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pathogenic mechanism in SOD1, TDP-43 and FUS-associated ALS
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Abstract Several diverse proteins are linked geneti-
cally/pathologically to neurodegeneration in amyotrophic
lateral sclerosis (ALS) including SOD1, TDP-43 and FUS.
Using a variety of cellular and biochemical techniques, we
demonstrate that ALS-associated mutant TDP-43, FUS and
SODI1 inhibit protein transport between the endoplasmic
reticulum (ER) and Golgi apparatus in neuronal cells. ER—
Golgi transport was also inhibited in embryonic cortical
and motor neurons obtained from a widely used animal
model (SODlG93A mice), validating this mechanism as an
early event in disease. Each protein inhibited transport by
distinct mechanisms, but each process was dependent on
Rabl. Mutant TDP-43 and mutant FUS both inhibited the
incorporation of secretory protein cargo into COPII
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vesicles as they bud from the ER, and inhibited transport
from ER to the ER-Golgi intermediate (ERGIC) com-
partment. TDP-43 was detected on the cytoplasmic face of
the ER membrane, whereas FUS was present within the
ER, suggesting that transport is inhibited from the cyto-
plasm by mutant TDP-43, and from the ER by mutant FUS.
In contrast, mutant SOD1 destabilised microtubules and
inhibited transport from the ERGIC compartment to Golgi,
but not from ER to ERGIC. Rabl performs multiple roles
in ER-Golgi transport, and over-expression of Rabl
restored ER-Golgi transport, and prevented ER stress,
mSOD1 inclusion formation and induction of apoptosis, in
cells expressing mutant TDP-43, FUS or SOD1. Rabl also
co-localised extensively with mutant TDP-43, FUS and
SOD1 in neuronal cells, and Rabl formed inclusions in
motor neurons of spinal cords from sporadic ALS patients,
which were positive for ubiquitinated TDP-43, implying
that Rabl is misfolded and dysfunctional in sporadic dis-
ease. These results demonstrate that ALS-mutant forms of
TDP-43, FUS, and SODI1 all perturb protein transport in
the early secretory pathway, between ER and Golgi com-
partments. These data also imply that restoring Rabl-
mediated ER—Golgi transport is a novel therapeutic target
in ALS.

Keywords TDP-43 - FUS - SODI - ER-Golgi transport -
Amyotrophic lateral sclerosis

Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal neurode-
generative disorder characterised by degeneration and

death of motor neurons. Multiple proteins are linked
genetically to ALS, including superoxide dismutase 1
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(SOD1) [55], TAR DNA binding protein (TDP-43) [68],
and Fused in Sarcoma (FUS) [78]. TDP-43 and FUS are
also associated with frontotemporal dementia and mis-
folded wildtype (WT) SODI is present in small granular
aggregates in glia and motor neuron nuclei, although it has
not been detected in the typical ubiquitinated TDP-43
pathological inclusions [13, 19, 20, 35]. Transgenic mice
overexpressing mutant SOD19”** develop features char-
acteristic of ALS and are a widely used disease model.
Many cellular defects have been implicated in the aetiology
of ALS, including protein aggregation, endoplasmic retic-
ulum (ER) stress, autophagy defects, RNA dysfunction and
inhibition of axonal transport [54].

Efficient intracellular vesicle trafficking is essential for
cellular survival. Proteins newly synthesised in the ER are
packed into vesicles and transported to the Golgi apparatus
via the ER-Golgi intermediate compartment (ERGIC) [37],
and finally redistributed to their final destinations [15].
Hence ER-Golgi transport is a vital gateway to the
endomembrane system. The ERGIC is a distinct organelle
from the ER and cis-Golgi that concentrates and sorts
protein cargo [1]. Functional ER-Golgi transport relies on
coat protein complexes (COPs), that recruit cargo proteins
[4], and deform the lipid bilayer of donor membranes into
vesicles [43, 67]. COPII is essential for export from ER
exit sites, and is composed of the GTPase Sarl and two
hetero-dimeric complexes, Sec23/Sec24 and Sec13/Sec31
[4, 38]. COPII vesicles move from the ER to ERGIC, and
subsequently from ERGIC to Golgi. The latter, but not the
former, step requires microtubules, comprised of tubulin
[33]. Finally, COPII vesicles are docked via tethering
factor p115 to receptor GM130, on the Golgi membrane.

Rab GTPases are master regulators of all intracellular
vesicle trafficking events, and each Rab isoform has dis-
tinct target membranes [69]. Rabl regulates ER-Golgi
transport, including COPII vesicle budding, delivery,
tethering, fusion to the Golgi [47, 56] and COPII function
[63]. In yeast, the Rabl homologue Yptl also mediates
microtubule organisation and function, and loss of Yptl
function results in microtubule defects [61]. Furthermore,
Rab1/Yptl plays a central role in regulating the unfolded
protein response (UPR), suggesting a regulatory mecha-
nism linking vesicle trafficking to the UPR and ER
homeostasis [75]. Inhibition of ER—-Golgi transport also
induces ER stress [48], providing a further link to the UPR.

Previously, we demonstrated that mutant TDP-43
(mTDP-43) [79] and mutant FUS (mFUS) [16] induce ER
stress by an undefined mechanism. We also showed that
mutant SOD1 (mSOD1) and aggregated WTSODI1 inhibit
ER-Golgi transport, and consequently trigger ER stress
from the cytoplasm, in cellular models of ALS [3, 72],
although the molecular mechanisms involved remains
unclear. Here, we demonstrate that mTDP-43, and mFUS
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also inhibit ER-Golgi transport. Furthermore, we also
show that mTDP-43 and mFUS inhibit transport from the
ER to ERGIC compartment, by preventing the incorpora-
tion of protein cargo into COPII vesicles. However, whilst
mFUS was present within the ER, mTDP-43 was attached
to the cytoplasmic face of the ER membrane, implying that
mTDP-43 and mFUS inhibit transport by discreet mecha-
nisms. In contrast, mSOD1 destabilised microtubules and
inhibited transport from the ERGIC compartment to Golgi.
Hence, these proteins each inhibit transport by different
mechanisms. However, these processes are all Rabl-de-
pendent, demonstrating that antagonism of Rabl function
is a common target shared by ALS-associated forms of
SOD1, TDP-43 and FUS. Furthermore, overexpression of
Rabl restored ER-Golgi transport and reduced ER stress,
mSODI1 inclusion formation and apoptosis in cells
expressing mSOD1, mTDP-43 or mFUS, thus linking ER—
Golgi transport inhibition to neurodegeneration. ER-Golgi
transport was also inhibited in embryonic cortical and
motor neurons obtained from SOD1°%34 mice, thus vali-
dating this pathological mechanism in primary neurons and
as a very early event in disease pathology. Moreover, Rabl
was also recruited to inclusions in spinal motor neurons
displaying typical, ubiquitinated TDP-43 pathology in
sporadic ALS (SALS) patients, thus implying that Rabl
misfolding and dysfunction is present in sporadic disease.

Materials and methods

Additional materials and methods can be found in Sup-
plementary Materials.

VSVG assay to quantify ER-Golgi transport

Neuro2a cells were plated on 24-well plates with 13 mm
coverslips. The following day, cells were co-transfected
with TDP-43, FUS, or SOD1 and VSVG-tagged with flu-
orescent mCherry for indicated time points. Cells were
incubated at 40 °C directly after transfection except in the
case of the 72 h transfection experiments, where cells were
first incubated at 37 °C for 48 h. The temperature was then
shifted to 40 °C for a further 24 h after transfection to
accumulate VSVG in the ER. Cycloheximide (Sigma,
01810, 20 pg/ml) was added and cells were shifted to the
permissive temperature, 32 °C for 30 min. At each time
interval, cells were washed with ice-cold PBS and fixed for
immunocytochemistry as described. Twenty cells were
scored in each experiment and all experiments were per-
formed in triplicate. Image analysis was performed using
Image J (http://rsbweb.nih.gov/ij/index.html): only single
cells expressing both SODI-EGFP/EGFP-TDP-43/HA-
FUS and VSVG-mCherry were selected for analysis.
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Plugins were used and the measuring areas were selected
above a threshold against background staining. After
analysis, the Mander’s coefficient [36] in the range from O
to 1.0 (representing 0-100 % overlapping pixels) was
calculated to determine the degree of overlap between
images. For Fig. le, the x axis values; 80, 40-80 and 40;
refer to arbitrary units that represent the total pixel inten-
sity quantified in each cells by using Image J. In each
population, cells were separated into 3 categories, so a third
of cells with the lowest pixel intensity were categorised as
‘low’, the next third was categorised as ‘medium’ and the
remaining third were categorised as ‘high’ representing
those cells with the greatest pixel intensities.

In vitro ER-budding assay

A modified in vitro assay [81] was used to analyse ER
vesicle budding. Briefly, perforated Neuro2a cells co-
transfected with VSVG-mCherry and SOD1, TDP-43 or
FUS vectors were incubated with rat liver cytosol and an
energy regenerating system (40 mM creatine phosphate,
0.2 mg/ml creatine phosphokinase and 1 mM ATP) at
32 °C for 30 min. Identical samples were incubated at 4 °C
as a measure of non-specific ER fragmentation. The cells
were removed by low speed centrifugation at 4000g for
1 min, followed by 15,000g for 1 min, and budded vesicles
in the resulting supernatant were recovered by centrifuga-
tion at 100,000g for 1 h. The levels of VSVG cargo in the
budded vesicle fractions were quantified using western
blotting. The resulting quantities of budded vesicles were
normalised to the levels of ERGIC53 from each sample.

Fluorescence protease protection assay

The fluorescence protease protection assay was performed
as described previously [34]. Briefly, Neuro2a cells were
transfected with the indicated plasmids 18 h before analy-
sis. Cells were washed three times with KHM buffer
(110 mM potassium acetate, 20 mM Hepes, 2 mM MgCl,
in H,O) for 1 min each wash. Digitonin (Sigma), at 55 %
purity, was dissolved in H,O by heating to 95-98° for
10 mg/ml stock. KHM buffer was removed and 1 ml of
KHM buffer with 60 pM digitonin was added to cells.
Fluorescence images were captured at regular intervals with
Y4 s exposure; fluorescence exposure outside of this capture
period was kept to a minimum to prevent photobleaching.
Buffer was removed at 110 s after digitonin addition, and
cells were washed briefly with KHM buffer. Proteinase-K
(Qiagen, Victoria, Australia, stock 20 mg/ml) at 50 pg/ml
in KHM buffer was added to cells. At 330 s, 1 % Triton-x-
100 with proteinase-K in KHM buffer was added to the
cells, and fluorescence images were captured at regular
intervals using identical settings between samples.

Statistical analysis

All data are expressed as the mean = standard error (SEM)
and analysed for statistical significance by ANOVA fol-
lowed by Tukey’s post hoc test or 2-tailed student ¢ test
(GraphPad Prism, La Jolla, CA). The differences were
considered significant at p < 0.05.

Results

ER-Golgi transport is inhibited in cells expressing
proteins associated with ALS

Vesicular stomatitis virus glycoprotein-ts045 (VSVG) is a
widely used marker for ER—Golgi trafficking. At 40 °C,
VSVG reversibly misfolds and accumulates in the ER;
traffic to the Golgi is restored at 32 °C [25]. To examine
whether mTDP-43 and mFUS inhibit ER-Golgi transport,
Neuro2a cells were co-transfected with mCherry-tagged
VSVG and either EGFP-tagged WTTDP-43 or mTDP-43
(A315T/Q343R/Q331K) or HA-tagged WTFUS or mFUS
(P525L/R524S/R522G/R521G)  constructs at 40 °C.
Localisation of VSVG with the ER (calnexin) or Golgi
(GM130) was detected immunocytochemically and quan-
tified using Mander’s coefficient as previous [3]. In cells
expressing WTTDP-43, EGFP, or untransfected cells,
VSVG was efficiently transported to the Golgi, in contrast
to mTDP-43 cells, where most VSVG remained in the ER
(66, 61 and 47 %, respectively, p < 0.0001, Fig. 1a, b) and
less transported to the Golgi (35, 42 and 48 %, respec-
tively, p < 0.0001, Fig. 1b). Thus, three mTDP-43 proteins
antagonise anterograde transport of VSVG from ER-Golgi.
Immunoblotting revealed similar transfection efficiencies
between EGFP, WTTDP-43 and mTDP-43 cells (Suppl.
Fig. 1a), demonstrating that transport inhibition is inde-
pendent of protein expression. Similarly, in cells
expressing WTFUS or untransfected cells, VSVG was
located predominantly in the Golgi (Suppl. Fig. 2a). In
contrast, in cells expressing all four mFUS proteins, sig-
nificantly less VSVG was transported from ER to Golgi
(60 %, p < 0.0001 and p < 0.05 in R521G; Fig. 1c and
Suppl. Fig. 2a). Again, similar transfection efficiencies
were evident between WTFUS and mFUS (Suppl. Fig. 1b).
Hence four ALS-associated mFUS proteins also inhibit
ER-Golgi transport. Similarly, consistent with our previous
studies in NSC-34 and SYSHS5Y cells [3, 72], mSOD1 also
inhibited transport of VSVG from ER to Golgi in Neuro2a
cells (Fig. 1d), with similar transfection efficiencies
(Suppl. Fig. 1c). The inhibition of ER-Golgi transport was
not caused by non-specific over-expression of recombinant,
mutant protein, because expression of mutant R311K Nck2
(Nck adaptor protein 2), a cytoplasmic adaptor protein [70]
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Fig. 1 ER-Golgi transport is inhibited in cells expressing mTDP-43,
mFUS and mSOD1. a Representative fluorescence images and z-stack
orthogonal views of cells expressing EGFP-tagged TDP-43 and
VSVG-mCherry stained with markers of ER (calnexin) or cis-Golgi
(GM130). The degrees of co-localisation of VSVG with calnexin or
GM130 in cells expressing b TDP-43, ¢ FUS, and d SOD1 were
quantified using Mander’s coefficient. e Cells expressing mSOD1
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40-80 <40
Fluorescence intensity

A4V or G85R (top), mTDP-43 Q343R (bottom left) or mFUS R522G
(bottom right) were separated into intensity bins as shown on the
x axis, and their Mander’s coefficients (VSVG and calnexin or
GM130) were plotted. Mean £ SEM, n =3. **¥p <(0.001,
*p < 0.05 difference with TDP-43 WT, EGFP vector alone or control
untransfected cells (Untr). One-way ANOVA with Tukey’s post hoc
test
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not previously linked to neurodegeneration, did not inhibit
ER-Golgi transport (Suppl Fig. 2b).

To further confirm that mSODI1, mTDP-43 and mFUS
specifically inhibit ER-Golgi transport, we purposefully
classified individual cells according to three categories of
fluorescence intensity and hence SODI1/TDP-43/FUS
expression. The arbitrary values of low (~20) to high
(~100) were calculated according to the pixel intensities,
representing the levels of expression of SOD1, TDP-43 or
FUS protein. Inhibition of transport correlated with protein
expression level: cells with the highest expression of
mSOD1 A4V, mSOD1 G85R, Q343R TDP-43 or R522G
FUS inhibited ER—Golgi transport the greatest according to
Mander’s coefficient, and transport inhibition decreased
with decreasing expression of mTDP-43 or mFUS
(Fig. le). Hence the degree of transport inhibition corre-
lates with protein expression level, confirming that ER—
Golgi transport is inhibited specifically by mTDP-43,
mFUS and mSOD1.

COPII vesicles are not transported to the Golgi
in cells expressing mTDP-43, mFUS and mSOD1

VSVG depends on an over-expressed, non-physiological
marker; hence we next sought to validate these findings
using alternative approaches. We first examined bulk pro-
tein secretion in Neuro2a cells by quantifying the levels of
total protein secreted into conditioned medium. Bulk pro-
tein secretion was less in cells expressing mTDP-43, mFUS
or mSODI1 compared to control cells expressing WT pro-
teins or EGFP alone (Suppl. Fig. 2c). Hence, consistent
with the VSVG assay results, bulk protein secretion was
inhibited in cells expressing mTDP-43, mFUS and
mSODI1. However, defects in bulk protein secretion could
also result from post-cis Golgi trafficking defects or dys-
function in other secretory processes. Thus, to provide
further evidence for inhibition of ER—Golgi transport, we
next examined COPII function in cells, which is easily
visualised by dense clustering of COPII subunits adjacent
to the perinuclear Golgi [23]. In untransfected cells, and
cells expressing EGFP, WTSOD1, WTTDP-43 or WTFUS,
COPII (Sec31) displayed the characteristic perinuclear
pattern (Suppl. Fig. 3). In cells expressing mTDP-43, this
pattern was lost, leaving a scattered peripheral pool of
COPII (Suppl. Fig. 3a). Similar results were obtained in
mFUS or mSOD1 cells (Suppl. Fig. 3b, ¢). Quantification
revealed that perinuclear Sec31 was significantly decreased
from 83-95 % in WTTDP-43, EGFP or untransfected cells,
to 60 % in cells expressing mTDP-43 (p < 0.001, Suppl.
Fig. 3d); from 82-93 % in WTFUS expressing or
untransfected cells to 40-65 % in cells expressing mFUS
(p < 0.05, Suppl. Fig.3e); and from 75-95 % in
WTSOD1, EGFP or untransfected cells to 45-47 % in cells

expressing mSOD1 (p < 0.01, Suppl. Fig. 3f). These
findings suggest that the organisation of COPII vesicles and
the Golgi complex are abnormal in cells expressing
mSOD1, mTDP-43 or mFUS, consistent with the presence
of a block in ER-Golgi transport.

Secretory cargo and COPII are depleted from ER-
derived vesicles in cells expressing mTDP-43
and mFUS

We next investigated possible mechanisms responsible for
inhibition of ER—Golgi transport in ALS. We examined the
first stage of transport, the incorporation of secretory cargo
into COPII vesicles and budding from the ER, using an
in vitro ER budding assay [49]. Sec23 is a marker of ER-
budded vesicles and ERGIC is a marker of the ERGIC
compartment that also localises on budded COPII vesicles.
Budded vesicles were recovered and the VSVG content
was analysed by quantitative western blotting (Fig. 2a, b,
c¢). In untransfected cells and cells expressing EGFP or
WTTDP-43, a similar proportion of VSVG was recovered
in the budded vesicle fraction, similar to COPII (Sec23)
(Fig. 2a, d). In contrast, in cells expressing Q343R TDP-
43, VSVG was almost depleted (9-fold decrease,
p < 0.0001, Fig. 2a, d). Immunoblotting revealed similar
levels of ERGICS3 in all fractions, implying that vesicle
number was consistent in all populations. However
immunoblotting for COPII (Sec23), normalised to the
levels of ERGIC53, revealed that COPII was also signifi-
cantly depleted in Q343R TDP-43 vesicle fractions
compared to WITTDP-43 and controls (1.4-fold decrease,
p < 0.001, Fig. 2a, d). Similar results were obtained in
cells expressing mFUS. A comparable proportion of VSVG
was present in budded vesicles obtained from untransfected
cells and cells expressing WTFUS. However, this propor-
tion was significantly reduced in cells expressing R522G
mFUS (2-fold, p < 0.05, Fig. 2b, e). COPII levels on the
budded vesicles were also significantly decreased in cells
expressing R522G FUS (1.25-fold, p < 0.05, Fig. 2b, e).
Immunoblotting of total cell lysates confirmed that there
were no differences in the overall expression of VSVG and
COPII between cell populations (Suppl. Fig. 1d). Hence
these data suggest that defects in incorporation of mem-
brane-associated cargo into budding ER vesicles inhibit
ER-Golgi transport in cells expressing mTDP-43 or mFUS.

In contrast, in cells expressing mSODI, there were no
significant differences in the proportion of VSVG or COPII
associated with budded vesicles compared to untransfected
cells or cells expressing EGFP or WTSOD1 (Fig. 2c, f).
The expression levels of VSVG and COPII were also
similar between the cell populations (Suppl. Fig. 1d),
suggesting that secretory cargo incorporates normally into
ER-derived vesicles in mSOD1 cells.
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Fig. 2 mTDP-43 and mFUS have an inhibitory effect on ER vesicle **p < 0.01, *p < 0.05 difference with untransfected cells. Cells

budding, but not mSOD1. VSVG-mCherry was trapped in the ER and
ER-vesicles budding was reconstituted in vitro in perforated cells
expressing a EGFP-TDP-43, b HA-FUS or ¢ SOD1-EGFP. Budded
vesicles were collected and subjected to western blotting using anti-
VSVG and anti-COPII (Sec23) antibodies. ERGIC53 was used for
control of equivalent budded vesicles. Relative intensities of VSVG
and COPII (Sec23) were quantified in cells expressing d EGFP-TDP-
43, e HA-FUS or f SODI-EGFP, first normalised to ERGIC53
intensity for the relevant lane, and then normalised again to the
control untransfected cells (Untr). Mean &= SEM (n = 3).
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expressing g EGFP-TDP-43, h HA-FUS or i SOD1-EGFP were
treated as in Fig. 1 and immunostained with ERGIC53. The degrees
of co-localisation of VSVG with ERGIC53 in cells were quantified
using Mander’s coefficient. j Cells expressing SODI1-EGFP were
treated as in Fig. 1 and immunostained with ERGIC53 or cis-Golgi
marker, GM130. The degrees of co-localisation of VSVG with
ERGIC53 or GMI130 in cells were quantified using Mander’s
coefficient. Mean &= SEM, n =3. ***p <0.001, **p <0.01,
*p < 0.05 difference with WT protein transfected cells. One-way
ANOVA with Tukey’s post hoc test
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To verify that less secretory cargo incorporates into
vesicles in cells expressing mTDP-43 or mFUS, we
examined incorporation of VSVG into COPII vesicles by
immunocytochemistry (Suppl. Fig. 4). Mander’s coeffi-
cient between VSVG and ERGIC53 was similar in
untransfected cells and cells expressing EGFP alone or
WTTDP-43. However, significantly less VSVG co-lo-
calised with ERGICS53 in cells expressing mTDP-43 or
mFUS compared to WTTDP-43, WTFUS or untransfected
cells (p < 0.05, Fig. 2g, h and Suppl. Fig. 4a, b). Hence
vesicular cargo does not incorporate normally into COPII
vesicles in mTDP-43 or mFUS expressing cells. In con-
trast, there were no significant differences in Mander’s
coefficient between cells expressing mSODI and
WTSODI1, EGFP or untransfected cells (Fig. 2i and Suppl.
Fig. 4c); however, less VSVG co-localised with GM130 in
cells expressing mSOD1 compared to WTSODI or
untransfected cells (Fig. 2j). This provides further evidence
that incorporation of secretory cargo into COPII vesicles,
and their budding from the ER and transport to ERGIC, is
normal in cells expressing mSOD1. Hence this implies that
inhibition of ER-Golgi transport by mSOD1 is downstream
of the ERGIC compartment.

TDP-43 and FUS are associated with the ER

The depletion of cargo after budding from the ER suggests
dysfunction to the ER in mTDP-43 and mFUS expressing
cells. Hence we next examined whether TDP-43 and FUS
are present within the ER. Using immunocytochemistry and
z-stack series confocal imaging, we demonstrated that
mTDP-43 and mFUS partially co-localised with ER marker,
calnexin, suggesting that at least a proportion of mTDP-43
and mFUS are localised in the ER (Fig. 3a). Calculation of
Mander’s coefficient also revealed increased co-localiza-
tion between calnexin and mTDP-43 or mFUS, compared to
WTTDP-43 or WTFUS (Fig. 3b, c), implying that the
mutants associated more with the ER. Similarly, subcellular
fractionation experiments demonstrated that endogeneous
TDP-43 and FUS were present in the membrane fraction
(containing the ER), as well as nuclear and cytoplasmic
fractions, enriched in IRE1, Histone H3 and GAPDH,
respectively (Fig. 3d). Both WT and mutant forms of TDP-
43 and FUS were enriched in nuclear and membrane frac-
tions but only slightly in the cytoplasmic fraction (Fig. 3d).
To investigate this further, a fluorescence protease protec-
tion assay was performed, in which proteins contained
within cellular membranes are protected from proteinase K
after digitonin treatment [34] (Fig. 3e). In EGFP only
expressing cells, the fluorescence disappeared following
digitonin treatment, demonstrating that EGFP was expres-
sed in the cytoplasm. In contrast, in cells expressing Dsred-
tagged protein disulphide isomerase (PDI), a chaperone

located in the ER of unstressed cells [82], the fluorescence
was unchanged after extended proteinase K treatment
(Fig. 3e). In cells expressing EGFP-TDP-43 (WT or
Q343R), the fluorescence was retained after digitonin
treatment, demonstrating that TDP-43 is associated with
membranes, but it disappeared after addition of proteinase-
K. Hence together with the calnexin immunocytochemistry
results (Fig. 3a), these findings imply TDP-43 is present on
the cytoplasmic face of the ER membrane. In contrast, in
cells expressing GFP-FUS (WT or R521G), the fluores-
cence was retained after both digitonin and proteinase-K
treatment (Fig. 3e). To confirm these findings, and to
ascertain that the fluorescence was due to membrane bound
protein, rather than misfolded cytosolic protein, Triton-x-
100 was added as a final step. In cells expressing either WT
or mFUS the fluorescence signal disappeared completely,
similar to control cells expressing PDI-DsRed. Hence these
data imply that both WT and mFUS are present within the
ER lumen, similar to PDI (Fig. 3f).

mSOD1 inhibits COPII vesicular transport
to the Golgi

We next examined possible mechanisms whereby mSOD1
inhibits transport. ER-derived vesicles bud and transport
cargo normally to the ERGIC but not to the Golgi in mSOD1
expressing cells (Fig. 2j), suggesting that ERGIC-Golgi
transport, a microtubule dependent step, rather than ER—
ERGIC transport, a microtubule independent step, is inhib-
ited in these cells. mSOD1, unlike WTSODI1, also binds
aberrantly to tubulin [31, 83]. Together these data suggest
that mSOD1 may disrupt microtubule function, thus dis-
rupting ERGIC-Golgi transport. We, therefore, examined
the stability of microtubules in cells expressing mSODI1 by
quantitating the levels of acetylated tubulin: a post-transla-
tional modification that stabilises and regulates microtubule
function [45]. Whilst the levels of acetylated tubulin were
similar in untransfected cells and cells expressing EGFP or
WTSODI, significantly decreased levels were detected in
cells expressing mSOD1 (Fig. 4a—c), revealing that fewer
stable microtubules are present in mSOD1 cells. Both tubulin
and acetylated tubulin also co-localised with mSODI1
inclusions (Fig. 4d, e). In control experiments, neither
mTDP-43 nor mFUS inhibited tubulin acetylation, and one
mutant mTDP-43, A315T, slightly increased the levels of
acetylated tubulin (Suppl. Fig. 5a), suggesting that inhibi-
tion of tubulin acetylation is specific for mSOD1.

We next examined whether microtubule stabilising
agents, Taxol or Epothilone D (EpoD), rescue ER-Golgi
transport in cells expressing mSODI. As expected, the
levels of acetylated tubulin were increased in Taxol/EpoD
treated cells, confirming that both compounds stabilise
microtubules, and EpoD was more effective than Taxol
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Fig. 3 TDP-43 is expressed on the ER membrane and FUS is located
inside the ER. a Neuro2a cells expressing EGFP-TDP-43 (WT or
Q343R, green) or HA-FUS (WT or P525L, green) were fixed and
immunostained with anti-calnexin antibody (red). Nuclei were stained
with Hoechst (blue). Z-series of merge images were shown. Scale bar
5 um. White arrows indicate co-localization of calnexin with mTDP-
43 or mFUS. Mander’s coefficients of b TDP-43 or ¢ FUS with
calnexin were analysed. Mean = SEM, n = 3. ***p < 0.001. One-
way ANOVA with Tukey’s post hoc test. d Subcellular fractionation
of untransfected cells, cells expressing WTTDP-43, Q343R, WTFUS
or P525L. Whole cell lysates (L), cytoplasmic (C), nuclear (N) and
membrane (Mem) fractions from each sample were prepared, and
western blotting for TDP-43, FUS, GAPDH, Histone H3 and IRE1

(Fig. 4f). Both compounds significantly increased ER—
Golgi transport in cells expressing mSODI1 relative to
control DMSO-treated cells (Fig. 4g). EpoD fully restored
transport in both A4V and G85R cells, whereas Taxol fully
restored transport in A4V, but only partially in G85R,
expressing cells. In contrast, in control experiments, neither
Taxol nor EpoD had any effect on the inhibition of VSVG
transport from ER to Golgi, in cells expressing mTDP-43
or mFUS (Suppl. Fig. 5b). These findings reveal that sta-
bilising microtubules rescues transport inhibition
specifically in mSODI1 expressing cells. Furthermore, to
provide further evidence that mutant SOD1 perturbs
microtubule-based transport processes, we next examined
the fusion of the autophagosome with the lysosome by co-
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was performed. GADPH, Histone H3 and IRE1 were used as a marker
of cytoplasm, nuclear and membrane, respectively. e Fluorescence
protease protection assay demonstrated that TDP-43 is found on the
ER membrane but FUS is found on the ER membrane and in the ER
lumen. Neuro2a cells that expressed EGFP vector alone, PDI-dsred,
EGFP-TDP-43 (WT or mutant) or GFP-FUS (WT or mutant) were
subjected to the fluorescence protease protection assay. Individual
images were taken before and after treatment with 60 uM digitonin
and 50 pg/ml proteinase-K. f Fluorescence protease protection assay
with 1 % Triton-x-100 treatment demonstrated that PDI and FUS
(WT and mutant R521G) are present in the ER lumen. White arrows
indicate the presence of FUS-GFP. Scale bars 50 pm

expression with LC3 and LAMPI1, as markers of each
compartment, respectively. In cells expressing mSODI1
(A4V or G85R), significantly less CFP-LC3 co-localised
with LAMP1-RFP, compared to in cells expressing WT or
untransfected cells (p < 0.01, Suppl. Fig. 5c, d). Hence
mSOD1 also inhibits autophagy-related trafficking, which
is also microtubule-dependent. This was confirmed by
treatment of mSODI1 expressing cells with EpoD, which
restored the levels of autophagosome and lysosome fusion
in cells expressing G85R to the levels found in control
cells. For A4V, the levels were also increased but this was
not statistically significant (Supp. Fig. 5e). These data,
therefore, imply that unstable microtubules specifically
impede ER—-Golgi transport in cells expressing mSOD1.
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Fig. 4 COPII vesicles are unable to be transported to the Golgi
complex in cells expressing mSOD1. a Neuro2a cells expressing
SOD1-EGFP were fixed and immunostained with anti-acetylated
tubulin antibodies. Merge images were shown. Thick white arrows
indicate decreased fluorescence intensity of acetylated tubulin.
b Quantified data for the average fluorescence intensities of acetylated
tubulin in cells from a. ¢ Immunoblotting of soluble cell lysates of
untransfected (Untr), EGFP alone, WT or mSOD1 expressing cells.
Blot was probed with anti-acetylated tubulin and anti-B-actin
antibody was used for loading control. Graph represents the relative
intensities of acetylated tubulin to B-actin. d Neuro2a cells co-
expressing SOD1-EGFP (green) and tubulin-RFP (red) were fixed
and visualised under confocal microscopy. Merge images were
shown. e mSOD1 A4V or G85R transfected cells bearing inclusions
were immunostained with anti-acetylated tubulin antibodies. Merge
images were shown. Thin white arrows indicate co-localisation of

To confirm these findings, we also examined tethering
of COPII vesicles to the cis-Golgi using immunocyto-
chemistry for pl15 and GM130, where co-localisation
indicated efficient vesicular tethering. In cells expressing
WTSODI1, EGFP or untransfected cells (Fig. 4h, i), p115
and GM130 were co-localised in 80-90 % of cells, sug-
gesting that COPII vesicles tether efficiently to the Golgi.
However, the proportion of cells with co-localised p115
and GMI130 was significantly decreased (1.5-fold,
p < 0.01) in mSODI1 expressing cells. Hence tethering of
COPII vesicles to the Golgi is antagonised by mSODI,
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mSOD1 inclusions and acetylated tubulin. f Immunoblotting of
soluble cell lysates of cells expressing WT or mSOD1 upon Taxol and
EpoD treatment. Blot was probed with anti-acetylated tubulin and
anti-B-actin antibody was used for loading control. g Taxol or Epo D
treated Neuro2a cells expressing WT or mSOD1 (A4V or G85R) were
treated as in Fig. 1. The degrees of co-localisation of VSVG with
calnexin or GMI130 in cells were quantified using Mander’s
coefficient. h Neuro2a cells expressing SOD1-EGFP for fixed and
immunostained with anti-pl15 and anti-GM130 antibodies. Merge
images of p115 and GM130 were shown. i Quantified data of SOD1-
EGFP transfected cells with co-localisation of pl115 and GM130.
Mean + SEM, n = 3. ***p < 0.001, **p < 0.01, *p < 0.05 differ-
ence with control untransfected cells (Untr), ##p < 0.001 difference
with WT transfected cells. One-way ANOVA with Tukey’s post hoc
test. Scale bars 10 pm

consistent with the presence of less stable microtubules in
these cells.

Overexpression of Rabl rescues inhibition of ER—
Golgi transport in cells expressing mTDP-43, mFUS
or mSOD1

We next looked for possible molecular targets of mSODI,
mTDP-43 and mFUS. Most proteins involved in ER-Golgi
transport perform narrow, highly specific functions. Hence,
dysfunction in their activity would not explain the diverse
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mechanisms of inhibition observed by mSOD1, mTDP-43
and mFUS. However, in contrast, Rabl plays multiple roles
in ER-Golgi transport, including vesicle budding, transport
to the Golgi and microtubule stability. We, therefore, next
investigated whether ALS-associated mutant proteins
antagonise Rabl function, and hence whether Rabl over-
expression could restore ER-Golgi trafficking. Rabl-
tagged with FLAG or empty vector pCMV-FLAG as a
control, was co-expressed in Neuro2a cells with EGFP-
TDP-43, HA-FUS or SOD1-EGFP, and VSVG-mCherry.
As expected, in cells co-expressing mTDP-43, mFUS or
mSOD1 (with empty vector), more VSVG was retained
within the ER and less was transported to the Golgi com-
pared to controls (Fig. Sa—c). However, in cells co-
expressing FLAG-Rabl, similar levels of VSVG were
present in the Golgi in cells expressing mTDP-43, mFUS
or mSODI1, as in controls expressing WT proteins,
untransfected cells or EGFP alone (Fig. 5a—c).
Immunoblotting using an anti-FLAG antibody confirmed
that the expression levels of Rabl were equivalent in cells
expressing the ALS-mutants compared to controls (Suppl.
Fig. le). Hence Rabl rescues inhibition of ER-Golgi
transport induced by mTDP-43, mFUS or mSOD1.

Overexpression of Rabl rescues ER stress induced
by mTDP-43, mFUS or mSOD1

We next examined whether overexpression of Rabl can
rescue ER stress in these cells, using activation of XBP1 as a
marker of UPR induction [79]. XBP1 activation was sig-
nificantly reduced in cells overexpressing Rabl and mTDP-
43, mFUS or mSODI, compared to controls expressing
empty vector (2-fold, p < 0.05), and it was restored to levels
observed in cells expressing WT proteins, EGFP or
untransfected cells (Fig. 5d). To rule out the possibility that
the reduction of ER stress was due to restoration of Rabl
activity and not non-specific protein over-expression, two
Rabl mutants were examined; dominant negative
Rab1S25N and constitutively active Rab1Q70L. Rab1S25N
is maintained in an inactive GDP-bound state that cannot
convert to its active GTP-bound form [42], whereas
Rab1Q70L is constitutively active by remaining GTP-bound
[18]. In contrast to WT Rabl, co-expression of Rab1S25N
did not rescue ER stress in cells expressing mTDP-43,
mFUS or mSODI1 (Fig. 5e). Furthermore, expression of
GTP-bound Rab1Q70L decreased ER stress, indicated by
XBP1 activation, induced by mTDP-43, mFUS or mSOD1
(2-fold, p < 0.05, Fig. 5f). To confirm the findings using
XBP1, another marker of ER stress, nuclear immunoreac-
tivity to CHOP [65], was examined in these cells, with
similar findings (Suppl. Fig. 6). Hence the functional
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Fig. 5 Over-expression of Rabl rescues ER-Golgi transport inhibi-p
tion, ER stress, apoptosis and inclusion formation induced by mTDP-
43, mFUS and mSOD1. Neuro2a cells co-expressing a EGFP-TDP-
43, b HA-FUS or ¢ SOD1-EGFP and empty pCMV-FLAG vector
(CMV) (top panels) or FLAG-Rabl (bottom panels) were also co-
expressed VSVG, Mander’s coefficients were quantified for transport
of VSVG from ER to Golgi in transfected cells with/without Rabl
using calnexin and GM130. All other indications as in Fig. 1. Cells
co-expressing TDP-43, FUS or SOD1 with d WTRab1, mutant Rabl
e S25N or f Q70L were fixed and immunostained with anti-XBP1
antibodies. Percentages of cells with XBP1 activation were quantified.
Both inclusion formation and apoptotic nuclei were quantified for
cells co-expressing SOD1 and g WT Rabl, mutant Rabl, h S25N or
i Q70L. Mean £ SEM, n = 3. ***p < 0.001, **p < 0.01, *p < 0.05
difference with control untransfected cells (Untr). Unpaired student
t test. Total 100 cells were scored from each group in each
experiment. EGFP represents cells expressing EGFP vector alone

activity of Rabl is protective against ER stress induced by
mTDP-43, mFUS and mSOD1.

mSOD1 normally forms prominent inclusions in
15-18 % of cells and apoptosis in 10-15 % of cells [66].
Rabl overexpression also significantly reduced the for-
mation of inclusions (7-9 %, p < 0.001) and apoptosis
(p < 0.05, 3-fold) in mSOD1 expressing cells (Fig. 5g). In
control experiments, RabIS25N did not affect mSODI
inclusion formation and apoptosis (Fig. Sh), whereas
Rab1Q70L further reduced mSODI1 inclusions (5-7 %,
p < 0.05) and restored apoptosis to control levels (2.5 to
3-fold, p < 0.0001, Fig. 5i). These data thus link Rabl
functional activity to neurodegeneration and apoptosis in
cells expressing mSODI.

Rabl is recruited to spinal motor neuron inclusions
in patients with SALS and mis-localises in cells
expressing ALS-associated SOD1, TDP-43 and FUS

We next examined the distribution of Rabl in Neuro2a
cells expressing TDP-43, FUS and SODI1 using immuno-
cytochemistry. Rabl was expressed diffusely in control
cells and there was little co-localisation with WT TDP-43,
FUS or SODI. However, Rabl co-localised extensively
with mTDP-43 and mFUS (Fig. 6a, b). Analysis of Man-
der’s coefficient revealed significantly increased co-
localization of Rabl with mTDP-43 and mFUS, compared
to WT TDP-43 or FUS (Fig. 6¢c, d). Furthermore, Rabl1 co-
located with mSOD1 inclusions in approximately 20 % of
cells (Fig. 6e) implying that mSOD1, mTDP-43 and mFUS
alter the cellular distribution of Rabl. In contrast, other
proteins involved in ER-Golgi transport, including COPII
subunit Sec23 did not bind to mTDP-43 or mFUS (Suppl.
Fig. 7). Hence together these data suggest that Rabl is
associated with pathogenic mechanisms involving mTDP-
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43, mFUS and mSOD1. This was examined further in
motor neurons of human spinal cord tissues from patients
with sALS. For this analysis, large neurons located in the
ventral horn region of spinal cord sections were identified
as motor neurons (Suppl. Fig. 8a). Using immunohisto-
chemistry, 80 % of motor neurons from sALS patients bore
TDP-43 inclusions, all of which co-localised extensively
with ubiquitin. Hence these motor neurons bear the typical
ubiquitinated TDP-43 inclusions present in most cases of
human ALS. Rabl was expressed diffusely in control
patients without neurological disease (Fig. 6f). However,
in contrast, in an average of 50 % of sALS motor neurons,
Rabl formed prominent, inclusion-like structures (Fig. 6f,
g). The presence of Rabl-positive inclusions in motor
neurons was confirmed by performing immunohistochem-
istry using anti-Rabl and anti-SMI32 antibodies (Suppl.
Fig. 8b). Furthermore, approximately 40 % of the Rabl
inclusion-positive motor neurons co-localised with TDP-43
(Fig. 6f, h and Suppl. Fig. 8c). The Rabl-positive inclu-
sions in sALS patients were intracytoplasmic punctate
structures, some of which resembled Lewy-body-like or
small Bunina body-like inclusions characteristic of ALS
(Supp. Fig. 8d). In contrast, Rabl was expressed diffusely
in control motor neurons (Suppl. Fig. 8d). Hence, Rabl is
mis-localised and recruited into abnormal inclusions in
motor neurons from SALS patients, thus implicating loss of
Rabl function in both sALS and familial ALS (fALS).
Using immunoprecipitation, Rabl also precipitated with
phosphorylated TDP-43 in human sALS patient spinal
cords (Suppl. Fig. 8¢) and Rabl and TDP-43 also co-pre-
cipitated more in cells expressing mTDP-43 (Suppl.
Fig. 8f). Hence, Rabl is mis-localised, recruited into
abnormal inclusions and co-precipitates with pathological
forms of TDP-43. This implies that a physical interaction
exists between TDP-43 and Rabl, thus implicating loss of
Rabl function in both sALS and fALS.

ER-Golgi transport is inhibited in embryonic
primary cortical and motor neurons from SOD
transgenic mice

1G93A

Finally, we examined transgenic mice overexpressing
SOD19%*4 for evidence of ER-Golgi transport inhibition in
primary neurons. Primary embryonic cortical neurons and
motor neurons isolated from SOD1%?** and non-transgenic
controls were transfected with VSVG-mCherry and ER-
Golgi transport was quantified as above. In both cortical
neurons (Fig. 7a, ¢) and motor neurons (Fig. 7b, d), ER—
Golgi transport was inhibited in SOD1°*4 mice compared
to controls (~2-fold, p < 0.001); more VSVG was
retained in the ER and less transported to the Golgi. Hence

@ Springer

these data provide further evidence that ER-Golgi trans-
port is a pathogenic and early disease mechanism in ALS.

Discussion

Extensive evidence now implicates the failure of pro-
teostasis as a trigger for neurodegeneration in ALS, and
regulation of membrane trafficking is a key component of
proteostasis. One third of all proteins transit through the
ER-Golgi compartments destined for extracellular, trans-
membrane or other cellular locations [22]. ER-Golgi
transport is, therefore, the most fundamental intracellular
membrane trafficking system and it is a vital gateway to the
endomembrane system. Disruption to ER-Golgi transport
would therefore significantly impact on cellular function
and viability. Here, we demonstrate that ALS-associated
mSODI1, mTDP-43 and mFUS all inhibit ER-Golgi
transport. We also detected inhibition of ER-Golgi trans-
port in embryonic motor and cortical neurons obtained
from SOD1°%*# mice, validating this process in primary
neurons and as an early disease mechanism. Moreover, the
presence of Rabl-positive inclusions in SALS patients
implies that secretory protein transport may also be
inhibited in sporadic disease. Furthermore, restoration of
ER-Golgi transport by Rabl in our study prevented
inclusion formation and apoptosis, thus linking this
mechanism to neuronal cell death and degeneration. Inhi-
bition of cellular trafficking may therefore be an important
component of proteostasis in ALS.

We found that each protein inhibited ER-Golgi trans-
port by distinct processes, but each mechanism was
dependent on Rab1 function. In cells expressing mTDP-43,
COPII vesicles budded normally, but they were almost
completely depleted of cargo. Similarly in mFUS
expressing cells, the vesicles were also depleted of cargo,
but to a lesser extent than mTDP-43. Previous studies have
suggested that the eventual size of COPII vesicles depends
on the cargo loaded into these vesicles [29]. In preliminary
studies, we found that COPII vesicles were reduced in size
in cells expressing mTDP-43 or mFUS, consistent with this
property. However, further experiments are required to
confirm these findings. The level of COPII but not
ERGICS53 on these vesicles was also reduced compared to
control cells, suggesting that smaller vesicle diameter
correlates with less vesicular COPII, which would result in
atypical vesicles. Both mTDP-43 and mFUS inhibited ER—
ERGIC rather than ERGIC-Golgi transport, and we
detected TDP-43 on the cytoplasmic face of the ER,
whereas FUS was present within the ER lumen. Using
Mander’s coefficient, more mTDP-43 and mFUS co-



Acta Neuropathol (2015) 130:679-697

691

a TDP43

FUS Rab1

Rab1

TOPRO3 Merge

EGFPjJ

Rab1 TDP-43 Merge

Ubiquitin _ TDP-43

TDP-43

Merge

Control

B =2}
o =]

Rab1 and TDP-43 (%)
N
S

MNswith Rab1-positive
inclusions (%)
B
o
MNs with co-localization of

o

N9
[
Fig. 6 Rabl is mislocalised in cells expressing mTDP-43, mFUS and
mSOD1 and forms inclusion-like structure in motor neurons from
patients with sALS. Neuro2a cells expressing a EGFP-TDP-43 (WT
or mutants) or EGFP vector alone; b HA-FUS (WT or mutants) were
fixed and immunostained with anti-Rab1l antibodies. Representative
images from each transfected cells were shown here. Nuclei were
counter-stained with TOPRO-3 and merge images were shown.
Mander’s coefficients of co-localisation of Rabl with ¢ TDP-43 and
d FUS were analysed. Mean £+ SEM, n = 3. ***p < 0.001 difference
with WT transfected cells. One-way ANOVA with Tukey’s post hoc
test. e SOD1-EGFP (WT or mutants) transfected cells were fixed and
immunostained with anti-Rabl antibodies. Representative images

localised with calnexin compared to WTTDP-43 or
WTFUS. Hence, these data imply that mTDP-43 and
mFUS inhibit ER-Golgi transport from either the cyto-
plasmic face of the ER or from within the ER lumen,
respectively.

In contrast, in cells expressing mSOD1, COPII vesicles
budded normally, were almost fully loaded with cargo, and
were transported normally from ER to ERGIC. However,
transport was inhibited between ERGIC and Golgi, and
fewer acetylated microtubules were detected in mSOD1
expressing cells. Tubulin acetylation stabilises micro-
tubules and promotes the recruitment of molecular motors
kinesin-1 and cytoplasmic dynein [14, 53]. ERGIC-Golgi
transport is a long-range, microtubule and dynein—
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from each transfected cells were shown here. Nuclei were counter-
stained with TOPRO-3 and merge images were shown. Graph
represents percentage of inclusion-positive cells with co-localisation
of Rabl and mSOD1 inclusions. f Representative images of paraffin-
fixed spinal cord sections from control individual and patients with
SALS were dewaxed and immunostained with anti-Rabl, anti-TDP-43
and anti-ubiquitin antibodies. Images were fully reflective of the cells
examined. g Graph represents percentage of motor neurons displayed
Rabl inclusions. h Graph represents percentage of Rabl-positive
inclusion motor neurons with Rabl and TDP-43 colocalization.
Twenty to thirty motor neurons from each patient were scored. Merge
images were shown. Scale bars 10 pm

dynactin-dependent step [1], in contrast to ER-ERGIC
transport, which is short-range and microtubule indepen-
dent. Our detection of inhibition of ERGIC-Golgi—but not
ER-ERGIC—transport, and the loss of tethering of COPII
vesicles to the Golgi in mSOD1 cells, is consistent with a
microtubule-mediated defect. Previously, we could not
detect SODI1 in the ER [3], similar to other groups [8, 41],
suggesting that mSODI1 inhibits ER—Golgi transport from
the cytoplasm. Dysfunction to microtubules would explain
both inhibition of ER-Golgi transport and triggering of ER
stress by cytoplasmic mSOD1. Consistent with our find-
ings, previous studies have shown that tubulin and dynein
both interact with mSODI1, and that mSOD1 modulates
tubulin polymerisation [31, 83]. A recent study also
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Fig. 7 ER-Golgi transport is inhibited in primary cortical neurons
and motor neurons isolated from SOD19%** transgenic mice. Both
a primary cortical neurons and b motor neurons are isolated from
SOD19934 transgenic (SOD) or non-transgenic (control) mice at
E13.5. Primary neurons were then transfected with VSVG-mCherry
for 24 h and then fixed and immunostained with calnexin for ER
(green) and GM130 for cis-Golgi (blue). Merge images were shown.
Scale bar 10 pnm. The degree of co-localisation of VSVG with
calnexin or GM 130 in primary c¢ cortical neurons and d motor neurons
was quantified using Mander’s coefficient. Mean £ SEM, n = 40
cells. Total 4 mice were used in each group and 10 cells were scored
from each mice. ***p < 0.001, **p < 0.01. Unpaired student ¢ test.

reported that mutations in the gene encoding tubulin Alpha

4A, a component of microtubules, (TUBA4A) cause 1 % of
fALS cases [64]. Furthermore, these TUBA4A mutants
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e Schematic diagram summarising how mTDP-43, mFUS and
mSOD1 inhibit ER-Golgi transport. The primary response that ER—
Golgi transport inhibited by mTDP-43 and mFUS is thought to be
elicited by the depletion of Rabl activity. One consequence is the
cargo is unable to be sorted to COPII vesicles. In parallel, recruitment
of COPII subunits to formation of vesicles could be antagonised.
mSOD1 inhibits ER-Golgi transport could be resulting from a defect
in the tethering process. This may be due to the interaction of mSODI1
with COPII vesicles or tubulin and dynein and thus leading to COPIL
vesicles are unable to be transported along microtubules to Golgi
complex and thus decreasing the interaction of pl15 with cis-Golgi
marker, GM130

destabilised the microtubule network, diminishing its re-
polymerization capability [64]. Taken together, these data
implicate microtubule dysfunction in ALS pathology.
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Destabilisation of microtubules would impact on all
microtubule-based processes, including axonal transport
and autophagy-related trafficking, other mechanisms which
are implicated in ALS [5, 32]. Indeed, we detected inhi-
bition of autophagosome-lysosome fusion in cells
expressing mSOD1, consistent with this notion. Rabl is
multi-tasking protein in ER-Golgi transport, mediating
recruitment of cargo into COPII vesicles, regulation of
COPII dynamics and function, transport between ER and
ERGIC, and ERGIC and Golgi, recruitment of kinesin and
dynein to microtubules, and microtubule organisation and
function [27, 61, 63]. Previous studies have demonstrated
that loss of Rabl function prevents incorporation of
secretory cargo into COPII vesicles [21] and leads to
abnormal microtubules [61]. We observed that Rabl
overexpression rescued inhibition of ER-Golgi transport
and ER stress triggered by mSOD1, mTDP-43 and mFUS,
and apoptosis and inclusion formation triggered by
mSOD1. However, the inactive mutant Rab1S25N did not
rescue ER stress, and the constitutively active Rab1Q70L
was more protective relative to WTRab1. This implies that
the protective effects of Rab1 are driven specifically by its
GTPase function, indicating that loss of Rabl GTPase
activity is associated with ER stress and neurodegeneration
in ALS. These data, therefore, provide new evidence
implying that restoring Rabl function may be a novel
therapeutic target in mSODI1, mTDP-43 and mFUS-asso-
ciated ALS.

It should be noted that the studies using mSOD1 are less
informative for the majority of ALS, because the TDP-43
pathology characteristic of most human ALS cases is not
present in SOD1-associated ALS [20, 35]. FUS inclusions
co-localise with TDP-43, p62 and ubiquitin and they are
found in both FUS-associated fALS and also in some cases
of SALS, but they are not associated with SOD1-fALS [13].
FUS also appears in TDP-43 inclusions in patients with
TDP-43 mutations [13]. Since mSOD1 inclusions are dis-
tinct from both mTDP-43 and mFUS inclusions, in this
study we focussed on recruitment of Rabl to human motor
neurons displaying the typical ubiquitinated TDP-43
inclusions found in most (97 %) ALS cases. Whilst Rab1l
was distributed diffusely or punctate in control patients, it
was recruited to these abnormal intracellular inclusions in
SALS motor neurons. This implies that Rab1 is misfolded
and loses its normal vesicular distribution in SALS, and
hence is probably misfolded and non-functional in these
patients. This suggests that similar pathological mecha-
nisms are underway in sALS and fALS. In addition,
previous studies have demonstrated that expression of
Rabl is upregulated in either lumbar spinal cords or blood
from sALS patients [51, 57], providing further evidence
that Rabl1 is dysregulated in SALS. However, although glial
pathology is implicated in both sALS and fALS [26, 46], in

preliminary studies, Rabl was not recruited to inclusions in
either human astrocytes or microglial in SALS (data not
shown). These data, therefore, imply that dysfunction to
Rabl is specific to motor neurons.

Inhibition of ER-Golgi transport is not specific to ALS.
It has already been described in a-synuclein-associated
Parkinson’s disease [11]. However, whilst disease-associ-
ated A53T mutant a-synuclein delays ER-Golgi transport,
WT a-synuclein also impairs transport [11], so trafficking
inhibition is not specific for mutant a-synuclein. Further-
more, distinct mechanisms are involved: a-synuclein
appears to antagonise SNARE function and inhibit SNARE
complex assembly [73], thus inhibiting tethering and
docking of transport vesicles with the Golgi [11]. Fur-
thermore, o-synuclein was not observed in association with
the ER in previous studies [11].

Similarly, in Huntington’s disease post-Golgi cellular
trafficking, rather than ER-Golgi trafficking, is inhibited
by mutant huntingtin protein. This leads to less vesicular
cargo leaving the trans-Golgi network, resulting in accu-
mulation of protein in the Golgi, rather than the ER [12].
Whilst inhibition of post-Golgi transport in Huntington’s
disease could eventually perturb ER—Golgi transport [12],
ER-Golgi trafficking defects are not the primary event and
have not been previously demonstrated directly. Disrup-
tions in ER and Golgi homeostasis are also associated with
Alzheimer’s and Prion diseases, but again involve distinct
processes to ALS. Amyloid precursor protein has a signal
peptide and hence it normally transits through the secretory
pathway. However, whilst ER stress and Golgi fragmen-
tation have been described previously in Alzheimer’s
disease, surprisingly a recent report described an increase
in ER-Golgi transport, rather than decreased ER—Golgi
transport, in cells in which B-amyloid accumulates [30],
implying that different processes are underway in ALS and
in Alzheimer’s disease. Similarly, in prion-infected cells,
VSVG is transported normally from ER to Golgi, but post-
Golgi trafficking is significantly delayed. It is thought that
prions may disturb post-Golgi trafficking of membrane
proteins via accumulation in recycling endosomes [76].
Furthermore, Rabl misfolding and recruitment to intra-
cellular inclusions has not been described in patients with
other neurodegenerative diseases. However, in our study,
we found Rabl recruitment to inclusions in sporadic
patient motor neurons as well as in cells expressing mutant
TDP-43, FUS or SODI1. Rabl misfolding may, therefore,
be a common process in ALS in contrast to other disorders.
Hence whilst maintaining cellular proteostasis is funda-
mental in neurodegenerative conditions [24], there are
clearly mechanisms specific to each disorder.

Maintaining proteostasis for post-mitotic cells presents
specific challenges, and hence regulation of trafficking may
be more critical for neurons than other cell types.
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Furthermore, the ER in neurons is poorly characterised but
it is much more extensive than in other cells [52],
extending throughout the neuritic processes, where its
functions are largely uncharacterised. The reason why
motor neurons are selectively targeted in ALS remains to
be clarified. However, motor neurons are characterised by
very long axons, up to 1 m in length in an adult human, and
efficient anterograde (and retrograde) transport is essential
to transport essential proteins to and from the synapse from
the soma, along the axon. In other types of neurons, this
distance is much shorter than in motor neurons where the
axons are extremely long relative to the size of the cell
body. The relationship between transport between the ER—
Golgi and along the axon is poorly understood but these
two processes are closely linked [2, 52]. In preliminary
studies we have observed that after VSVG traffics from ER
to Golgi, it subsequently is transported along the axon.
Hence if transport between ER and Golgi is inhibited, it is
likely that axonal transport is also inhibited. Thus, pertur-
bations in ER-Golgi transport in motor neurons with long
axons may present serious challenges to cellular function.
Hence the long axons may, therefore, impose much stricter
trafficking requirements and confer selective vulnerability
on the motor neuron.

Consistent with this notion, previous studies have
demonstrated that the fast-fatigable (FF) and fast-resistant
(FR) motor neuron axons are already affected at before
clinical symptoms (p48—p50) and late presymptomatic
(p80—-p90) SOD1 mice, respectively, whereas axons of slow
(S) motor neurons are much more resistant to neurodegen-
eration [50, 58]. Compared to S motor neurons, FF motor
neuron are larger cells, with larger axonal diameters, and
the velocity of axonal transport is greater [6], which may
impart selective vulnerability to axonal transport dysfunc-
tion on FF cells. Interestingly, the FF motor neurons also are
the first to develop ER stress [58], thus linking ER-Golgi
transport, ER stress and axonal transport to specific vul-
nerability of motor neuron subtypes to neurodegeneration in
ALS. FF motor neurons also fire at higher rates than S motor
neurons [6], consistent with the greater requirement for
proteins necessary for synaptic function, supplied from the
cell body via efficient axonal transport [62]. A recent study
also demonstrated that the molecular motor dynein, which
mediates both ER—Golgi transport and retrograde axonal
transport, is upregulated in more vulnerable motor neurons,
such as hypoglossal and spinal motor neurons, compared to
oculomotor neurons, which are less vulnerable in ALS [10].
Hence these studies, together with our findings, link inhi-
bition of ER-Golgi transport, ER stress and axonal
transport, to specific vulnerability of motor neuron subtypes
to neurodegeneration in ALS.

Mutations in other genes causing ALS, including alsin,
vesicle-associated protein, dynactin, CHMP2B, optineurin,
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and valosin-containing protein, encode other proteins
implicated in intracellular trafficking. Furthermore, we
demonstrated recently that the normal function of
CI90RF72, which contains a non-coding repeat expansion
mutation in fALS, is to regulate endocytosis and autop-
hagy, but this is dysregulated in ALS patient tissues [17].
Several ER—Golgi transport proteins are implicated in other
motor neuron disorders, including atlastin [7] and seipin
[28]. Disruption in ER-Golgi trafficking has also been
described in spontaneous mouse mutants with motor phe-
notypes, pmn [59] and wobbler [60]. In addition, mice with
a deletion of Scyl, implicated in COPI-mediated Golgi—-ER
transport, display a motor neuron degenerative phenotype
[44]. We also recently showed that ALS mutations in
optineurin disrupt its normal association to myosin VI,
which inhibits intracellular trafficking [71]. The opti-
neurin—-myosin VI association was also disrupted in SALS
patients, linking these defects to sporadic disease [71].
These findings suggest that disturbances to intracellular
trafficking may be fundamental in neuronal degeneration
and maintenance of proteostasis.

ER-Golgi transport is functionally related to other cel-
lular processes implicated in ALS; hence, transport
inhibition would impact on other closely related events. ER
stress and Golgi fragmentation result from dysfunction to
ER-Golgi transport [40] and we previously demonstrated
that inhibition of ER—Golgi transport preceded both events
in cells expressing mSOD1, implying that ER stress and
Golgi fragmentation are consequences not causes of ER—
Golgi transport inhibition [3]. Previous reports described
ER stress and Golgi fragmentation in early, preclinical
disease stages (p30) in SOD19%** mice [39, 58], prior to
neuromuscular denervation and axon retraction [77]. Our
finding that ER—Golgi transport is inhibited in embryonic
motor neurons in SOD19%** mice implies that this mech-
anism precedes ER stress and Golgi fragmentation in vivo,
as in vitro [3]. Similarly, ER—Golgi transport and autop-
hagy, a major degradation pathway for intracytosolic
aggregate-prone protein, are also functionally linked. Rabl
regulates autophagy and ER/Golgi membranes are required
for autophagosome formation [80]. Autophagy dysfunction
is implicated in ALS and in degradation of mSODI1 and
mTDP-43 [9], but the underlying mechanisms remain
unclear. RNA dysfunction is now widely implicated in
ALS and ER-derived vesicles are involved in RNA traf-
ficking [74]. Furthermore, Yptl binds to HAC1 RNA and
modulates the UPR [75]. This indicates that ER-Golgi
trafficking and the UPR communicate via RNA interaction
with Rabl. Whilst both ER-Golgi transport and axonal
transport are also functionally linked and COPII is impli-
cated in both processes [4, 38], we could not detect an
interaction between mTDP-43 and mFUS and COPII
(Suppl. Fig. 7). Hence despite our previous finding that
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mSOD1 but not WTSODI interacts with COPII [3], COPII
is not a common target of these proteins.

A schematic outlining possible mechanisms that inhibit
ER-Golgi transport in ALS is presented in Fig. 7e. mTDP-
43, mFUS and mSODI inhibit transport of ER-budded
vesicles from ER to Golgi through antagonising Rabl
function, either via microtubule stability or COPII func-
tion. Modulation of disease processes common to multiple
misfolded proteins in ALS has potential as a novel and
effective therapeutic target: our data implicates Rabl as a
possible target. Description of the relationship between ER
and Golgi transport to other pathogenic mechanisms is now
warranted.
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