvai, Khlebodarova,
2019), also results in hypo- or hyperactivity of RAS, which,
in turn, causes aberrations in the structure of dendritic spines
and neurological disorders associated therewith (Ba et al.,
2013; Pyronneau et al., 2017; Zamboni et al., 2018; Nishiya-
ma, 2019).

Racl GTPase plays the key role in the regulation of the
heteropentameric WAVE regulatory complex. The activity
of this GTPase depends much on S6K and mTORI1 kinases.
Normally, the WAVE complex is inactive, but its interaction

Mechanical stress, local translation,
and neurodegenerative diseases

with Rac GTPase induces its dissociation into two subcom-
plexes: CYFIP1-containing and WAVE1-containing (Derivery
etal., 2009). The latter interacts with the Arp2/3 (actin-related
proteins) complex and induces actin polymerization, as in
Fig. 3 (Cory, Ridley, 2002; Millard et al., 2004; Abekhoukh,
Bardoni, 2014; Molinie, Gautreau, 2018).

The disintegration of the WAVE complex and aberrant
WAVEI] activation cause epileptic encephalopathy (Nakashi-
maetal., 2018; Zhang et al., 2019; Zweier et al., 2019; Schaks
et al., 2020). This may happen in cases of abnormal stoichio-
metric control of WAVE component synthesis (Abekhoukh
et al., 2017) or mutations disrupting the interaction between
WAVEI and CYFIP2 (Nakashima et al., 2018; Zhang et al.,
2019; Zweier et al., 2019; Schaks et al., 2020).

It should be noted that CYFIPI1, being one of the main
components of the WAVE regulatory complex, is also involved
in translation regulation at its initiation step by interaction
with the RNA-binding FMRP protein (Napoli et al., 2011).
Thus, the mechanisms regulating local translation and actin
cytoskeleton rearrangements in neural dendritic spines are
additionally interlinked via the CYFIP1 protein (De Rubeis
etal., 2013).

Conclusions

Analysis of presently available data shows the mechanisms
regulating the local translation system at synapses and dy-
namic rearrangements of the actin cytoskeleton in dendritic
spines of nerve cells, which play the central role in the for-
mation of various types of synapse plasticity and long-term
memory, are closely linked to each other and to the activity
of the YAP/TAZ mechanosensor. This sensor can indirectly,
via mTOR and S6K kinase, affect both translation efficiency
and the state of actin filaments in dendritic spines (Tapon,
Hall, 1997; Tumaneng et al., 2012; McCarthy, 2013; Reddy et
al., 2013; Briz et al., 2015; Hu et al., 2017; Seo, Kim, 2018).

It is well substantiated that mTOR hyperactivity and func-
tional aberrations in practically every component of the local
translation system and of the machinery controlling rearrange-
ments of the actin cytoskeleton in dendritic spines can cause
numerous neurodevelopment disorders of various origins (Pei,
Hugon, 2008; Wong, 2010; Johnson et al., 2013; Pramparo et
al., 2015; Onore et al., 2017; Pyronneau et al., 2017; Trifonova
etal.,2017; Nakashima et al., 2018; Nishiyama, 2019; Zhang
etal., 2019).

Theoretical analysis of the dynamic features of local transla-
tion system operation presented in (Khlebodarova et al., 2018,
2020; Likhoshvai, Khlebodarova, 2019) suggests that one of
the possible mechanisms of neurological disorders arising
under chronic mechanical stress is the abnormal hyperacti-
vity of mTOR and local translation at the synapse. It induces
the dynamic instability of de novo protein synthesis at the
activated synapse.

Thus, it is obvious that chronic mechanical stress may be
one of the risk factors for synaptopathies and neurodegene-
rative diseases because of mTOR hyperactivation, which
disturbs proteome stability, much needed for proper synapse
plasticity and long-term memory (Klein et al., 2016; Louros,
Osterweil, 2016).
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