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Abstract

A repeat expansion in the non-coding region of C9orf72 gene is the most common mutation causing frontotemporal lobar de-
generation (FTLD) and amyotrophic lateral sclerosis (ALS). Sense and antisense transcripts are translated into aggregating di-
peptide repeat (DPR) proteins in all reading frames (poly-GA,-GP,-GR,-PA and -PR) through an unconventional mechanism.
How these changes contribute to cytoplasmic mislocalization and aggregation of TDP-43 and thereby ultimately leading to
neuron loss remains unclear. The repeat RNA itself and poly-GR/PR have been linked to impaired nucleocytoplasmic trans-
port. Here, we show that compact cytoplasmic poly-GA aggregates impair nuclear import of a reporter containing the TDP-43
nuclear localization (NLS) signal. However, a reporter containing a non-classical PY-NLS was not affected. Moreover, poly-GA
expression prevents TNFo induced nuclear translocation of p65 suggesting that poly-GA predominantly impairs the impor-
tin-o/f-dependent pathway. In neurons, prolonged poly-GA expression induces partial mislocalization of TDP-43 into cyto-
plasmic granules. Rerouting poly-GA to the nucleus prevented TDP-43 mislocalization, suggesting a cytoplasmic mechanism.
In rescue experiments, expression of importin-« (KPNA3, KPNA4) or nucleoporins (NUP54, NUP62) restores the nuclear locali-
zation of the TDP reporter. Taken together, inhibition of nuclear import of TDP-43 by cytoplasmic poly-GA inclusions causally
links the two main aggregating proteins in C9orf72 ALS/FTLD pathogenesis.
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Introduction

Amyotrophic lateral sclerosis (ALS) and frontotemporal lobar
degeneration (FTLD) are two devastating neurodegenerative dis-
eases with overlapping pathology and genetics (1). The patho-
genic C90rf72 repeat expansion is the most common genetic
cause of ALS and FTLD. Upon autopsy, C9orf72 patients present
typical cytoplasmic TDP-43 aggregates that are also seen in
other familial and sporadic ALS/FTLD cases (2). Three potential
pathomechanisms leading to C9orf72 ALS/FTLD have been pro-
posed so far. Reduced expression from the mutant C9orf72 allele
may inhibit autophagy and promote neuroinflammation with-
out causing overt neurodegeneration by itself (3-5). The RNA
containing hundreds or thousands GGGGCC repeats rather than
2-30 repeats seen in healthy people is thought to sequester a
number of RNA-binding proteins in nuclear RNA foci (6).
Repeat-associated non-ATG translation (7) of the intronic repeat
in all reading frames gives rise to five dipeptide repeat (DPR)
proteins. The sense transcript-derived poly-GA, poly-GR and
poly-GP are much more abundant than poly-PA and poly-PR de-
rived from the antisense transcript (8-11). The DPR proteins
coaggregate in compact inclusions predominantly in the cyto-
plasm of neurons in the neocortex, cerebellum and thalamus.
In patients DPR inclusions likely appear several years prior to
TDP-43 pathology (12). TDP-43 pathology correlates better with
regional neurodegeneration than DPR pathology (13) and DPR
and TDP-43 inclusions appear mostly in distinct cells. If they oc-
cur in the same cell, TDP-43 seems to coat the poly-GA aggre-
gates (8). Intercellular spreading of both aggregated poly-GA
(14,15) and TDP-43 (16) has been reported.

The cause of TDP-43 aggregation in C9orf72 ALS/FTLD is still
largely unclear (17). We and others have found no obvious effect
on TDP-43 upon expression of individual DPR proteins in cell
lines (18-21). High level expression of (GGGGCC)gs using AAV re-
sults in significant TDP-43 aggregation and neurodegeneration,
although the TDP-43 inclusions are (unlike in patients) predom-
inantly found within the nucleus (22). Several BAC-transgenic
lines replicate DPR and RNA foci pathology (4,23,24), but
strangely only one such line additionally showed TDP-43 inclu-
sions and rapid neurodegeneration in a subset of female ani-
mals (25).

Recently, several groups have reported impaired nucleocyto-
plasmic transport in several C9orf72 models and attributed it to
the repeat RNA (26), poly-GR/PR (27) or both (28). The repeat
RNA or poly-GR/PR are thought to disrupt the nucleocytoplas-
mic Ran-GTP gradient that is crucial for correct sorting of most
proteins, but the mechanism remains unclear (29). Similarly, al-
tered RanGAP1 localization has been reported in mice with high
levels of poly-GA expression, but the functional consequences
have not been addressed (30). Recently, it was shown that artifi-
cial aggregating B-sheet proteins impair nucleocytoplasmic
transport due to sequestration of the THOC complex and RNA
binding proteins (31). Since GA;s peptides also form typical am-
yloid fibrils (14) we speculated that poly-GA may also impair
nucleocytoplasmic transport.

Therefore, we tested whether poly-GA, poly-GR and poly-PR
affect the nuclear import of TDP-43, because cytoplasmic TDP-
43 aggregation may ultimately trigger neurodegeneration in
C9orf72 cases. We analysed cytoplasmic mislocalization of en-
dogenous TDP-43 and of a reporter containing the bipartite clas-
sical nuclear localization signal (NLS) of TDP-43. This signal has
been shown to mediate TDP-43 nuclear import of TDP-43 via the
importin-o/p pathway (32-34). To elucidate the mechanism of
impaired nuclear import of TDP-43, we redirected the
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cytoplasmic poly-GA aggregates into the nucleus and performed
rescue experiments using key components of the nuclear im-
port machinery.

Results

Poly-GA causes mislocalization of a TDP-43 NLS reporter

To test functional consequences of DPR expression on nucleocy-
toplasmic transport of TDP-43 in Hela cells, we generated a
fluorescence-based reporter containing RFP fused with the nu-
clear localization signal (NLS) of TDP-43, a well characterised bi-
partite NLS (33). Upon co-expression of RFP-NLStpp with GFP,
RFP-NLStpp almost exclusively localised to the nucleus in HeLa
cells in interphase, as expected (Fig. 1A first row). In contrast,
many cells with GA4o-GFP inclusions showed significant levels
of the RFP-reporter in the cytoplasm suggesting impaired nu-
clear import mediated by this classical NLS (Fig. 1A, second row,
arrows). Quantitative analysis using manual counting con-
firmed significant mislocalization of the reporter in ~40% of in-
clusion bearing cells compared to ~5% of GFP expressing cells
(Fig.1B). In contrast, only about 20% of cells with compact GFP-
GRq49 OT PRy75-GFP inclusions showed enhanced cytoplasmic
RFP-NLStpp localization (Fig. 1A, third and fourth row). While
GA140-GFP and GFP-GRy49 Were expressed at a similar level, the
weaker effect of poly-PR may be due to the lower expression of
PRy75-GFP (Supplementary Material, Fig. S1A). Using automated
image analysis with the Columbus Acapella system, we con-
firmed mislocalization of the RFP-NLStpp reporter in poly-GA
expressing cells by comparing the mean cytoplasmic RFP fluo-
rescence in double transfected cells (Fig. 1C). Moreover, we used
differential centrifugation to separate the cytosolic and nuclear
fraction of the RFP-NLStpp reporter in DPR expressing cells. As
expected, the majority of RFP-NLStpp was in the histone 3 posi-
tive nuclear fraction. However, the cytosolic fraction of RFP-
NLStpp Was increased in the GA14o-GFP cotransfected HelLa cells
(Fig. 2A and B). Immunostaining revealed no cytoplasmic mis-
localization of endogenous TDP-43 in GFP-DPR expressing HeLa
cells 2 days after transfection (data not shown).

While importin-o/p recognises the NLS of TDP-43, transpor-
tin (TNPO) binds to so-called PY-NLS motifs to initiate the nu-
clear import of other proteins, such as hnRNPA1 (29,35). To test
whether DPR proteins could also inhibit this import pathway,
we used a second reporter (RFP-NLSpy) containing the well char-
acterised PY-NLS of hnRNPA1 (Supplementary Material, Fig. S1B
and C). The nuclear localization of this reporter was not affected
by expression of poly-GA, -GR, or -PR. Thus, DPR proteins
mainly affect the nuclear import through the classical importin
o/B pathway. In particular, poly-GA inclusions inhibit nuclear
import of a TDP-43 NLS-containing reporter protein more se-
verely than poly-GR.

Poly-GA inhibits nuclear import of p65

To analyse the effect of poly-GA on the importin o/p-mediated
nuclear import on an endogenous protein, we investigated the
nuclear translocation of the transcription factor p65 (also
known as RelA or NFxB3) in response to TNFa stimulation in
HelLa cells. In ~90% of the unstimulated cells expressing GFP or
GA149-GFP, P65 is restricted to the cytoplasm (Fig. 3A first and
third row, quantification in Fig. 3B). Upon TNFa stimulation
(4ng/ml, 30min), p65 translocated into the nucleus of ~80% of
the cells expressing GFP (Fig. 3A, second row). In contrast, only
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Figure 1. poly-GA reduces the activity of the TDP-43 nuclear localization signal. HeLa cells were cotransfected with RFP fused to the nuclear localization signal of TDP-
43 and GFP or GFP-tagged DPR expression vectors. (A) Images show RFP and GFP fluorescence of cells stained with DAPI to visualise nuclei. Note that many cells with
compact poly-GA inclusions (arrows) show significant levels of RFP-NLStpp in the cytoplasm. (B) Manual quantification of the percentage of cells showing cytoplasmic
mislocalization of the RFP-NLSpp reporter in cells co-expressing GFP or DPR-GFP inclusions. n=4-5 biological replicates, each containing 38-344 double positive cells
from 3 to 6 tile scans each. Mean + SEM. One way ANOVA with Dunnett’s post-test, ** denotes P<0.001, * denotes P<0.05). Scale bar denotes 50 pm. (C) Automatic image
analysis of reporter localization in HeLa cells coexpressing GFP or GFP-tagged DPR. The mean level of cytoplasmic of RFP-NLStpp is shown. n =7-8 tiles scans containing
994-2009 cells per group from 5 independent experiments. Mean * SEM. One-way ANOVA with Dunnett’s post-test, ** denotes P<0.001.

46% of the cells with GA140-GFP inclusions show nuclear trans-
location of p65 (Fig. 3A, fourth row). Subcellular fractionation
corroborates impaired nuclear import of p65 upon TNFu stimu-
lation in poly-GA expressing cells on a biochemical level
(Supplementary Material, Fig. S2). Thus, poly-GA aggregation in
HelLa cells can directly inhibit nuclear import of p65 and possi-
bly other signalling factors which may affect the function and
survival of inclusion bearing neurons.

Poly-GA enhances TDP-43 localization into cytoplasmic
granules in neurons

Next, we analysed how DPR aggregates affect the nuclear im-
port in hippocampal neurons. Normally, TDP-43 is

predominantly nuclear, but a small fraction of TDP-43 is found
in cytoplasmic RNA transport granules (36). We expressed GFP-
tagged DPR proteins using lentivirus and analysed the localiza-
tion of endogenous TDP-43 in hippocampal neurons. Consistent
with previous reports, none of the DPR proteins led to dramatic
mislocalization or even aggregation of TDP-43 in the cytoplasm.
However, poly-GA expression consistently enhanced cytoplas-
mic TDP-43 granules (arrows in Fig. 4A). Such cytoplasmic TDP-
43 granules were present in about 80-90% of neurons expressing
poly-GA, compared to ~35% in the GFP control (Fig. 4B). While
poly-GR had no effect on TDP-43 localization in this assay, poly-
PR expression also promoted the formation of cytoplasmic
TDP-43 granules found in ~50% of the neurons. This finding
was confirmed by automated analysis of the ratio of cytoplas-
mic to nuclear TDP-43 (Fig. 4C).
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Figure 2. poly-GA induces cytoplasmic mislocalization of the RFP-NLSpp repor-
ter. HeLa cells cotransfected with RFP-NLStpp and GFP or GFP-tagged DPR ex-
pression vectors were subjected to subcellular fractionation. (A) Immunoblot of
cytoplasmic and nuclear fractions with the indicated antibodies. GAPDH and
histone 3 are used as markers for cytoplasm and nucleus, respectively. (B)
Quantification of cytoplasmic RFP-NLStpp from n=4 biological replicates. Mean
+ SEM. One way ANOVA with Dunnett’s post-test, *** denotes P<0.001.

We noticed no significant colocalization of any DPR species
with TDP-43. In order to determine the nature of the cytoplas-
mic TDP-43 granules in poly-GA-expressing neurons, we
analysed colocalization with stress granules and lysosomes.
Cytoplasmic TDP-43 partially localised in LAMP1-positive lyso-
somes, but not the stress granule marker TIAR (Supplementary
Material, Fig. S3).

Thus, poly-GA inhibits the nuclear localization of TDP-43 in
neurons consistent with the results using the RFP-NLStpp repor-
ter in HelLa cells.

Rerouting of poly-GA to the nucleus prevents
cytoplasmic TDP-43 mislocalization

As artificial pB-sheet proteins only inhibit nuclear import when
they aggregate in the cytosol, but not in the nucleus (31), we
asked whether the localization of poly-GA aggregates is critical
for their effects on TDP-43 import. Thus, we fused poly-GA with
the NLS of the SV40 large T antigen to shift aggregate formation
from the cytosol to the nucleus.

Indeed, in neurons about 40% of the GA;75-NLS inclusions
were found in the nucleus, although many cells still bore resid-
ual cytoplasmic inclusion indicating incomplete nuclear import
of GA475-NLS (Fig. 5A). While neurons with cytoplasmic GA;7s-
NLS aggregates often contain cytoplasmic TDP-43 granules, cells
with pure nuclear GA,75-NLS aggregation showed lower level of
TDP-43 mislocalization comparable to controls (Fig. 5B).
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GA149-GFP-NLS expressing HeLa cells showed less often cyto-
plasmic mislocalization of the RFP-NLStpp reporter than GAj4o-
GFP expressing cells (Fig. 5C, compare Fig. 1). While 45% of cells
with residual cytoplasmic GA;49-GFP-NLS aggregates showed
cytoplasmic mislocalization of the RFP-NLStpp reporter, only
17% of cells with GA149-GFP-NLS inclusions restricted to the nu-
cleus showed cytoplasmic RFP-NLStpp fluorescence (Fig. 5D).
Thus, only cytoplasmic poly-GA aggregates disturb nuclear im-
port of TDP-43 similar to the findings with artificial p-sheet pro-
teins (31).

Overexpression of importin-« and nuclear pore
components restores nucleocytoplasmic transport in
poly-GA expressing cells

Since (GGGGCC),, RNA and poly-GR/PR toxicity has been rescued
by Ran and RanGAP1 overexpression in drosophila and yeast
(26-28,37), we asked whether it would also restore nuclear im-
port of TDP-43 in poly-GA expressing cells. However, co-
transfection of Ran or RanGAP1 did not affect poly-GA induced
cytoplasmic mislocalization of the RFP-NLStpp reporter
(Supplementary Material, Fig. S4) despite robust expression of
Ran and RanGAP1 in Hela cells (Supplementary Material, Fig.
S5A). In contrast to a previous report (30), we also found no spe-
cific colocalization of poly-GA aggregates with endogenous Ran
or RanGAP1 (Supplementary Material, Fig. S5B).

We therefore tested importin-o (isoforms KPNA3 and
KPNA4), the cytoplasmic receptor for the TDP-43 NLS (32), and
crucial factors for nuclear import of TDP-43, such as CSE1L/CAS
(which helps to recycle importin-o from the nucleus to the cyto-
plasm after releasing its cargo) and the nuclear pore complex
components NUP54 and NUP62 (32). KPNA4 and NUP62 have
also been linked to nucleocytoplasmic transport deficits in vari-
ous C9orf72 model systems (26-28,37). Co-expression of these
proteins in the GFP control cells partially reduced cytoplasmic
localization of the RFP-NLStpp reporter, however, without
reaching statistical significance (Fig. 6A and B). In contrast, co-
expression of these factors in GA14o-GFP transfected cells signif-
icantly reduced mislocalization of the reporter. Importantly, ex-
pression of KPNA3, NUP54 and NUP62 fully restored nuclear
localization of the RFP-NLStpp reporter to control levels. Thus,
our data suggest that poly-GA interferes with the nuclear trans-
port machinery without affecting the Ran-GTP gradient.

Discussion

The expanded C9orf72 repeat RNA and arginine-rich DPR pro-
teins poly-GR/PR have been previously linked to impaired nucle-
ocytoplasmic transport, but surprisingly poly-GA, the most
abundant DPR species, has not been analysed (26-28,37). Here
we show that cytoplasmic aggregates of poly-GA inhibit nuclear
import of TDP-43 to an even greater extent than poly-GR/PR.
This defect is rescued by overexpression of several nuclear
transport components. Our data point to a specific inhibition of
the import-o/f pathway by cytoplasmic poly-GA aggregates, be-
cause rerouting poly-GA aggregates to the nucleus also restored
nuclear import of TDP-43.

Poly-GA inhibits nuclear import of TDP-43

Since (GA);s but not 15-mers of the other DPR species adopt an
amyloid conformation (14) and synthetic pB-sheet proteins can
inhibit nuclear transport (31), we analysed the effect of poly-GA
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Figure 3. poly-GA inhibits nuclear import of p65. HeLa cells transfected with GFP or GA,4o-GFP expression vectors were treated with TNF« (4 ng/ml) for 30 min to induce
nuclear import of p65/RelA. (A) Immunofluorescence images showing p65 and GFP/GA14o-GFP. Nuclei were labelled with DAPI. Single confocal planes are shown. (B)
Quantification shows the fraction of cells with nuclear p65 staining depending on the presence of diffuse or aggregated GFP or GA149-GFP (n=4 experiments, each
counting 66-303 double positive cells in 3-6 images, Mean *+ SEM. One way ANOVA with Dunnett’s post-test, ** denotes P<0.001, * denotes P<0.05). Scale bar denotes

50 pm.

on nuclear import comparing it to poly-GR and poly-PR. In con-
trast to the previous studies, we focused on the nuclear import
of TDP-43, because the cytoplasmic mislocalization and aggre-
gation of this nuclear RNA binding protein seem to be a crucial
trigger of neurodegeneration in ALS/FTD (13,38). Poly-GA had a
more dramatic effect on nuclear import of TDP-43 than poly-
GR/PR in HelLa cells and in primary neurons (Figs 1 and 3). 40%
of HeLa cells containing compact poly-GA inclusion showed re-
duced nuclear import of an RFP reporter containing the TDP-43
NLS. In primary neurons, even 80% of cells with poly-GA inclu-
sions showed cytoplasmic TDP-43 granules compared to 35% in
controls after one week of expression. While one group reported

partial colocalization of TDP-43 with cytoplasmic poly-GR and
poly-PR aggregates in HEK293 cells (39), no other publication
showed direct effects of the repeat RNA or individual DPR spe-
cies on TDP-43 localization, phosphorylation or aggregation in
cellular models (18-21). So far only two C9orf72 models repro-
duced significant TDP-43 pathology, however, without elucidat-
ing the mechanism. A subset of fast progressing BAC transgenic
mice showed TDP-43 aggregates in the areas of neurodegenera-
tion (25). In the AAV-based (GGGGCC)gs expressing mouse
model TDP-43 aggregates were predominantly in neurons
showing co-aggregates of poly-GA and poly-GR at 6 months of
age (22). Therefore, the subtle TDP-43 mislocalization seen after
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Figure 4. poly-GA inclusions induce partial TDP-43 mislocalization. Primary hippocampal neurons were transduced with GFP or GFP-tagged DPR proteins (DIV6 +7) and
endogenous TDP-43 localization was analysed by immunofluorescence. (A) Immunostaining shows enhanced punctate staining in the cytoplasm of neurons expres-
sing cytoplasmic poly-GA inclusions and diffuse cytoplasmic TDP-43 mislocalization in poly-PR expressing cells. The TDP-43 panel is inverted to better visualise cyto-
plasmic TDP-43 granules (arrows). Scale bar denotes 15 pm. (B) Manual quantification of the fraction of neurons containing cytoplasmic TDP-43 granules in cells
containing DPR aggregates compared to GFP control. Note that quantification was done from TDP-43 images taken under identical settings. n=10 tile scans per condi-
tion with 12-51 cells per image. Mean + SEM. One way ANOVA with Dunnett’s post-test, ** denotes P<0.001, ** denotes P<0.01. (C) Automatic quantification of ratio of
cytoplasmic to nuclear TDP-43 in GFP or GFP-DPR transduced neurons. n=20-30 tile scans containing 32-80 neurons from 3 independent experiments. Mean + SEM.

One way ANOVA with Dunnett’s post-test, ™ denotes P<0.001.

1 week in our cellular poly-GA model might be a precursor for
further aggregation. In primary neurons, only poly-GA and poly-
PR, but not poly-GR affected TDP-43 localization, which is con-
sistent with the weaker toxicity of poly-GR compared to poly-PR
(20,27). A potential confound is the weaker expression of poly-
PR compared to poly-GA in our system. However, since poly-GA
aggregates are over 100-fold more abundant than poly-PR aggre-
gates we favour a crucial role of poly-GA in patients (40).

While none of the DPR proteins affected the localization of a
reporter containing a transportin-dependent PY-NLS
(Supplementary Material, Fig. S1), poly-GA also inhibited TNFa
induced nuclear import of endogenous p65 in HelLa cells sug-
gesting a broad effect on importin o/p dependent nuclear import
(Fig. 2 and Supplementary Material, Fig. S2). Impaired NF-«B sig-
nalling in neurons may affect neurogenesis and synaptic plas-
ticity (41,42). Thus, impaired nucleocytoplasmic transport due
to poly-GA cytoplasmic inclusions may have implications for
CYorf72 ALS/FTD pathogenesis beyond contributing to TDP-43
pathology.

How do DPRs affect nucleocytoplasmic transport?

Several mechanisms for impaired nucleocytoplasmic transport
in C9orf72 models have been proposed. GGGGCC RNA expressed
as an exon and poly-GR/PR have been reported to disturb the
Ran-GTP gradient presumably through direct binding of
RanGAP1 (26). In the repeat RNA expressing flies these effects
were rescued by overexpression of Ran, RanGAP1 and

importin-a (26) or components of the nuclear pore complex (28).
In contrast, intronic expression of the repeat RNA as in patients
causes no toxicity in flies (43). In yeast and flies, poly-PR toxicity
can be rescued by promoting formation of the nucleocytoplas-
mic Ran-GTP gradient and overexpression of several importins
(27,37), but the primary cause of the effect remains unknown.
We found no evidence for altered Ran localization and coag-
gregation of RanGAP1 with poly-GA in our cellular models
(Supplementary Material, Fig. S5), while others had reported
partial colocalization of poly-GA and RanGAP1 in mice (19). In
line with these findings, overexpression of Ran or RanGAP1 did
not restore the impaired import of the RFP-NLS reporter in our
system (Supplementary Material, Fig. S4). However, overexpres-
sion of importin-o (KPNA3), the receptor for the classical NLS of
both TDP-43 and p65 (32,44), restored nuclear import mediated
by the TDP-43 NLS. Moreover, overexpression of two nuclear
pore components (NUP54 and NUP62) fully rescued nuclear lo-
calization of the reporter. Interestingly, NUP54 and NUP62 were
previously shown to be essential for nuclear import of TDP-43
(32) and NUP62 knockdown enhances (PR),s toxicity in flies (37).
In patients, about 10% of poly-GA inclusions are intranuclear
and their pathological relevance has been unclear (40). We
show that rerouting poly-GA aggregation into the nucleus by
adding an NLS prevents the toxic effects on nuclear import sug-
gesting that the factors responsible for the nuclear transport
deficit are mainly localised in the cytoplasm. Our data are in
line with the findings on synthetic B-sheet proteins (31), al-
though their interactome is vastly different from the poly-GA
interactome (18). Cytoplasmic poly-Q aggregates inhibit nuclear
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Figure 5. Only cytoplasmic poly-GA inclusions affect TDP-43 localization. (A,B) Primary hippocampal neurons were transduced with GFP or GA;7s-myc constructs
(DIV6 + 7) and endogenous TDP-43 localization was analysed by immunofluorescence. The NLS of SV40 large T was used to reroute poly-GA aggregates to the nucleus.
(A) Immunostaining of representative cells shows partial cytoplasmic TDP-43 mislocalization (arrows). The TDP-43 panel is inverted to better visualise cytoplasmic
TDP-43 granules. Scale bar denotes 15 um. (B) Quantification of neurons showing cytoplasmic TDP-43 granules. GA;75-NLS transduced cells were separated according to
the localization of poly-GA inclusions in the nucleus or cytoplasm (n=10 tile scans per condition with 19-50 cells per image. Mean + SEM, one way ANOVA with
Dunnett’s post-test, ** denotes P<0.001). (C,D) HeLa cells were transfected with RFP-NLS together with GA49-GFP-NLS as in Figure 1. Data was pooled from four experi-
ments together. (C) Immunofluorescence showing RFP-NLS mislocalization in cells with cytoplasmic poly-GA aggregates (arrows) and reduced mislocalization in cells
with nuclear poly-GA aggregates (arrowheads). Scale bar denotes 50 um. (D) Quantification of RFP-NLS mislocalization from the groups in Figure 4C (n =4 experiments,
27-252 double positive cells per replicate from 2 to 4 images. Mean + SEM. One way ANOVA with Dunnett’s post-test, *** denotes P<0.001).

degradation of misfolded cytoplasmic proteins by sequestration
of chaperones in yeast (45), suggesting that intranuclear DPR ag-
gregates found in patients might also be targeted for degrada-
tion, while cytoplasmic aggregates inhibit nuclear import of
TDP-43 and other proteins (31).

Implications for C9orf72 ALS/FTLD

Although gain-of-function mechanisms clearly trigger TDP-43
pathology and neurodegeneration in model systems (4,22,25),
neither RNA foci nor any of the DPR species correlates strongly
with TDP-43 pathology in patients (13,40). These data argue for
synergistic effects of repeat RNA and different DPR species on
TDP-43 aggregation possibly involving non-cell-autonomous ef-
fects. Two recent studies suggest that poly-GA may be transmit-
ted between cells similar to tau and p-synuclein (14,15,46,47).
These non-cell-autonomous effects may explain the slow tran-
sition from a prodromal DPR-only stage to the clinical stage of

ALS/FTD with additional TDP-43 pathology (2). Our data show
for the first time a direct link between poly-GA, the main aggre-
gating protein in C9orf72 patients, and TDP-43 mislocalization
and further highlights the role of nucleocytoplasmic transport
in C9orf72 pathogenesis.

Materials and Methods

Antibodies and reagents

TDP-43 (CAC-TIP-TD-P09, Cosmo bio Tokyo, Japan), myc (9E10,
Santa Cruz Biotechnology, Dallas, TX, USA), HA (3F10, Sigma),
NF-kB p65 (D14E12, Cell Signaling Technology, Danvers, MA,
USA), Ran (ab53775, Abcam, Cambridge, UK), RanGAP1 (ab92360,
Abcam), Anti-Histone H3 (ab10799, Abcam), LAMP1 (Ly1C6, Enzo
life sciences, Farmingdale, NY, USA), TIAR (BD life sciences,
Durham, NC, USA), Tumor Necrosis Factor alpha, human re-
combinant (rHuTNFa, 50435.50, Biomol, Hamburg, Germany),

6102 4990100 7z U0 358n6 Aq |096Y.Z/06L/7/9ZA0ENSqE-0]oIlE/BWL /W00 dno"olWspese)/:SAjY Wolj PaPeojumoq


Deleted Text: Materials and Methods

+GFP (GFP channel not shown)

Human Molecular Genetics, 2017, Vol. 26, No. 4 | 797

+GA,;5-GFP

*%k%k
*%k%k
50 -
n.s.
— ] ctrl

,  40- I [ KPNA3
= o
e o
50 304 . Il KPNA4
§% I CSE1L
a & 20 7 *k%k
oF [ NUP54
S *kk *kk

Il \NUP62

GFP GA
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iments, counting 13-152 double positive cells from 2 to 3 images, Mean * SEM. One way ANOVA with Tukey post-test, *** denotes p < 0.001). Scale bar denotes 20 pm.

GAPDH (AM4300, ThermoFisher Scientific, Waltham, MA, USA).
Anti-GFP (N86/8, UC Davis/NeuroMab Facility, UC Davis, CA,
USA), Anti-tRFP antibody (AB233, Evrogen, Russian Federation).

Plasmids, transfection and viral packaging

Synthetic DPR constructs containing an ATG start codon for len-
tiviral expression (synapsin promoter) and transient transfec-
tion (EF1 promoter) were described before (18,40). Additionally,
we generated tagRFP and iRFP670 tagged variants to allow
multi-channel imaging. The NLS of human TDP-43

(PKDNKRKMDETDASSAVKVKRA, position 78-99) or hnRNP Al
(60 C-terminal amino acids from human) were fused to the
tagRFP C-terminus. To reroute poly-GA to the nucleus, the SV40
Large T-antigen (PKKKRKV) was fused to the C-terminus of
GA175-myc and GAj40-GFP. Rescue experiments were performed
using HA-tagged KPNA3, KNPA4, CSE1L, NUP54 and NUP62, Ran
and RanGAP1 (cloned from human cDNA) driven by the human
Ubiquitin promoter. HeLa cells were transfected with
Lipofectamine 2000 (Life Technologies) for immunostaining and
immunoblotting. Lentivirus was packaged in HEK293FT cells us-
ing the VSV-G/pSPAX2 system as described before (18).
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Neuron culture, immunostaining and quantification

Primary hippocampal neurons were cultured from embryonic
day 19 rats and infected with lentivirus as described previously
(18). Transduction of the primary neurons with specified
lentiviruses was performed at day 6 or 7 in vitro (DIV6/DIV7).
7 days after transduction the neurons were fixed with 4% para-
formaldehyde, permeabilised (0.2% Triton X-100, 50 mM NH,4Cl
in PBS) and blocked for 30 min (2% fetal bovine serum, 2% serum
albumin, 0.2% fish gelatin in PBS). After 1h incubation in pri-
mary antibody solution (diluted in blocking buffer) at room tem-
perature, coverslips were washed and finally incubated in
Alexa-coupled secondary antibody solution. Heat shock was
performed for 1h at 44°C at 5% CO,.

Fractionation

Subcellular fractionation of p65 was performed as described (48).
To analyse the cytoplasmic fraction of RFP-NLStpp reporter we ho-
mogenised HelLa cells in hypotonic buffer (10 mM MOPS, pH 7.0,
10mM KCl, with protease inhibitors) using a tight fitting homoge-
nizer (30 strokes). The nuclear fraction was pelleted by centrifuga-
tion (1,000 g for 15 min at 4 °C). Other membranous compartments
were cleared from the supernatant by further centrifugation
(100,000g for 1h at4°C) to yield the cytoplasmic fraction.

Microscopy and image analysis

Images were taken at the confocal laser scanning microscope
LSM710 from Zeiss with a Plan Apochromat oil immersion ob-
jective (40x, NA 1.4). If possible images were taken blind to the
experimental condition. Most images were taken as tile scans to
avoid bias for the area selection for quantification. For each ex-
periment, data from several images were averaged. The RFP-
NLS reporters and TDP-43 were imaged using identical settings
for all groups. Images were manually analysed using
Metamorph Software and Image] (version 1.49g) without inten-
sity or size thresholding. Statistical analysis was done in
GraphPad Prism (version 7.01) using one way ANOVA.

Automatic image analysis was executed with Columbus
Acapella version 2.4.1 (PerkinElmer). Nucleus candidate objects
were detected on the basis of the DNA stain by using “Find
Nuclei C” (Area > 30 um?, Split Factor: 7.0, Individual Threshold
0.4, Contrast > 0.45). Dead and mitotic nuclei were rejected by
applying a linear classifier with the “Select Population” function.
The classification was based on following nucleus features:
Area, Roundness, Haralick Homogeneity, Haralick Correlation.
The training set consisted of ~60 manually selected nuclei
across all populations. For all selected nuclei, cell region was de-
fined by growing the nucleus region for 6 ym with morphologi-
cal dilation. We selected GFP and GFP-DPR positive cells by
setting a threshold on the mean intensity in the nucleus region.
From this selection, RFP positive cells were selected by a second
threshold on the basis of the RFP channel. We defined different
thresholds for HelLa and neuronal cells. However, thresholds
were kept constantly across all sub populations. For HeLa cells,
we analysed the mean RFP-NLSpp intensity in cytoplasm. For
neurons, we quantified the mean cytoplasmic and nuclear TDP-
43 intensity and determined the cytoplasmic/nuclear TDP-43 ra-
tio for each cell. Averaged results from one image were treated
as n=1 for the statistical analysis.

Supplementary Material

Supplementary Material is available at HMG online.
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