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In Brief

Polyglutamine-expanded ATXN2

triggers toxic protein

interactions and disrupts

autophagy in SCA2. i

Phosphoproteomic prOfIIIng of - SH3-FYN S21 PRV-WNKL $722/740 [ IOl 744/50  RPsska1 5360

PRM-CBL S617 PRM-WNK1 S165 | NEK9 —

Spinal cord tissue from Atxn2- SH3-ITSN1 $315 SPAK  SPARCL1 Y349/5155/

1/415/418

CAG100-KIN mice reveals key Y109 SH3-CIN8S=SH3KBPL o350, pRrvi-sH3 T738 2PRM-SQSTM1 S2
. . Rs2(Sf88  PRV-ATXN2a 0'561 e 22 68
phosphorylatlon Changes n \rs2 T 2 4/ TsC2 v1745/S1746/1749 | NBR1 S116/A87)T647 HspB1 S18/86
ALS-related proteins and A :ﬂ R A
autophagy regulators. Findings e [ R AT — P3P e Tou2 :1:: sars
- mTOR S1162 Pl
suggest abnormal polyQ- oo ikt e swcr " [ww-row s462/472
. _ . . TBC1D14 S296 TNIP1 S279
proline $H3 interactions as a ke an g
central disease mechanism, | oPTN SERY7
resembling Huntington’s beT sk
athO I O . pPIA | S159 Isolation membrane Phagophore Autophagosome Autolysosome
p gy UBQLN2| $271 WiPI
ATG9
PSMB1 | S61 VPS13A S845 Lysosome
gpsrxms - CepT1/ 740

—— ?PRM-ATG2A T1601/SH008JB07/1613

Highlights

e Hyperphosphorylations in polyQ-expanded ATXN2 have pathophysiological implications.
¢ PolyQ-expanded ATXN2 triggers phosphorylation with enrichment among SH3 proteins.
¢ Excessive autophagy in SCA2-ALS13 seems to be a primary phenomenon.
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Spinal Cord Phosphoproteome of SCA2 Mouse
Model Reveals Alteration of ATXN2-N-Term
PRM-SH3-Actin Interactome and of Autophagy

Luis-Enrique Almaguer-Mederos'*@, Arvind Reddy Kandi'*®, Nesli-Ece Sen’,
Julia Canet-Pons’, Luca-Malena Berger', Matthew P. Stokes”®, Kathryn Abell’,
Jana Key'®, Suzana Gispert', and Georg Auburger'

Toxic polyglutamine (polyQ) expansions in ataxin-2
(ATXN2) trigger neurodegenerative processes, causing
spinocerebellar ataxia type 2, and enhancing TAR DNA-
binding protein 43-dependent pathology in amyotrophic
lateral sclerosis/frontotemporal dementia. Primary dis-
ease events can be compensated transiently, delaying
disease manifestation. To define potential therapy tar-
gets, here we studied how cells modify phosphoprotein
signals, using preferentially affected nervous tissue
from end-stage Atxn2-CAG100-Knockin mice. The
spinal cord phosphoproteome revealed massive hyper-
phosphorylations flanking the polyQ expansion in ATXN2
and for SQSTM1 and moderate hyperphosphorylations
also for amyotrophic lateral sclerosis proteins, OPTN
(optineurin), UBQLN2 (ubiquilin-2), TNIP1 (TNFAIP3
interacting protein 1), and TBK1-targeted TAX1BP1.
Conversely, strong hypophosphorylations of WNK1
(protein kinase with no lysine 1), SPARCL1 (secreted
protein acidic and cysteine rich-like 1), and PSMD9
(proteasome 19S regulator non-ATPase assembly chap-
erone P27) were found. Significant enrichments of
SRC-homology domain type 3-containing proteins,
autophagy/endocytosis factors, and actin modulators
could be explained by N-terminal, polyQ-adjacent, pro-
line-rich motifs in ATXN2, suggesting that spinocer-
ebellar ataxia type 2 pathogenesis is highly similar to
Huntington’s disease, where neurotoxicity is mediated
by abnormal polyQ-proline-rich motif-SRC-homology
domain type 3 interactions. Validation of protein and
mRNA levels was done in mouse spinal cord and em-
bryonic fibroblasts or patient fibroblasts after bafilomy-
cin or arsenite treatment, observing polyQ-dependent
OPTN deficiency and SQSTM1 induction impairment.
Overall, this phosphoproteome profile identified and
quantified the main cellular efforts in adapting

autophagy pathways to the aggregation propensity of
the ATXN2-N-term.

Spinocerebellar ataxia type 2 (SCA2) is a rare neurode-
generative disorder with autosomal dominant inheritance,
caused by a cytosine-adenine-guanine (CAG)n repeat
expansion mutation in the ataxin-2 (ATXN2) gene (human
gene symbol ATXN2, chromosomal cytogenetic band
12g24.12), encoding an expanded polyglutamine (polyQ) tract
near the N-terminus of ATXN2 protein (1-3). Repeat expan-
sions beyond (CAG)32 repeats lead to typical spinocerebellar
manifestation by affecting glutamatergic synapses preferen-
tially. This occurs in two main areas: in the spinal cord, where
it impacts connections between upper and lower motor
neurons, and in the cerebellum, where it disrupts the synap-
ses between granule neuron parallel fibers and the dendritic
trees of Purkinje neurons. Subsequent atrophy of further
neuronal circuits, denervation of skeletal muscles, and
demyelination, with final patient immobility, lead to a char-
acteristic combination of tremor, leg cramps, slowed
saccadic eye movements, decreasing body mass index, and
death within 30 years after clinical manifestation (4-8). While
unable to cause the monogenic, fully penetrant SCA2, the
intermediate-length expansions with size (CAG)27-32 act
within polygenic networks to increase the disease risk and/or
progression of 1) amyotrophic lateral sclerosis (ALS or ALS13)
(9-14), 2) frontotemporal dementia (FTD) (15-17), 3) tauo-
pathies named as progressive supranuclear palsy or as Par-
kinson plus (18), and also 4) idiopathic Levodopa-responsive
Parkinson’s disease (19). ALS and FTD display a character-
istic neuropathological combination of cortical and spinal
motor neuron degeneration in the absence of cerebellar
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atrophy, with the appearance of cytosolic inclusion bodies
that contain the normally nuclear ribonucleoprotein (RNP)
TAR DNA-binding protein 43 (TDP-43) as a hyper-
phosphorylated, ubiquitinated, and proteolytically cleaved C-
terminal fragment (20, 21). This RNP-RNA aggregation pro-
cess in ALS-FTD usually occurs without colocalization of
expanded ATXN2, except transiently in individual patients
(22-25).

In view of the causal neurotoxic role of ATXN2 for SCA2,
and of its modifier role for ALS and FTD, the most promising
approaches toward their preventive neuroprotective treat-
ment are focused on repressing the expression of ATXN2
mMRNA. Successful preclinical studies showed the KO of
murine  ATXN2 to extend the survival of TDP-43-
overexpressing mice from 20 days to more than 2 years
(26). The in vivo administration of antisense oligonucleotides
(ASOs) or Cas13 CRISPR effectors to eliminate murine Atxn2
mRNA was found to improve functional deficits, extend sur-
vival, and reduce neuropathology in ALS models (26-28).
Similarly, preclinical studies conducted in SCA2 mouse
models also showed ASO intrathecal delivery as a promising
disease-modifying treatment for this condition (29). Further-
more, the identification of small drugs that minimize ATXN2
expression was beneficial in an SCA2 mouse model by
normalizing molecular markers of pathology such as the
levels of the selective autophagy receptor (SAR) SQSTM1,
also known as p62 (30). Conversely, the lentiviral introduction
of expanded ATXN2 into the brain triggers the accumulation
of LC3-Il and SQSTM1 as aggrephagy mediators (31, 32),
whereas pharmacological autophagy enhancement is pro-
tective in SCA2 models (33). Thus, clinical trials to prevent
SCA2 and ALS via ATXN2 knockdown approaches have been
initiated and will need to be optimized by the identification of
the neurotoxic ATXN2 interactions and by the definition of
molecular events that serve as biomarkers for progression
versus regeneration.

What are the binding partners and physiological roles of
ATXN2, what is its connection with TDP-43, and how does
ATXN2 acquire neurotoxicity upon polyQ expansion? It is
relevant to know that the KO of ATXN2 results only in age-
associated obesity, hypercholesterolemia, and hep-
atosteatosis (34-36), whereas the KO of its more abundantly
expressed paralog Ataxin-2-like (ATXN2L) causes mid-
embryonic lethality (37). Vertebrates (except birds) have
developed two independent ATXN2 gene copies, whereas
only one gene copy exists from nematode worms (ATX-2) via
fruit flies (dAtx2) to yeast (PBP1), and land plants like Arabi-
dopsis thaliana again have two copies (CID3 and CID4) (38). A
strong sequence conservation across eukaryotes is most
evident in several functional domains:

i. As a common element in all ATXN2 family members, the
poly(A)-binding protein—associated motif 2 (PAM2) and
its interaction with the MLLE domain of poly(A)-binding

protein 1 (PABPC1) was first identified in yeast. Using
this knowledge, various studies convincingly demon-
strated the impact of the ATXN2 family on mRNA poly
(A) tail length, translation efficiency, and RNP associa-
tion (39-53).

ii. All ATXN2 family members have a domain with simi-

larity to the Sm (single-strand poly(C)-binding domain in
nuclear protein) motif of nuclear splice factors, although
ATXN2 and several other proteins with such an LSm
(like Sm) domain localize in the cytosol where no
splicing occurs (54-56). It was shown that this LSm
domain and the LSm-associated domain (LSm-AD) in
ATXN2 mediate direct binding and processing of RNAs
and interaction with RNA-processing proteins such as
the RNA helicase DDX6 (57-60). Together, the PAM2
motif and the LSm domain explain why the ATXN2
family members relocalize with PABPC1-mRNAs-
RNPs (e.g., TIA1, G3BP1)/40S ribosome subunits to
condensate in stress granules when cellular damage
such as oxidative stress or starvation requires the
quality control and possibly degradation of RNAs
(61-63). The indirect association of ATXN2 with the ALS
disease protein TDP-43 is thought to be mediated by
RNAs that are associated with the LSm-LSm-AD do-
mains (9, 28, 64).

The presence of a long polyQ domain within ATXNZ2 is
prominent in primates and insects, but shorter polyQ
domains appear in most mammalian ATXN2 orthologs,
at differing positions (38).

Proline-rich motifs (PRMs) are frequent in several po-
sitions among the ATXN2 family members (38). At least
four distinct PRMs exist within human ATXN2, two
within the main isoform after the polyQ repeat and two
or three before the polyQ repeat within the extended N
terminus of an alternative longer isoform, usually having
the classical sequence PXXPXXR or RXXPXXP that can
interact with SRC-homology domain type 3 (SH3) do-
mains. Their SH3-containing interactor proteins control
actin filament assembly itself or the interaction of actin
fibers with the plasma membrane receptor tyrosine ki-
nase (RTK) endocytosis apparatus. Indeed, mostly the
third PRM in ATXN2 was demonstrated to associate
with the SH3-containing proteins CIN85 (Cbl-interacting
protein of 85 kDa), ITSN1, SRC, and Endophilin A1/A3.
Via this association, ATXN2 repressed the internaliza-
tion of the epidermal growth factor receptor in periph-
eral cells and would be expected to have analogous
effects on other RTK family members in the nervous
system (65-68), so that ATXN2 orthologs from yeast via
nematodes to mammals were shown to repress the
mechanistic target of rapamycin complex 1 (mMTORC1)
growth signals and cell size, modulating autophagy via
ULK1 (48, 69-74).
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Overall, the principal phenotypes of dAtx2 mutation in fruit
flies are 1) impaired translation because of altered direct as-
sociation of ATXN2 with polyribosomes and 2) aberrant sen-
sory bristle morphology because of an indirect and poorly
characterized influence of ATXN2 on actin filament formation
(42, 75). Until the present study, it had remained unclear to
what degree these two functions are critical for the disease
and how they are affected by the initial partial loss of function
or the subsequent neurotoxic and progressive gain-of-
function of polyQ expansion disorders.

To model SCA2 and ALS13 disease processes upon
ATXN2 polyQ expansion by a genetic approach in animals,
we used targeted recombination to perform the knockin (KIN)
of a (CAG)100 repeat at the appropriate position of the Atxn2
gene within the mouse genome. An additional insertion of
LoxP sites was performed at either side of the (CAG)100
repeat, which permits the conditional conversion of the KIN-
triggered neurodegeneration into a KO that would halt the
neurotoxicity and permit partial regeneration once a trans-
genic Cre recombinase in such mouse mutants is activated
by tamoxifen injection at any disease stage (76). This
approach was successful in generating the Atxn2-CAG100-
KIN mouse mutant, where the physiological promoter gov-
erns endogenous ATXNZ2 expression regulation and where the
expansion is unstable over generations, just as in patients.
Faithfully mirroring the temporal and spatial pattern of SCA2
pathology, the polyQ expansion in ATXN2 is detectable in the
central nervous system and peripheral liver tissue of these
mutant mice (77-80), triggering initial obesity by the age of
10 weeks (reflecting an initial partial loss-of-function) that
develops into weight loss by 10 months (reflecting the sub-
sequent progressive gain-of-function), with clear deficits of
vertical movement coordination by the cerebellum from
4 months, and a reduction of grip strength as a reflection of
motor neuron degeneration from 9 months onward (77, 81). In
the spinal cord, progressive TDP-43 aggregation is observed,
together with cholesterol anomalies (81). In the cerebellum,
prominent anomalies of calcium and sphingomyelin lipids are
documented, as in SCA2 patients (79, 80). Overall, the
breeding of homozygous mouse mutants causes a more se-
vere progression than heterozygotes, similar to the unusually
strong affection of homozygous SCA2 patients (77, 82-84).
The lifespan of the homozygous KIN mice is limited to
14 months, whereas matched WT mice have a life expectancy
well beyond 24 months (77). In contrast to SCA2 mouse
models with transgenic overexpression of recombinant
ATXN2, this KIN mouse can be expected to reflect the
anomalies of ATXN2 splicing, proteolytic cleavage, post-
translational modifications, and interactor binding in pat-
terns that would be characteristic for the human SCA2 and
ALS13 nervous system. Such investigations in patient tissues
are usually impossible because of the unavailability of high-
quality autopsy material in such rare disorders.

In the present study, a survey of phosphorylation changes
was documented in the spinal cord of such KIN mice at the
terminal disease stage. As a technical approach, the phos-
phorylated peptides from a proteolytically cleaved protein
extract were bound by iron-nitrilotriacetic acid on immobi-
lized metal affinity chromatography (IMAC) columns, to be
subsequently sequenced and quantified by label-free mass
spectrometry (MS). We hoped to elucidate how the tyrosine
(Tyr, Y) phosphorylations at the receptor endocytosis ma-
chinery are adapted and how the cells adapt their stress
signaling via serine (Ser, S)/threonine (Thr, T) phosphorylation
cascades from the plasma membrane to the nucleus,
attempting to counteract the specific atrophy process of
SCA2 at crucial molecules and pathways.

EXPERIMENTAL PROCEDURES
Experimental Design and Statistical Rationale

In this study, we compared the nervous tissue of four WT mice and
sex-/age-matched four Atxn2-CAG100-KIN mice employing two
technical replicates per sample in phosphoproteomic analyses, six
WT versus sex-/age-matched six KIN spinal cord samples or five WT
versus sex-/age-matched four KIN mouse embryonic fibroblast (MEF)
lines in RT—-quantitative PCR (gPCR), two WT versus sex-/age-
matched two KIN spinal cord tissues in immunohistochemical stain-
ing, and quantitative immunoblots in five WT versus sex-/age-
matched five KIN spinal cord samples, or four WT versus sex-/age-
matched four KIN MEF lines, or three controls versus sex-/age-
matched three SCA2 patient skin fibroblast lines. For the statistical
evaluation of the phosphoproteome, ratios for each comparison were
generated, converted to log, scale, and normalized. P Values were
calculated using a two-tailed t test, and p < 0.05 was deemed to
achieve nominal significance. The t test significance without stringent
multiple-testing correction in proteomic profiling can only be
considered exploratory, but the effect of reproduction in follow-up
experiments with independent techniques and additional biological
samples, testing interspecies and intertissue consistency, ensured
the validity of the main findings.

Statistical comparisons between the two groups for RT-gPCR and
immunoblots were assessed after the application of unpaired Stu-
dent’s t tests with Welch’s corrections. For bafilomycin treatment of
MEF, three biological replicates per group were used, and the sta-
tistical analysis was done with two-way ANOVA.

Experimental Animals

All mouse experiments were in conformity with the German Animal
Welfare Act, the Council Directive of November 24, 1986 (86/609/
EWG) with Annex Il and the ETS123 (European Convention for the
Protection of Vertebrate Animals). All mice were housed at the Central
Animal Facility (ZFE) of Goethe University Medical School, kept in
individually ventilated cages with nesting material at a 12 h light-12 h
dark cycle, with appropriate temperature and humidity conditions,
and provided with food and water ad libitum. Breeding of heterozy-
gous carriers was used for colony expansion and maintenance.
Among offspring littermates, the homozygous Atxn2-CAG100-KIN
and WT animals of the same sex were selected and aged together
in the same cages for subsequent experimental group comparisons
regarding phosphoproteome, gene expression, protein abundance,
and immunohistochemistry. Both female and male mice were used
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during all experiments. The study was ethically approved by the
Regierungsprésidium Darmstadt on March 27, 2017 (number V54-
19¢c20/15-FK/1083).

Genotyping of Atxn2-CAG100-KIN Mice

The mouse strains were maintained in the C57BL/6 background.
The genotyping of Atxn2-CAG100-KIN mice was done as previously
described (77). Briefly, genomic DNA was isolated from ear punches
or tail biopsies using a standard protocol (85). The CAG repeat was
assessed by standard PCR amplification with the NOW1-K2 and
NOW1-H2 oligonucleotide primers, TaKaRa LA Tag-Polymerase
(Takara Bio, Inc), and a PCR Master Mix containing 2 mM cresol,
250 pM dNTPs, and 60% sucrose in PE buffer. Amplification was
performed in a SimpliAmp PCR thermocycler (Applied Biosystems) as
follows: initial denaturation at 94 °C for 3 min, followed by 30 cycles
of denaturation at 94 °C for 15 min, annealing at 68 °C for 4 min,
elongation at 68 °C for 4 min, and a final elongation step at 68 °C for
9 min. PCR products were run in 2% agarose gel electrophoresis,
and the Tracklt 100 bp DNA Ladder (Invitrogen) was used to estimate
the size of the amplicons. The WT allele produced an amplification
product of 793 bp and the expanded CAG100 allele produced a
948 bp amplicon.

Experimental Design of Cell Lines and Their Treatments

MEFs were obtained from WT and homozygous Atxn2-CAG100-
KIN embryos around E15-18 as previously described (48). For ana-
lyses, four different WT and four different KIN lines were used,
reflecting biological replicates each, since they stem from individual
mouse embryos. Human skin fibroblasts were acquired by biopsing
the forearm of three clinically and molecularly diagnosed SCA2 pa-
tients and three age- and gender-matched control individuals (67).
MEF and human skin fibroblasts were cultured in Dulbecco’s modi-
fied Eagle’s medium (1x) with high glucose (4.5 g/l b-glucose) and
sodium pyruvate (0.11 g/l) (Thermo Fisher Scientific; catalog no.:
21969), supplemented with 1% glutamine (Gibco; catalog no.:
25030081), 10% fetal bovine serum (Gibco; catalog no.: A3160802),
and 1% penicillin-streptomycin (Gibco; catalog no.: 15140-122) at 37
°C, 5% CO,, and 95% relative humidity. The fibroblasts were plated
in 100 mm dishes and allowed to grow for at least 2 days until they
reached 70% to 90% confluency, before being treated with bafilo-
mycin A1 (BafA1) (Sigma; catalog no.: 19-148), sodium arsenite
(NaARS) (Sigma; catalog no.: S7400), or their appropriate vehicles
(0.5% dimethyl sulfoxide or H,O, respectively). Fibroblasts were
treated overnight (24 h) with BafA1 (20, 60, or 100 nM), dissolved in
dimethyl sulfoxide, or NaARS (5 or 10 pM) dissolved in media. An
equal number of dishes were treated with the appropriate vehicle
only. Cell pellets were obtained by trypsinization and centrifugation.

Experimental Design of IMAC Phosphoproteomics

Mouse cervicothoracic spinal cord tissue was obtained after cer-
vical dislocation, then immediately frozen and transported in liquid
nitrogen. Phosphoproteome profiling of spinal cord tissue from four
WT versus four KIN mice was performed at Cell Signaling Technol-
ogy, Inc, using their PTMScan and Fe-IMAC services. Samples were
first prepared in urea lysis buffer (9 M urea, 20 mM Hepes [pH
8.0] + phosphatase inhibitor cocktail) and then shipped to Cell
Signaling Technology for analysis. Four biological replicates of each
condition were used for the analysis to account for potential intra-
group variability and allow calculation of p values for changes
observed. Cells were sonicated and centrifuged to remove the
insoluble material. Protein content was determined by Bradford
assay, and equal protein quantities from all samples were used for

analysis. Samples were reduced with DTT and alkylated with iodoa-
cetamide. Input protein (500 pg) from each sample was digested with
trypsin (CST; catalog no.: 56296), purified over C18 columns (Waters;
catalog no.: WAT051910), and enriched using the PTMScan Fe-IMAC
beads (CST; catalog no.: 20432) as previously described (86). Sam-
ples were desalted over C18 tips prior to LC-MS/MS analysis.

LC-MS/MS analysis was performed using a Thermo Orbitrap
Fusion Lumos Tribrid mass spectrometer as previously described
(86, 87) with replicate injections (technical duplicates) of each sample
run nonsequentially (injection 1 of samples 1, 2, 3, 4, 5, 6, 7, 8 fol-
lowed by injection 2 of samples 8, 7, 6, 5, 4, 3, 2, and 1). This allows
two opportunities to identify peptides in each sample and provides a
measure of analytical reproducibility across the entire sequence of
LC-MS/MS runs (shown with % CV values for each peptide across
replicate injections). Briefly, peptides were separated using a
50 cm x 100 pM PicoFrit capillary column packed with C18 reversed-
phase resin and eluted with a 90-min linear gradient of acetonitrile in
0.125% formic acid delivered at 280 nl/min. Tandem mass spectra
were collected in a data-dependent manner using the following pa-
rameters: MS1 spectra were collected at a resolving power of
120,000 at m/z 200 over m/z 300 to 1500 with a standard automatic
gain control target and a maximum injection time of 50 ms. The MIPS
filter was applied with peptide mode selected. Precursors were
filtered to charge states of 2 to 7, and a dynamic exclusion filter was
applied with 30 s duration and 10 ppm low and high mass tolerance.
MS2 scans were collected in the Orbitrap analyzer at a resolution of
30,000 at m/z 200 with a defined first mass of 110 m/z and an
isolation window of 1.6 m/z. A fixed collision energy of 27 was used
with a standard automatic gain control and a maximum injection time
of 50 ms. Real-time recalibration of mass error was performed
using lock mass (88) with a singly charged polysiloxane ion
m/z = 371.101237.

MS spectra were evaluated by Cell Signaling Technology using
Comet and the GFY-Core platform (Harvard University) (89-91).
Searches were performed against the 20210303 update of the Uni-
Prot Mus musculus database containing 25,361 entries with a mass
accuracy of +20 ppm for precursor ions and 0.02 Da for product ions.
Partial trypsin cleavage (K/R not KP/RP) was required in the database
search. Cysteine carbamidomethylation (C +57.02146374) was
specified as a static modification, and oxidation of methionine
(M +15.9949146221) and serine, threonine, or tyrosine phosphoryla-
tion (S/T/Y +79.966331) were allowed as variable modifications. Up to
four missed cleavages and up to four variable modifications were
allowed per peptide. Results were filtered to a 1% peptide-level false
discovery rate (FDR) with mass accuracy +5 ppm on precursor ions
and the presence of a phosphorylated residue for enriched samples
using the linear discriminant module in GFY-Core. Results were
further filtered to a 1% protein-level FDR using the Protein Sieve
module in GFY-Core. Site localization confidence was determined
using Ascore (92). Protein and site data were retrieved from the
PhosphoSitePlus database, which uses phosphorylation site
numbers from UniProt (93). Links to the protein pages for each
identified phosphopeptide are hyperlinked in the “Accession” column
of Supplemental Table S1 and are also provided in the URL column
for copy/paste into web browsers.

All quantitative results were generated using Skyline (94) to extract
the integrated MS1 peak area of the corresponding peptide assign-
ments. Accuracy of quantitative data was ensured by manual review
in Skyline or in the ion chromatogram files. A median log2 strategy
was used to normalize quantitative data across samples where the
intensities in each injection are adjusted based on the median in-
tensity for all peptides in each injection. Minimal normalization was
needed, with normalization factors ranging from 1.00 to 1.55 across
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all injections. P Values were calculated using a two-tailed equal
variance (homoscedastic) t test in Excel.

RT-qPCR in Spinal Cord and Fibroblasts

Total RNA isolation from spinal cord tissue (6 WT versus 6 KIN)
and fibroblast pellets (5 WT versus 4 KIN lines, reflecting bio-
logical replicates) was performed with TRIzol reagent (Sigma-
Aldrich) according to the manufacturer’s instructions. Total RNA
yield and purity were quantified using a Tecan Spark plate reader
(Tecan Group Ltd) at 230, 260, and 280 nm in a NanoQuant
plate. Complementary DNA synthesis was performed from 1 pg
of total RNA template using the SuperScript IV VILO kit (Invi-
trogen) according to the manufacturer’s instructions. Gene
expression profiles were assessed by RT-gPCR using a StepO-
nePlus (96-well) Real-Time PCR System (Applied Biosystems).
RT-gPCRs were run in technical duplicates on complementary
DNA from 25 ng total RNA, with 1 pl TagMan Assay, 10 pl
FastStart Universal Probe Master 2x (Rox) Mix (Roche), and
ddH,O up to 20 pl of total volume. The PCR cycling conditions
were 50 °C for 2 min, 95 °C for 10 min, followed by 40 cycles of
95 °C for 15 min and 60 °C for 1 min. The gene expression
TagMan assays (Thermo Fisher Scientific) used for this study
were Bnip3 (Mm00833810_g1), Ctsb (Mm01310506_m1), Myo6
(MmO00500651_m1), Nbr1 (MmO01249798_m1), Optn (MmO013332
45_m1), Ppia (Mm02342430_g1), Sparcl/i (Mm00447784_m1),
Sgstm1 (Mm00448091_m1), Tax1bp1 (Mm00518038_m1), Ubg/n2
(Mm00834570_s1), Wdfy3 (MmO00556380_m1), and Whnk1
(MmO01184014_m1, MmO01184007_m1, and MmO01184011_m1).
The data were analyzed via the 2722Ct method (95), using Tbp
(MmO00446973_m1) as a housekeeping gene.

Protein Extraction and Immunoblots

Mouse cervicothoracic spinal cord tissues (5 WT versus 5 KIN)
were homogenized with a motor pestle in 5 to 10x weight/volume
amount of radioimmunoprecipitation assay buffer consisting of
50 mM Tris-HCI (pH 8.0), 150 mM NaCl, 2 mM EDTA, 1% Igepal
CA-630 (Sigma-Aldrich), 0.5% sodium deoxycholate, 0.1% SDS,
cOmplete Protease Inhibitor Cocktail (Roche), and Halt Phosphatase
Inhibitor Cocktail (Thermo Fisher Scientific, Inc). Similarly, MEF (3 WT
versus 3 KIN lines) and human skin fibroblast (3 patients versus 3
controls) pellets were homogenized in radioimmunoprecipitation
assay buffer by pipetting. The resulting protein suspensions were
sonicated, and protein concentration was determined in a Tecan
Spark plate reader (Tecan Group Ltd) using a Pierce BCA protein
assay kit (Thermo Fisher Scientific, Inc). Total proteins (15-25 pg)
were mixed with 2x loading buffer consisting of 250 mM Tris-HCI (pH
7.4), 20% glycerol, 4% SDS, 10% 2-mercaptoethanol, and 0.005%
bromophenol blue, incubated at 90 °C for 5 min, separated on 8% to
15% polyacrylamide gels at 120 V, and transferred to nitrocellulose
membranes (0.2 pm) (Bio-Rad Laboratories, Inc). The nitrocellulose
membranes were blocked in 5% bovine serum albumin/Tris-buffered
saline with Tween-20 and incubated overnight at 4 °C with primary
antibodies. Afterward, the nitrocellulose membranes were incubated
for 1 h at room temperature with fluorescently labeled secondary
IRDye 800CW goat anti-mouse (LI-COR; catalog no.: 926-32210,
1:10,000 dilution), IRDye 800CW goat anti-rabbit (LI-COR; catalog
no.: 926-32211, 1:10,000 dilution), IRDye 680RD goat anti-mouse (LI-
COR; catalog no.: 926-68070, 1:10,000 dilution), or IRDye 680RD
goat anti-rabbit (LI-COR; catalog no.: 926-68071, 1:10,000 dilution).
Membranes were scanned using an Odyssey Classic Imager. Image
visualization and quantification of signal intensities were performed
using Image Studio software (version 5.2) (LI-COR Biosciences, Ltd).

The following primary antibodies were used: ATXN2 (Proteintech;
catalog no.: 21776-1-AP, 1:1000 dilution), BNIP3 (Proteintech; cata-
log no.: 68091-1-lg, 1:1000 dilution), CTSB (Abcam; catalog no.:
ab214428, 1:1000 dilution), LC3 A/B (Cell Signaling; catalog no.:
4108, 1:1000 dilution), NBR1 (Cell Signaling; catalog no.: 9891, 1:500
dilution), OPTN (optineurin; Proteintech; catalog no.: 10837-1-AP,
1:1000 dilution), PPIA (Proteintech; catalog no.; 10720-1-AP, 1:1000
dilution), SQSTM1/p62 (Cell Signaling; catalog no.: 39749, 1:1000
dilution), TAX1BP1 (Proteintech; catalog no.: 14424-1-AP, 1:1000
dilution), UBQLN2 (ubiquilin-2; Novus Biologicals; catalog no.: NBP2-
25164, 1:1000 dilution), WDFY3 (Proteintech; catalog no.: 55009-1-
AP, 1:1000 dilution), and WNK1 (protein kinase with no lysine 1;
Invitrogen; catalog no.: PA5-28382, 1:1000 dilution). ACTB (Sigma;
catalog no.: A5441, 1:10,000 dilution) or GAPDH (Calbiochem; cat-
alog no.: CB1001, 1:10,000 dilution) served as loading controls.

Triple Immunofluorescence

Mouse spinal cord immunohistochemistry was performed as pre-
viously described (81). Here, the primary antibodies used were
ATXN2 (BD Transduction; catalog no.: 611378, 1:50 dilution),
PABPC1 (Abcam; catalog no.: ab21060, 1:100 dilution), SQSTM1
(Santa Cruz; catalog no.: sc25575, 1:50 dilution), and VIM (Calbio-
chem; catalog no.: LN6 clone V-9, 1:100 dilution). Secondary anti-
bodies used were Alexa Fluor 488 goat anti-mouse IgG A11029,
Alexa Fluor 488 goat anti-rabbit IgG A11034, Alexa Fluor 565 rabbit
anti-goat 1gG A11079, Alexa Fluor 568 donkey anti-sheep IgG
A21099, and Alexa Fluor 568 goat anti-rabbit IgG A11036 (all Invi-
trogen, 1:1000 dilution).

Bioinformatics Analyses

STRING (search tool for the retrieval of interacting genes) web-
server (https://string-db.org/) (version 11.0, last accessed on March
4, 2024) (96) was employed for the generation, visualization, and
analysis of protein—protein interaction networks, using the list of
proteins with dysregulated phosphorylations identified in the Atxn2-
CAG100-KIN 14-month-old mice spinal cord phosphorylation
profiling as input. Connectivity scores and interactions between the
proteins were extracted as tab-delimited text files. The pathway
enrichment analyses were conducted using different functional
classification frameworks, including Gene Ontology, Kyoto Encyclo-
pedia of Genes and Genomes Pathways, Reactome Pathways, and
the Mammalian Phenotype Ontology (Monarch).

Disordered domains within ATXN2 and SQSTM1 were predicted
using metapredict V2 (v2.4) (https://metapredict.net/, last accessed
on February 29, 2024).

Phosphosites and their regulation in mice and humans according
to the previously published literature were interrogated with the help
of the database at www.phosphositeplus.org (last accessed on
February 28, 2024).

Statistical Analyses

Unpaired Student’s t tests with Welch’s correction were used to
establish comparisons for continuous variables between homozy-
gous Atxn2-CAG100-KIN and WT animals. Treatments with bafilo-
mycin were analyzed using two-way ANOVA. Bar charts depicting the
mean and SEM values were used for data visualization. All statistical
analyses were conducted using GraphPad Prism software (version
8.4.2) (GraphPad Software, Inc). Significance was assumed at
p < 0.05 and highlighted with asterisks: Trend (T) <0.01; *p < 0.05,
**p < 0.01, **p < 0.001, and ***p < 0.0001.
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RESULTS
Phosphoproteome Profile of End-Stage Spinal Cord from
Authentic SCA2-ALS13 Mouse Model

Analyzing biological replicates of four WT versus four Atxn2-
CAG100-KIN spinal cord tissues from 14-month-old mice, Fe-

redundant modified peptide assignments to 27,105 modified
sites and documented 428 significantly downregulated versus
552 significantly upregulated phosphopeptides with at least
two-fold changes (Supplemental Table S1, A-E).

Upon their analysis with the STRING webserver
(Supplemental Table S1F), enrichments of pathways and

IMAC phosphorylation profiling detected a total of 80,278 . o
Gene Ontology terms were observed, with significances
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Fic. 1. Main phosphoproteome findings. A, schematic summary of phosphoregulation events of proteolysis and aggrephagy in the
terminal-stage spinal cord of the Atxn2-CAG100-KIN mouse model of SCA2-ALS13. The potential coaggregation of ATXN2 (black clusters)
with SH3-containing interactors and competing PRM-containing proteins that show differential phosphorylation is highlighted in a field with a
gray background. Proteins potentially undergoing LLPS are highlighted in red letters, ALS disease proteins in bold letters. B, schematic protein
structures and Q100-ATXN2-triggered differential phosphorylation events for ATXN2 as aggregating disease protein and for SQSTM1 as the
main selective aggrephagy receptor, illustrating that massive hyperphosphorylations are flanking the Q100-KIN mutation replacing murine
residue Q156 (purple line) and the three PRMs (deep blue square, with mouse residue numbers) in the N terminus of ATXN2, and are targeting
the ZZ (light gray square) and LIR (deep green column) domains of SQSTM1. Hypophosphorylations across remaining ATXN2 likely reflect its
reduced abundance upon polyQ expansion. The numbering of residues adheres to UniProt reference sequences, ignoring the unstable polyQ
repeat KIN in ATXN2. Proteins are represented by their gene symbols, phosphorylated residue numbers are shown for serine (S), threonine (T),
or tyrosine (Y). ALS, amyotrophic lateral sclerosis; ATXN2, ataxin-2; IDR, intrinsically disordered region, prone to phase separation; KIR,
Keap1-interacting region; LIR, LC3-interacting region; LLPS, liquid-liquid phase separation; PB1, Phox and Bem1p; PolyQ, polyglutamine;
PRM, proline-rich motif; PtdIns3P, phosphatidylinositol 3-phosphate; RTK, receptor tyrosine kinase; SCA2, spinocerebellar ataxia type 2; SH3,
SRC-homology domain type 3; TBS, TRAF6-binding sequence; UBA, ubiquitin-associated; ZZ, zinc finger domain.
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among the hyperphosphorylations for autophagy, ubiquitin,
proteasome, ALS, and synapses (scheme of autophagy
phosphoregulation in Fig. 1A and Supplemental Table S1G),
whereas additional enrichments among hypophosphor-
ylations for ion channels, glutamate neurotransmission, and
myelin factors presumably reflected selective neuron loss.

As the key result, the ATXN2 N terminus with its polyQ
expansion and three presumptive PRMs (UniProt entry:
070305 residues 50-66, 106-12, and 132-38) exhibited two
massive hyperphosphorylations (112-fold at Ser228, 32-fold
at Ser121). In phosphoproteome MS databases, we found
no previous reports of phosphorylation or hyper-
phosphorylation at these residues, so they differ from known
signaling cascades. Thus, they probably represent efforts to
prevent phase separation and reflect the progressive neuro-
toxic ATXN2 gain-of-function in SCA2-ALS13. Similarly,
massive hyperphosphorylations were observed only in the
zinc finger domain (ZZ) and LCS3-interacting region (LIR) do-
mains of the aggrephagy receptor SQSTM1 (Fig. 1B).
Conversely, 11 hypophosphorylations (at least twofold)
across ATXN2 from the LSm domain to C-terminus (Fig. 1B)
correspond to the known reduced abundance of Q100-
ATXN2 in KIN nervous tissue because of impaired
transcription/translation (77). They likely reflect the initial
partial ATXN2 loss-of-function phenotypes in SCA2.

Among all hyperphosphorylation events, enrichment of
SMART protein motifs by STRING analysis revealed SH3 do-
mains to be strongly overrepresented with an FDR of 4.09e7%8,
including hyperphosphorylation of known ATXN2 interactors,
such as CIN85 and ITSN1 (65, 67, 68). This finding is mean-
ingful since it is reminiscent of the well-studied pathology in
Huntington’s disease (HD). PolyQ expansion in the N-terminus
of the Huntingtin protein triggers adjacent PRMs to change
conformation, phase separation, and interactions with SH3
proteins, thus acquiring neurotoxic properties (97-102). In
analogy, the multipronged mutation effect in SCA2-ALS13 can
be mediated by the massively hyperphosphorylated N-termi-
nus of ATXN2, where the expanded polyQ domain is flanked
by PRMs, which are known to interact with SH3 domains in
the RTK-actin pathways. In contrast, the consistent hypo-
phosphorylations across the ATXN2 central regions and the C-
terminus with RNA-processing domains and intrinsically
disordered regions (IDRs) (103), which control liquid-liquid
phase separation (LLPS), would reflect the relative irrele-
vance of these ATXN2 areas.

Detailed Analysis of Pathway Enrichments for SH3
Domains and for Autophagy Factors

If both HD and SCA2 are mediated by aberrant associa-
tions of the PRMs in the disease proteins with specific SH3-
containing targets, then the current data provide a unique
insight to identify the interactor proteins primarily affected by
the mutation, as well as PRM-containing proteins that
compete with the disease protein for SH3 binding. In HD, only

preliminary evidence via recombinant protein interactions
exists that the PRM in Huntingtin can bind to SH3GL3,
PACSIN1, and HYPA, but there are no data on endogenous
proteins and how the enormous variety of SH3 sequences
ranks in the power to modify disease progression (97, 101,
104). Now differential phosphorylation was documented, as
listed in Supplemental Table S1, |-L, firstly for 28 SH3
domain-containing endogenous proteins (e.g., hyper-
phosphorylations at a Tyr residue for ATXN2-interactor CIN85
aka SH3KBP1, and at different Ser residues for CIN85 and
ITSN1 as endosomal regulators, for TP53BP2 as an auto-
phagy modulator, for postsynaptic SHANK1, and for the
tyrosine kinase FYN as regulators of glutamatergic neuro-
transmission and myelination, versus hypophosphorylations
for DST as an autophagosome transport factor).

Differential phosphorylation was secondly noted also for 40
endogenous proteins with functionally studied PRM (like
some hyper- and many strong hypophosphorylations of
WNK1 as an autophagy modulator) and for 50 proteins with
candidate PRM sequences near their dysregulated phos-
phosites (Supplemental Table S1K, including the hyper-
phosphorylations in SQSTM1), which have the potential to
enter into aberrant competition with PRMs of ATXN2. This is
very relevant for aggrephagy because the interactions of
PRMs with SH3 domains are a classical driver of LLPS that
promotes protein aggregation (105-111).

To search for coincidence pairs, where both an SH3-
containing interactor and a potential PRM-containing
competitor of ATXN2 are differentially phosphorylated, we
first established which sequences in ATXN2 conform with
the 10 established subtypes of PRMs (Fig. 1 in (112)),
fitered all phosphoproteome data for experimentally
confirmed PRM-SH3 interactions, and showed the resulting
association chains in Figure 2. The most N-terminal ATXN2
PRM (murine amino acids [aa] 50-66, human aa 55-71)
fitted the sequence constraints to explain interaction with
almost all SH3 domains with differential phosphorylation,
and another N-terminal ATXN2 PRM (murine aa 132-138,
human aa 142-148) explained the NCF2-CYBA interaction.
Thus, differential phosphorylation in direct interactor chains
via. PRM-SH3-PRM bridges may reflect the selective
impact of Q100-ATXN2 on glutamatergic postsynapses
(SHANK1, GRM1), myelination (FYN, MBP), and autophagy
(WNK?1).

The prominent 7.2-fold hyperphosphorylation of tyrosine
kinase FYN (whose SH3 motifs would interact with ATXN2
PRMs in analogy to SRC as its family member (65, 67)) can
influence endosome dynamics, nutrient uptake, and axon
myelination (with strongly hyperphosphorylated BCAS1 and
hypophosphorylated MBP/MAG/MOBP), conspiring with
hyperphosphorylations of TSC2 to control mMTORC1 signals,
autophagy initiation, and cell growth (113, 114). This is the
same pathway where ULK1 and ALS protein COORF72 were
found to synergize with ATXN2 (115-117).
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MATXN2-
Q100-KIN

DOCKS-Ser1858,
ARHGAP32-Ser1876

Fic. 2. Synopsis of differentially phosphorylated PRM-containing and SH3-containing proteins, in their experimentally verified in-
teractions according to the current literature, and in their binding to subtypes of PRM sequences within human ATXN2. In this sunburst
diagram, the outer ring shows PRM-containing differentially phosphorylated proteins that may compete with ATXN2 for SH3 binding. At
appropriate positions in the ring below, their established SH3-containing interactors are shown with their phosphorylation changes. In the
middle ring, the respective family of PRM sequences is shown that would bind to each SH3-containing protein. Inner rings illustrate which
N-terminal ATXN2 sequences correspond to these PRM families and could therefore compete with the PRM-containing proteins in the outer
ring for their SH3 associations. Within ATXN2, the PRM at murine residues 50 to 66 has a complex pattern of prolines that can interact with
diverse SH3 domains, such as PRM subtypes 2 (may impair, e.g., CTTN binding to SHANK1), 7 (may impair FYN binding to FYB1 and MBP and
PTPN®6), 8 (may impair CIN85/SH3KBP1 binding to CBL), and 10 (may impair SHANK1 binding to GRM1 and also ITSN1 binding to WNK1).
ATXN2, ataxin-2; PRM, proline-rich motif; SH3, SRC-homology domain type 3.

Differential phosphorylation was third encountered at
tyrosine residues in 26 proteins, and indeed the tyrosine
phosphatase PTPN6 showed a 2.1-fold pSer557 change.
These observations suggest trophic signaling at RTKs to be
altered (like 2.6-fold pTyr1745-TSC2 as mTOR repressor, 4.0-
fold pTyr3363-ANK2 as an actin adaptor in motor neurons, or
4.6-fold pTyr4d7-NDRG2 as a neuronal differentiation factor)
(Supplemental Table S1, /I-L).

As a final and crucial result of STRING enrichment statis-
tics, the PB1 domains that mediate multimerization of SARs
were over-represented (FDR 0.0159), so these receptors were
studied in detail later.

Among the top 30 hyperphosphorylations (>7-fold), the ALS
disease proteins ATXN2, SQSTM1, UBQLN2, OPTN, and
TBK1-regulated TAX1BP1 stood out (compared with the ALS
protein TNIP1 [TNFAIP3 interacting protein 1] with 2.7-fold
hyperphosphorylation, Table 1 and Supplemental Table S1H).
This was in overlap with four SARs that mediate (118, 119)
aggrephagy, lysophagy, pexophagy, and granulophagy
(SQSTM1, NBR1, and TAX1BP1; further, WDFY3 showed a
3.2-fold increase, Supplemental Table S1E) as well as
mitophagy (OPTN; with four peptides from BNIP3 showing
2.4-2.2-fold increases). Further proteostasis factors among the
top 30 hyperphosphorylations included the proteasomal
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List of the strongest hyperphosphorylations in KIN spinal cord (changes above sevenfold, showing aggregating disease protein in underlined letters, proteostasis factors in bold letters,
and actin-/myelin-associated factors italicized)

Normalized fold

P PubMed ID
change Protein name Phosphosite
ATXN2: WT ATXN2: WT Literature autophagy Literature SCA-ALS Literature actin

112.2 0.00 ATXN2 228; 228; 228 38308810, 30982600 8896555, 28405022 12524342, 34977501
107.6 0.00 SQSTM1 §152; §152 22736434, 33332721 20301623, 35143965 25015291

66.2 0.00 PSMB1 §61 36602366 — —

60.9 0.00 CDR2L §344 —_ 36729270 19427213, 19602412
60.7 0.00 SQSTM1 §330, §334, 344; 31585693 30657305, 35143965 25015291

§330, §334, 344

50.2 0.00 ANK2 §909; §914; §914; 860; 76 35226578 29078305 25533844, 29163198
49.1 0.00 SQSTM1 §330, 344; §330, 344 22736434, 33332721 30657305, 35143965 25015291

49.1 0.00 SQSTM1 §334, 344; §334, 344 22736434, 33332721 30657305, 35143965 25015291

47.4 0.00 BCAS1 §443 —_ — 16133941, 29212715
40.7 0.00 SQSTM1 §357, §363, §368 22736434, 33332721 30657305, 35143965 25015291

39.3 0.00 SQSTM1 §226; §226 22736434, 33332721 30657305, 35143965 25015291

39.3 0.00 SQSTM1 224; 224 22736434, 33332721 30657305, 35143965 25015291

39.2 0.00 SQSTM1 §357, §363, §367 22736434, 33332721 30657305, 35143965 25015291

32.2 0.00 ATXN2 121; 121; 121 38308810, 30982600 8896555, 28405022 12524342, 34977501
31.5 0.01 SQSTM1 §207; §207 22736434, 33332721 30657305, 35143965 25015291

26.7 0.00 SQSTM1 §363, §368 22736434, 33332721 30657305, 35143965 25015291

25.2 0.00 SQSTM1 §351, §363, §368 22736434, 33332721 30657305, 35143965 25015291

18.4 0.00 SQSTM1 344; 344 22736434, 33332721 30657305, 35143965 25015291

17.8 0.03 PDHA1 §295, §300 35731579 20002125, 37422902 —

17.2 0.00 UBQLN2 271 35708843 25398946, 30442662 23635659, 24549040
16.6 0.00 ARID1A §1601; 1384; 1221; 1220 36229854 28662958 25195934, 38017409
14.6 0.00 UBQLN2 §267, 271 35708843 25398946, 30442662 23635659, 24549040
10.9 0.00 CYBA §147; 119 33138004 23830905 16341922

10.7 0.00 TAX1BP1 §313 35470757, 33207181 — 29398621

10.0 0.02 OPTN §547 29867991, 33783320 20428114, 38178841 23781020, 29875258
9.8 0.00 NBR1 §117 21189453, 36255390 27551461, 31362587 —

8.7 0.03 CTSB 216 30107168 32757690 23018451

8.3 0.00 SPP1 §283, §290 21374592, 36505285, 38082480 36460480 10842093, 34576260
7.3 0.00 CDH10 §784 35721483 31176720 29030434

7.2 0.00 FYN §21; §21 22745922 28935570, 30154836 10224664, 28887403
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subunit PSMBH1, the lysosomal peptidase CTSB, and the LC3-
dependent phagocytosis factor CYBA (120, 121) (Table 1).
Particularly strong reductions of phosphorylation were docu-
mented in WNK1 (fold change -7.1) and in NEK9 (fold
change -3.8), an adaptor for actomyosin autophagy in coop-
eration with MYH9 (122-124), suggesting cytoskeletal
affection.

A unique, truly extraordinary hyperphosphorylation (107.6-
fold) at Ser152-SQSTM1 was observed at the ZZ domain
(Fig. 1) as the cargo recognition motif for N-term-arginylated
proteins, whose target association facilitates disulfide bond-
linked multimerization and LC3-mediated autophagosome
binding (125, 126). This finding suggests an activation of
arginyltransferase-1 to facilitate autophagic removal of
polyQ-expanded ATXN2 via SQSTM1, as described for
endoplasmic reticulum (ER) phagy (127, 128). Also, actin as-
sembly rates in linear and branched networks are modified by
N-terminal arginylation (129, 130). Indeed, arginyltransferase-
1 showed significant hyperphosphorylation in the present
dataset.

In contrast, a striking paucity of RNPs was apparent among
all altered phosphosites (except ATXN2, with small changes
for DCP1A, DDX3, EDC3, EDC4, PCBP1, PRKRA, RPS6KA1,
SLIRP, SRRM1, SRSF6, SRSF9, and TRIR), conspicuously
showing no change for TDP-43, FUS, C90ORF72, TBK1,
SOD1, or other ALS1-28 disease proteins. This may either
suggest that RNP functions are not much affected or that
these factors are differently regulated, for example, by argi-
nine methylation rather than by phosphorylation.

Levels of Protein Abundance and mRNA Expression for
Dysregulated Autophagy Factors in End-Stage Spinal
Cord From Atxn2-CAG100-KIN Mice

The phosphochanges affected an individual residue, for
example, in the case of ATXN2L, TAX1BP1, PPIA, CTSB, and
WDFY3 (Supplemental Fig. S1). However, ATXN2, SQSTM1,
NBR1, as well as OPTN, SPARCL1 (secreted protein acidic
and cysteine rich-like 1), UBQLN2, BNIP3, and WNK1
showed similar dysregulations across several domains (Fig. 1
and Supplemental Fig. S1). Therefore, it was important to
assess (at least for key regulators) the overall protein abun-
dance and transcript levels. Quantitative immunoblots of the
KIN spinal cord tissue showed elevated abundance for
SQSTM1, NBR1, BNIP3, WDFY3, CTSB, PPIA, and
TAX1BP1, but only the Sgstm? and Ctsb mRNA were
increased upon RT-gPCR (Fig. 3 and Supplemental Figs. S2,
S3). UBQLN2 abundance was unchanged (Supplemental
Fig. S3). There was no specific and sensitive antibody to
detect endogenous WNK1 available to us. Despite the in-
crease of its two phosphosites, OPTN protein abundance was
diminished, and its mRNA levels were unchanged (Fig. 3).
Thus, these selective hyperphosphorylation events appear to
reflect true cellular signaling efforts. This includes the 10.0-
fold increase of pSer547, which is close to the C-terminal

region (that binds MYO6 [unconventional myosin VI] and
TAX1 in competition with TAX1BP1 (131-133)) and its poly-
ubiquitin binding ZF motif (134). These meaningful OPTN
hyperphosphorylations also include the 2.7-fold increase of
pSer187 within the LIR domain, which regulates the binding
to autophagosome membranes. Analysis of the MYO6
abundance in the KIN spinal cord showed significantly
elevated levels, but the Myo6 mRNA was decreased (Fig. 3).
This putative transcriptional compensation suggests the
accumulation of autophagosome fusion factor MYO6 to be
pathological. Consistent with its many decreased phospho-
sites, SPARCL1 protein abundance and Sparc/T mRNA levels
were reduced (Fig. 3). SPARCL1 is an extracellular factor that
promotes excitatory synaptogenesis as a member of a protein
family that controls autophagy and apoptosis (135, 136).
Transcript decreases were also observed for Bnip3, Wdfy3,
Ppia, and Tax1bp1, suggesting that the encoded proteins
have aberrantly slowed turnover and that the accumulation of
the encoded proteins has a pathological effect leading to
compensatory transcriptional downregulation. Unchanged
levels were documented for Ubgin2 and Whnk1 (Supplemental
Fig. S2).

Overall, this study of spinal cord tissue in our SCA2-
ALS13 mouse model documented massive inductions for
SQSTM1 and NBR1 proteins, which are known to accumulate
in TDP-43 aggregates upon ALS-associated mutations
(137-141). Conversely, our spinal cord study observed a loss-
of-function of OPTN where autosomal recessive mutations
are known to cause ALS type 12 (142-147). Subsequent an-
alyses of autophagy mechanisms in vitro focused on the
regulation of these factors.

Interestingly, the induction of SQSTM1 protein was >5-fold.
This suggests that several increases of phosphopeptides in
SQSTM1 can be explained by higher protein abundance; only
the extraordinary increase at pSer152 near the ZZ domain,
with the strong increases at residues 207 to 226 around the
TRAF6-binding sequence (TBS), as well as residues 330 to
363 around LIR and Keap1-interacting region (KIR) reflect
selective phosphorylation efforts. The Sqgstm?7 mRNA was
induced only <1.5-fold, indicating that multiple translation
rounds occur to amplify SQSTM1 availability.

Mechanistically asking whether ATXN2 as a factor known
to influence mMRNA stability and translation efficiency has a
selective impact on this event, we interrogated previously
published data (57) on the identity of mRNAs that are bound
directly by ATXN2. As shown in Supplemental Fig. S4, a
specific interaction of ATXN2 to Sqstm1 transcript was re-
ported in its 3'UTR, overlapping with sequences binding to
the RNA helicase DDX6 and with an interaction site for miR-
183-5p. This microRNA is known to regulate the levels of
SQSTM1 and to have abnormal levels in ALS (148, 149). Thus,
ATXN2 can influence the levels of SQSTM1 protein via a
PRM-SH3 bridge and the stability/translation of Sqstm1
mRNA via its 3'UTR.
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N = 6 versus 6) for SQSTM1 (A, B), NBR1 (C, D), and OPTN (E, F) as main aggrephagy receptors, as well as MYO6 (G, H) and SPARCL1
(1, J) in end-stage spinal cord from our SCA2-ALS13 mouse model Atxn2-CAG100-Knockin (KIN) versus WT. SQSTM1 and NBR1 were
chosen in view of their hyperphosphorylated peptides, OPTN in view of its mix of hyperphosphorylations and hypophosphorylations, together
with its interactor MYO6, and SPARCLT1 in view of its many hypophosphorylated peptides. The protein changes are reflected by similar
transcript upregulation for SQSTM1, versus downregulation for SPARCL1, but the MYO6 protein accumulation is counteracted by down-
regulation of Myo6 mRNA—a possible correlate of deficient autophagosome fusion with lysosomes. *p < 0.05; **p < 0.01, **p < 0.001, and

*kkk

p < 0.0001, ns, not significant. ALS, amotrophic lateral sclerosis;

MYO6, unconventional myosin VI; OPTN, optineurin; SCA2, spinocer-

ebellar ataxia type 2; SPARCL1, secreted protein acidic and cysteine rich-like 1.

Regulation of Autophagy Factors Upon BafA1 and NaARS
Administration in Embryonic Fibroblasts From
Atxn2-CAG100-KIN Mice and Skin Fibroblasts From SCA2
Patients

Fibroblasts from the mouse model and SCA2 patients were
used to test whether the regulation of autophagy factors in

response to stressors is altered by ATXN2—-polyQ expansions,
using alternatively the drug BafA1 that inhibits autophagy by
interference with lysosome acidification (150) or the drug
NaARS that triggers protein misfolding via oxidative stress
and thus promotes stress granule formation in parallel to
protein breakdown (151).
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Fic 4. Quantitative immunoblots of autophagy factors in Atxn2-CAG100-KIN versus WT MEF (N = 3 versus 3) treated at increasing
dosage either (4, B) with the lysosomal toxin bafilomycin A1 (BafA1) or (C, D) with the oxidative stressor sodium arsenite (NaARS).
*p < 0.05; *p < 0.01, **p < 0.001, and ***p < 0.0001. KIN, knockin; MEF, mouse embryonic fibroblast.

The interference with autophagic degradation by BafA1 Next, three previously described SCA2 patient fibroblasts
treatment showed the following effects in MEFs: It impaired (polyQ expansions to CAG40/41/49, females with manifes-
autophagic flux as detected by LC3-Il accumulation at higher tation ages at 17-53 years (67)) versus sex-/age-matched
dosages both in WT and mutant cells, but the KIN cells controls were treated with BafA1. ATXN2 abundance exhibi-
showed consistently much lower soluble ATXN2 protein ted almost normal levels in these human peripheral cells,
levels, impaired inducibility of SQSTM1 protein, and tenden-  presumably because the expansion sizes were much smaller
tially lower OPTN abundance (Fig. 4, A and B). than in the KIN MEF. The BafA1 treatment caused impaired

The generation of high autophagy demand by NaARS autophagic flux as detected by more LC3-ll abundance at
treatment generated overlapping effects: In WT MEF, it did higher drug dosage in both WT and mutant cells (less in
not affect LC3-Il or SQSTM1 levels, whereas NBR1 SCA2). Selectively, the SCA2 cells showed the accumulation
decreased and OPTN increased with dosage. In KIN MEF, of soluble LC3-Il and SQSTM1 proteins to be restricted at
NaARS caused accumulation of LC3-Il (>8-fold) and SQSTM1  high dosage, as previously observed for LC3-Il in ATXN2-Q58
(>2-fold), whereas the abundance of NBR1 and OPTN KIN HEK293 cells (152), in parallel to higher NBR1 abundance
showed genotype-dependent reductions (Fig. 4, C and D). and trends to elevated UBQLN2 abundance (Fig. 5, A and B).

Overall, these data agree with the OPTN deficiency that The findings may be explained by LC3-Il and SQSTM1
was observed in the KIN spinal cord and suggest the becoming partially insoluble, indicating that autophagy
SQSTM1 induction to be deficient in SCA2-ALS13. OPTN  problems contribute to the aggregation process. Importantly,
induction shows a smaller size than SQSTM1 induction, these results are compatible with the aforementioned findings
underscoring their differing importance for aggrephagy. that autophagy problems are a primary consequence of
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Fia. 5. Quantitative immunoblots of autophagy factors in SCA2 patient skin fibroblasts (N = 3 mutants versus three controls) treated
at increasing dosage either (A, B) with the lysosomal toxin bafilomycin A1 (BafA1) or (C, D) with the oxidative stressor sodium arsenite
(NaARS). T < 0.10; *p < 0.05; **p < 0.01, **p < 0.001, and ***p < 0.0001. SCA2, spinocerebellar ataxia type 2.

ATXN2 polyexpansion, via the mRNA stability and translation
of SQSTM1. Furthermore, the data reveal cellular efforts in
human SCA2 for a putative compensation via NBR1-
dependent aggrephagy and UBQLN2-dependent ubiquitin/
proteasome-mediated proteolysis.

Upon NaARS treatment of human skin fibroblasts with high
demand for autophagic proteolysis, the accumulation of
SQSTM1 and LC3-ll was elevated in SCA2 patient cells,
suggesting that the inducibility of SQSTM1 and LC3-Il is not
limited by the typical polyQ expansion sizes in most patients
(Fig. 5, C and D). Again, compensatory increases of NBR1
and UBQLN2 were found.

It was interesting to note that aggrephagy appeared to
enhance the need for SQSTM1 while lowering endogenous
NBR1 levels, suggesting that they can represent alternative
SAR options, an observation that contrasts with the mutual
positive regulation of both factors reported during viral
infection and for adenovirally transfected NBR1 (153, 154).
Overall, both in vitro models of SCA2-ALS13 indicate that the

polyQ expansion enhances the cellular need of SQSTM1 and
autophagic flux upon oxidative stress but restricts the
maximal availability of soluble SQSTM1 protein. These ob-
servations might be explained by LLPS of expanded ATXN2
with SQSTM1 into aggresomes, even in peripheral fibroblast
cells.

Subcellular Localization of PolyQ-Expanded ATXN2- and
SQSTM1-Positive Aggresomes in Atxn2-CAG100-KIN
Spinal Cord

To characterize the aggresome formation in SCA2 by an
additional approach, triple immunofluorescent immunohisto-
chemistry was employed to document the cytoplasmic
localization of ATXN2 and SQSTM1 in affected neurons of the
spinal cord (Fig. 6), in comparison to PABPC1 as a known
direct RNP interactor of ATXN2 (44, 50, 155). A previous
publication already documented the sequestration of ATXN2
and TDP-43 to aggregates in spinal motor neurons of aged
KIN mice (81). In the current study, SQSTM1 aggregates were
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Fic. 6. Triple immunofluorescent histochemistry by confocal laser scanning microscopy with composite panels from Z-stacks.
Detection was done for the selective autophagy receptor SQSTM1 and the ribonucleoprotein PABPC1, compared with intermediate filament
vimentin (VIM) or ATXN2, and nuclear DAPI signals, in the spinal cord of old sex-/age-matched adult WT versus Atxn2-CAG100-Knockin (KIN)
mice. White arrows in the upper row point to SQSTM1 aggregates at opposite poles of the nucleus, where microtubule-organizing centers are
expected to establish neuronal polarity and provide a starting point for axonal or dendritic transport. White arrows in the lower row point to
ATXN2 aggregates at opposite poles of the nucleus. DAPI, 4’,6-diamidino-2-phenylindole; PABPC1, poly(A)-binding protein 1.

readily apparent in the motor neuron cytosol of KIN mice at
opposite ends of the nucleus, where aggresomes form near
microtubule-organizing centers (MTOC), as previously
observed (156) (Fig. 6, upper row). While ATXN2 also showed
aggregate formation at opposite ends of the nucleus in spinal
motor neurons of KIN mice, PABPC1 staining showed mostly
a diffuse cytoplasmic localization (Fig. 6, lower row). Thus, in
KIN spinal cord motor neurons, the polyQ-expanded ATXN2
and SQSTM1 show enhanced transport via the cytoskeleton
to MTOCs.

DISCUSSION

When protein aggregates cause neurodegenerative pro-
cesses, it is little understood how cells adapt their signaling to
mitigate the pathology, for example, by improving the solu-
bility of phase-separated sequences or by modifying protein
surfaces to control their interactions. Our authentic mouse
model of SCA2-ALS13 with its strong phenotype offers an
opportunity to document these molecular events between
endogenous proteins in the selectively affected areas of the
nervous system. As a key finding, the molecular scenario of
SCA2-ALS13 mirrors the following six features that were
already reported for the well-known polyQ expansion—driven
neurodegenerative processes in autosomal dominant HD. In
HD, 1) exon 1 of the Huntingtin gene drives pathogenesis, 2)

erroneous splicing of this exon 1, and 3) abnormal proteolysis
of the N-terminal fragment was observed in KIN mouse
models and patient cells, 4) a PRM lies adjacent to the polyQ
domain, 5) the abnormal interaction of this PRM with SH3
domains is responsible for the disease progression, and 6)
exerts selective aggrephagy effects via OPTN and MYO6
(97-102, 104, 157-172).

In our study on SCA2-ALS13, a main finding is that the
cellular phosphorylation responses to ATXN2 polyQ expan-
sion appear massively and selectively upregulated within the
N-terminus between residue Ser121 and Ser228. This
observation indicates numerous important insights.

The N-Terminus of ATXN2 With Its PolyQ Repeat and
Three PRMs Has a Decisive Role

The possibility exists that an N-terminal fragment of
polyQ-expanded ATXN2 is generated by abnormal splicing,
translation, or proteolysis, to then accumulate in postmitotic
cells as a driver of LLPS and the neurotoxic aggregation
process. This fragment may be too insoluble and too small for
unequivocal detection in immunoblots (the corresponding
efforts were unsuccessful in our hands) but may have been
present in the MS (173). Consequently, the antibodies against
the polyQ-expansion domain (such as 1C2) and the anti-
bodies against these N-terminal ATXN2 sequences would
detect the aggregates much better than the current
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commercial antibodies raised against the remainder of
ATXN2. Furthermore, it is crucial to consider how efficiently
ASOs are targeting and completely degrading the 5'-terminal
sequences of the ATXN2 mRNA for optimal prevention of the
neurodegenerative process in SCA2-ALS patients.

As a result of alternative splicing (174), the main isoform of
human ATXN2 begins with the sequence MSLKPQQQQ
QQQQQQQQQQQQQQQQQQQPPP (UniProt entry:
AOA2R8Y5A6), and the RNA-binding LSm domain starts 80
residues further downstream. The minor isoform includes an
additional 160 residues at the N-terminus (UniProt entry:
Q99700), which contain three putative PRMs (first, aa 55-71
PPPPGPGPPPSRQSSPP, which appear to be responsible for
most SH3 interactions according to Fig. 2 and Supplemental
Table S1L; second, aa 117-123 PPAAPTR,; third, aa 142-148
RPAPGCP, whose sequence would interact only with the SH3
protein NCF2 in competition with the PRM protein CYBA
according to Supplemental Table S1L). Before the polyQ
domain, before the LSM domain, and before the minor iso-
forrm at the N-terminus there are methionine residues
providing 3 alternative translation start codons, with the 3
corresponding alternative isoforms being documented in the
UniProt database. These sequences are highly conserved
among mammals; in mouse, only aa 117 to 123 has a relevant
change to PAATPAR (UniProt entry: O70305). This extended
N-terminus does not exist in yeast, worms, flies, or zebrafish.
During phylogenesis, the first N-terminal PRMs appeared in
the ATXN2-ATXN2L ortholog of lizards (UniProt entry:
AQAB70IJW1). Given that interactions of ATXN2 with SH3
domains will influence the actomyosin cytoskeleton below
cell membranes, the ATXN2 isoform with an extended N
terminus may have developed to ensure RNA quality during
long-distance trafficking along the dendrites of larger land
animals and particularly in peripheral cell compartments like
synapses. In the cell periphery, ATXN2 with an extended N-
terminus and multiple SH3 interactions will also be more
efficient in regulating the RTK-dependent endocytic uptake of
nutrients, mTORC1 signaling, and stress/stimulus-dependent
local translation. Thus, it will be impossible to faithfully model
the diverse aspects of SCA2-ALS13 pathogenesis, for
example, in yeast and flies, where the isoform with PRMs in
the extended N-terminus does not exist.

Characteristic Features of SCA2-ALS13 Can Be Explained
by Preferential Affection of SH3-PRM-Containing Proteins
With Conspicuous Phosphorylation Changes

The neurotoxic gain-of-function appears to be determined
by abnormal folding, binding, and solubility of the expanded
polyQ domain and adjacent PRM domains of ATXN2 and its
corresponding SH3 domain-containing interactor proteins,
affecting the actomyosin cytoskeleton together with the
motility of cell membranes, in particular RTK and nutrient
endocytosis, as well as ribosomal translation, resulting in the
progressive atrophy of the nervous system.

Indeed, polyQ-expanded ATXN2 triggers phosphorylation
changes with significant enrichment among SH3 proteins,
which modulate actin and endocytosis dynamics in the cell
periphery as well as ribosomal translation, and which are
credible correlates of the SCA2-ALS-typical neural atrophy
pattern. The preferential affection of glutamatergic synapses
between upper and lower motor neurons of the corticospinal
projection, and between granule neuron axons known as par-
allel fibers and Purkinje neuron dendrites, could be explained
by polyQ-ATXN2-triggered phase separation of SH3-
containing proteins, for example, the hyperphosphorylated
SHANK1 and the enhanced interactors, SHANK2 and DLG4
(discs large MAGUK scaffold protein 4; aka PSD-95) as post-
synaptic components of excitatory synapses (175). LLPS of
SHANK might underlie the tandem hypophosphorylations in
the PRM-containing metabotropic glutamate receptor GRM1
(aka MGLURT1) as a main factor for dendritic spine biogenesis
and as a disease protein responsible for autosomal recessive
SCAR13 and autosomal dominant SCA44 (176, 177), and
might also underlie the prominent multiple hypophosphor-
ylations/reduced abundance of SPARCL1 as a factor respon-
sible for the formation of excitatory synapses (113). An
association with the pathogenesis of motor neuron disease
was previously reported for SPARCL1 (aka Hevin) (136, 178,
179). The prominent downregulation of SPARCL1 in the pre-
sent dataset, where spinal motor neurons are lost because of
SCA2, and the implication of SPARCL1 in ALS are consistent
with a recent report about single-cell sequencing efforts in the
spinal cord that identified SPARCL1 mRNA among the top 50
transcripts enriched in spinal motor neurons (Fig. 6 in (180)).
Also, the strong demyelination in SCA2 can be correlated to the
hyperphosphorylation of the SH3-containing protein FYN as a
main regulator of axon-oligodendroglia signaling (181) with its
interactor protein FYB1-ADAP (182) and to adaptive, promi-
nent, multiple hypophosphorylations in the PRM-containing
myelin proteins MAG, MBP, and MOBP (183). As seen in
Figure 2, many other interactions between SH3 and PRM
proteins show mild hyperphosphorylations, suggesting they
might be partially affected by the phase separation process, for
example the SH3 proteins DLG1, CTTN, and TJP1/Z0-1, as
well as the PRM proteins AFDN, PXN, VASP, and PAKS, as
modulators of synaptic adhesion (184-190), or the SH3 protein
NCF2 and the PRM protein CYBA, as mediators of microglial
neuroinflammation (191).

A further combination of hyperphosphorylations in the
SH3 proteins, ITSN1, SRC, SH3KBP1-CIN85, as endocy-
tosis regulators, versus hypophosphorylations in the PRM
protein ARHGAP32/PX-RIX as an endosome-associated
factor (192) was observed for the nutrient uptake pathway
that governs mTORC1 signaling and cell growth. Finally, the
combination of hyperphosphorylation in the SH3 protein
AHI1 as an endocytosis/autophagy modulator (193), as well
as accumulation of the SH3 protein MYO6 as an autopha-
gosome maturation factor (165), versus multiple prominent
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hypophosphorylations/reduced abundance in the PRM-
containing proteins (Supplemental Table S1K) was note-
worthy. WNK1 as an autophagy regulator (194), ATG2A as an
autophagy initiation factor (195), and TOM1L2 as a xen-
ophagy mediator (196) also suggest these events to be
among the primary erroneous protein interaction conse-
quences upon polyQ expansion in ATXN2. The enhanced
binding of Q100-ATXN2 to the ribosomal components
RPL12 and the SH3-containing RPL21 (ribosomal protein
large subunit component 21) may impair initiation, elonga-
tion, and fidelity of mRNA translation, thus contributing to
the mTORC1 inhibition phenotype.

In view of the importance of PRM-SH3 interactions for the
neurotoxicity of polyQ expansions in SCA2-ALS13, it should
be noted that targeting the SH3-containing SRC protein and
its signaling pathway was recently proposed to develop a
preventive treatment of ALS (197).

Excess Autophagy May Be a Primary Direct Effect, Leading
to SQSTM1 and OPTN Deficiency

Crucially in the case of polyQ-expanded ATXN2, the
phosphoproteome suggests excessive autophagy in SCA2-
ALS13 not to be an indirect late consequence in the course of
disease but a primary autodestructive phenomenon that is
triggered by abnormal competition between ATXN2-PRMs
and SQSTM1-PRM and/or WNK1-PRMs for association with
SH3-domain proteins such as MYO6 as autophagosome
motor protein, ITSN1/CIN85/SRC in endocytosis, RPL21 in
ribosomal translation, FYN in myelination, and SHANK1 in
glutamatergic postsynapses. As previously shown, the
recruitment of SH3-containing proteins into phase-separated
sequestosomes reduces their biological activity and function,
for example, in the case of SRC restricting the activation of
PI3K and the formation of filopodia-like cell protrusions (198).

A direct effect of polyQ-expanded ATXN2 on autophagy
can be caused by four parallel mechanisms, which are
compatible with the data observed. First, LLPS of PRM-
containing WNK1 and its multiple hypophosphorylations
may trigger its activity loss. Second, abnormal interactions of
the PRM and SH3 domain in hyperphosphorylated TP53BP2—-
ASPP2 may modify its autophagy initiation role (199, 200). As
third and perhaps critical ALS-associated mechanism, a
partial deficiency of OPTN may be caused by its association
with PRM-containing hyperphosphorylated TOM1 and hypo-
phosphorylated TOM1L2 (Supplemental Table S1K) and its
association with accumulated SH3-containing MYOG6. Fourth
and perhaps most importantly among ALS-associated
mechanisms, the massive hyperphosphorylation of PRM-
containing SQSTM1 may reflect the outstanding cellular ef-
forts to promote this aggrephagy process. This compensatory
mechanism may parallel its exceptionally rapid inducibility
after oxidative stress by NaARS but contrasts with its
restricted availability upon autophagy interference by BafA1
in SCA2 cell models. Given that ATXN2 was observed to bind

Sqgstm1 mRNA directly and that SQSTM1 acts as the SAR
that mediates the trafficking of phase-separated polyQ-
expanded ATXN2 to MTOC-associated aggregates and to
subsequent proteolytic degradation via autophagosomes-
lysosomes, this pathway may contain key targets for neuro-
protective therapy approaches.

Phosphosite Regulation of Protein Activity in Autophagy
and Proteostasis

The phosphorylation changes reveal the primary switches
where cellular compensation efforts occur. Their detailed
analysis may guide researchers to the pathways where
damage responses are impaired or insufficient. Such molec-
ular events may be key targets for pharmacological efforts to
prevent or postpone the clinical onset of motor deficits.

The strong hyperphosphorylation events in proteostasis
factors may provide clues about regulatory mechanisms,
which may become useful in the development of neuro-
protective therapies. Certainly, it is important to consider in
detail whether phosphorylation events such as pSer152-
SQSTM1,  pSer207/Ser224/Ser226-SQSTM1,  pSer344/
Ser351/Ser357/Ser363-SQSTM1, and pSer547-OPTN repre-
sent an ALS-specific phosphoprofile among the SAR of
aggrephagy, and pSer267/Ser271-UBQLN2 represents an
ALS-specific phosphoprofile of this misfolded protein delivery
factor to proteasome and/or autophagy.

SQSTM1, with its fivefold increased abundance, is the
primary interest for researchers into the aggrephagy mecha-
nisms in SCA2 and ALS, given that its mutation can result in a
neurodegenerative process with the phenotype of ALS type 3
(141). Its 107.6-fold hyperphosphorylation within the ZZ
domain (as cargo binding sequence) at pSer152-SQSTM1
was previously attributed to TBK1 (201), a Ser/Thr kinase
whose mutation causes ALS (202). In addition, three clusters
of phosphosites were located within an intrinsically disor-
dered region. First, three phosphosites between aa 207 and
226 (pSer207 under control of RNF166 as an autophagy
regulator (203)) with on average 36.7-fold increases were
clustered in the vicinity of the TBS motif, where TRAF6
binding modulates the neurotrophin signaling cascades (204).
Second, three phosphosites between aa 334 and 344 with on
average 42.7-fold increases were clustered in the vicinity of
the LIR motif, where LC3 binding determines the association
of SQSTM1 with autophagosome membranes (204). Third,
four phosphosites between amino acids 351 and 363 with an
average 32.9-fold increases were clustered in the vicinity of
the KIR motif, where KEAP1 binding modulates the NRF2-
dependent transcription of detoxifying, cytoprotective, anti-
oxidant, and inflammation-modulating factors (204). Thus, the
SQSTM1 hyperphosphorylations may alter not only the as-
sociation with autophagosomes but also with aggregate
cargo and with cellular types of machinery for trophic
signaling and stress responses. They are located in areas that
explain the altered stress responses preferentially for nervous
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tissue and may constitute an ALS-specific pattern within
pathogenesis.

Despite its decreased abundance, OPTN showed a 2.7-fold
increase of pSer187 within the LIR domain, which regulates
the binding to autophagosome membranes, and a 10.0-fold
increase of pSer547 close to the ZF motif and within the
binding area for the ER-to-Golgi vesicle traffic regulator
RAB1A and for TAX1 in competition with TAX1BP1 (132, 133).
As mentioned, OPTN mutations cause ALS type 12 (205).
Furthermore, OPTN is regulated by the ALS-associated ki-
nase TBK1 (206, 207).

The 10.7-fold increase of pSer313-TAX1BP1 is in the vicinity
of the O-homodimerization motif (aa 320-340) (208) and be-
tween the coiled-coil CC1 domain (aa 154-307) and the CC2
domain (aa 349-476) that is responsible for self-
oligomerization (209). So far, TAX1BP1 was not found to be
associated with selective neurodegeneration phenotypes such
as ALS or ataxia, but it is targeted by the ALS-associated ki-
nase TBK1 and interacts with the TBK1-regulated putative ALS
disease protein and neuroinflammation repressor TNIP1 (aka
ABIN1). TNIP1 inhibits selective autophagy via competition
with SARs, and TNIP1 abundance is controlled by autophagy
(210-217). A 2.7-fold hyperphosphorylation at pSer279-TNIP1
implicates this factor in SCA2-ALS13 pathogenesis. Appar-
ently, TAX1BP1 plays its main role in the amplification of the
aggregation process and the maturation of autophagosomes.

NBR1 as the archetypal SAR in aggrephagy (218, 219) is
not associated with ALS. It showed >2.5-fold increased
abundance in the KIN spinal cord, appeared regulated in
reciprocal relation to SQSTM1 in cultured cells, and its KIN
spinal cord phosphoprofile showed increases in two areas.
These hyperphosphorylations were 6.4-fold at pSer116 and
9.8-fold at pSer117 in proximity to the homomultimerization
domain PB1 and 2.2-fold at pThr647 between the LIR1 and
LIR2 domains responsible for autophagosome membrane
binding (219). Thus, cargo-protein interactions were not
modulated in contrast to SQSTM1 and OPTN.

Despite the physiological localization of ATXN2 with the
rough endoplasmic reticulum (rER) (43) and its relocalization to
stress granules after cell damage (58), no putative ribophagy
or ER-phagy receptor (such as NUFIP1, FAM134B, RTNS3L,
SEC62, CCPG1, ATL3, TEX264, NIPSNAP1/2) appeared
hyperphosphorylated. Only the hyperphosphorylation of
UBQLN2, with its ability to access phase-separated RNP
complexes and to degrade rER proteins via the proteasome or
via lysosomes (220), with an ALS phenotype upon mutation
(221, 222), appeared to relate to the RNA-binding features of
ATXN2 and to its preferential impact on motor neurons.
UBQLN2 hyperphosphorylations at pSer271 (17.2-fold) and
pSer267 (14.6-fold) were located in the middle of the four STI1
domains, where the association with molecular chaperones is
regulated (223). Subsequent to chaperone interaction,
UBQLN2 can either activate the ubiquitin-proteasome

pathway of proteolysis or promote autophagolysosome for-
mation. Both hyperphosphorylations are closest to the second
STI1 domain, where LLPS is modulated, and the relocalization
to stress granules and RNP complexes is determined (224,
225), so that UBQLN2 can promote the disposal of rER pro-
teins (220). This preferential role for RNA-associated protein
elimination may underlie the specific strong link between
UBQLN2 mutations and the ALS phenotype (223, 224, 226).

The hyperphosphorylation of HSPB1 may also reflect
cellular efforts to promote refolding and chaperone-mediated
autophagy, particularly of the actin cytoskeleton and RNA
granules (227-229).

WDFY3 abundance was increased almost threefold in the
KIN spinal cord, so the 3.2-fold elevated presence of pThr818
may only reflect the accumulation of this activator of selective
aggrephagy that cooperates with SQSTM1, LC3-Il, and ATG
proteins (230-232). This phosphosite lies within an Armadillo-
like multihelical fold (residues 460-940) that is crucial in the
yeast autophagy factor Vac8 for the association with disor-
dered extended C termini of ATG proteins, the recruitment of
cargo, and the link with membranes of the proteolytic vacuole
(233).

The 8.7-fold increase of pSer216-CTSB is within the heavy
chain area where several post-translational regulations occur,
at aa 211 as part of a disulfide bond, at aa 220 where an N6-
acetyl-lysine modification was observed (234), and at aa 240
where S-nitrosylation controls enzyme activity (235). CTSB
can be secreted (236), but in lysosomes, it also serves as an
apical regulator that is in control of overall lysosomal dy-
namics and autophagy (237). Again, CTSB has no association
with ALS; it seems to be a nonspecific factor in autophago-
lysosomal pathology.

In contrast, BNIP3 acts in mitophagy, exhibits a wide-
spread nonselective phosphorylation increase of a mild de-
gree, and is also not associated with ALS. BNIP3 abundance
was increased >3-fold, so the elevated amounts of phos-
phopeptides (2.2-fold at pSer48, 2.3-fold at pSer79, and 2.4-
fold at pSer85, pThr86, and pSer88) may only be a secondary
phenomenon. Altered mitophagy via BNIP3 adaptation to
polyQ expansion may serve to explain the induction of Pink1
mRNA as a kinase responsible for mitochondrial degradation
in the blood of SCA2 patients (238).

Overall, the cellular efforts to optimize autophagy for
the degradation of polyQ-expanded ATXN2 aggregates
involve phosphorylations and adjusted abundance of
several proteostasis factors, namely 1) in the cargo
recognition domain of SQSTM1, 2) in the LIR motifs of
SQSTM1 and OPTN, 3) in the homomultimerization do-
mains of TAX1BP1 and NBR1, 4) regarding chaperone-
proteasome roles via UBQLN2 and HSP1B, and 5)
regarding lysosome availability via WDFY3 and CTSB.
Elevated mitophagy may be a side effect of polyQ-ATXN2
aggregate degradation.
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Mild Phosphorylation Reductions in ATXN2 C-Term,
ATXN2L, RNPs, and PPIA

The physiological functions of ATXN2 and ATXN2L are
adjusted with minor phosphorylation changes, and also other
RNPs do not appear altered among the prominent phospho-
sites. The reduced appearance of phosphosites in ATXN2
from pSer319 at the LSm domain until the C-terminus upon
polyQ expansion is probably a consequence of its impaired
transcription and translation. Most of these hypophosphory-
lated sites are clustered within the IDR2 of ATXN2 (Fig. 1B),
where microtubule binding is determined, and where a mild
influence on MRNA and RNP binding was documented (49,
52, 239). In view of the combination of a C-terminal partial
loss-of-function versus an N-terminal neurotoxic gain of
function, it was interesting to examine the regulation of its
paralog ATXN2L. Previous studies in ATXN2L-mutant cells
had not observed an adaptation of ATXN2 levels and vice
versa (37), so the functional relationship between the two gene
copies had remained unclear. The RNP ATXN2L has higher
levels than its paralog ATXN2 and exerts an essential role in
embryonic development (37). As a novel insight, a mild
hyperphosphorylation (4.1-fold) of presumably compensatory
nature occurred in ATXN2L at pSer333, within the IDR2 very
close to the LSm-AD region (aa 262-331) (Supplemental
Fig. S1), where binding to RNA helicases like DDX6 is
thought to impact the processing of mMRNAs and the silencing
of transcripts (42, 58-60). This ATXN2L pSer333 change is
known to be controlled by protein kinase D1 (PRKD1), as
documented in the Internet database at www.
phosphositeplus.org (last accessed on February 28, 2024).
This finding provides insight into the signaling mechanisms
that govern ATXN2L physiology. It was previously established
that ATXN2 via its PRMs modulates the uptake of trophic
factor receptors such as epidermal growth factor receptor, via
binding to SH3 motifs in endosome trafficking proteins such
as SRC and GRB2 (65, 67) and that ATXN2 can localize to the
trans-Golgi network (240). Therefore, it is very noteworthy that
PRKD1 also acts in the Golgi apparatus, converting transient
diacylglycerol signals to control Golgi integrity, establishing
trafficking polarity, and delivering membrane proteins to
neuronal dendrites for the maintenance of arborizations, in
particular in cerebellar Purkinje cells (241-245). PRKD1 also
stabilizes actin in dendritic spines with consequences for
synaptic plasticity and long-term memory (246), modulates the
endocytosis of a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptors in glutamatergic post-
synapses (247), and confers neuroprotection against excito-
toxicity (248-251). Mutant PRKD1 leads to an age-dependent
decline of locomotion rate in Caenorhabditis elegans nema-
tode worms (252). Beyond its well-documented roles in neu-
rons, PRKD1 also acts in glial cells to control nutrient uptake
via micropinocytosis as well as protein aggregate uptake via
phagocytosis (253). Thus, the impact of deficient PRKD1

function has a close resemblance to the features of SCA2 and
acts on similar subcellular compartments as ATXN2-ATXN2L.

It is noteworthy that our MS data in Q100-KIN mouse spinal
cord did not replicate the increase of pTDP-43 upon ATXN2
intermediate polyQ expansions, which was reported based on
quantitative immunoblots in postmortem spinal cords from
ALS cases (254). Contrasting with RNPs, their associated
folding modulator PPIA showed an accumulation in immu-
noblots from the KIN spinal cord possibly because of altered
TDP-43 association, and accompanied by a relevant 4.1-fold
increase of pSer159-PPIA. These observations suggest that
cellular compensatory efforts against ALS pathogenesis are
targeting this molecular switch. The location of this phos-
phosite in the PPIA C-terminal region is close to several
N6-acetyl-lysine modifications at aa 125, where interaction
with TDP-43 is modulated (255).

Are Pathogenic or Compensatory Phosphorylation
Changes Suitable Targets for Intervention?

Although the particularly massive hyperphosphorylations
are at the center of our interest, and may constitute targets of
novel neuroprotective approaches, a cautionary comment
has to be made. Similarly striking findings were previously
observed in protein aggregation—-driven neurodegenerative
disorders, as in the disease protein Tau (e.g., at its 233Pro-
Lys-pSer-Pro motif) for Alzheimer's disease and FTD
(256-258), and in the disease protein TDP-43 (at its C-ter-
minal 404pSer-pSer-Met-Asp-Ser-Lys-pSer-pSer motif) for
ALS and FTD (259, 260). However, it has been proven very
difficult to distinguish between protective versus toxic phos-
phorylation events; even for the hyperphosphorylation of
TDP-43, the subsequent experiments have claimed either a
compensatory role to prevent pathogenic TDP-43 isoforms
from aggregation (260-263), or a contrary pathogenic role
(264, 265), or a role according to residue and context (266,
267). Clearly, hyperphosphorylation can provide a crucial clue
to define, which proteins and polypeptides are most affected
by aggregation, and where LLPS would lead to massive
conformational changes. However, the skillful adaptation of
site-specific phosphorylation dosage to progressive stages of
disease is currently difficult.

Study Limitations

In reviewing changes observed between conditions, it is
important to note that some modified peptides were observed
only once across all LC-MS/MS runs. Although the data have
been filtered at both the peptide and protein levels, changes
for peptides identified a single time should be interpreted with
caution. These peptides are marked in Supplemental
Table S1 with a “1” in the “Count in Details” column of the
Summary tab. It was ensured that none of the dysregulations
that are mentioned in the Discussion section refers to such
data. Of course, the biggest study limitation consists in the
fact that phosphoantibodies are not available for the great
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majority of the MS findings here, so a validation of phos-
phorylation changes with a second technique was
impossible.

Conclusion

Novel insights regarding the ATXN2 interactome and the
adjustment of cell phosphosignals upon Q100-ATXN2
expansion indicate a prominent role of abnormal PRM-SH3
interactions that affect endocytosis/autophagy, actomyosin
cytoskeleton, and synaptic pathways directly. Although the
validation of proteome-wide phosphorylation patterns by in-
dependent methodology is currently impossible, the similarity
of our findings to well-established pathomechanisms in HD
provides high credibility to our observations. The pathways
mentioned previously are probably crucial for efficacious
preventive therapy, so future efforts to knock down ATXN2
should target exons 1-3, particularly the N-terminal PRMs.
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