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A serum microRNA sequence reveals fragile
X protein pathology in amyotrophic
lateral sclerosis

Axel Freischmidt,'’? Anand Goswami,? Katharina Limm,* Vitaly L. Zimyanin,f"6

Maria Demestre,’ Hannes GlaB,® Karlheinz Holzmann,? Anika M. Helferich,'

Sarah ). Brockmann,' Priyanka Tripathi,3 Alfred Yamoah,3 Ina Poser,'° Peter ). Oefner,4
Tobias M. Béckers,”’ Eleonora Aronica,'' Albert C. Ludolph,"2 (®Peter M. Andersen,'?
Andreas Her‘mann,s’a’””I4 Joachim Weis,3 Jorg Reinders,4 Karin M. Danzer' and
Jochen H. Weishaupt'''*

Knowledge about converging disease mechanisms in the heterogeneous syndrome amyotrophic lateral sclerosis (ALS) is rare, but
may lead to therapies effective in most ALS cases. Previously, we identified serum microRNAs downregulated in familial ALS, the
majority of sporadic ALS patients, but also in presymptomatic mutation carriers. A 5-nucleotide sequence motif (GDCGG; D =G,
A or U) was strongly enriched in these ALS-related microRNAs. We hypothesized that deregulation of protein(s) binding predom-
inantly to this consensus motif was responsible for the ALS-linked microRNA fingerprint. Using microRNA pull-down assays
combined with mass spectrometry followed by extensive biochemical validation, all members of the fragile X protein family,
FMR1, FXR1 and FXR2, were identified to directly and predominantly interact with GDCGG microRNAs through their structur-
ally disordered RGG/RG domains. Preferential association of this protein family with ALS-related microRNAs was confirmed by
in vitro binding studies on a transcriptome-wide scale. Inmunohistochemistry of lumbar spinal cord revealed aberrant expression
level and aggregation of FXR1 and FXR2 in C9orf72- and FUS-linked familial ALS, but also patients with sporadic ALS. Further
analysis of ALS autopsies and induced pluripotent stem cell-derived motor neurons with FUS mutations showed co-aggregation
of FXR1 with FUS. Hence, our translational approach was able to take advantage of blood microRNAs to reveal CNS pathology,
and suggests an involvement of the fragile X-related proteins in familial and sporadic ALS already at a presymptomatic stage.
The findings may uncover disease mechanisms relevant to many patients with ALS. They furthermore underscore the systemic,
extra-CNS aspect of ALS.
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Introduction

Mutations in more than 30 genes lead to the clinical pheno-
type of familial amyotrophic lateral sclerosis (fALS), which
is caused primarily by the degeneration of motor neurons in
the motor cortex, brainstem and spinal cord. The inheritance
mode of fALS is wusually autosomal-dominant.
However, more than 90% of ALS cases develop the disease
sporadically (sALS), without an apparent family history.
Histopathological hallmarks of ALS are ubiquitinated pro-
teinaceous cytoplasmic inclusions in affected tissues. In the
vast majority of sALS and fALS patients, these inclusions
contain the protein TDP-43 (encoded by TARDBP).
Exceptions are SOD1- and FUS-linked ALS, where aggre-
gates largely lack TDP-43, but contain SOD1 or FUS pro-
tein, respectively.!

Genetic and functional evidence points towards four main
cell biological topics that are related to ALS, namely protein
homeostasis, RNA metabolism, cytoskeletal dynamics and
possibly DNA damage/repair.>* It is tempting to hypothesize
that different causative factors converge on a few pathways
ultimately resulting in the relatively specific death of the
motor neuronal subpopulation of CNS neurons. This is also
supported by experimental protein-protein interaction stud-
ies’ as well as in silico network analyses of ALS-related pro-
teins,® which revealed common binding partners and mutual
interactions of different proteins genetically associated with
ALS. Therefore, considerable evidence supports the existence
of common downstream events, at least for some ALS-
related proteins. Nevertheless, knowledge about converging
molecular disease mechanisms in the heterogeneous syn-
drome ALS is rare.

In previous studies, we identified a subset of microRNAs
(miRNAs) downregulated in serum that was independent of
the underlying disease gene, specifically in patients with
mutations in SOD1, C9orf72 and FUS.”® Although it
remained unclear whether extracellular miRNAs causally
contribute to diseases there is a consensus that many disease
conditions are at least reflected in changes of extracellular

miRNA profiles.” The ALS-linked miRNA patterns were
partially already evident in presymptomatic carriers of highly
penetrant ALS mutations (SOD1, C90rf72 and PEN1), indi-
cating that they mirror early pathogenic events and exclud-
ing secondary effects such as immobility or medication of
ALS patients as possible causes.” Additionally, downregula-
tion of the ALS-related miRNAs was also evident in ~60%
of sporadic patients suggesting alteration of similar patho-
genic pathways as in familial cases in the majority of sALS
cases.®

Most strikingly, among the 22 miRNAs differentially regu-
lated in ALS and presymptomatic ALS mutation carriers
(herein after referred to as the ‘ALS-related miRNA profile’;
Supplementary Table 1), miRNAs containing a 5-nucleotide
sequence motif (GDCGG; D=G, A or U)’ were highly
enriched when compared to the background of all miRNAs.
Therefore, in this work we test the hypothesis that one or
several RNA-binding protein(s) that are deregulated in re-
gard to their function, expression and/or localization in
sALS and fALS patients bind to the GDCGG motif. We pre-
sent evidence that these miRNAs directly interact with the
three members of the fragile X protein (FXP) family (FMR1,
FXR1 and FXR2) in vitro, and show neuropathological
alterations of FXR1 and FXR2 in FUS- and C9orf72-linked
fALS and in sALS.

Materials and methods

Patient cohorts and ethics
statement

ALS patients participating in this study were diagnosed for def-
inite ALS according to the revised El Escorial criteria.'”
Genotyping of ALS patients was performed as previously
described"" and patients were considered sporadic cases due to
a negative family history of the disease and absence of muta-
tions in SOD1 and C9orf72, the most frequent causes of
fALS.>?


https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab018#supplementary-data
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This study was approved by the national ethical review
boards according to the declaration of Helsinki (WMA, 1964)
and informed written consent was provided by all participating
individuals.

Gene ontology analyses

Gene ontology analyses were performed using the DAVID
Functional Annotation Tool (Version 6.8; https:/david.ncifcrf.
gov/).'=13

Expression and purification of
recombinant proteins

Detailed information about the proteins expressed is listed
in Supplementary Table 2. Experimental procedures for the
purification of recombinant proteins are described in the
Supplementary material.

Electrophoretic mobility shift assay

For electrophoretic mobility shift assays (EMSAs), 200 pmol of a
synthetic miRNA (biomers) and 10-50 pmol of a recombinant
protein in elution buffer were mixed in miRNA buffer in a total
volume of 20 ul. To ensure equal salt concentrations and compar-
ability of all EMSAs, the volume of the recombinant protein in
elution buffer was kept constant (5 pl) in all assays. After an incu-
bation on ice for 30 min, 5 pl of loading dye [50% glycerol, 10%
Novex Hi-Density TBE sample buffer (5x) (Thermo Fisher
Scientific #1.C6678)] was added and the samples loaded onto 3%
agarose gels prepared in 0.5x TBE (44.5mM Tris, 44.5mM
boric acid, 1 mM EDTA, pH 8.3) containing 0.2 ug/ml ethidium
bromide. Electrophoresis was carried out at 65V for 75 min and
a UV transilluminator was used to visualize the bands.

Protein/miRNA co-purification
experiments

The protein of interest coupled to Ni-NTA Agarose (Qiagen
#30210) was incubated with an equimolar mix of three to five
synthetic miRNAs. After washing, co-purifying miRNAs were
quantified using quantitative reverse transcription PCR (qRT-
PCR). The experiment is described in detail in the
Supplementary material. MiRNA-specific forward primers used
are listed in Supplementary Table 3.

In silico prediction of RNA-binding
amino acids

To predict stretches of amino acids in the disordered C-termini
of FXR1 and FXR2 that putatively participate in RNA-binding,
we used the RNABindRPlus software (http://ailabl.ist.psu.edu/
RNABindRPlus/).**

Drawing of schematic diagrams of
protein sequences

For the schematic presentation of protein sequences we used the
Tllustrator of Biological Sequences’ (IBS; Version 1.0.1; http:/
ibs.biocuckoo.org/).'
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Microarray analyses of miRNAs
co-purifying with the RGG/RG
domains of FXRI/FXR2/FMRI

Low molecular weight RNA isolated from HEK293 cells was
incubated with the recombinant RGG/RG2-domains of FXR1,
FXR2 or FMRI1, respectively. After recovery of the respective
domains, co-purifying RNAs were compared to the input RNA
using Affymetrix miRNA 3.0 arrays. A detailed description of
the procedure including statistical analysis can be found in the
Supplementary material.

Hierarchical cluster analyses

Hierarchical cluster analyses (average linkage) of miRNAs bind-
ing to the RGG/RG2-domains of FMR1, FXR1 and FXR2 were
performed using the Genesis software package (http://genome.
tugraz.at/).'

RNA immunoprecipitation

A detailed description of RNA-immunoprecipitation of myc-
tagged and endogenous FXR1 from lysates of HEK293 cells is
provided in the Supplementary material. Co-precipitating en-
dogenous miRNAs were quantified by qRT-PCR using miScript
Primer Assays (Qiagen; Supplementary Table 4).

Induced pluripotent stem cell-
derived motor neurons

The generation of isogenic motor neurons expressing endogen-
ously GFP-tagged FUS™ or FUS®**" is described elsewhere.!”
After differentiation, the cells were matured for ~2-3.5 weeks
as described previously.!”!® Stress granules were induced by
addition of 0.2mM sodium arsenite to the culture medium
for 1h.

The motor neurons carrying a FU
described and characterized previously.'” Induced pluripotent
stem cells (iPSCs) were generated as described.'®*°
Differentiation of the iPSC colonies is described in the
Supplementary material.

GDI02TE27 1 ytation were

MiRNA fluorescence in situ
hybridization

Simultaneous visualization of FXR1 and miR-92a-3p or miR-
3665 in iPSC-derived motor neurons was performed with the
ViewRNA™ Cell Plus Assay Kit (Thermo Fisher Scientific #88-
19000-99) and ViewRNA™ Cell Plus miRNA Assays (Thermo
Fisher Scientific #VM1-10463-VCP and #VM1-34581-VCP)
according to the manufacturer’s instructions.

Antibodies

Supplementary Table 5 lists all primary and secondary antibod-
ies used for immunofluorescence staining and western blotting
including manufacturer, catalogue number and working concen-
tration used.
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Additional protocols

Further details of the following experimental protocols can be
found in the Supplementary material: cell lines, plasmids,
siRNAs and transfection; miRNA-pull-down procedures using
synthetic, 5'-biotinylated miRNAs in lysates of HEK293 cells;
identification of GDCGG-binding proteins using label-free quan-
titative LC-MS/MS; isolation of fractions enriched in FXR1 and
FXR2 from HEK293 cells; immunocytochemistry and micros-
copy (staining and imaging of cells in culture); quantification of
miRNAs in iPSC-derived motor neurons and HAP1 cells using
gRT-PCR; immunohistochemistry using diaminobenzidine
(DAB) for human post-mortem spinal cord samples; glutathi-
one-S-transferase (GST) pull-down assays; and immunofluores-
cence staining of post-mortem spinal cord sections.

Statistical analysis

Unpaired, two-tailed student’s #-tests or Fisher’s exact test were
performed to analyse experiments. When appropriate, P-values
were adjusted for multiple testing using false discovery rate
(FDR) correction.”! Statistical tests used are specified in the re-
spective sections of the ‘Materials and methods’, ‘Results’ and/
or in the figure legends. P-values/FDRs < 0.05 were considered
statistically significant.

Data availability

All data associated with this study are present in the paper or
Supplementary material. Microarray raw data can be accessed at
Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/).
GSE number is GSE101067.

Results

Identification of proteins binding to
GDCGG-motif-containing miRNAs

We have previously identified serum miRNAs downregu-
lated in fALS and presymptomatic ALS mutation carriers.
Among them, miRNAs containing a 5-nucleotide consensus
sequence (GDCGG; D =G, A or U) were highly enriched
when compared to the background of all miRNAs.”
Consequently, to screen for proteins binding to GDCGG
motif-containing miRNAs, we performed pull-down assays
of biotinylated miRNAs using streptavidin beads, followed
by mass spectrometric identification of co-precipitating pro-
teins. Because of the high RNase-activity in serum and
plasma that degrades exogenously added RNA within sec-
onds,”* and the very low abundance of most proteins in
serum/plasma,”® pull-downs were performed from HEK293
cell lysates. The most downregulated miRNAs in ALS” com-
prising one or two copies of the consensus motif served as
baits, namely miR-4745-5p (GACGG) and miR-638 (two
times GGCGG). As control baits, miR-638 with a mild
(miR-638mutl) or a severe (miR-638mut2) mutation of the
consensus motif were used. The Caenorbabditis elegans
miRNA Cel-miR-39-3p without the consensus motif served
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as an additional negative control (Fig. 1A). All five miRNAs
led to the precipitation of sufficient amounts of protein for
reliable mass spectrometric analyses (Fig. 1B).

We identified and quantified 775 proteins in all pull-down
samples (7 = 3—4 for each miRNA; Supplementary Table 6)
and a gene ontology analysis (molecular function) revealed a
highly significant enrichment of poly(A) RNA-binding
and RNA-binding proteins (corrected P-value = 0 and
1.57 x 107", respectively; Supplementary Table 7). To
select proteins specifically interacting with GDCGG
miRNAs, we compared the abundance of proteins co-precip-
itating with miR-638wt versus miR-638mutl, miR-638wt
versus miR-638mut2 as well as miR-4745-5p versus Cel-
miR-39-3p. Only proteins that were at least 2-fold more
abundant after pull-down with the miRNA that contains the
motif compared to the respective control miRNA (corrected
P-value < 0.05) were considered further. The 28 proteins
fulfilling these criteria simultaneously in all three compari-
sons performed are listed in Fig. 1C and Supplementary
Table 6.

The top two candidate proteins identified to bind to
GDCGG-containing miRNAs were the fragile X-related pro-
teins FXR1 and FXR2 (Fig. 1C and D), which were also the
only two proteins from our earlier list of candidates impli-
cated in miRNA pathways before. Both proteins are highly
homologous to the third member of this family, FMR1.

Additionally, Fig. 1E shows the pull-down result
for MRPS26, a mitochondrial ribosomal protein. MRPS26
represents the highest ranked protein candidate that missed
our stringent selection criteria (Supplementary Table 6).

FXRI directly and predominantly
interacts with GDCGG miRNAs via
its RGG domain

To validate the interaction of GDCGG-containing miRNAs
with FXR1/FXR2, and to determine if the observed interac-
tions are direct or rather mediated by adaptor proteins, we
used EMSAs with recombinant FXR proteins and synthetic
miRNAs.

We expressed and purified FXR1 as N-terminal (FXR1-N)
and C-terminal (FXR1-C) fragments from Escherichia coli,
as full-length FXR1 protein was not stable in solution. The
two RNA-binding K-homology (KH) domains are located in
the N-terminus, while the RNA-binding RGG-box is located
C-terminally (Fig. 2A and D). Regarding FXR2, only the
N-terminus (FXR2-N), comprising the two KH domains,
was expressed and could be purified (Fig. 2B and D). The
C-terminus harbouring two RNA-binding RG boxes was
thus not accessible for EMSA. Additionally, we expressed
and purified two full-length control proteins, GST and
MRPS26, from E. coli (Fig. 2C and D). MRPS26 was the
highest ranked protein that missed our stringent selection
criteria, and was included at this stage as a control to valid-
ate these criteria. The recombinant proteins were fused to a
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Figure | Discovery experiment identifying proteins closely associated with miRNAs comprising the GDCGG motif.

(A) Workflow of miRNA pull-down experiments in lysates of HEK293 cells and sequences of 5'-biotinylated miRNAs used. (B) Representative
SDS-PAGE of a typical miRNA pull-down experiment followed by staining with Coomassie brilliant blue. (C) List of the 28 candidate proteins
(official gene symbols) putatively associated with GDCGG miRNAs (see main text for statistical details). The graph shows the fold change calcu-
lated from the most stringent comparison [miR-638wt versus miR-638mutl; n = 3—4; bars indicate mean =+ standard error of the mean (SEM)].
(D and E) Results of the top two candidate proteins FXR| and FXR2 (D), as well as of the highest ranked protein that missed our stringent selec-
tion criteria, MRPS26 (E), in all three statistical comparisons performed (miR-638wt versus miR-638mutl, miR-638wt versus miR-638mut2 and

miR-4745-5p versus Cel-miR-39-3p; n = 3—4; bars indicate mean = SEM. Corrected P-values: *P < 0.05, **P < 0.01, *¥P <

P-values: #P < 0.05, P < 0.01.

C-terminal Hisg-tag as well as to N-terminal GST- or T7-
tags, respectively (Fig. 2A-C).

The results from EMSAs revealed a predominant inter-
action of FXR1-C, but not FXR1-N or FXR2-N, with
GDCGG-containing miRNAs (Fig. 2E). The negative con-
trols GST and MRPS26, fused to the same tags as the FXR
proteins, did not show interaction with any of the miRNAs
and further confirmed the specificity of FXR1-C/miRNA
binding (Fig. 2E). EMSAs with additional miRNAs with and
without the GDCGG motif, or with a single-nucleotide vari-
ation of the motif consistently revealed a stronger affinity of
FXR1-C for miRNAs containing the intact motif (Fig. 2F
and G).

As another line of evidence, we used Ni-NTA-based co-
purification to prove preferential competitive binding of
FXR1 to GDCGG-containing miRNAs. To that end, FXR1-
C or full-length FXR1 protein was coupled to Ni-NTA
beads and incubated with an equimolar mix of synthetic
miRNAs with and without the motif. After washing, the
miRNAs co-purifying with the beads were quantified by
qRT-PCR. Both recombinant FXR1-C (Fig. 2H) as well as
full-length FXR1 (Fig. 2I) showed a significantly higher af-
finity for GDCGG miRNAs when compared to miRNAs
lacking the consensus motif. Taken together, several differ-
ent technical approaches confirmed direct and predominant
binding of the disordered C-terminus of FXR1 to the ALS-
related GDCGG-containing miRNAs.

Next, we aimed to identify the specific domain in the
C-terminus of FXR1 that mediates binding to GDCGG

0.001; uncorrected

miRNAs. First, we tested if the shorter C-terminus of the
known FXR1 splice isoform b (Supplementary Fig. 1A) is
still capable of binding to GDCGG miRNAs and found simi-
lar RNA-binding properties as for isoform a (Supplementary
Fig. 1E and F). I silico analysis of the C-terminus of FXR1
isoform b revealed three different amino acid stretches,
including the RGG-domain of FXR1, predicted to bind to
RNA (Supplementary Fig. 1B). Analyses of recombinant
C-terminal fragments of FXR1 (Supplementary Fig. 1C and
D) by EMSA revealed that the RGG-domain of FXR1, but
not the other two domains predicted to bind RNA,
binds directly and predominantly with high affinity
to miRNAs comprising the GDCGG motif (Supplementary
Fig. 1E and F).

FXR2 and FMRI also directly and
predominantly bind via their RGG/
RG domains to GDCGG miRNAs

Next, we aimed to determine whether the two close homo-
logues of FXR1, namely FXR2 and FMR1, were also
predominantly interacting with the GDCGG miRNAs. For
FXR2, the second top candidate protein of our initial discov-
ery experiment (Fig. 1C, D and Supplementary Table 6), we
applied a similar strategy as for FXR1. By iz silico predic-
tion of RNA-binding amino acids in the C-terminus of
FXR2 and using EMSAs with recombinant C-terminal frag-
ments and different miRNAs for validation, we found direct
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of full-length FXR1 (isoform a; A) and full-length FXR2 (B), as well as of the protein constructs purified from E. coli including the tags used for
expression and purification. The RGG domain of FXRI and the two RG boxes of FXR2 are indicated in green (AL = Agenet-like domain; KH =
K homology domain; domains according to UniProt). (C) Schematic drawing of the control proteins used (GST and MRPS26). (D) SDS-PAGE
stained with Coomassie brilliant blue shows the recombinant proteins purified from E. coli used for EMSAs in E-G. (E) EMSAs using 10 pmol
of the recombinant proteins indicated and miRNAs with and without the GDCGG motif. (F and G) EMSAs directly comparing the affinity of
FXRI-C for miRNAs with and without the GDCGG-motif (F) as well as for the same GDCGG miRNA upon mutation of a single nucleotide of
the motif (G; 10 pmol of FXRI-C were used). (H and I) Protein/miRNA co-purification experiments quantifying miRNAs by qRT-PCR that
co-purify with recombinant FXRI-C (H) and full-length FXRI (I) coupled to Ni-NTA beads after incubation with equimolar mixtures of
the miRNAs indicated. SDS-PAGEs stained with Coomassie brilliant blue of the recombinant proteins used for the assays are shown (n = 3—4;
bars indicate mean + SD; *P < 0.05, **P < 0.001 in an unpaired, two-tailed Student’s t-test).

and predominant binding of the second RG domain (RG2
domain) of FXR2 to the ALS-related GDCGG miRNAs
(Supplementary Fig. 2). Furthermore, using our Ni-NTA-
based co-purification approach described above, we show
that also eukaryotically-expressed full-length FXR1 and
FXR2 preferentially interact with GDCGG miRNAs
(Supplementary Fig. 3).

Reanalysis of our initial discovery experiment (Fig. 1)
revealed that FMR1 was only excluded from further analy-
ses because of the lack of statistical significance in one of the
three comparisons included in our stringent selection criteria
(preferential binding to miR-4745-5p compared to Cel-miR-

39-3p). Nevertheless, a strong trend here (corrected P-value

= 0.07) was also evident (Fig. 3A). An alignment of the
RGG/RG2-domains of FXR1 and FXR2, respectively, with
the RGG-domain of FMR1 revealed a high homology
(Fig. 3B). Consequently, we compared binding of the RGG/
RG2 domains of FXR1, FXR2 and FMR1 (Fig. 3C and D)
to synthetic miRNAs with and without the GDCGG motif
in EMSAs. All three protein fragments preferentially bound
to GDCGG miRNAs (Fig. 3E and F). Furthermore, an
miRNA pull-down using biotinylated miRNAs in lysates of
HEK293 cells specifically precipitated all three FXPs with an
miRNA that included the GDCGG motif (Fig. 3G).


https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab018#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab018#supplementary-data
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Figure 3 All three members of the FXP family directly and predominantly interact with ALS-related GDCGG-miRNAs.
(A) Results of FMRI in our initial discovery experiment (Fig. |; n = 3—4; bars indicate mean + SEM; corrected P-values: *P < 0.01, ***P < 0.001).
(B) Alignment of the RGG/RG2 domains of FXRI and FXR2 with the RGG domain of FMRI. (C) Schematic presentation of full-length FXRI
(isoform a), FXR2 and FMRI (isoform ISOI) as well as of the fusion constructs of the respective RGG/RG2 domains purified from E. coli
(AL = Agenet-like domain; KH = K homology domain; RGG and RG domains are indicated in green; domains according to UniProt). (D)
SDS-PAGE stained with Coomassie brilliant blue of the fusion proteins purified from E.coli and used for EMSAs. GST was fused to a N-terminal
T7- and a C-terminal His¢-tag. (E and F) EMSAs of the RGG/RG2-domains of FXRI, FXR2 and FMRI with GDCGG miRNAs (E) and
direct comparison of the affinity of the respective RGG/RG2-domains for miRNAs with and without the motif (F). In all EMSAs shown,
50 pmol of protein was used. (G) Results of an miRNA pull-down assay in lysates of HEK293 cells using 5'-biotinylated miRNAs with and
without the motif followed by western blot analyses. Ponceau S staining of the blot (left) and antibody detection of the FXP family members (right)
are shown.
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The RGG domain of FMR1 has been repeatedly shown to
interact with RNA G-quadruplex structures®**® that are
formed by G-rich sequences interrupted by short loops.”
Thus, hypothesizing that the generally G-rich ALS-related
GDCGG miRNAs adopt intra- or intermolecular G-quadru-
plex structures in vitro, we analysed all synthetic miRNAs
used in EMSAs above by native agarose gel electrophoresis.
RNA G-quadruplexes are destabilized in the presence of lith-
ium ions®® and only the ALS-related miR-4741 adopted a
secondary  structure  dissolved by lithium ions
(Supplementary Fig. 4A). EMSAs in presence of lithium ions
revealed slightly decreased binding of the RGG/RG2
domains of the FXPs to miR-4741 while binding to miR-
4745-5p was not affected (Supplementary Fig. 4B). We
therefore conclude that G-quadruplex formation of the re-
spective miRNA may enhance but is not required for binding
of the FXPs. To exclude that FXP binding of miRNAs is
mediated by G-rich sequences alone, we also repeated the Ni-
NTA based co-purification approach described above with
recombinant full-length FXR1 and a G-rich miRNA without
the GDCGG motif. We observed preferential binding of the
GDCGG miRNAs compared to the G-rich miRNA without
the GDCGG motif (Supplementary Fig. 4C). Hence, all three
members of the FXP family directly and predominantly inter-
act with the ALS-related GDCGG miRNAs via their RGG/
RG2 domains.

Importantly, endogenous GDCGG motif-containing
miRNAs also showed a preferential association with FXR1,
as demonstrated by immunoprecipitation of myc-FXR1 and
endogenous FXR1 from HEK293 cells followed by qRT-
PCR quantification of co-precipitating miRNAs (Fig. 4).
This further corroborates FXP/miRNA-interaction in vivo.
Of note, the GDCGG miRNAs quantified in this assay were
previously validated to be downregulated in serum of
patients with fALS.”
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Transcriptome-wide validation of
the interaction of fragile X proteins
with ALS-related miRNAs

We extended the above findings to a transcriptome-wide
level in a fully controlled in vitro approach. We incubated
each of the recombinant RGG/RG2 domains of FMRI1,
FXR1 and FXR2 (Fig. 3C and D) with low molecular
weight RNA (RNA roughly < 200 bases) isolated from
HEK293 cells followed by recovery using Ni-NTA beads.
The co-purifying RNAs were compared to the input RNA
using miRNA microarrays interrogating 1733 different ma-
ture miRNAs and 1658 miRNA precursors (pre-miRNAs;
Affymetrix miRNA 3.0 array). RNAs that were at least 2-
fold enriched over the input RNA (corrected P-value <
0.05) were considered as binding to the respective RGG/
RG2 domain.

Higher amounts of low molecular weight RNA (~2.5-
fold; Fig. 5A) and specifically mature miRNAs (~4.3-fold;
Fig. 5B) co-purified with the RGG domain of FXR1 than
with the respective domains of FXR2 or FMR1, while the
different RGG/RG2 domains were equally recovered
(Fig. 5C). A control protein (GST with N-terminal T7 and
C-terminal Hisg tags) did not lead to the enrichment of de-
tectable amounts of low molecular weight RNA or mature
miRNA (Fig. 5A and B).

The RGG/RG2 domains of the FXPs were associated with
approximately one-quarter to one-third of cellular mature
miRNAs (Supplementary Table 8), with a large overlap be-
tween the different RGG/RG2-domains (Fig. 5D). A hier-
archical cluster analysis (average linkage) based on the 101
miRNAs bound by all three RGG/RG2 domains revealed
similar specificities of FXR1 and FMR1 in regard to the
recovered RNA pattern, while the specificity of the RG2 do-
main of FXR2 was slightly distinct (Fig. SE). While all three
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Figure 4 RNA immunoprecipitation of myc-FXRI| and endogenous FXRI suggests FXP/miRNA interaction in vivo. Myc-FXRI
or endogenous FXR| were immunoprecipitated from lysates of HEK293 cells overexpressing N-terminally myc-tagged FXRI (isoform a) or from
untreated HEK293 lysates, respectively. Co-precipitating miRNAs were quantified by qRT-PCR. (A and B) Representative western blots showing
immunoprecipitations of myc-FXRI (A) and endogenous FXRI (B). (C and D) Quantitative RT-PCR quantification of mature miRNAs co-precipi-
tating with myc-FXR| (C) and endogenous FXRI (D) (n = 6 or 4, respectively; bars indicate mean + SEM; *P < 0.05,%P < 0.01, ***P < 0.001 in
an unpaired, two-tailed Student’s t-test; n.s. = not significant; n.d. = not detected).


https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab018#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab018#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab018#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab018#supplementary-data
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Figure 5 Microarray analyses of miRNAs binding to the RGG/RG2 domains of FXRI, FXR2 and FMRI. (A and B) Quantification
of total RNA (A) and miRNA (B) co-purifying with the respective RGG/RG2-domains after incubation with low molecular weight (LMW) RNA
isolated from HEK293 cells (n = 3; bars indicate mean = SD; **P < 0.01,**P < 0.001 in an unpaired, two-tailed Student’s t-test). (C) SDS-PAGE
stained with Coomassie brilliant blue comparing the quantity of input protein (IN = 1.5 pg) to the protein recovered using Ni-NTA beads (OUT
= 1.5 pl of beads theoretically corresponding to 1.5 ug of protein) in experiments for microarray analyses. (D) Venn diagrams visualizing the over-
lap of mature miRNAs (left) or pre-miRNAs (right) co-purifying with the RGG/RG2-domains of FXRI, FXR2 and FMRI. (E) Hierarchical cluster
analysis (average linkage) of the 101 mature miRNAs binding to the RGG/RG2 domains of all three FXP family members. (F) Enrichment of
miRNAs containing the GDCGG or WGGA motif as well as of the 22 ALS-related miRNAs by the different FXP RGG/RG2 domains. Presence
of the respective motif or classification as ‘ALS-related’ in FXP-binding miRNAs was compared to miRNAs not binding to the different RGG/

RG2 domains using Fisher’s exact test.

RGG/RG2 domains significantly enriched for GDCGG-
containing miRNAs and also for the 22 ALS-related
miRNAs, this was less pronounced for the RG2 domain of
FXR2. While FXR1 and FMR1 enriched for all 22 or
21 ALS-related miRNAs, respectively, 18 of these miRNAs
were bound by FXR2. The mRNA-motif previously
supposed to bind most robustly to the RGG-box of
FMR1 (WGGA; W=A or U??32) was not enriched
(Fig. SF).

In contrast to mature miRNAs, only few pre-miRNAs
were enriched by the three different FXP RGG/RG2
domains, (single
stranded) mature miRNAs rather than the hairpin-shaped
pre-miRNAs (Fig. 5D and Supplementary Table 9).

indicating a preferential binding to

FXRI and FXR2 neuropathology in
patients with familial or sporadic
ALS

Having shown that FXPs are direct interactors of ALS-
associated GDCGG miRNAs, we hypothesized that sys-
temic changes in either expression or cellular distribution

of FXPs could be the reason for altered levels of this
miRNA subset in serum of ALS patients. FMR1 has indeed
been shown to localize to neuronal cytoplasmic inclusions
of FUSRS21C or TDP-43 in spinal motor neurons of fALS
and sALS patients, respectively.” We used post-mortem tis-
sue (spinal cord) from fALS (FUS- and C9o0rf72-linked)
and sALS patients as well as from age-matched control
cases to clarify a possible FXR1 and FXR2 pathology.
DAB immunohistochemistry of lumbar spinal cord of con-
trol patient tissue showed FXR1 and FXR2 co-localized
with Nissl bodies and subplasmalemmal cisternae in alpha
motor neurons (o-MNs) (Fig. 6A and B). In contrast,
o-MNs of both fALS and sALS patients displayed a far
more heterogenous FXR1/2 expression level. FXR1 and
FXR2 immunoreactivity was either robustly increased
[mostly associated with the endoplasmatic reticulum (ER)],
or clearly below the level in control sections that had been
stained in parallel. In about 30-40% of a-MNs of fALS
and sALS patients with elevated immunoreactivity, larger
FXR1- and FXR2-positive accumulations were observed
(Fig. 6). In a-MNs with decreased immunoreactivity, a
more granular, speckled pattern of cytoplasmic FXR2 was
found (Fig. 6B).


https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab018#supplementary-data
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bars = 60 um). (C) Quantification of aberrant expression (compared to the mean intensity of control staining) and accumulation of FXRI and
FXR2 in spinal cord a-MNs of controls and ALS cases studied [n = 6 controls, 4 FUS**2', 4 C90rf72 and 6 sALS; 54 = 24 (mean % SD) motor
neurons analysed each; bars indicate mean + SEM; *P < 0.05, **P < 0.01, **P < 0.001 in an unpaired, two-tailed Student’s t-test; asterisks repre-
sent P-values compared to the controls].




1224 | BRAIN 2021: 144; 1214-1229

Fragile X proteins co-aggregate
with FUS in iPSC-derived motor
neurons

FMR1 has been implicated in ALS pathogenesis and shown
to bind to FUS protein before.>** Therefore, we aimed to
validate our findings in more detailed analyses and chose
FUS-linked ALS as a model of fALS.

In bacterial artificial chromosome (BAC)-transgenic HeLa
cells expressing endogenous levels of GFP-tagged FUS™" or
ALS-causing FUS® % 3% all three FXPs clearly localize to
spontaneously formed cytoplasmic aggregates of FUS™'-
GFP (Supplementary Fig. 5). Similarly, we found that, in
iPSC-derived FUSP*°?™27 motor neurons,!” FMR1 and
FXR1 proteins are detected in spontaneously formed cyto-
plasmic FUS aggregates. In contrast, co-localization of FXR2
with FUSPSO2T827 \was  comparatively weak or absent
(Supplementary Fig. 6). Therefore, our data indicate co-ag-
gregation of FMR1 and FXR1 with cytoplasmic mutant
FUS. The distribution of FXR2 is less clear and its presence
in cytoplasmic aggregates may depend on the specific
mutation.

More detailed analyses were performed in isogenic
iPSC-derived motor neurons expressing endogenously GFP-
tagged (using CRISPR/Cas9-editing) FUS™ or pathogenic
FUS™2L 17 Under basal conditions, and further enhanced
upon induction of stress granules by sodium arsenite, quanti-
tative co-localization analyses revealed an increased correl-
ation (Pearson’s 7) of the signals of all three FXPs with
FUS™#L.GFP when compared to FUSY-GFP (Fig. 7A-D
and Supplementary Fig. 7), indicating co-localization of
FXPs specifically with mutant FUS. This is not too surpris-
ing, because cytoplasmic mislocalization and formation of
stress granule-related FUS granules is a feature of ALS-linked
FUS variants. However, considering that there is already
convincing evidence for an active contribution of the FXPs
to ALS pathogenesis in iz vivo models,”>® these data clearly
show alterations of the FXPs in human FUS mutant iPSC-
derived motor neurons. Moreover, given that iPSC-derived
motor neurons most likely represent an early or even pre-
symptomatic stage of the disease, these results are in line
with  presymptomatic ~ downregulation of GDCGG
miRNAs.” Importantly, three of four tested GDCGG
miRNAs previously shown to be downregulated in serum of
fALS patients” were also less abundant in the FUS™**"-GFP
expressing motor neurons (Fig. 7E). In contrast, the majority
of the control miRNAs without GDCGG motif used
throughout the study were unaffected and argue against a
general ALS-related defect in miRNA biogenesis,*® at least
in FUS mutant motor neurons. Fluorescent in situ hybridiza-
tion of FXP-binding miR-3665 or not FXP-binding miR-
92a-3p (Fig. 3), confirmed downregulation of miR-3665 in
motor neurons expressing mutant FUS. Interestingly, induc-
tion of stress granules by sodium arsenite led to reduced
abundances of miR-3665 (Fig. 7F and G). Additionally,
quantitative co-localization analysis of FXR1 and miRNA

A. Freischmidt et al.

signals revealed a higher correlation coefficient (Pearson’s 7)
for miR-3665 than for miR-92a-3p, suggesting that the
FXP/miRNA interaction characterized above also occurs in
human motor neurons (Fig. 7H). However, generally low
correlation coefficients may indicate that only a fraction of
miR-3665 is associated with FXR1. Interestingly, arsenite
treatment decreased the co-localization of miR-3665 with
FXR1 in both FUS“-GFP- and FUS"™%*'-GFP-expressing
motor neurons (Fig. 7H). In contrast, neither the abundance
nor the co-localization with FXR1 of miR-92a-3p was
altered by the pathogenic FUS mutation or arsenite treat-
ment (Fig. 7G and H).

Recruitment of FXRI and FXR2 to
mutant FUS granules is
independent of FMRI

In contrast to FMR1,> FXR1 and/or FXR2 did not turn out
to be direct interactors of FUS. We performed GST pull-
down assays using HEK293 cell lysates and the first 200
amino acids of FMR1 previously shown to mediate the
binding to FUS,*® as well as the respective homologous
regions of FXR1 (amino acids 1-200) and FXR2 (amino
acids 1-210). These experiments confirmed only the inter-
action of FMR1 but not FXR1/2 with FUS. The results were
independent of the presence of RNA in the lysates
(Supplementary Fig. 8).

Moreover, recruitment of FXR1 and FXR2 to mutant
FUS aggregates was independent of FMR1, which interacts
with both FXR1 and FXR2.*”? Here, we used a haploid
fibroblast-like FMR1 knockout cell line. Interestingly,
knockout of FMR1, and further enhanced by an additional
~50% knockdown of FXR2, led to a dramatic increase of
GDCGG miRNAs. In contrast, reduced FXPs had little or
no effect on the abundance of control miRNAs further
strengthening a possible link of FXPs and ALS-related
GDCGG miRNAs (Supplementary Fig. 9). Overexpression
of N-terminally myc-tagged FUS®?*X a variant causing
early-onset ALS with a fast disease progression*” led to the
spontaneous formation of cytoplasmic FUS aggregates.
Almost all these aggregates partially or fully co-localized
with FXR1 and FXR2 despite the absence of FMRI1
(Supplementary Fig. 10). Similarly, FMR1 was not required
for the recruitment of FXR1 and FXR2 to arsenite-induced
stress granules (Supplementary Fig. 11). Hence, alternative
mechanisms other than (direct) protein-protein interactions
with FUS or FMR1 may be responsible for the sequestration
of FXR1 and occasionally FXR2 in cytoplasmic aggregates.

FXRI and FXR2 are differentially
altered in FUS-linked ALS

To characterize the co-aggregation of FXR1 and FXR2 with
mutant FUS in ALS, we studied post-mortem tissue (lumbar
spinal cord) from four fALS patients carrying a FUSRS*1C
mutation as well as age-matched control cases. Similar to


https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab018#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab018#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab018#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab018#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab018#supplementary-data
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Figure 7 FXPs localize to spontaneous cytoplasmic aggregates of mutant FUS in iPSC-derived motor neurons. (A—C) Isogenic
motor neurons expressing endogenous levels of FUSYGFP or FUS™**"-GFP were stained for FMRI (A), FXRI (B) or FXR2 (C). White
boxes in the overview images on the left are shown at higher magnification in the three images on the right, respectively (scale bar = 20 pm).
(D) Co-localization analyses of FUS-GFP and the three FXPs of the staining shown in A—C (n = 3 with 3—14 cells analysed each). (E) Relative
level of five control miRNAs and four ALS-related GDCGG miRNA:s in the isogenic FUS"-GFP or FUS™*?*".GFP motor neurons measured by
gRT-PCR. Data were normalized to miR-24-3p and RNU6-2 (n = 6). (F) Representative images of simultaneous staining of FXR| and miR-92a-3p
or miR-3665, respectively, in isogenic FUSY-GFP and FUS™>**"-GFP motor neurons. Stress granules were induced by addition of 0.2 mM sodium
arsenite to the culture medium for | h (scale bar = 10 pm). (G and H) Quantification of dots per cell representing miRNA copies per cell
(G) and co-localization analyses of FXRI and miR-92a-3p or miR-3665 (H), respectively, of the staining shown in F [n =2 with five images
analysed each; 62 + 22 cells/image (mean + SD); bars indicate mean + SEM; *P < 0.05, **P < 0.01, ** P < 0.001 in an unpaired, two-tailed
Student’s t-test; ‘ars’ indicates treatment of cells with 0.2 mM sodium arsenite for | h].
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the DAB staining earlier (Fig. 6), we detected a pattern of
increased ER-associated FXR1 and FXR2 labelling in many,
but not all a-MNs. In addition, we found that 18.4% of the
FUS aggregates in lumbar spinal cord o-MNs showed a dis-
tinct FXR1-immunoreactivity which was usually restricted
to the periphery of the inclusions (Fig. 8A and C). Even
though few smaller subplasmalemmal aggregates were

FXR2 immunoreactive in the DAB-stained sections (Fig. 6B),
FUS aggregates and FXR2 immunoreactivity was mutually
exclusive in a-MNs of lumbar spinal cords from all FUS
mutant cases. Only neurons devoid of FUS inclusions
showed FXR2 immunolabelling (Fig. 8B), and FXR2
expression was thus inversely correlated with abnormal FUS
accumulation.



1226 | BRAIN 2021: 144; 1214-1229

control

A. Freischmidt et al.

FUS R521C

FUS

W  merge + DAPI

control FUS R521C

FXR2
.
.

FUS

merge + DAP

35 p2.5.4
"] .
g 30 9
5 25 4
Q
c 20 4
) .
E 15 1 i
o 10 1
s 5 9 *?
= L
0
c\s’ '\(" Q:\ qﬂ'
o'é Qf;" Q+ Q"f'
- ©
<
FUS aggregates FUS R521C aggregates

containing

Figure 8 Immunoreactivities of FXRI and FXR2 correlate with the presence of FUS aggregates in post-mortem tissue

of FUSR®*?'C fALS patients. (A and B) Representative confocal immunofluorescence imaging of human lumbar spinal cord FU

SR52IC

fALS 0-MNs. (A) Compared to normal controls, FUS?*2/C 4-MNss without FUS aggregates show markedly increased Nissl body-associated FXRI
staining. Cytoplasmic FXR| immunoreactivity is lower in a-MNs containing FUS aggregates. However, there is strong FXR | -immunoreactivity in
the periphery of some (18.4%; white arrowheads), but not all, FUS aggregates. (B) Diffuse granular cytoplasmic FXR2 immunoreactivity is present
only in those a-MNs that do not show abnormal FUS aggregation. White arrows indicate a-MNs with FUS aggregates and reduced FXR2 staining
intensity (scale bar = 60 um). (C) Quantification of FUS aggregates in controls and FUS®®2'C ALS patients as well as quantification of FXRI and
FXR2 in FUS aggregates of FUSR*2'< ALS patients [n = 6 controls and 4 FUS®2' ALS patients; 62 + 25 (mean % SD) motor neurons analysed
each; bars indicate mean =+ SEM; *P < 0.05,%P < 0.001 in an unpaired, two-tailed Student’s t-test].

Discussion

In our translational work, we managed to draw a bow from
peripheral miRNA fingerprints to the discovery of FXP ag-
gregation in CNS neurons. We provide multiple lines of evi-
dence in vitro, in cell lines and in human motor neurons that
the ALS-linked serum miRNAs directly bind to all three
members of the FXP family, FMR1, FXR1 and FXR2, by

their shared pentanucleotide consensus sequence. The
FXPs were identified based on miRNA alterations detected
in both sALS and fALS patients as well as presymptomatic
mutation carriers, and we show that FXPs also aggregate
in both sALS and fALS motor neurons. This suggests the
existence of converging, early pathogenic mechanisms that
involve FXPs and are shared between sporadic and familial
ALS.
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Our data are supported by other unbiased previous
screening approaches, e.g. a search for common binding
partners of ALS-related proteins’ or a screen for proteins
that are altered by C9orf72-associated RNA foci,*" which
suggested that FXPs may be linked to ALS. A comparison of
our previous array-based results regarding miRNA expres-
sion in ALS patient serum to previous other studies measur-
ing miRNA levels in ALS CNS tissue is difficult, because the
ALS-related, generally G-rich miRNAs are poorly covered
by small RNA sequencing, or are not included in gRT-PCR-
based panels used for miRNA profiling. However, reduced
levels of at least some of the ALS-miRNAs binding to the
FXPs reported here were found in spinal cord tissue of sALS
patients*” and laser dissected lumbar motor neurons of sALS
and fALS patients.*® In this context, it is also important to
note that FXPs, as most proteins linked to ALS pathology,
as well as the ALS-related miRNAs are ubiquitously
expressed.*? Therefore, we hypothesize that the ALS-related
miRNA profile in serum is rather a reflection of a systemic
(including the CNS) downregulation than a direct conse-
quence of affected neurons.

FXPs are known to interact with the miRNA machinery,
mainly because of their association with DICER1 and AGO
proteins (reviewed in Banerjee et al.,** and Cheever and
Ceman™). Further, the presence of pre-miRNAs and mature
miRNAs in complexes containing members of the FXP fam-
ily has been reported in vivo.*® Our findings show that a
subset of mature miRNAs directly bind to the RGG/RG2
domains of these proteins without involvement of AGO pro-
teins, which may provide a basis for better understanding
not only of FXP functions but also for general miRNA-
related gene regulation. Our data add FXPs to the short list
of RNA-binding proteins directly interacting with mature
miRNAs.*” Possible FXP functions related to mature
miRNAs include but are not limited to shuttling of specific
miRNAs to and from AGO proteins, subcellular relocaliza-
tion of mature miRNAs, miRNA-supported recognition of
target mRNAs by FXPs or direct regulation of FXP function
by binding of specific miRNAs.

However, the precise connection between FXP function
and the observed fingerprint of miRNA alterations in ALS
serum remains to be determined. In principle, downregula-
tion of the ALS-related miRNAs (i) may have functional
relevance for the pathogenesis of ALS with FXPs being
downstream of the miRNA dysregulation; or (ii) alterations
of the FXPs may cause the reduced abundance of ALS-
related miRNAs in serum, with or without pathogenic rele-
vance of these miRNA alterations. Changes in FXP function
or expression placed upstream of ALS-linked miRNA dysre-
gulation may be the more likely possibility, because in
HAP1 cells FXP expression was linked to GDCGG miRNA
abundance. However, this relation is rather indirect as re-
duction of FXP level led to an increase of GDCGG miRNA
abundance, and other studies argue against an active in-
volvement of FXPs in miRNA biogenesis. For example,
FXPs are mostly associated with a mature and active RNA
induced silencing complex (RISC) rather than with miRNA
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biogenesis complexes that contain AGO2 and DICER1.*®

Moreover, a recent screening for RNA-binding proteins
involved in the biogenesis of various miRNAs did not
identify the FXPs.** Additionally, our results show that
RGG/RG2 domains of the FXPs are associated with
mature miRNAs rather than with miRNA precursors. In
contrast, an indirect role of FXPs in miRNA biogenesis is
more plausible as FMR1 was previously found to regulate
the protein levels of e.g. DROSHA, a ribonuclease catalys-
ing the first processing step of primary miRNA tran-
scripts.’® Moreover, systemically altered FXP function or
expression may in turn cause a differential transport or
stability of miRNAs in the serum. Generally, elucidating
the physiological function of the association of mature
miRNAs with FXPs reported here could lead to valuable
insights in the pathogenesis of ALS.

Along the line of previously published data showing that
greatly reduced miRNA levels due to genetic ablation of
Dicerl in mouse motor neurons cause an ALS-like pheno-
type,” ! it is tempting to speculate that downregulation of the
GDCGG miRNAs in ALS may indeed represent a contribu-
tor to protein aggregation and ALS pathogenesis. Clearly,
further studies are required to verify such a possible scen-
ario. Strongly suggesting a functional role of the systemically
altered ALS-linked miRNAs and/or FXPs in ALS pathogen-
esis is the fact that immunohistochemistry revealed an aber-
rant expression and aggregation of both FXR1 and FXR2 in
fALS and sALS patient spinal cord tissue. Moreover, similar
pathological findings are observed for FXR1 and FXR2 in
autopsy tissue from ALS linked to FUS mutations and conse-
quent FUS protein aggregation, as well as in other ALS cases
accompanied by TDP-43 pathology (C9orf72-linked and
sALS).! Together with previous reports showing that FMR1
is a component of both pathological TDP-43 and FUS inclu-
sions,” FXPs might turn out to be useful neuropathological
markers for ALS with a broader prevalence than observed
for phosphorylated TDP-43.

The cellular models used in our work suggest aggregation
of all three FXPs in FUS mutant neurons. Considering that
human iPSC-derived motor neurons iz vitro have been sug-
gested to be more representative of early or even presympto-
matic stages of neurodegeneration,’> our results further
support that dysregulation of the FXPs is an early event in
ALS pathogenesis. While FMR1 and FXR1 seem to be gen-
eral components of mutant FUS aggregates, co-aggregation
of FXR2 may depend on the specific FUS mutation. We
show that the co-aggregation of FXR1/2 and FUS does nei-
ther depend on (direct) protein-protein interaction between
FXR1/2 and FUS, nor on the presence of FMR1, which is
an established binding partner of both FXR1/2 and FUS and
thus a possible adaptor protein.’****”=? Therefore, addition-
al factors such as specific proteins or RNAs that remain to
be determined might attract FXR1 and occasionally FXR2
to aggregated FUS.

Neuropathological studies revealed accumulation of FXR1
at the margins of some, but not all, FUS®*?'€ inclusions in
o-MNs, raising the hypothesis that FXR1 may play a role in
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the clearance or shielding of pathological aggregates.
Surprisingly, in post-mortem spinal cord a-MNs, FXR2 ex-
pression, and to a lesser extend the expression of
FXR1, were inversely correlated with the presence of FUS
Moreover, FXR2 immunoreactivity —and
FUS inclusions were mutually exclusive, i.e. only motor
neurons virtually lacking FXR2 expression contained FUS
aggregates.

Taken together, our data indicate a role of the FXPs in
pathogenic protein aggregation, at least in sporadic,
C90rf72- and FUS-linked ALS. The fact that a molecular
pattern in blood ultimately led to the identification of novel
neuropathological markers of ALS strengthens the view of
ALS as a systemic disease. Our unconventional and unbiased
experimental strategy strongly suggests that
molecular pathology can reflect neurodegeneration-related
alterations in the CNS and help to find novel disease-related
molecules. Notably, the ALS-related serum miRNA profiles
that led to the identification of FXPs in our translational
approach were already evident in preclinical carriers of
causative ALS mutations.” Therefore, our results presented
here could be the first step in uncovering a novel pathogenic
pathway altered many years before actual onset
of symptomatic disease in the majority of ALS patients.

inclusions.
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