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Efﬁcient Prevention of
Neurodegenerative Diseases
by Depletion of Starvation
Response Factor Ataxin-2
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Ayşe-Nazli Başak,3 and Aaron D. Gitler4
Ataxin-2 (ATXN2) homologs exist in all eukaryotic organisms and may have
contributed to their origin. Apart from a role in endocytosis, they are known for
global effects on mRNA repair and ribosomal translation. Cell size, protein
synthesis, and fat and glycogen storage are repressed by ATXN2 via mTORC1
signaling. However, speciﬁc liver mitochondrial matrix enzymes and the
mitochondrial repair factor [257_TD$IF]PINK1 require ATXN2 abundance. During periods
of starvation, ATXN2 is transcriptionally induced and localized to cytosolic
stress granules, where nuclear factors dock to compensate RNA pathology.
These physiological actions were now revealed to be crucial for human
neurodegenerative diseases, given that ATXN2 depletion is surprisingly
efﬁcient in preventing motor neuron and cerebellar atrophy, as demonstrated
in mouse models, ﬂies, and yeast.

Trends
Ataxin 2 (ATXN2) orthologs containing
Lsm, PAM2, and PRD motifs are now
identiﬁed from man to yeast and
plants.
Global growth repression in stress periods by ATXN2 via inhibition of
mTORC1 phosphorylation signals
was recently shown in yeast, worms,
and man.
Compensatory breakdown of lipids via
ATXN2 was observed in worms, ﬂies,
and mammals.
Both effects are modulated by speciﬁc
mitochondrial matrix enzymes (e.g.,
IVD, ACADS) under the control of
ATXN2. Factors responsible for elimination of dysfunctional mitochondria
and bacteria (e.g., PINK1) are also
governed by ATXN2, so it may have
contributed to eukaryotic origin.

Introduction
Age-associated human diseases are a major burden for developed society. The underlying
factors include environmental stressors and hereditary vulnerabilities. Whether toxic life events
repeatedly overwhelm the defense capacity of an organism will depend on speciﬁc genes and
their variation as well as on nutrient availability and stored energy. In particular, with the
domestication of endosymbionts of bacterial origin, namely, mitochondria and chloroplasts,
it must have become important for eukaryotic cells to expand their genetic machinery to
compensate the deleterious consequences of chronic oxidative stress and carbohydrate/lipid
depletion. The repair of fragile single-stranded RNA had to be ensured, and the recruitment of
alternative fuels from storage [259_TD$IF]needed to be managed. Besides, cell growth had to be repressed
during periods of excessive bioenergetic demands or of nutrient starvation. The chronic
dysregulation of these processes would prominently affect cells with high rates of mitochondrial
respiration such as neurons, which cannot undergo cell division and will insidiously accumulate
the deleterious consequences during the organism’s life span. Ataxin-2 (human gene symbol
ATXN2) is now emerging as a key factor for human neurodegenerative diseases, and it appears
to act within this machinery of nutrient disposal and damage repair.

Ataxin-2 Homologs in Phylogenesis
During phylogenetic evolution, a protein with a combination of domains similar to ATXN2 was
never found among prokaryotes, but it appears in every eukaryotic organism, irrespective of
whether it contains mitochondria or chloroplasts. Land plants have several copies of the gene
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Depletion of ATXN2 levels is neuroprotective in ALS and in SCA2 [258_TD$IF]mouse
models; this conﬁrms previous observations in yeast and ﬂies.
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family (CID3/CID4 in Arabidopsis thaliana), with each plant species having at least one copy.
Yeast strains contain one copy (PBP1 in Saccharomyces cerevisiae), while vertebrate animals
have two copies, except birds [1]. The complete gene family targets RNAs to adapt cells to
rapid environmental changes [2].
[260_TD$IF]The conserved protein structure [261_TD$IF]of ATXN2 homologs is composed of three elements: First, it
contains a PAM2 motif toward the C terminus, which mediates direct protein interaction with
the cytosolic poly(A)-binding protein PABPC1, and thus the association with the 30 -untranslated region of all mRNAs during ribosomal translation in periods of cell growth, or its
association with these mRNAs in stress granules in periods of stalled translation and RNA
quality control [3,4]. Second, toward the N terminus it contains an Lsm (like Sm) domain and an
Lsm-associated domain [26_TD$IF](LsmAD), implicated in the cytosolic refolding and maturation of a wide
spectrum of RNAs and [263_TD$IF]in their degradation. Apparently, this triggers a preferential interaction of
Ataxin-2 with uridine-rich cis-regulatory elements in the 30 -untranslated region of speciﬁc
mRNAs, such as the growth-associated AU-rich elements [5]. Third, it commonly contains
proline-rich domains [264_TD$IF](PRD), which are known to mediate the association with the receptor
endocytosis apparatus and inﬂuence the trophic state of cells [6,7]. In this way, mammalian
ATXN2 interacts with GRB2 and endophilin-A, presumably inﬂuencing both the clathrinindependent fast-acting endocytosis and the dendritic spine morphogenesis of neurons [8–10].
It is interesting to note that a polyglutamine (polyQ) domain (encoded by a CAG repeat) is
present only among primates and among insects [1]. The unstable expansion of this repeat in
humans causes an age-associated multisystem neural atrophy with preferential affection of
motor neurons, cerebellar [265_TD$IF]Purkinje neurons, and basal ganglia neurons including the thalamus
[11,12]. This condition was termed as ‘spinocerebellar ataxia type 2 (SCA2)’, and thus provided
the name for Ataxin-2.

Inﬂuence of Ataxin-2 on mRNA Translation
Apparently, ATXN2 is needed to counteract starvation, given that it is transcriptionally induced
in human and mouse cells that are deprived of glucose, amino acids, and lipid-containing
serum [13]. During periods of low glucose levels, oxidative stress, overheating, or viral infection,
yeast PBP1 and the other members of the ATXN2 protein family will relocalize together with its
interactor poly(A)-binding protein to cytosolic stress granules, where the repair of RNAs occurs
and their decay is decided [13,14]. This cellular damage compensation effort occurs in
interaction with several other RNA-binding proteins that are relocalized from the nucleus to
stress granules, such as TDP-43, FUS, or TIA-1, and this seems essential for the long-term
health of neurons [15–21]. Gene redundancy in mammals is ensured by another homolog,
which was termed Ataxin-2-like (ATXN2L) or Ataxin-2-related protein (A2RP), but it lacks the
polyQ domain. It has a stronger association with the nucleus than ATXN2 in periods of health,
also relocalizes to stress granules during arsenite or heat treatment, and is able to
heterodimerize with ATXN2 [22–25].
Effects of ATXN2 on mRNA translation were ﬁrst established as the cause of conspicuous
phenotypes in several species. Ambivalent evidence emerged that it acts as a global
translational repressor in stress periods, as would be expected from a component of stress
granules, and also as a translational enhancer of speciﬁc mRNAs in growth periods, as
expected in view of its association with polysomes. The absence of its ortholog ATX-2 in
the nematode Caenorhabditis elegans leads to abnormal masculinization of the germ line via
insufﬁcient translation of speciﬁc factors, [26_TD$IF]for example, the rme-2 mRNA that is controlled by
MEX-3 and GLD-1, an ortholog of the myelination factor QKI [26]. In Drosophila melanogaster
ﬂies, its ortholog dATX2 causes actin-dependent phenotypes together with female sterility [27].
Similarly, its suppression in ﬂies causes an altered circadian rhythm via insufﬁcient translation of
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the clock-component PERIOD via LSM12–TYF interaction [28–30], with some circadian
phenotypes also detectable in Atxn2-knockout mice [31], but at the same time it mediates
an opposite silencing effect on NOT1 via DDX6/ME31B interaction [30]. Initial ﬁndings showed
the global translation rate of mouse cells with ATXN2 deﬁciency to be reduced and suggested
ATXN2 to act as global translation activator. However, these experiments involved a starvation
period followed by maximal growth stimuli, so unresolved RNA damage may have reduced
translation rates [13,32]. It is important to consider that the deletion of yeast PBP1 suppresses
the lethality due to deletion of the global translation activator PAB1, the poly(A)-binding protein
[33]. This indicates the importance of PBP1/ATXN2 and suggests that it acts as an inhibitor of
global mRNA translation. Indeed, the global effect of ATXN2 on growth seems to be repressive,
given that body size, cell size, and nutrient storage increase after ATXN2 depletion [34,35]. A
role of ATXN2 as translation suppressor for speciﬁc targets was also reported, since the
expression of a Ca2+[256_TD$IF]/calmodulin-dependent protein kinase II translational reporter was
increased by the knockdown of dATX2 [36]. In worms, ATX-2 depletion impedes microtubule
growth and nuclear cytokinesis, via direct protein interaction with the prion[267_TD$IF]-like protein SZY-20,
so centrosome size is inversely correlated with ATX-2 abundance [37,38]. These data may
explain why ATXN2-depleted cells with excess nutrients increase in size instead of entering
proliferation.
Other ATXN2 protein interactors also contain RNA-binding domains, and thus underscore its
importance for RNA processing and brain diseases: (i) The Ataxin-2 binding protein 1 (A2BP1 or
RBFOX1) is a nuclear splicing factor that modiﬁes neuronal excitability and was implicated in
autism [39–41]. (ii) The DEAD/H-box RNA helicase DDX6 as a component of stress granules
and P-bodies associates with ATXN2 and with ATXN2L to modulate mRNA storage in periods
of stalled translation as well as the degradation of mRNAs [3,22,42]. (iii) The FMRP protein,
whose mutations are responsible for the fragile X mental retardation syndrome, associates with
polysomes and interacts with ATXN2 for olfactory habituation in a process that involves the
microRNA pathway and synaptic plasticity [36,43] (Figure 1).

Modulation of Growth in Stress Periods by Ataxin-2 Occurs via mTORC1
Signaling
It was now shown that ATXN2 acts as a repressor of mechanistic target of rapamycin (mTOR)
signaling in mouse ﬁbroblasts and human neural cells, thus blocking protein biosynthesis and
cell growth in times of bioenergetics deﬁcit [13]. It is still a matter of controversy how this is
achieved precisely. In yeast, a transient sequestration of the mTORC1 ortholog TOR1 to stress
granules in periods of excessive heat is observed, which is prevented by PBP1 deletion and
driven by PBP1 overexpression. This was conﬁrmed by a coimmunoprecipitation experiment,
indicating a direct interaction between an overexpressed N-terminal PBP1 fragment and TOR1
[44]. This TOR1 sequestration occurs in response to a PBP1 phosphorylation by the PAS
domain containing serine/threonine kinase PSK1, itself regulated via phosphorylation by the
AMP kinase ortholog SNF1 as a response to low energy levels [45]. A slightly different scenario
has been proposed in C. elegans, where ATX-2 also suppressed mTOR signals, but in an
indirect manner via association with a component of the tuberous sclerosis complex [34]. These
data from two model organisms agree with ﬁndings in mammalian cells that the functions of
ATXN2 and ATXN2L are governed by phosphorylation events [46]. In addition, recent data
suggest that ATXN2 affects cell growth via several downstream phosphorylation cascades, as
repressors of mTOR and phosphoinositide 3-kinase signals and as enhancers of PINK1 kinase
[13,47]. Thus, ATXN2 is centrally placed within phosphorylation cascades that control the
trophic state of cells, particularly mRNA translation, lipid signals, and autophagy.
Many lines of evidence suggest that Ataxin-2 family members play a role in starvation-induced
autophagy, in view of their interaction with growth factor receptor endocytosis and signaling
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Figure 1. ATXN2 Protein Features with Interaction Targets. Direct association of ATXN2 with proteins and mRNA targets under physiological conditions at the
ribosomal translation apparatus and at the endocytosis machinery differs from interactions with stress granule components in periods of starvation and oxidative stress,
and during accumulation and aggregation. The polyQ domain has strong hydrophilicity and surface probability, so its expansion probably alters the conformation, with
consequences of decreased solubility and aggregation of the entire protein, in parallel to aberrant interaction with ITPR1. Among the four PRDs, the N-terminal and
central domains show best experimental interaction. A superstructure of alpha, beta, and coil regions is not apparent.

[6,7,48], with the AMP kinase ortholog SNF1 [45], with mTOR signaling [13], and with PINK1
[47], all of them being known coordinators of the macroautophagic pathway. These global
repressive effects on growth may explain [268_TD$IF]several indirect effects of ATXN2 on diverse
pathways, simply as consequences of general transcription and translation rates. For example,
PBP1 is a modiﬁer of the average poly(A)-tail length of mRNAs, which is controlled by
deadenylases and depends on translational activity [5,49]. Similarly, deﬁciency in PBP1 or
ATXN2 leads to accumulation of nuclear RNA–DNA hybrids, a process that is repressible by
Mg2+, dependent on RNaseH1, and can be counteracted by calorie restriction [50]. RNA–DNA
hybrids appear as by-products of normal transcriptional activity, so an increase in their number
may simply reﬂect the increased size of ATXN2-depleted cells. Consequently, dATX2 enhances
another PAS domain containing factor, the circadian rhythm factor PER [28,29], which triggers
the general repression of metabolism and protein synthesis during nighttime (Figure 2).

Ataxin-2 Effects on Nutrients and Life Span Are Mediated by Which mRNA
Targets?
In patients with SCA2, a depletion of subcutaneous fat stores is evident before the ﬁrst
subjective complaints and objective signs of motor deﬁcits appear. Conversely, in mice with
ATXN2 deﬁciency, the overall phenotypes are due to an accumulation of hepatic/gonadal/
intestinal/subcutaneous fat and of glycogen in liver granules, with the consequence of obesity,
dyslipidemia, insulin resistance, and infertility [48]. In D. melanogaster, the knockdown of
dATX2 exclusively in the larval fat body leads to reduced growth and elevated death of the
ﬂies during development, presumably due to inadequate lipid breakdown [51]. Similarly, in
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Ataxin-2 (over)acvity

Promotes stress granule assembly,
sequestrates TDP-43 to cytosol,
depletes subcutaneous fat stores,
reduces purkinje neuron ﬁring,
triggers neuroblastoma apoptosis
& neural atrophy
Represses mTORC1 signals,
reduces weight
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impedes microtubule growth
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Rescues TDP-43 toxicity,
rescues ATXN2-induced neural atrophy,
rescues ATXN1-induced neural atrophy,
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Rescues TDP-43-induced neural atrophy,
rescues ATXN2-induced neural atrophy,
triggers fat & starch accumulaon,
enhances receptor endocytosis,
reduces mitochondrial BCAA degradaon,
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Figure 2. Evolution of ATXN2 Functions. Yeast, worm, ﬂy, and mammalian evidence supports the roles of ATXN2 for RNA translation at ribosomes and RNA repair
at stress granules, for the suppression of global protein synthesis via mTORC1, for the storage of fat/glycogen, and for fuel breakdown at mitochondria in periods of
excessive bioenergetic demands. TCA, tricarboxylic acid.

C. elegans it was recently shown that fat content of dietary-restricted worms increases by ATX2 deﬁciency [34]. Consistently, these results underline the key role of Ataxin-2 in the recruitment
of stored reserve fuels.
The identity of some mRNAs that are controlled by ATXN2 to mediate all these effects was
revealed in several publications over the past two years, and interestingly a large part of them
encode mitochondrial precursor proteins or control the cytosolic breakdown of stored fuels.
The investigation of the global transcriptome of mouse brain with ATXN2 deﬁciency revealed a
marked reduction in the mRNA levels of isovaleryl dehydrogenase as a mitochondrial matrix
enzyme crucial for the breakdown of the amino acid leucine, and of several factors associated
with the endoplasmic reticulum [52], in parallel to an increase in the mRNA levels of several
components of the translation machinery [32]. Leucine levels are a determinant of mTORC1
signaling and protein synthesis [53]. Proﬁling efforts of the global proteome and metabolome of
mouse brain and liver with ATXN2 deﬁciency conﬁrmed the substantial decrease in the levels of
isovaleryl dehydrogenase (to 7% upon quantitative immunoblots in liver) and of other
mitochondrial matrix enzymes that degrade short fatty acids and branched chain amino acids,
such as ACADS, ALDH6A1, ALDH7A1, MCCC2, PCCA, and OTC. In addition, decreased
levels were also demonstrated for components of the mitochondrial citric acid cycle [54].
Another study deﬁned the global proteome proﬁle of yeast with PBP1 deletion without or with
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stress from NaN3 or heat administration, again detecting signiﬁcant downregulations of
bioenergetics key enzymes, such as KGD2 (a component of the mitochondrial alphaketoglutarate dehydrogenase complex) and CIT1 (the rate-limiting enzyme of the mitochondrial
citric acid cycle) in the absence of stress, together with reduced levels of the stress granule
component GIS2 during heat or NaN3 stress [55]. Interestingly, it was also shown that a
reduction of several eisosome proteins, involved in fast endocytosis, occurs as a consequence
of PBP1 deletion during stress [55]. Thus, in parallel to the repression of global protein synthesis
during stress periods, it requires ATXN2 to maintain normal levels of speciﬁc mitochondrial
precursors.
Moreover, yeast PBP1 is crucial to rescue mitochondrial dysfunction. A recent genome modiﬁer
survey studied cells with a mitochondrial dysfunction that diminishes the proton gradient and
impairs the import of nuclear-encoded mitochondrial precursor proteins. The cell death of these
cells was shown to occur by cytosolic overaccumulation of the precursors; this toxicity could be
rescued by overexpression of (i) the stress granule components GIS2 and PBP1, (ii)
components of the cytosolic ribosomal translation apparatus, (iii) modiﬁers of mTOR growth
signals, or (iv) the RNA processing machinery [35]. Therefore, an ATXN2-mediated repression
of mTOR and global protein synthesis would seem to be the plausible mechanism to prevent
mitochondrial precursor overaccumulation stress. Previously, it had been shown that the
viability of yeast cells lacking mitochondrial DNA depends on altered mitochondrial import
and can be modiﬁed by mutations of cytosolic PBP1 [56]. The effects of ATXN2 on stressed
mitochondria were also conﬁrmed in patient blood, mouse tissue, and human neural cells,
where it was shown to enhance the mRNA levels of PINK1 [47], a mitochondrial quality control
factor whose absence triggers precursor import deﬁcits [57]. ATXN2 also enhances the levels of
OPA1 [47], a crucial factor for mitochondrial repair by fusion, whose mutation triggers an
autosomal dominantly inherited neurodegenerative process of the optic nerve [58]. It is relevant
to note that ATXN2 dysfunction leads to dysregulated calcium homeostasis in neurons; this
might also be due to mitochondrial dysfunction, not only to the proposed pathology at the
endoplasmic reticulum by interaction of accumulated expanded ATXN2 with ITPR1 [52,59].
Curiously, within the ﬁrst 100 N-terminal amino acids of the reference sequence of human
ATXN2, a mitochondrial targeting motif is predicted by some algorithms and indeed this
recombinant fragment localizes to mitochondria (unpublished observation), but current
research suggests the start methionine codon of ATXN2 to lie beyond this sequence [60],
and indeed the subcellular localization, fractionation, and cosedimentation studies of full-length
ATXN2 have never detected a mitochondrial association even under stress conditions [4,13].
Overall, ATXN2 emerges as a key cytosolic factor that modiﬁes mitochondrial energy production and health. Given that it governs the mitochondrial usage of fuels stored in the cytosol and
that it controls the repair and elimination of dysfunctional mitochondria via PINK1, the ATXN2
protein family throughout eukaryotic evolution may have contributed to the domestication of
endosymbionts.

Gain-of-Function versus Loss-of-Function, Neural Atrophy versus Metabolic
Excess and Cancer
The gain-of-function of ATXN2 triggered by unstable expansion of the polyQ domain with
subsequent protein aggregation always results in neural atrophy, affecting different neuronal
projections in dependence on severity. The normal size of the polyQ domain contains 22–23
successive glutamines, encoded by the nucleotide sequence (CAG)8CAA(CAG)4CAA(CAG)8–9.
Intermediate expansions of ATXN2 (Q27–33) trigger a degeneration of motor neurons, with the
clinical picture of amyotrophic lateral sclerosis (ALS) and appearance of cytosolic TDP-43
inclusion bodies [18,61,62]. Depending on either the presence of CAA interruptions or the
presence of modiﬁer genes from Asian background, intermediate expansions of ATXN2 were
repeatedly observed in Chinese individuals affected by Parkinson’s disease with preferential

512

Trends in Neurosciences, August 2017, Vol. 40, No. 8

degeneration of dopaminergic midbrain neurons [63,64]. Large polyglutamine expansions in
ATXN2 (Q34) result in the multi[269_TD$IF][53-system-atrophy of neural tissue, which became known as
‘SCA2’ and shortens life span to about 15 years from clinical manifestation to death [65,66].
Clinical and neurophysiological evidence in individuals at the prodromal stage of SCA2
suggests that demyelination is a relatively early feature in this neurodegenerative disorder
[67,68].
Conversely, depletion of ATXN2 in mouse triggers obesity, dyslipidemia, and insulin resistance,
in a combination of ﬁndings that is typical of the human metabolic excess syndrome [48]. It is
important to note that genetic variants at the chromosomal locus of human ATXN2 are
associated with abnormal metabolism of lipids and carbohydrates and also carry a risk for
obesity, hypertension, and diabetes mellitus, thus acting as relevant genetic modiﬁers for the life
span of centenarians [69,70]. Children with extreme early onset obesity were found to display
an association with expansions and single-nucleotide polymorphism alleles within ATXN2 [25].
In an Egyptian family with ATXN2 polyQ expansion (several patients with Q39–52), it was noted
that the affected individuals at midstages of disease exhibited increased consumption of all
types of food with concomitant obesity and presented skin fat deposits in the absence of
altered blood lipid proﬁles; at preﬁnal stages they manifested reduced swallowing and weight
loss [71]. To interpret this time course, it is important to know that mTORC1 in the brain
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hypothalamus acts as the central regulator of food intake and body weight [72]. The clinical
course thus suggests mutant ATXN2 initially to be deﬁcient in mTORC1 repression, while the
preﬁnal progressive accumulation of ATXN2 aggregates leads to excessive mTORC1
repression (Figure 3).

Therapeutic Suitability of Ataxin-2 Regulation
Ataxin-2 was proposed as a general modiﬁer gene for neurodegenerative processes, when a
ﬁrst compendium of modiﬁers on the basis of experimental evidence in the organisms
D. melanogaster, C. elegans, and S. cerevisiae was assembled [73]. The ﬁndings so far show
that ATXN2 overexpression potentiates the severity of atrophy in models of TDP-43-triggered
ALS, SCA1, SCA3, and tauopathies [18,74–76], while the deﬁciency of ATXN2 postpones the
pathology and reduces progression rate at least in the ﬁrst two disorders [18,74,77]. In the case
of an ALS mouse model with a life span below 30 days, it was recently revealed that the genetic
ablation of ATXN2 may extend life span to over 300 days. This was accompanied by reduced
conﬂuence of stress granules, and by reduced insolubility of the nuclear RNA-binding protein
TDP-43, whose abnormal deposition in cytosolic aggregates is a pathological hallmark of motor
neurons in ALS. Intriguingly, a signiﬁcant rescue of survival was also achieved through ATXN2
knockdown via antisense oligonucleotides [77]. This technical approach was also successful in
reducing the toxic overactivity of ATXN2 in a mouse model of SCA2 [78], providing proofof-principle that preventive therapy for patients is now within reach. It is presently unclear to
what degree this neuroprotective effect of ATXN2 depletion can also be applied to Parkinson’s
disease and Alzheimer’s disease.
Conversely, the modulation of Ataxin-2 abundance also seems to be a potent modiﬁer of tumor
growth, since it was shown that the spontaneous regression in about 10% of childhood
neuroblastoma tumors coincides with the upregulation of Ataxin-2 expression. Therefore,
recombinant overexpression could be successfully applied to drive neuroblastoma cells into
apoptosis [79].
It will be compelling to explore if the regulation of ATXN2 function via phosphorylation can be
indeed targeted by drugs in man, which would be widely applicable in the treatment of neural
atrophy, metabolic excess syndrome, and cancer.

Concluding Remarks
Depletion of ATXN2 is an unexpectedly efﬁcient way to prevent and mitigate the atrophy of
motor neurons and cerebellar Purkinje cells in animal models of ALS and SCA2, making
experimental therapy of patients imminent. The physiological roles of ATXN2 in all eukaryotic
organisms, which may have initially contributed to the domestication of endosymbionts, are
diverse, but recent advances have deﬁned its crucial function among stress responses. It is
critical to recruit stored lipids and glycogen in periods of low glucose availability and of high
energy demands, maintaining their breakdown in mitochondria. Furthermore, it promotes
stress granule formation to repair damaged RNAs, while repressing ribosomal mRNA translation and restricting cell growth. It serves as a central hub within phosphorylation cascades,
responding to activation signals from AMP kinase, inhibiting mTOR kinase, and promoting
PINK1 kinase. Probably, it further inﬂuences the initiation of autophagy. Future investigations
will focus on ATXN2 activity regulations and the redundancy with its homolog ATXN2L, to not
only advance neuroprotective treatments, but also to modulate the metabolic excess syndrome and cancer (see Outstanding Questions).
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Outstanding Questions
By which enzymes does ATXN2
regulate glycogen breakdown in
periods of glucose depletion?
How does ATXN2 recruit lipids from
subcutaneous adipocytes and from
lipid droplets during stress?
What cargoes are endocytosed and
which growth factor receptors are
controlled by ATXN2?
Which protein domains and what
speciﬁc adaptor molecules mediate
the effects of ATXN2 on the actin
cytoskeleton?
Do selective mRNA and microRNA
targets of ATXN2 exist, beyond the
general quality control?
Can we identify a speciﬁc domain
within ATXN2 that is responsible for
mTORC1 repression?
Given that many mammalian orthologs
of yeast SNF1 and PASK exist, what
are the key factors upstream from
ATXN2 and how are they responding
to Ataxin-2 mutations?
Is the role of ATXN2 in autophagy
obvious?
Does ATXN2 also inﬂuence nuclear
constitutents, further conﬁrming its
role in eukaryotic origin?
Will components of speciﬁc pathways,
which are sequestrated into the
cytoplasmic aggregates of polyQexpanded ATXN2, provide clues to
preventive therapy of SCA2 and ALS?
Are the neuroprotective effects of
Ataxin-2 deﬁciency selective for motor
neurons and cerebellar Purkinje
neurons, or does ATXN2 also inﬂuence
pathology in dopaminergic midbrain
neurons and in neurons of the cerebral
cortex, which are primarily responsible
for
Parkinson’s
disease
and
Alzheimer’s dementia?
Do circadian rhythms
ATXN2 production?

modulate

The role of ATXN2 in obesity and
insulin resistance – is it a relevant
therapeutic target?

Could tumor suppression be achieved
by ATXN2 gain of function in any type
of cancer?
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