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Abstract

Genetic and functional studies suggest diverse pathways being affected in the neurodegenerative disease amyotrophic lateral
sclerosis (ALS), while knowledge about converging disease mechanisms is rare. We detected a downregulation of micro-
RNA-1825 in CNS and extra-CNS system organs of both sporadic (SALS) and familial ALS (fALS) patients. Combined
transcriptomic and proteomic analysis revealed that reduced levels of microRNA-1825 caused a translational upregulation
of tubulin-folding cofactor b (TBCB). Moreover, we found that excess TBCB led to depolymerization and degradation of
tubulin alpha-4A (TUBA4A), which is encoded by a known ALS gene. Importantly, the increase in TBCB and reduction
of TUBA4A protein was confirmed in brain cortex tissue of fALS and SALS patients, and led to motor axon defects in an
in vivo model. Our discovery of a microRNA-1825/TBCB/TUBA4A pathway reveals a putative pathogenic cascade in both
fALS and sALS extending the relevance of TUBA4A to a large proportion of ALS cases.
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TDP-43 Transactive response DNA-binding protein
43

TUBA4A Tubulin alpha-4A

Introduction

More than 90% of the patients affected by the neurode-
generative disorder amyotrophic lateral sclerosis (ALS)
have no family history of the disease and are considered
sporadic (SALS) cases [1]. The remaining approximately
5-10% report a positive family history for ALS or the
genetically and neuropathologically linked disease fronto-
temporal dementia (FTD) [1, 2], and are, therefore, clas-
sified as familial (fALS). Despite the diverse functions of
the more than two dozen known ALS genes, their physi-
ological functions point to few overarching cell biological
topics relevant for ALS pathogenesis [3]. Amongst these,
one major topic is the alteration in cytoskeletal dynamics
as evidenced by ALS-causing mutations in PFNI (coding
for profilin 1) [4], DCTNI (dynactin subunit p150) [5], or
TUBA4A (tubulin alpha-4A chain) [6]. However, in most
patients a mutation cannot be assured. Furthermore, genetic
mouse models have not been predictive for the clinical suc-
cess of pre-clinically effective therapies so far. One reason
for this failure in translation might be that the exact rela-
tionship between monogenically caused ALS and ALS of
sporadic patients without genetic mutations remains largely
unclear. Molecular research on ALS pathogenesis mostly
focuses on downstream effects of known disease mutations.
Hence, knowledge about disease pathways relevant for both
genetic and sporadic ALS is largely lacking, but would be
important for novel treatment strategies that are effective for
the major proportion of ALS patients.

Much of the ALS research interest is centered on TDP-
43/TARDBP because cytoplasmic aggregates of hyperphos-
phorylated TDP-43 are found in post-mortem specimens
of most ALS patients [7] and mutations in TARDBP can
cause fALS in rare instances [8]. The finding that TDP-43
is involved in the biogenesis of microRNAs (miRNAs) links
miRNA dysmetabolism to the pathogenesis of ALS [9, 10].
MiRNAs are small (18-25 nucleotides) non-coding RNAs
regulating gene expression post-transcriptionally. A single
miRNA is thought to influence the expression of several 100
genes [11, 12]. By hybridization with the 3’ untranslated
region (3’ UTR), miRNAs induce either degradation, dead-
enylation or translational repression of the target mRNAs
[13]. Recently, we detected altered miRNAs in serum of
fALS and sALS patients using miRNA microarray analyses
[14, 15]. According to our previous work, miR-1825 was the
only miRNA significantly downregulated in serum of both
SALS and fALS and a trend towards reduction of miR-1825
(uncorrected p value=0.0586) was observed in serum of
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pre-manifest ALS mutation carriers [14, 15]. This suggested
that reduced serum/plasma levels of miR-1825 could be a
general feature of most ALS patients and may be part of a
common pathogenic cascade.

In this study, we describe a miR-1825/TBCB/TUBA4A
pathway that is dysregulated in both sporadic and famil-
ial ALS. Our data suggest disturbances of the microtubule
cytoskeleton caused by increased levels of TBCB as a com-
mon disease mechanism in both fALS and sSALS. We, there-
fore, uncover a miR-1825-dependent pathway that connects
genetic and epigenetic aspects of the disease and may be
relevant for the mechanistic understanding of a large propor-
tion of ALS cases.

Materials and methods
Ethics statement and patient cohorts

Analyses of post-mortem samples were performed in accord-
ance with the Declaration of Helsinki (WMA, 1964) and
study protocols were approved by the local medical ethi-
cal review boards. Informed consent was obtained from all
individual participants included in the study. Genotyping of
SOD1 and C9ORF?72 of clinically definite (El-Escorial cri-
teria) ALS patients was performed by Sanger sequencing or
repeat-primed PCR and Southern blotting, respectively [16,
17]. ALS cases were considered sporadic when no famil-
ial background of the disease was known and mutations
in SOD1 or C9ORF72 were not detected. Characteristics
of ALS patients and controls are shown in Supplementary
Tables 1-4. Procedures involving animals were conducted
according to the guidelines of the German animal welfare act
and approved by the regional board (Tiibingen; Germany).

RNA purification, reverse transcription
and quantitative RT-PCR

For miRNA analyses, RNA was isolated using the miRNe-
asy Mini kit (Qiagen) according to the manufacturers’
instructions. RNA integrity numbers (RIN) were deter-
mined using the Agilent 2100 Bioanalyzer (Agilent Tech-
nologies). Reverse transcription and quantitative PCRs
were performed using the miScript PCR System (Qiagen).
MiRNA-specific oligonucleotides were purchased from Qia-
gen (miScript Primer Assays, Supplementary Table 5). For
mRNA analyses, RNA was isolated with the RNeasy Plus
Mini kit (Qiagen) and reverse transcribed using the iScript
cDNA synthesis kit (Bio-Rad). For gPCRs, we used the iQ
SYBR Green Supermix (Bio-Rad). All qgPCRs were run on
a CFX96 real-time system (Bio-Rad). The 2724¢ method
was used to calculate the fold change of RNA or miRNA
level compared to control samples. MiRNA levels were
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normalized to U6 small nuclear RNA while mRNA levels
were normalized to U6 or TATA-box-binding protein (TBP),
unless otherwise stated. Oligonucleotides used for qRT-PCR
are listed in Supplementary Table 5. The order of processed
samples was randomized.

In situ hybridization (ISH)

The 5'- and 3'-digoxigenin-labelled miRCURY LNA Detec-
tion probe specific for hsa-miR-1825 (#611352-360) and
scrambled control (#699004-360) was purchased from
Exiqon (Vedbaek, Denmark). The ISH was performed
according to the manufacturer’s protocol with following
minor modifications: prior to hybridization, samples were
blocked with prehybridization buffer (50% formamide,
5% SSC, 1 xDenhardt’s solution, 500 ug/ml yeast tRNA)
for 30 min at hybridization temperature (54 °C). Then,
40 nM probes in hybridization buffer (50% formamide,
5% SSC, 1xDenhardt’s solution) were incubated with the
samples at 54 °C for 1 h. For probe detection, anti-digoxi-
genin antibody labelled with horseradish peroxidase (HRP;
5 U/ml, #11207733910, Sigma-Aldrich) and DAB-solution
(Dako) were used. Slides were counterstained using Mayer’s
hemalum (#109249, Merck Millipore). Bright-field images
were recorded using BZ-9000E microscope (Bioreva, Key-
ence). Sections were processed in a random order.

Plasmids and RNA oligonucleotides

Synthetic mimic-1825 (syn-hsa-miR-1825 miScript
miRNA Mimic, #MSY0006765) and antimiR-1825 (anti-
hsa-miR-1825 miScript miRNA Inhibitor, #MIN0006765)
and their corresponding negative controls (AllStars Nega-
tive control siRNA, #1027280; miScript Inhibitor Negative
control, #1027271) were purchased from Qiagen (Hilden,
Germany). Biotinylated mimic-1825 (hsa-miR-1825 miR-
CURY LNA microRNA Mimic, #479997-671) and bioti-
nylated mimic-39-3p (cel-miR-39-3p miRCURY LNA
microRNA Mimic, #479997-671) were acquired from
Exiqon (Vedbaek, Denmark). 6-FAM labelled mimic-con-
trol RNA (HMC002, #8021324906-000020; HMCO002_as,
##8021324906-000030) was purchased from Sigma-Aldrich
(St. Louis, USA).

Plasmids encoding for TBCB-myc were generated by
cloning TBCB-myc (transcript variant 1, GeneBank-ID
50428924) into BamHI-EcoRI sites of pcDNA3 (Invitro-
gen, Carlsbad, USA). The 3" UTR fragments of CASP3
(transcript variant alpha, GeneBank-ID 73622121, binding
site 1: bp 1961-2180, binding site 2: bp 2315-2506) and
TBCB (transcript variant 1, GeneBank-ID 50428924, bp
1311-1475) as well as the CDS of TBCB (bp 576-1310)
comprising the predicted binding sites for miR-1825 were
cloned into Sacl-Xhol sites of pmiR-GLO dual-luciferase

miRNA target expression vector (Promega). Predicted bind-
ing sites of miR-1825 were mutated using the Stratagene
Quick-Change Site-directed mutagenesis kit (Agilent Tech-
nologies) according to manufacturer’s instructions. Oligo-
nucleotides used for the mutagenesis are listed in Supple-
mentary Table 6.

Cell culture and transfection

Human embryonic kidney (HEK) 293 cells (DSMZ, ACC-
305) were cultivated in DMEM containing 10% FBS at
37 °C and 5% CO,. Cells were negatively tested for myco-
plasma. 24 h after plating cells were transfected with DNA-
plasmids using calcium phosphate precipitation. MiRNA
mimic or antimiR transfections were carried out using
HiPerfect transfection reagent (Qiagen). Co-transfection of
plasmids and RNA-oligonucleotides was performed with
Lipofectamine2000 (Thermo Fisher Scientific) as recom-
mended by the manufacturer.

Preparation and transfection of mouse primary
cortical neurons

Primary cortical neurons of E15 mouse embryos (C57BL/6J)
were prepared as previously described [18]. Using Lipo-
fectamine2000 (Thermo Fisher Scientific), primary neurons
(DIV2 or DIVS) were transfected according to the manufac-
turer’s protocol.

SWATH-mass spectrometry

48 h after transfection of HEK293 cells with 5 nM mimic-
1825 or mimic-ctrl., cells were lysed with lysis buffer
(25 mM Tris, 6 M guanidine-HCL, pH 8) and subjected to
tryptic digestion using the GASP-protocol [19]. Quantitative
label-free proteomic analysis was accomplished by nano-
HPLC-SWATH-mass spectrometry as published previously
[20] except that a TOP40 method was used for the library
runs and 60 SWATH-windows of variable size were used
for SWATH-MS-runs. In total, 1523 proteins were detected
in all samples. For statistical analysis, we focused on down-
regulated proteins with a fold change <0.75. A two-tailed
Student’s ¢ test was used to identify differentially expressed
proteins between the groups and p values were corrected for
multiple testing using FDR correction. FDR values <0.05
were considered statistically significant.

Western blotting
SDS-PAGE and western blotting were performed using
the NuPAGE system (Invitrogen). Primary antibodies were

rabbit-anti-Caspase3 (#9662, Cell Signaling Technology,
1:1000), rabbit-anti-TBCB (#PA03169A0RD, Cusabio Life
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science, 1:1000), rabbit-anti-TUBA4A (#P68366, Abgent,
1:8000), rabbit-anti-TUBA4A (#ab8374, Abcam, 1:500),
mouse-anti-myc tag (9B11, #2276, Cell Signaling Technol-
ogy, 1:2000), rabbit-anti-POLR2H (RPAB3) (#AP20815a,
Abgent, 1:1000), rabbit-anti-p-tubulin (D2N5G, #15115,
Cell Signaling Technology, 1:1000), rabbit-anti-TUBA1A/
TUBAI1B/TUBA1C/TUBAS/TUBA4A (#PA-193238, Cusa-
bio Life science, 1:1000), rabbit-anti-TUBA1A (#ab200216,
Abcam, 1:1000), rabbit-anti-tuba812 (#orb53155, biorbyt,
1:2000), rabbit-anti-GAPDH (#10494-1-AP, proteintech,
1:5000) and rabbit-anti-p-actin (13ES, #49708S, Cell Sign-
aling Technology, 1:2000). Goat-anti-rabbit and goat-anti-
mouse HRP-labelled secondary antibodies were purchased
from Life Technologies (#G21234, #G21040, respectively,
1:1000). Densitometric analyses were performed using
ImagelJ (version 1.48) as described previously [21].

RNA microarray analyses

24 h post-transfection with 5 nM mimic-1825 or mimic-ctrl.,
HEK?293 cells were washed with PBS and total RNA was
extracted using the RNeasy Plus Mini kit (Qiagen) as rec-
ommended by the manufacturer. Microarray analyses were
performed on Affymetrix GeneChip Human Gene 2.0 ST
Arrays (Affymetrix, Santa Clara, CA, USA). The chips were
scanned with an Affymetrix GeneChip Scanner 3000 and
subsequent images analyzed using Affymetrix Expression
Console Software in combination with BRB-ArrayTools
(http://linus.nci.nih.gov/BRB-ArrayTools.html). Raw fea-
ture data were normalized using RMA normalization [22].
We identified differentially expressed genes among the two
classes using a two-sample ¢ test. Resulting p values were
corrected for multiple testing using FDR correction. Genes
were considered significant if their FDR was less than 0.05
and displayed a fold change between the two groups of at
least 1.5-fold as published previously [23, 24]. Hierarchi-
cal cluster analysis (average linkage) was performed using
the Genesis software package [25]. Transcriptome data have
been deposited in Gene expression omnibus (GEO) database
(GSE101046).

Biotinylated miRNA pulldown assay

HEK?293 cells in 10-cm dishes were transfected with 20 nM
biotinylated mimic-1825 or mimic-39-3p. 24 h post-transfec-
tion, cells were washed with PBS, lysed in 500 pl lysis buffer
(10 mM Tris—HCI, 300 mM NaCl, 10 mM KCI, 1.5 mM
MgCl,, pH 7.5, 2.5 mM DTT, 0.5% NP-40) supplemented
with 60 U/ml RiboLock RNase Inhibitor (Thermo Fisher
Scientific) and centrifuged for 2 min at 10,000xg and 4 °C.
The supernatant was incubated for 2 h at 4 °C with strepta-
vidin agarose beads (#20357, Thermo Fisher Scientific) and
pre-blocked in 1 pg/ul BSA and 1 pg/ul yeast tRNA (3 h,
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4 °C) under constant rotation. Afterwards, the beads were
washed five times in lysis buffer and the precipitated RNA
was isolated directly from the beads using the RNeasy Plus
Mini kit (Qiagen). Oligonucleotides used for RT-PCR are
listed in Supplementary Table 7.

Dual-luciferase reporter assay

HEK?293 cells cultured in 96-well plates were co-transfected
with 100 ng of the respective pmiRGlow dual-luciferase
plasmid and 30 nM mimic-1825, 40 nM antimiR-1825, or
the respective negative control RNA. 48 h post-transfection,
Renilla and firefly luciferase activity were measured using
the Dual-Glow Luciferase Assay System (Promega) accord-
ing to the manufacturer’s protocol. The Renilla luciferase
activity served as an internal transfection control and was
used to normalize the activity of the firefly luciferase.

Toxicity assays and cell stress

48 or 72 h after transfection of HEK293 cells in a 96-well
plate with mimic-1825 or antimiR-1825 or the respective
controls, toxicity was determined by measuring the activity
of CASP3 and CASP7 or the cytoplasmic lactate dehydro-
genase (LDH) release using the Apo-ONE homogeneous
caspase-3/7 assay (Promega) or the CytoTox 96 Non-Radio-
active Cytotoxicity Assay (Promega), respectively. Addition-
ally, 48 h after transfection with mimic-1825 or mimic-con-
trol, HEK293 cells were washed with PBS, fixed using Roti
Histofix 4% (Roth) and mounted using Fluoromount G with
DAPI (Southern biotech). Images were taken with an Axio
Observer.Al microscope (Zeiss) and AxioVision-software
(Zeiss; version 4.8). DAPI-positive cells were automatically
counted using Image]J software (version 1.48).

Cellular stress was induced by addition of 400 mM sorbi-
tol or 400 uM sodium arsenite to the culture media for 3 h.

Co-immunoprecipitation

48 h post-transfection, HEK293 cells in 10-cm dishes were
washed with PBS and resuspended in 500 pl Triton-X lysis
buffer (50 mM Tris-HCI, 100 mM NaCl, 5 mM EDTA, pH
7.5, 0.3% Triton-X-100). Lysates were incubated on ice for
30 min, followed by centrifugation for 5 min at 10,000xg
and 4 °C. Supernatants were adjusted to equal protein con-
centrations and 1 ml of each condition was incubated for 2 h
at 4 °C under constant rotation with 20 ul mouse-anti-c-myc-
agarose beads (#20168, Thermo Fisher Scientific) equili-
brated in Triton-X lysis buffer. Subsequently, the beads were
washed five times with 1 ml Triton-X lysis buffer and boiled
in protein sample buffer before separation of precipitated
proteins by SDS-PAGE and detection by western blotting.
The order of processed samples was randomized.
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Immunocytochemistry

Immunocytochemistry was performed as previously
described [18]. Primary antibodies were rabbit-anti-
TUBA4A (#AP13535b, Abgent, 1:100), rabbit-anti-p-
tubulin (D2N5G, #15115, Cell Signaling Technology,
1:200), rabbit-anti-TUBA1A/TUBA1B/TUBA1C/TUBAS/
TUBA4A (#PA-193238, Cusabio Life science, 1:100), rab-
bit-anti-TUBATA (#ab200216, abcam, 1:100) and mouse-
anti-myc (9B11, #2276, Cell Signaling Technology, 1:600).
Secondary antibodies were donkey-anti-rabbit-Alexa488
and goat-anti-mouse-Alexa647 (#A21206, #A21235,
respectively; both Life Technologies, 1:750). For STED
microscopy imaging, goat-anti-rabbit-Atto594 and goat-anti-
mouse-Atto647N were used (#77671, #50185, respectively,
both Sigma-Aldrich, 1:750). Phalloidin-Atto594 (#51927,
Sigma-Aldrich) was used as previously described [26]. Cells
were mounted using Fluoromount G with DAPI (Southern
biotech).

Confocal microscopy

Confocal imaging was performed at room temperature using
a laser scanning microscope (Leica TCS SP8) with HC PL
APO CS2 20x/0.75 dry and HC PL APO CS2 63x/1.20
water objectives. Images were taken using LAS X micro-
scope software (version 1.1.0.12420). Apart from equal con-
trast and brightness correction for samples and controls, no
additional picture modifications were applied. ImagelJ soft-
ware (version 1.48) was used for measurements of fluores-
cent intensity and the length and branching of motor neuron
axons. The analysis of primary neurites of primary cortical
neurons was performed by a blinded investigator.

Stimulated emission depletion (STED) microscopy
and analysis

Super-resolution images were obtained using a custom built
dual color STED microscope described recently [27]. In brief,
the system utilizes a SC-450-PP-HE super-continuum laser
source (Fianium) for excitation and depletion beams, a piezo
stage for fast sample scanning (733.2DD, Physik Instrumente),
a high NA objective for illumination and collection of fluores-
cence light (HCX PL APO 100x/1.40-0.70 oil CS, Leica) and
an avalanche photodiode (SPCMAQRH-13/14-FC, Perkin-
Elmer) for fluorescence detection. The microscope operation
and image acquisition were controlled by a custom-written
LabVIEW program (National Instruments). Pixel dwell times
were 400 ps, and 1.6 mW of STED laser power and 0.9 uW of
excitation laser power were used. The images were post-pro-
cessed in ImageJ (version 1.51J8). All the represented images
were adjusted for contrast, brightness and processed by Gauss-
ian blurring with a standard deviation fitting to the estimated

localization precision (~35 nm). The investigator analyzing
the TUBA4A contour lengths was blinded.

Biochemical fractionation of polymerized
and soluble tubulins

48 h after transfection of HEK293 cells in 10-cm dishes, bio-
chemical fractionation of soluble and polymerized tubulins
was performed as previously described [28]. Samples were
prepared in a random order.

Microinjection of mRNA into zebrafish embryos
and whole mount immunohistochemistry

Adult zebrafishes (Danio rerio) were bred and maintained as
previously described [29]. Capped sense mRNA of human
TBCB-myc was in vitro transcribed from TBCB-myc pcDNA3
plasmid using the mMESSAGE mMACHINE T7 Transcrip-
tion Kit (#AM1344, Thermo Fisher Scientific) and purified
using the RNeasy Plus Mini kit (Qiagen). MRNA (800 ng/
ul in 200 mM KCI) was injected into fertilized wt zebrafish
oocytes in the one-cell stage using a FemtoJet microinjector
(Eppendorf AG). Embryos injected with 200 mM KCl served
as injection control. For motor neuron staining, embryos were
fixed at 48 hpf with Dent’s fixative (4:1 MeOH/DMSO) and
bleached using 10% (v/v) H,O, in Dent’s fixative (each over
night at room temperature). After rehydration with MeOH/
PBT (PBS +0.1% Tween-20), blocking was performed using
10% FBS in PBT for 90 min at room temperature. Mouse-anti-
SV2 antibody (#AB2315387, Developmental Studies Hybrid-
oma Bank, 1:100) and goat-anti-mouse-DyLight488 (#35502,
Thermo Fisher Scientific, 1:500) were incubated for 2 days
each at 4 °C. The order of processed zebrafish embryos was
randomized.

Statistical analysis

Statistical analyses were performed and the corresponding
graphs were drawn using the GraphPadPrism software (version
5.06 or version 6.01). Values are presented as mean+SEM
unless otherwise stated. D’Agostino’s K-squared test was used
to assess Gaussian distribution. Either two-tailed unpaired
Student’s ¢ tests or Mann—Whitney U tests were used for cal-
culation of p values. Statistical significance level was set at
p<0.05. Correlation analysis was performed using the Pear-
son’s r.
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Results

MiR-1825 is systemically downregulated in ALS
patients

Downregulation of miR-1825 in serum or plasma of SALS
patients has been independently reported by two groups
[14, 30]. To assess the systemic expression of miR-1825
also in CNS as well as further extra-CNS tissue, we meas-
ured the relative levels of miR-1825 in post-mortem tissue
samples of ALS patients by qRT-PCR. As expected for
post-mortem samples, RNA integrity numbers (RIN) were
low but did not significantly differ between ALS patients
and controls for most experimental groups. This indicates

that the results of the qRT-PCR analyses of post-mortem
tissues were largely unbiased by different RNA qualities
of ALS and control samples (Supplementary Table 8). An
exception was cerebral cortex samples of fALS patients,
which displayed decreased RNA degradation compared
to respective controls. Notably, although RNA quality of
fALS cortex samples was higher than in the controls (Sup-
plementary Table 8), downregulation of miR-1825 was
still evident. Moreover, as shown in Fig. 1a, b, miR-1825
was significantly downregulated also in most other tissues
from both SALS and fALS patients examined, including
muscle, brainstem and cerebral cortex.

These data thus indicate a downregulation of miR-1825
in tissues affected in ALS. Additionally, increased levels of
pre-mir-1825 and unchanged levels of POFUTI mRNA, the
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Fig. 1 Deregulation of miR-1825 and pre-mir-1825 in ALS post-
mortem tissues. a—c Relative levels of miR-1825 (a, b) and transcript
variant 1 of the protein-O-fucosyltransferase 1 (POFUT1) (c), the
host gene of pri-mir-1825, were determined in post-mortem tissue of
fALS and sALS patients as well as healthy controls by qRT-PCR and
normalized to U6 snRNA. d Relative concentration of pre-mir-1825
in post-mortem tissue of fALS patients and healthy controls as deter-
mined by qRT-PCR. C, values were normalized to miR-15a which
was invariable in samples reverse transcribed in pre-mir-specific
buffer. Clinical characteristics of ALS patients and controls used for
qRT-PCR analyses are shown in Supplementary Tables 1-4 (green
dots in a—d indicate individual data points; box plots in a—d represent
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the 25 and 75% quantiles, horizontal lines indicate the median and
whiskers show minimum and maximum values; *p <0.05, **p <0.01
in a two-tailed Mann—Whitney-U test for data with non-Gaussian
distribution or in a two-tailed Student’s ¢ test for data with Gauss-
ian distribution; ns not significant, bs brainstem, ctx cortex, sc spinal
cord, liv liver, lyn lymph node, ki kidney, sm skeletal muscle). e Rep-
resentative in situ hybridization (ISH) images of miR-1825-specific
and scrambled probes in cortex of a fALS patient carrying a C9orf72
repeat expansion and a healthy control individual. Nuclei were coun-
terstained using hematoxylin. 2 controls and three ALS patients were
analyzed showing similar results (bars indicate 40 pm)
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host gene of miR-1825, in brainstem and spinal cord of fALS
patients suggest that a malfunction of pre-mir-1825 nuclear
export and/or processing causes the observed downregula-
tion of mature miR-1825 in ALS (Fig. lc, d). To assess the
localization of miR-1825 in the CNS, in situ hybridization
experiments of human cerebral cortex and spinal cord tissue
were performed and demonstrated robust and high expres-
sion of miR-1825 in cortical neurons and motor neurons.
Although there seemed to be a higher intensity in controls
compared to SALS and fALS patient tissue, a caveat has to
be expressed as the DAB-based in situ hybridization experi-
ments are technically not suitable for quantitative evaluation
(Fig. 1e, Supplementary Fig. 1).

MiR-1825 influences cell survival

As miR-1825 is downregulated in ALS, we tested whether
miR-1825 has an impact on cellular survival. There-
fore, HEK293 cells were transfected with synthetic RNA
mimicking miR-1825 (mimic-1825) or a negative control
RNA (mimic-ctrl.). Efficient transfection was confirmed
by qRT-PCR and by transfection of fluorescently labeled
mimic-ctrl. (Supplementary Fig. 2). As shown in Fig. 2a,
transfection of mimic-1825 in HEK293 cells increased cel-
lular survival under basal conditions as measured by the
release of lactate dehydrogenase (LDH) into the culture
media. Additionally, activity of CASP3/7 was reduced and
the number of surviving cells was increased upon mimic-
1825 transfection (Fig. 2b, c). Moreover, HEK293 cells
transfected with mimic-1825 showed a slightly decreased
CASP3/7 activity upon treatment with sorbitol that confers
oxidative and osmotic stress. In contrast, no difference could
be detected compared to mimic-control cells when sodium
arsenite, an oxidative and metabolic stressor, was applied
(Fig. 2d). However, both sorbitol and arsenite treatment led
to increased CASP3/7 activity when endogenous miR-1825
was blocked by antimiR-1825 (Fig. 2d). Hence, overexpres-
sion of miR-1825 reduced cell death under basal culture
conditions, and blockade of miR-1825, functionally corre-
sponding to the downregulation observed in ALS patients,
increased cellular vulnerability.

Identification of TBCB and CASP3 as direct targets
of miR-1825

To identify the yet unknown mRNA targets of miR-1825,
we used a combined proteomic and transcriptomic approach
(Fig. 3a). 48 h post-transfection, the cells were first subjected
to mass spectrometry using the SWATH methodology, which
detected in total 1523 proteins (Supplementary Table 9).
Transfection of mimic-1825 caused a significant reduction of
eight proteins compared to mimic-ctrl. (fold change <0.75;
FDR < 0.05; Supplementary Table 10). The most strongly
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Fig.2 MiR-1825 modulates cell survival. a—c¢ Lactate dehydrogenase
(LDH) release (a), CASP3/7 activity (b) and cell number (c) were
determined in HEK293 cells 72 h (a) or 48 h (b, ¢) after transfec-
tion of mimic-1825 or the respective control RNA (mimic-ctrl.) (n=3
biological replicates with 2-3 technical replicates each). d CASP3/7
activity of HEK293 cells 48 h after transfection of mimic-1825, anti-
miR-1825 or respective control RNA and treatment with 400 mM
sorbitol (n=4 biological replicates with 2-3 technical replicates
each) or 400 uM sodium arsenite (n=6 biological replicates with
2-3 technical replicates each; bars indicate mean+SEM. *p <0.05,
**p<0.01, ***p <0.001 in a two-tailed Student’s ¢ test, ns not sig-
nificant)

significantly downregulated proteins were tubulin-folding
cofactor b (TBCB; downregulation 0.56-fold), the DNA-
directed RNA polymerases I, II, and III subunit RPABC3
(RPAB3; 0.64-fold) and caspase-3 (CASP3; 0.65-fold). The
downregulation of TBCB and CASP3 as observed by mass
spectrometry could be confirmed in mimic-1825 transfected
HEK?293 cells by western blotting, while levels of RPAB3
did not change. Conversely, transfection of an antimiR-1825,
which blocks endogenous miR-1825, led to an increase of
both, TBCB and CASP3, but not RPAB3 protein (Fig. 3b,
c¢). We thus validated the regulation of TBCB and CASP3
by miR-1825, while RPAB3 turned out to be a false posi-
tive hit of the mass spectrometric analysis. Notably, miR-
Walk2.0 [31] predicts potential binding sites of miR-1825
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Fig.3 Identification of miR-1825 targets by proteomic and transcrip-
tomic profiling. a Experimental design for miR-1825 target iden-
tification. b Representative western blots of HEK293 cells used for
densitometric analysis shown in ¢. ¢ Densitometric quantification of
western blots of HEK293 cells 48 h post-transfection with mimic-
1825, antimiR-1825 or the corresponding control RNAs. Levels of
TBCB (n=5), CASP3 (n=5) and RPAB3 (n=7) were normalized to
B-actin. d Hierarchical cluster analysis (average linkage) of all RNAs
detected by microarray analysis of HEK293 cells transfected with

within TBCB and CASP3 mRNAs, but not in the mRNA
of RPAB3.

To analyze possible effects of miR-1825 at the transcrip-
tome level, RNA of HEK293 cells transfected for 24 h with

@ Springer

mimic-1825 or the respective control RNA (mimic-ctrl.; n=6 biolog-
ical replicates per condition). € QRT-PCR validation of mRNA lev-
els of proteins found to be downregulated (CASP3, TBCB, RPAB3),
unaltered (DDX3, XPO7, PFN1) or upregulated (EDC3, DDX24,
CPSF7) upon mimic-1825 transfection by mass spectrometry (n=6
biological replicates). QRT-PCR measurements were carried out 24 h
post-transfection and C, values were normalized to TBP (bars in ¢ and
e indicate mean + SEM; *p <0.05, **p <0.01, ***p <0.001 in a two-
tailed Student’s 7 test; ns not significant)

mimic-1825 or mimic-ctrl. was investigated with Affym-
etrix GeneChip™ Human Gene 2.0 ST Arrays. None of
the mRNAs detected by the microarray was significantly
changed (FDR <0.05; Supplementary Table 11). Similarly,
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as shown in Fig. 3d, a hierarchical cluster analysis (aver-
age linkage) did not separate between the transcriptomes of
HEK?293 cells transfected with mimic-1825 or mimic-ctrl.,
respectively. We validated this result by qRT-PCR quanti-
fication of selected mRNAs coding for proteins found to be
upregulated, downregulated or unchanged in the above mass
spectrometry experiment (Supplementary Table 9). The lev-
els of none of the mRNAs examined, including the TBCB
and CASP3 mRNAs, changed upon mimic-1825 transfection
(Fig. 3e). This indicates that miR-1825 regulates expres-
sion of its target genes by translational repression and not
by mRNA degradation, as previously described for several
other miRNAs [32-34].

To further confirm TBCB and CASP3 as miR-1825 tar-
gets, a biotinylated synthetic miR-1825 or biotinylated C.
elegans control miRNA not present in humans (cel-mir-
39-3p) was transfected in HEK293 cells, and precipitated
from respective cell lysates using streptavidin beads 48 h

post-transfection. RT-PCR showed an enrichment of TBCB
and CASP3 mRNAs in the pulldown from cells transfected
with miR-1825 compared to cel-mir-39-3p (Fig. 4a). This
suggests a specific association of TBCB and CASP3 mRNAs
with miR-1825 in cells. Additionally, we employed a lucif-
erase reporter assay to confirm TBCB and CASP3 mRNAs
as direct targets of miR-1825 and to identify the bind-
ing sites. According to miRWalk2.0 [31], CASP3 mRNA
contains two predicted binding sites of miR-1825 in its 3’
untranslated region (UTR) while TBCB mRNA comprises
one predicted binding site in the coding sequence (CDS).
The putative miR-1825 binding sites as well as the com-
plete 3' UTR of TBCB were cloned in a reporter plasmid
downstream of a firefly luciferase, which was co-transfected
together with mimic-1825 or mimic-ctrl. in HEK293 cells.
Binding site 1 of the CASP3 3’ UTR as well as the binding
site in the CDS of TBCB significantly reduced the firefly
luciferase signals (Fig. 4b). In contrast, binding site 2 of
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Fig.4 TBCB and CASP3 mRNA are direct targets of miR-1825. a
RT-PCR of TBCB, CASP3 and GAPDH mRNA from HEK?293 cells
transfected with equal amounts of biotinylated miR-1825 or cel-mir-
39-3p (input) and in respective streptavidin-pulldown samples. Four
independent experiments showed similar results. b, d Relative lucif-
erase activity in HEK293 cells co-transfected with the indicated lucif-
erase reporter plasmids and with miR-1825 or the respective control
RNA (mimic-ctrl.). Luciferase activities were normalized to cells
transfected with the control vector (pmirGl.). ¢ Sequence of wild-type

or mutated miR-1825-binding sites (related to b, d, e) of the CASP3
3" UTR or the coding sequence (CDS) of TBCB mRNA. e Relative
luciferase activity detected in HEK293 cells co-transfected with anti-
miR-1825 or antimiR-ctrl. as well as with the indicated luciferase
reporter plasmids (bars in b, d and e represent mean+SEM; n=4
biological replicates with 2-3 technical replicates each; *p<0.05,
*#*p<0.01 in a two-tailed Student’s 7 test; ns not significant, bs bind-
ing site, CDS coding sequence, mut mutated, pmirGl. pmirGLO dual-
luciferase miRNA target expression vector)
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«Fig.5 TBCB/TUBA4A interaction and downregulation of TUBA4A
protein upon overexpression of TBCB or blocking of endogenous
miR-1825. a Anti-myc immunoprecipitation from lysates of HEK293
cells transfected with TBCB-myc or the empty plasmid (pcDNA3)
followed by western blotting. Three independent experiments showed
similar results. b Densitometric TUBA4A western blot analysis of
TBCB-myc and control plasmid (pcDNA3) transfected HEK293 cells
(n=12). Data were normalized to P-actin. A representative west-
ern blot is shown in the left panel. ¢ Confocal microscopy images
of HEK293 cells expressing TBCB-myc stained for TBCB-myc and
TUBAA4A using myc- and TUBA4A-specific antibodies, respectively.
Mean intensity of TUBA4A immunofluorescence was quantified
in TBCB-myc expressing (+) and non-expressing (—) cells on the
same slide (n=14 quantified images from two biological replicates).
d Immunostaining of myc and TUBA4A in primary mouse neurons
transfected with TBCB-myc and analysis of TUBA4A immunofluo-
rescence intensity in TBCB-myc positive (+) and negative (—) neu-
rons on the same slide (n=13 quantified images from two biological
replicates). e Fluorescence intensity measurement and representative
confocal microscopy images of HEK293 cells transfected with anti-
miR-1825 or the respective control (n=10 quantified images from
two biological replicates) stained for TUBA4A. f Upper panel: rep-
resentative western blot of HEK293 cells used for quantification
shown in the lower panel. Lower panel: densitometric western blot
measurement of TUBA4A level relative to f-actin in HEK293 cells
transfected with mimic-1825, antimiR-1825 or the respective control
RNAs (n=35; bars in b—f show mean+SEM; *p <0.05, **p<0.01,
*#%p<0.001 in a two-tailed Student’s ¢ test; ns not significant, IP
immunoprecipitation; scale bars in c—e represent 20 um)

CASP3 and the complete 3' UTR of TBCB did not alter
the luciferase signal (Fig. 4b). Additionally, mutation of the
two confirmed binding sites in CASP3 and TBCB mRNAs
abolished the reduction of firefly luciferase by mimic-1825
(Fig. 4c, d). Conversely, inhibiting endogenous miR-1825
by antimiR-1825 increased the respective luciferase signals
(Fig. 4e). We could thus validate TBCB and CASP3 mRNAs
as direct targets of miR-1825, and confirmed the predicted
miR-1825 binding sites in the CASP3 3’ UTR and the TBCB
CDS. However, the effects of miR-1825 or antimiR-1825
on the translation of transfected firefly luciferase mRNA
fused to CASP3 and TBCB miR-1825 binding sites are less
pronounced than the effects on the endogenous mRNAs
of CASP3 and TBCB. This suggests additional regulatory
regions or structural elements in the endogenous mRNAs of
CASP3 and TBCB mRNAs necessary for optimal function
of miR-1825.

Increased TBCB levels cause depolymerization
and reduced TUBA4A levels in HEK293 cells
and cortical primary neurons

We showed that TBCB is increased upon decrease of
miR-1825. TBCB promotes the folding of alpha-tubu-
lins and is involved in the association/dissociation of
alpha-/beta-tubulin heterodimers [35, 36]. As mutations
in the alpha-tubulin TUBA4A have been shown to cause
ALS [6], we hypothesized that increased TBCB protein

expression might affect TUBA4A and/or tubulin dynam-
ics in general. Immunoprecipitation of myc-tagged TBCB
from lysates of HEK293 cells quantitatively precipitated
TUBA4A demonstrating a close association of both pro-
teins (Fig. 5a). Excess TBCB furthermore decreased the
level of TUBA4A as determined by western blotting and
quantification of fluorescence intensity in immunocyto-
chemical staining of HEK293 cells as well as primary cor-
tical mouse neurons (Fig. 5b—d). In contrast, the overall
levels of alpha-tubulins and beta-tubulins, as determined
with pan alpha- or beta-tubulin antibodies, respectively,
remained unchanged (Supplementary Fig. 3). Similar to a
previous study [6], HEK293 cells showed a less filamen-
tous TUBA4A staining than primary neurons (Fig. 5c—e).
Importantly, TBCB-myc overexpression in HEK293 cells
(3.4-fold compared to endogenous TBCB levels, Fig. 5b)
was comparable to the upregulation of TBCB in ALS post-
mortem brain cortex tissue as shown below (fALS: 3.3-
fold, sALS: 2.4-fold, Fig. 8b, c).

Furthermore, transfection of antimiR-1825 that causes
a reduction of endogenous miR-1825 (see Supplementary
Fig. 2b) also decreased TUBA4A levels in HEK293 cells
(Fig. Se, f). Confocal microscopy furthermore showed
a less intense perinuclear and more diffuse staining of
TUBAA4A in cells overexpressing TBCB, while the sub-
cellular distribution of (total) alpha- and beta-tubulins
remained unchanged (Fig. 5c, Supplementary Fig. 3a,
¢). Stimulated emission depletion (STED) micros-
copy suggested that increased TBCB expression led to
shorter TUBA4A skein-like structures in HEK293 cells
(Fig. 6a—c). Biochemical fractionation of polymerized
and depolymerized tubulins indeed revealed an increase
of depolymerized TUBA4A upon overexpression of TBCB
while the polymerization of total alpha- and beta-tubulins
was not altered (Fig. 6d).

To further address the possibility that TBCB, besides
TUBA4A, influences also other alpha-tubulin isoforms,
we re-analyzed the mass spectrometry results of our dis-
covery experiment (Supplementary Table 9). Three alpha-
tubulins other than TUBA4A, namely TUBA1A, TUBAIB
and TUBAIC, were detected in HEK293 cells. Only the
level of TUBA1A was slightly increased upon transfec-
tion of mimic-1825 in the mass spectrometry experiment
(fold change = 1.34; uncorrected p =0.0035; Supplemen-
tary Fig. 4a), while validation experiments could not
confirm an effect of excess TBCB on the protein level or
the polymerization of TUBA1A (Supplementary Fig. 4b,
¢). Therefore, we assume that the increase of TUBA1A
may be a secondary effect of mimic-1825 transfection not
related to the TBCB-induced effects on TUBA4A. Taken
together, our data suggest that excess TBCB sequesters
specifically TUBA4A from the microtubules and leads to
its degradation.
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Fig.6 Pathologically increased TBCB induces depolymerization of
TUBAA4A. a Representative STED microscopy image of TBCB-myc
transfected HEK293 cells labelled for TUBA4A (green) and TBCB-
myc (red) (scale bar=2 pm). b Magnified sections of TUBA4A
architecture in TBCB-myc positive (+) or negative (—) cells (scale
bar=1 um). ¢ Length measurements of continuous TUBA4A skein-
like structures in TBCB-myc expressing (+) and non-expressing (—)
HEK293 cells (n=23-25 quantified cells with three measurements

Excess TBCB disturbs neuronal process morphology
in vitro and in vivo

To test the hypothesis that increased TBCB has functional
consequences in neurons, we overexpressed TBCB in cul-
tured neurons and zebrafish. An increased number of neu-
ronal processes were evident in primary cortical mouse
neurons at 7 days in vitro (DIV7) after transfection with
TBCB-myc at DIV2 (Fig. 7a, b), while later transfection of
TBCB-myc at DIVS5 did not result in significant neurite out-
growth alterations (Fig. 7b). In parallel, human TBCB was
overexpressed in zebrafish embryos by injecting the respec-
tive mRNA at the one-cell stage. Zebrafish overexpressing
human TBCB displayed no gross developmental phenotype
(Fig. 7c). However, excess TBCB resulted in reduced lev-
els of the zebrafish TUBA4A homolog, Tuba812 (Fig. 7d).
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each from seven independent experiments). d Representative western
blot (left panel) and densitometric western blot analysis (right panel)
of equal volumes of fractionated monomeric (m) and polymerized (p)
TUBAA4A, total alpha-tubulin and total beta-tubulin in TBCB-myc or
control vector (pcDNA3) transfected cells (n=7-8). Polymeric frac-
tions were standardized to the respective monomeric fractions (bars
in ¢ and d represent mean+SEM. *¥p <0.01, ***p <0.001 in a two-
tailed Student’s 7 test)

Additionally, TBCB overexpressing zebrafish embryos
showed motor neuron defects at 48 h post-injection includ-
ing reduced motor neuron axon length and increased motor
neuron branching compared to control injected embryos,
reminiscent to the increased number of primary neurites
in cultured mouse neurons transfected at DIV2 (Fig. 7e,
f). Our data thus confirm the TBCB-dependent regulation
of TUBA4A protein levels in vivo and suggest functional
consequences of increased TBCB levels for the neuronal
cytoskeleton in vitro and in vivo.

TBCB is increased and TUBA4A is decreased
in the cortex of both fALS and sALS patients

We next aimed to corroborate the validity of our findings in
ALS patients. To that end, we quantified the levels of TBCB,
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Fig.7 Excess TBCB causes neurite growth defects in primary corti-
cal mouse neurons and a zebrafish model. a Representative confocal
images of mouse primary cortical neurons transfected with TBCB-
myc at 2 days in vitro (DIV) and stained for actin and TBCB-myc
using Phalloidin and myc antibody, respectively (scale bar=20 um).
b Quantification of primary neurites of TBCB-myc expressing (+)
and non-expressing (—) primary cortical mouse neurons at DIV7.
Neurons were transfected at DIV2 or DIVS. The number of neurons
that were quantified is shown in green. ¢ Representative images of
zebrafish embryos injected with TBCB-myc mRNA or injection
solution (control) at 48 h post-injection (scale bar=>500 um). d Left
panel: representative western blot used for quantification shown
in right panel. Right panel: densitometric western blot analysis of
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zebrafish embryos at 48 h after injection with TBCB-myc mRNA or
control injected (n =4 biological replicates). Tuba8l2 levels were nor-
malized to Gapdh. Additional western blots used for quantification in
d are shown in Supplementary Fig. 5. e Confocal average intensity
z-projection images of motor neurons stained with SV2 antibody in
TBCB-myc mRNA injected and control injected zebrafish embryos
at 48 h post-injection. Motor axon length and number of axonal
branches were quantified in f as indicated in e (scale bar=50 pm;
numbers of zebrafish embryos used for quantification are indicated in
green; bars in b, d and f represent mean + SEM; *p <0.05, **p <0.01
in a two-tailed Student’s 7 test; ns not significant, transf. transfection,
DIV days in vitro)

@ Springer



4314

A. M. Helferich et al.

TUBA4A and CASP3 protein in post-mortem cortical tissue
lysates from fALS (n=4) and SALS (n=17) patients as well
as from matched control individuals by quantitative western
blotting. FALS patients samples were derived from patients
with a mutation in C9ORF72 (n=3) or SODI (n=1). Impor-
tantly, the brain cortex samples were derived from the same
ALS patients and controls that have been already used to
determine the levels of miR-1825 (Fig. 1a, b). We detected
alterations with regard to the cytoskeleton-related proteins in
agreement with our in vitro and in vivo findings above: a sig-
nificant upregulation of TBCB protein was observed in the
cortex of both fALS and sALS patients (fALS: p=0.0163;
sALS: p=0.0138; Fig. 8b, ¢), concomitant with a reduction
in TUBA4A levels (fALS: p=0.0031; sALS: p=0.0318;
Fig. 8b, c). In addition, TBCB and TUBA4A protein lev-
els were inversely correlated in post-mortem cortex tissue
of SALS patients (r=—0.726, p=0.0295; Fig. 8d). CASP3

showed a trend towards higher levels in both fALS and sALS
which, however, did not reach statistical significance (fALS:
p=0.170; sALS: p=0.206; Fig. 8b, c). Taken together, dys-
regulation of the three components of the microRNA-1825/
TBCB/TUBAA4A axis could be confirmed in both SALS and
fALS patient brains.

Discussion

In this work, we use in vitro, cell culture and in vivo experi-
ments followed by result validation in human biomate-
rial to outline a novel ALS-associated molecular cascade
(see synopsis in Table 1). We describe how an epigenetic
change leads to regulation of the known ALS disease gene
and microtubule component TUBA4A via TBCB in both
sporadic and familial ALS patients. TBCB is one of five
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35— M - W s ws s w» (TBCB 5- * 1.5- wok 3- p=0.1702
o
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Fig.8 Increase of TBCB and decrease of TUBA4A protein in post-
mortem cortex tissue of fALS and sALS patients. a Exemplary
western blots of fALS patient and healthy control cortex tissue
used for quantification in b. b, ¢ Densitometric western blot analy-
sis of TBCB, TUBA4A and CASP3 protein levels relative to p-actin
in post-mortem cortex tissue from four fALS patients and matched
healthy controls (b), as well as of 17 SALS patients and 16 matched
healthy controls (c). ¢ Western blots used for quantification shown
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TBCBI/B-actin

in ¢ are presented in Supplementary Fig. 6. d Correlation of TBCB
and TUBA4A protein levels in post-mortem cortex tissue of 17 sALS
patients. Pearson’s correlation coefficient r and p value are shown.
Characteristics of ALS patients and controls used for western blot
analyses are shown in Supplementary Tables 1 and 2 (bars in b and ¢
represent mean + SEM; *p <0.05, **p <0.01 in a two-tailed Student’s
t test)
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Table 1 Summary of results

; . Alteration Effect Model organism Evident in

obtained from different model

organisms as well as validation HEK?293 Primary Zebrafish Human

in ALS patient-derived post- neurons embryos post-mortem

mortem CNS tissue tissue
miR-1825 | TBCB 1 v n.a. n.a. v

CASP3 1 v -

miR-1825 | Cell toxicity 1 v n.a. n.a. n.a.
TBCB 1 TUBA4A | v v v v
miR-1825 | TUBA4A | v n.a. n.a. v
TBCB 1 Neuronal process defects n.a. v v n.a.

n.a. not applicable (a miRNA homolog to miR-1825 does not exist in mice or zebrafish)

conserved tubulin-folding cofactors (TBCA to TBCE) regu-
lating assembly and disassembly of alpha—beta-tubulin het-
erodimers [35, 36]. TBCB forms a physiological dimer with
TBCE [37] that is associated with neurodegenerative dis-
eases. A mutation in TBCE leads to a loss of protein expres-
sion and causes progressive motor neuropathy in mice [38,
39]. Moreover, hypomorphic TBCE mutations cause a mixed
neurodevelopmental phenotype that includes a distal spinal
muscular atrophy [40]. Therefore, both reduced TBCE func-
tion or expression and increased TBCB levels, as described
in this study, are linked to neurodegeneration. This is in
agreement with the observation that TBCB and TBCE func-
tion is directly dependent and mutually balanced by their
cognate-binding partner [36]. While mutations in TBCE
cause a juvenile neurodegenerative disease, upregulation
of TBCB by miR-1825 is associated with adult-onset ALS.
A trend towards downregulation of miR-1825 was already
evident in pre-clinical ALS mutation carriers [15] and it
remains to be determined if and how long downregulation of
miR-1825 precedes clinical symptoms. Overall, TBCB and
TBCE that regulate the composition of microtubules seem to
form the core of a neurodegenerative disease pathway lead-
ing to either ALS or hereditary neuropathy when genetically
or epigenetically altered (see overview in Fig. 9).

The initial observation of reduced blood miR-1825 lev-
els in ALS patients [14, 15, 30] could be extended to ALS
patient brain tissue and also extra-CNS organs. Results of
miRNA expression studies from patient material are often
poorly reproducible and to a large extent dependent on the
technical platforms and protocols used [41]. Nevertheless,
the ALS-associated downregulation of miR-1825 turned
out to be robust. It is consistently observed in data obtained
by miRNA screening and qRT-PCR validation experiments
from at least three laboratories using different methodol-
ogies, patient cohorts and sample types [14, 15, 30, 42].
Regarding that miRNAs may either be actively secreted or
passively released by cells [43], our data indicate similar
intra- and extracellular alterations of miR-1825. Therefore,
extracellular downregulation of miR-1825 may be rather a

reflection of intracellular downregulation than indicative
for miRNA secretion defects in ALS. Concomitant with the
downregulation of miR-1825, we found an increase of pre-
mir-1825, most likely reflecting defective nuclear export
and/or processing in ALS. This is in line with a previous
study demonstrating increased pre-miRNAs levels due to
DICERI1 defects in ALS as a consequence of mutations in
several different genes [44]. Nevertheless, it remains to be
determined whether defects in DICER1 function are respon-
sible for the downregulation specifically of miR-1825. Alter-
natively, mutations in major ALS genes such as C9orf72
[45] or SODI [46] as well as the cytoplasmic aggregation of
TDP-43 [47] have been shown to impair nucleocytoplasmic
transport putatively leading to the accumulation of pre-mirs
in the nucleus and consequently lower levels of mature miR-
NAs in the cytoplasm. However, detailed analyses of the
biogenesis of miR-1825 are needed to identify mechanisms
resulting in the ALS-related downregulation of specifically
miR-1825. Nevertheless, this miR-1825 dysregulation repre-
sents another example of systemic pathomolecular changes
observed in this neurodegenerative disease [14, 15, 48].
We also show that miR-1825 downregulates the expres-
sion of CASP3, besides TBCB, at the translational level.
Both target genes could principally be involved in the
increased cellular susceptibility and neurodegeneration asso-
ciated with experimental miR-1825 blockade or miR-1825
downregulation in patients, respectively. CASP3 represents
one of the most extensively characterized cell death execu-
tors. Elevated levels of proteolytically activated CASP3
have been found in different mutant SOD1 mouse strains
[49]. However, evidence for a role of activated CASP3 in
ALS patients is scarce and controversially discussed. Acti-
vated CASP3 positive neurons were not found to be more
frequent in ALS patient post-mortem material compared to
controls [50, 51] and enzymatic CASP3 activity was either
unchanged, elevated or reduced in ALS patient tissue [52].
This casts doubt on the role of CASP3 as a primary upstream
player in ALS pathogenesis. Moreover, CASP3 does not
display a concentration-dependent auto-activation [53].
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fALS mutations

downregulation
in fALS and sALS

\TITI'IT

miR-1825

hypomorphic
mutations
(Sferra, etal., 2016, Am. J. Hum. Gen.)

Fig.9 Model of TBCB and TBCE as core of a microtubule-disrupt-
ing pathway in neurodegenerative diseases. TBCB and TBCE form a
heterodimer and regulate homeostasis of microtubules. A reduction of

Consequently, alterations of cytoskeletal architecture rather
than the increase in full-length CASP3 protein, observed
upon blockade of miR-1825, are probably responsible for
increased CASP3 activity, which could be a secondary
event. Overall, current evidence does not solidly support
CASP3 as the main link between reduced miR-1825 and
motor neuron degeneration. In contrast, the top hit in our
screen for genes upregulated by reduced miR-1825, TBCB,
is a protein/protein-binding partner of the known ALS gene
product TUBA4A [6, 54]. TBCB sequesters TUBA4A (this
work) but also the ALS-associated dynactin subunit p150
from microtubules [55-57]. We showed that TBCB upregu-
lation led to depolymerization and downregulation specifi-
cally of TUBA4A without affecting other tubulins. In line
with our results, excess TBCB was found to cause micro-
tubule destruction in HeLa cells using a TUBA4A-specific
antibody [37]. Functional effects of increased TBCB levels
on TUBA4A depolymerization are thus similar to those of
ALS-causing genetic mutation of TUBA4A [6]. It is impor-
tant to emphasize that in our HEK293 cell model overex-
pression of TBCB-myc (3.4-fold compared to endogenous
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(Smith et al., 2014, Neuron)

®TUBA4A
@ a-tubulin
@ B-tubulin
\/\/J“/
TUBAA4A de-polymerization

TUBA4A degradation
axonal pathology in vivo

motor and sensory
neuronopathy in mice,
spinal muscular
atrophy in humans

(Martin et. al. 2002, Nat. Genet.
Schéfer et al., 2016, Brain Pathology
Sferra, et al., 2016, Am. J. Hum. Gen.)

TBCE protein caused by genetic mutations or increased expression of
TBCB, at least partially a consequence of miR-1825 downregulation,
ultimately lead to neurodegeneration

TBCB levels) as well as increase of endogenous TBCB upon
antimiR-1825 transfection (1.5-fold) are not exceeding but
are comparable to the upregulation of TBCB in ALS post-
mortem brain cortex tissue (FALS: 3.3-fold, sALS: 2.2-fold).

We furthermore showed that TBCB upregulation resulted
in axonal pathology in vivo. In accordance with our results,
TBCB overexpression leads to growth cone retraction in
mouse/rat neuronal cell line while knockdown of TBCB
caused longer axons [58]. Importantly, dysregulation of
all of the three main components of the miR-1825/TBCB/
TUBAA4A cascade was successfully validated in ALS patient
brain tissue.

The discovery of TBCB as a major target gene of miR-
1825 fits generally well with the role of the cytoskeleton in
ALS pathogenesis, as evidenced by experimental and human
genetic data [4, 5, 59, 60]. Moreover, we demonstrate that
TUBAA4A can be involved in ALS not only by one of the
rare genetic mutations but also by reduced expression of
an upstream miRNA. Our findings underline the relevance
specifically of TUBA4A for ALS pathogenesis independent
of the various genetic factors involved in ALS.



Dysregulation of a novel miR-1825/TBCB/TUBA4A pathway in sporadic and familial ALS 4317

After confirmation in additional, independent cohorts of
fALS and sALS patients, the miR-1825/TBCB/TUBA4A
axis might turn out to be of broad therapeutic relevance.
The ALS field witnessed a vast therapeutic development
failure and poor predictive value of the transgenic mutant
SODI model with regard to success in clinical trials
in the past 25 years. This could reflect that monogenic
forms of the disease are not representative for the major-
ity of usually sporadic ALS cases. We extend the role of
TUBAA4A beyond rare familial ALS cases and outline a
pathological regulatory pathway from miR-1825 dysregu-
lation to changes in microtubule composition that is shared
by genetic and the majority of sporadic forms of ALS.
Besides cytoplasmic aggregation of phosphorylated TDP-
43, downregulation of miR-1825 and the resulting down-
stream effects described here belong to the rare known
common pathomolecular denominators of sALS and fALS.

We thus discovered a regulatory axis composed of sev-
eral potential therapeutic target molecules, which could
turn out to be relevant for a large proportion of ALS cases
and adds important mechanistic information about ALS
pathogenesis. Dysregulation of the three main components
of this axis was confirmed in post-mortem ALS patient tis-
sue. The core of this molecular cascade involving TBCB/
TBCE and TUBAA4A is now genetically and epigenetically
linked to at least two neurodegenerative diseases, ALS and
a neurodevelopmental disorder that also includes spinal
muscular atrophy. Finally, our results could be the basis
for the development of innovative disease models that are
representative also for sporadic ALS in addition to genetic
forms of the disease.
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