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19 Abstract

20 Background: Identified genetic mutations cause 20% of frontotempora dementia (FTD) and
21 5-10% of amyotrophic lateral sclerosis (ALS) cases. however, for the remainder of patients
22 theorigin of the diseaseis uncertain. The overlap in genetic, clinical and pathological

23 presentation of FTD and ALS suggests these two diseases are related. Post-mortem, 97% of
24  ALSand ~50% of FTD patients show redistribution of the nuclear proteins TDP-43 or FUS
25  tothe cytoplasm within affected neurons. We exploited this predominant neuropathol ogical
26  featureto develop an automated method for the quantification of cytoplasmic TDP-43 and

27 FUSIin human cell lines.

28  Results: Utilising fluorescently-tagged cDNA constructs to identify cells of interest, the

29  fluorescence intensity of TDP-43 or FUS was measured in the nucleus and cytoplasm of

30 HEK293 and SH-SY5Y cells. Confocal microscope images were input into the freely

31  available software CellProfiler, which was used to isolate and measure the two cellular

32 compartments. Significant increases in the amount of cytoplasmic TDP-43 and FUS were

33  detectablein cells expressing known ALS-causative TARDBP and FUS gene mutations.

34  Pharmacological intervention with the apoptosis inducer staurosporine also induced

35  measurable cytoplasmic mislocalisation of endogenous FUS. Additionally, this technique was
36  ableto detect the subtler effect of mutation in a secondary gene (CYLD) on endogenous TDP-
37  43localisation.

38  Conclusions: These findings validate this methodology as a novel in vitro technique for the
39  quantification of TDP-43 or FUS mislocalisation that can be used to assess the pathogenicity
40  of predicted FTD- or AL S-causative mutations.

41  Keywords: frontotempora dementia, amyotrophic lateral sclerosis, motor neurone disease,
42  TDP-43, FUS, mislocalisation, confocal microscopy, CellProfiler
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45  Background

46  Frontotemporal dementia (FTD) is one of the most common forms of presenile dementia and
47  involves the progressive degeneration of the frontal and temporal lobes of the brain.
48  Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disorder that affects
49  the upper and lower motor neurons leading to muscle weakness and paralysis [1]. Increasing
50 genetic evidence, neuropathological and clinical observations have identified a substantial
51  overlap between these two disorders [2]. Several genes have been identified where mutations
52  can cause either FTD or ALS (FTD-ALS genes) including C9orf72, VCP, OPTN, SQSTM1,
53  TBK1 [3] and, most recently, CYLD [4]. In addition, FTD and ALS share neuropathological
54  dmilarities: ~95% of ALS and ~50% of FTD patients show cytoplasmic inclusions of the
55  proteins TAR DNA-binding protein 43 (TDP-43) [5, 6] or fused in sarcoma (FUS) within the
56  brain (~5% of ALS and ~10% of FTD patients) [6-8]. In healthy cells, TDP-43 and FUS are
57 largely expressed within the nucleus. In FTD and ALS, affected neurons predominantly
58 display a redistribution of TDP-43 or FUS to the cytoplasm, as well as insoluble TDP-
59  43/FUS aggregates [6, 9, 10]. The importance of TDP-43 and FUS is further demonstrated by
60 the fact that mutation of their encoding genes TARDBP and FUS is sufficient to cause ALS

61 [7,11,12] or, rarely, FTD [13].

62

63 ldentified genetic mutations cause 20% of familial FTD and 5-10% of familial ALS cases
64  [14, 15]; however, for the remainder of patients the origin of the disease is uncertain. Despite
65 TDP-43 and/or FUS mislocalisation being a prominent feature in the majority of FTD and
66  ALS cases, including all those carrying FTD-ALS gene mutations [13], this fact has not been
67 applied to the screening of FTD and ALS candidate gene variants on a large scale. In

68  previous studies, TDP-43 and FUS mislocalisation has largely been assessed by subcellular
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69  fractionation, immunohistochemistry and manual analysis of confocal microscopy [7, 16-24].
70  Whilst studies utilising these techniques have been informative, these assays are labour
71  intensive, low-throughput, expensive and often produce qualitative data. In addition,
72 microscopy-based techniques could be subject to bias due to manual selection of the cells to

73 beanalysed.

74

75  Here we report the development of a rapid and automated technique for the in vitro study of
76 TDP-43 and FUS cytoplasmic mislocalisation. TDP-43 or FUS staining in nuclear and
77  cytoplasmic subcellular compartments was measured in thousands of cells from confocal
78  microscope images, using the freely available analysis software CellProfiler [25]. We
79  validated this technique using known genetic and pharmacological drivers of TDP-43 or FUS
80 mislocalisation. We were able to detect increased cytoplasmic localisation of exogenously
81 expressed FUS and TARDBP mutations relative to wild-type (WT) sequence. We also
82  observed mislocalisation of endogenous FUS upon treatment with the apoptosis inducer
83  staurosporine. Importantly, we could also detect more subtle changes in the cellular
84  distribution of endogenous TDP-43, arisng from mutation in a secondary gene (CYLD
85 p.M719V). This validated methodology can now be utilised for rapidly assessing the
86  pathogenicity of newly discovered FTD and ALS gene variants by quantifying their effect on

87 TDP-43 and/or FUS locdlisation.

88

89 Results

90  Detection of FUS cytoplasmic mislocalisation with exogenous expression of FUS mutations

91 In order to validate our method for the unbiased quantification of FUS and TDP-43

92 mislocalisation we initially utilised known pathogenic FUS mutations that drastically alter

4
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93  FUS subcellular localisation [7, 26]. Expression of green fluorescent protein (GFP)-tagged
94  FUS protein with missense mutation R521C (FUSgsz:1c) or truncation mutant FUSgaesx in the
95 neurona-like neuroblastoma cell line, SH-SY5Y, led to a significant increase in the
96 fluorescence intensity of cytoplasmic FUS (Fig. 1e-k) when compared to FUSwr (Fig. 1a-c,
97 h). Thisincrease in cytoplasmic FUS was accompanied by a corresponding decrease in the
98 fluorescence intensity of nuclear FUS (Fig. 1d). Together, these resulted in a 9.5- and 12.5-
99 fold increase in the FUS cytoplasmic/nuclear ratio for cells expressing FUSgs2ic (0.9710.04;
100  p<0.0001) and FUSgragesx (1.2840.04; p<0.0001), respectively, relative to FUSyt (0.10+0.00;
101 Fig. U). Similar results were found when overexpressing the FUSgs;ic (1.0440.05; p<0.0001)
102 and FUSgragsx (1.81+0.10; p<0.0001) mutants in human embryonic kidney (HEK293) cells
103 (Fig. Sl), athough the decrease in nuclear fluorescence intensity of FUS was not as

104  prominent (Fig. S1d).

105

106  Detection of endogenous FUS cytoplasmic mislocalisation following staurosporine treatment

107  Totest our ability to quantify the subcellular distribution of endogenous FUS we utilised the
108  apoptosis inducer staurosporine, which has been previously reported to cause cytoplasmic
109 mislocalisation of FUS [16]. Application of increasing doses of staurosporine showed an
110  increasein the fluorescence intensity of cytoplasmic FUSin cells treated with the two highest
111  dose of staurosporine (1 and 10 uM; Fig. 2c-d, f). A corresponding decrease in the nuclear
112 intensity of FUS was also seen in SH-SY5Y cells (Fig. 2e). There was a significant increase
113 of cytoplasmic/nuclear FUS ratio for all treatment groups (0.1 uM: 0.13+0.01; p=0.0405; 1
114  uM: 0.31+0.06; p=0.0152; 10 uM: 1.35t+0.07; p=0.0002) relative to untreated cells
115  (0.09+0.00; Fig. 2g). HEK293 cells treated with staurosporine also exhibited a dose-response

116  effect on FUS subcellular localisation. In general, HEK293 cells were more tolerant of the
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117  staurosporine treatment (Fig. S2a-d) as shown by the lower cytoplasmic/nuclear ratios
118  observed when compared to the SH-SYS5Y cells (Fig. 2g and S2g). Treatment with 10 uM
119  staurosporine caused the majority of FUS to be present in the cytoplasm rather than the
120 nucleusin SH-SY5Y cells (1.35+0.07; p=0.0002; Fig. 2d, g) whilst the same treatment in the
121 HEK293 cells caused only a small proportion of FUS protein to be mislocalised (0.28+0.01,

122 p<0.0001; Fig. S2d, g). Despite these differences in effect size, we could detect a significant

123 effect of staurosporine treatment on mislocalisation of endogenous FUS in both cell lines.

124

125  Detection of TDP-43 cytoplasmic mislocalisation with exogenous expression of TARDBP

126  mutations

127  Wetook the same initial approach used for FUS to validate this method for the quantification
128 of TDP-43 cytoplasmic mislocalisation: i.e. exogenous expression of known pathogenic
129 mutations in TARDBP. We examined p.A315T, one of the earliest detected and thus most
130  extensively examined mutations [27-29], and two of the mutations most commonly observed

131  in ALS patients: p.M337V and p.A382T [11, 28-30].

132

133  In SH-SY5Y cdlls, a significant increase in the cytoplasmic/nuclear ratio of GFP-tagged
134 TDP-43a357 (0.87+0.01; p=0.0016; Fig. 3b, f, k) and TDP-43ass>r (0.86+0.02; p=0.0032;
135  Fig. 3d, h, k) was observed when compared to TDP-43y~ (0.75t0.01; Fig. 3a, €, k). In
136  contrast, there was a significant decrease in the cytoplasmic/nuclear ratio of GFP-tagged
137  TDP-43yss7v (0.63+0.01; p=0.0028; Fig. 3c, g, k) relative to TDP-43yr. Similar to the
138  experiments with FUS, expression of TDP-43 mutations had a lesser effect in HEK293 cells

139  (Fig. S3). Once again, there was a significant increase in the cytoplasmic/nuclear ratio of
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140  TDP-43a351 (0.57£0.02; p=0.0021; Fig. S3b, f, k) and TDP-43a3sr cells (0.66+0.03;
141 p=0.0026; Fig. S3d, h, k) when compared to TDP-43r (0.50+0.02; Fig. S3a, €, k).
142  However, no significant effect was observed in TDP-43y3s7y cells (0.52+0.01; Fig. S3c, g,

143 k).

144

145  Detection of endogenous TDP-43 cytoplasmic mislocalisation in cells expressing a causative

146  FTD/ALS mutation

147  To demonstrate the potential of this methodology for evaluating the pathogenicity of variants
148  in other FTD/ALS genes, we expressed a known familial FTD/ALS-causative mutation in the
149 CYLD gene, p.M719V [4], and observed the changes in endogenous TDP-43 localisation.
150 We previously determined that overexpression of CYLDwm7gv increases the proportion of
151  cytoplasmic TDP-43-positive mouse primary cortical neurons by ~20% when compared to
152  CYLDwr [4]. When compared to GFP-only vector control (0.079+0.001; Fig. 4a-d),
153  expression of CYLDwr-GFP (Fig. 4e-h) in SH-SY5Y cells led to a significant 1.2-fold
154  increase in the TDP-43 cytoplasmic/nuclear ratio (0.095+0.001; p=0.0002; Fig. 4s). In turn,
155 expresson of CYLDw7igv-GFP (Fig. 4m-p) caused a further 1.3-fold increase in
156  cytoplasmic/nuclear TDP-43 relative to CYLDwr-GFP (0.121+0.002; p<0.0001). The
157  CYLDwm79v mutation had the same effect in HEK293 cells, causing a 1.3-fold increase in the
158  cytoplasmic/nuclear ratio relative to CYLDwr (0.145+0.007; p=0.0115; Fig. S4e-h, m-p, 9).
159  We also transfected cells with the CYLDpesic mutation (Fig. 4i-I, Fig. S4i-l) which is
160  catalytically inactive and known to cause CY LD cutaneous syndrome, a skin tumour disorder
161  [31, 32]. Our data corroborated previous results [4] that the CYLDpgsic mutation had no
162  effect on TDP-43 localisation when compared to the GFP-only vector control in either cell

163 type (Fig. 4s, Fig $4s).


https://doi.org/10.1101/2021.03.07.433817
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.07.433817; this version posted March 8, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Oyston et al 2021

164

165 Discussion

166  In this study we have validated a novel methodology for the automated quantification of
167  cytoplasmic TDP-43 and FUS in human cell lines under three different experimental
168  paradigms. determining localisation of exogenously expressed mutant TDP-43 or FUS;
169  detecting the effect of a chemical modulator on endogenous FUS localisation; and detecting
170  the effect of a secondary gene on endogenous TDP-43 localisation. This rapid, cheap,
171  quantitative assay can now be utilised for rapidly assessing drug treatments and the
172 pathogenicity of newly discovered FTD and ALS gene variants by quantifying their effect on

173  TDP-43 and/or FUS localisation.

174

175  Previous studies examining TDP-43 and FUS have quantified cytoplasmic mislocalisation in
176  different ways. Many studies have reported the proportion of the cell population that display
177  cytoplasmic TDP-43 or FUS expression [12, 18, 19, 21, 24]. This may present a problem with
178  reproducibility, since fluorescence detection thresholds for considering a cell as 'positive' for
179  cytoplasmic protein likely differ between labs and will vary according to the microscopy
180  equipment used. We selected the ratio of cytoplasmic to nuclear expression as our primary
181  measure, having observed reduced variability between experimental replicates in comparison
182  to individual nuclear and cytoplasmic measurements. Some studies have reported similar
183  measurements using techniques such as high-content screening confocal microscopy to study
184 TDP-43 or FUS mislocalisation under different conditions [33, 34]. Whilst high-content
185 screening allows for a more high-throughput study design than our methodology, the

186  extensiveinfrastructure required is expensive and can require substantial optimisation.

187
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188  Another genera observation in our experiments was that SH-SY5Y cells often displayed a
189  greater degree of cytoplasmic mislocalisation than that in HEK293 cells under the same
190  conditions. This may be due to SH-SY5Y cells being a neuronal cell line and thus more
191 disease relevant, or due to the longer transfection time required to achieve optimal
192  transfection efficiency in SH-SY5Y cells (48 hours, versus 24 hours in HEK293), causing
193  additional stress on the cells. It should also be noted that transfection efficiency also dictated
194  the number of images required to reach the desired cell number per replicate (300 cells). SH-
195  SYS5Y cells, which had a lower transfection efficiency require more images to achieve the

196  same number of cells for quantification.

197

198  The cytoplasmic mislocalisation and/or aggregation of FUS in neurons and glia of post-
199  mortem tissue from patients with FTD and ALS caused by FUS mutations has been widely
200 established [7, 12, 35, 36]. This pathology has been recapitulated by expression of FUS
201  mutations in mammalian cells [7, 12, 26]. In this study, exogenous expression of the severe
202  truncation mutation FUSg49sx caused the majority of FUS to be mislocalised to the cytoplasm
203  as previously demonstrated by Bosco et al. [26] using live-cell confocal microscopy and 3D
204  images (11-28 cells). Our quick and simple methodology was able to duplicate these results
205 using 2D images and a larger number of cells (1800 cells total). While we recognise the
206  merits of quantifying the entire cell volume, measuring such a small number of selected cells
207 is not representative of the population and may not be able to detect more subtle or variable

208  effectsin protein localisation.

209

210  Expression of the FUSgsz1c missense mutation and treatment with staurosporine (1-10 uM)

211 aso reproduced previous qualitative microscopy and subcellular fractionation results [7, 16,
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212 37] showing a significant increase in the FUS cytoplasmic/nuclear ratio. Confirmation of
213 these results demonstrate the effectiveness of this new methodology in providing quantitative
214  data where previously qualitative or labour-intensive experiments were required. Our ability
215 to quantify FUS cytoplasmic mislocalisation following staurosporine treatment also
216  demonstrates the possibility of this technique for use in testing the ability of novel FTD and

217  ALSdrug treatments to modulate FUS or TDP-43 mislocalisation.

218

219  The magjority (~95%) of ALS and ~50% of FTD cases are characterised by the abnormal
220 accumulation of TDP-43 in the cytoplasm of neurons and glia, even though in most cases
221 mutations in TARDBP are absent [6]. Mutations in TDP-43 have been associated with both
222 FTD and ALS and lead to TDP-43 cytoplasmic mislocalisation [11, 13]. Unlike FUS, the
223 expression of TDP-43 mutations in primary cells and cell lines does not reproduce the
224  dramatic cytoplasmic mislocalisation seen in post-mortem tissue [38-41]. In addition,
225  overexpression of exogenous TDP-43 is sufficient to induce mislocalisation even for WT
226 sequence[19, 23] Any differences between WT and mutant TDP-43 for this characteristic are
227  therefore harder to discern in exogenous expression experiments and may be responsible for
228  differing results being reported for the same mutations. Our technique was able to detect a
229  ggnificant increase in the TDP-43 cytoplasmic/nuclear ratio in TDP-43a3151 and TDP-43a3sot
230  cells when compared to TDP-43yt. This confirms previous results for TDP-43a3151 [18, 19]
231  and TDP-43a3s21 [42, 43]. The TDP-43y337v variant, which displayed a significant decrease in
232 cytoplasmic TDP-43 in SH-SY5Y cdlls, has previously been shown to increase cytoplasmic
233  TDP-43 in some [19, 21, 24], but not al studies [22]. We note that TDP-43y337v has been
234  shown to aggregate into nuclear puncta [21], which we observed in our experiments. As these
235  puncta fluoresce at a higher intensity than diffuse TDP-43 expression, this may lead to an
236 overal decrease in cytoplasmic/nuclear fluorescence ratio relative to TDP-43,r. Thus, in

10
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237  some cases quantification of nuclear and cytoplasmic punctawill be a useful adjunct to assess
238  the pathogenicity of a given mutation. We also note that mislocalisation of TDP-43 is not the
239  only mechanism by which TARDBP mutations lead to disease: for example, changes in
240  protein stability or interaction partners have also been described [28]. However, we envisage
241  that the mislocalisation assay as implemented here would be a useful tool in a battery of

242 assays to screen novel TARDBP variants.

243

244  Lastly, we were able to recapitulate the effect of WT CYLD, the FTD-ALS-causative
245 mutation p.M719V and the catalytically inactive mutation p.D681G on subcellular
246  localisation of endogenous TDP-43, which we previously observed in mouse cortical neurons
247  [4]. In comparison to the other experiments used to validate this quantification method, the
248  degree of change in the endogenous TDP-43 cytoplasmic/nuclear ratio between the empty
249  vector, the CYLDwr and the CYLD mutations was very small: e.g., absolute increasein ratio
250 of ~0.03-0.04 between CYLDwr & CYLDwm7ov (Fig. 4s. and $4s). Our ability to detect
251  dignificant differences for such a subtle change demonstrates the sensitivity of this technique
252 for detecting changes in TDP-43 and FUS locdlisation in vitro. The utilisation of our
253  quantification method in this format demonstrates what we believe to be its primary use,
254  validating the pathogenicity of newly identified FTD- or ALS-associated variants in genes

255  other than FUSand TARDBP.

256

257  Conclusions

258  In summary, this study demonstrates a simple automated methodology for quantifying TDP-
259 43 and FUS cytoplasmic mislocalisation in vitro. This technique can easily be added to

260  studies utilising qualitative data to strengthen clearly noticeable phenotypes in an unbiased

11
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261  manner, as well as to highlight subtle changes that may have not been previously identified.
262  Utilisation of this technique to aid in assessing pathogenicity of gene variants observed in
263  patients with FTD or ALS will help to prioritise these variants for more intensive research

264  effortsinto how they cause disease.

265

266 Methods

267  DNA constructs

268  CYLD, TARDBP and FUS mutations were introduced into the pCMV6-CYLD, pCMV6-
269 TARDBP and pCMV6-FUS constructs (Origene) by site-directed mutagenesis using the
270  QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent). Mutated CYLD and
271 TARDBP cDNA sequences were then subcloned, using AsiSI and Mlul restriction sites, into
272 the pCMV6-AC-GFP vector (Origene) for expression of C-terminal GFP-tagged CYLD and
273  TDP-43 proteins, respectively. Mutated FUS cDNA sequences were subcloned similarly into
274  the pCMVG6-AN-GFP vector (Origene) for expression of N-terminal GFP-tagged FUS
275  proten, to avoid interference of the GFP tag with the C-terminal nuclear localisation signal of

276  the FUS protein [44]. All clones were verified by restriction digestion and sequence analysis.

277

278  Ceéll Culture

279 HEK?293 and SH-SY5Y cell lines were used in this study. HEK293 cells were maintained in
280 Eagle’'s Minimum Essential Medium (EMEM; Gibco) and SH-SY5Y cells in Dulbecco's
281 Modified Eagle’'s Medium/Nutrient Mixture F-12 (DMEM/F12; 1:1 mixture; Gibco) each
282 containing 10%  heat-inactivated fetal caf serum  (SigmaAldrich).  For

283  immunocytochemistry, 8-well chamber slides (Ibidi) were coated with (concentration) poly-

12
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284  L-lysine (Sigma-Aldrich) for 1 h and then washed twice with Dulbecco’s phosphate-buffered
285  saline (DPBS; Gibco). SH-SY5Y cells were seeded at 5— 7.5 x 10 cells/well and HEK 293
286  cells were seeded at 8 x 10" cells/well. After 24 h, cells were transfected with GFP constructs
287 (250 ng/well) for 24 (HEK293) or 48 (SH-SY5Y) hours using Lipofectamine 3000 (0.75
288  uL/well; Invitrogen) as per the manufacturer’s protocol. For the staurosporine experiment,
289  cells were incubated for 48 h after seeding, then treated for 5 h with 0.1, 1 or 10 uM
290  staurosporine (Sigma-Aldrich), to induce apoptosis. 100X staurosporine solutions were
291  prepared from a 1 mM staurosporine stock solution in dimethyl sulfoxide (DMSO), thus
292 DMSO was adjusted to a final concentration of 1% for control and lower staurosporine

293  concentrations.
294
295  Immunocytochemistry

296  Transfected and/or drug-treated cells were fixed in 4% paraformaldehyde (PFA) in PBS for
297 20 minutes in the dark. For visualisation of exogenous TDP-43 and FUS, cells were then
298 washed twice with DPBS and mounted using DAKO fluorescent mounting medium
299  containing 4’ ,6-diamidino-2-phenylindole (DAPI; Agilent). For visualisation of endogenous
300 TDP-43 and FUS, non-specific background staining was blocked after cell fixation using 1%
301  bovine serum albumin (BSA) in PBS for 30 minutes. Cells were then incubated overnight at
302  4°C with rabbit anti-TDP-43 (1:500; Proteintech #10782-2-AP) or rabbit anti-FUS (1:500,
303  Proteintech #11570-1-AP) antibodies. The next day, cells underwent 2 x 5-minute washes
304 with DPBS, incubation with rabbit Alexa Fluor-647 secondary antibody (1:500; #A-21244)
305 for 1 hour, followed by 2 x 5-minute washes and mounting as above. Cells were imaged for
306 fluorescence intensity quantification with a 40x objective on a Nikon A1R confocal

307 microscope. Images of representative cells were obtained with a 100x objective for figure
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308 preparation. Laser intensity, gain and offset settings were kept constant and at least five

309 random fields of view were imaged for each experiment.

310

311  Fluorescence Intensity Quantification

312  Quantification of changesin the cellular localisation of TDP-43 or FUS between the nucleus
313 and the cytoplasm was done by utilising CellProfiler 3.1.9 software (Broad Institute,
314  Cambridge, MA) [25]. To prepare images for analysis, ND2 microscope files were converted
315 to TIFFs, blinded and split into individua wavelength channel images using Imagel
316  (Nationa Institutes of Health, Bethesda MD). In CellProfiler, the DAPI channel was analysed
317  first using the Identify Primary Objects module and a global, three-class Otsu thresholding
318  method. This allowed for identification and separation of each nuclel within an image. Strict
319 filtering for cell diameter (30-60 pixels) eliminated any irregular or overlapped nucle that
320 were present. TDP- or FUS-positive cells were also identified using the Identify Primary
321  Objects module. Cell diameter filtering for this step had a much larger range and was
322  dependent on experimental conditions and cell type (20-150 pixels). The Relate and Filter
323  modules were used to link filtered nuclei to TDP- or FUS-positive cells. Centroid distance
324 filtering, which limits the distance between the centre of the nucleus and the centre of the
325  cytoplasm (maximum 40 pixels) was also applied to remove any debris or abnormal cells that
326  may be fluorescing in the TDP-43/FUS channel. For the experiments quantifying endogenous
327 TDP-43 in cells expressing GFP-tagged CYLD constructs, additional steps in the analysis
328  were required. GFP-positive CYLD cells were identified in the same way as TDP- or FUS-
329  positive cells using the Identify Primary Objects module, described above. However, prior to
330 this, TDP-positive cells were identified by association with their corresponding nuclei, using

331  the ldentify Secondary Objects module. The watershed-image method was used with global,
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332 threeclass Otsu thresholding. Size filtering was also applied (maximum 3000 pixels) to
333  remove any clumped cells. The Relate and Filter modules were used to select only TDP-
334  postive cells that were also positive for GFP. TDP- and GFP-positive cells were then linked
335 to their corresponding nuclei using the Relate and Filter modules described above. For al
336  experiments, in each TDP-43/FUS-positive cell, the nucleus and cytoplasm were separated
337 into individual objects using the Identify Tertiary Objects module. Integrated (total)
338 fluorescence intensity for both cellular compartments were then measured from the TDP-
339 43/FUS channel image using the Measure Object Intensity module. Using these
340 measurements, the cytoplasmic to nuclear ratio of TDP-43 or FUS was calculated for 300
341  cells per group, for each of the six replicates of the experiment. All filtering and thresholding
342 steps in each experimental pipeline were kept consistent throughout all experimental
343 replicates. Filtering values were specific to each experiment and require adjustment for

344  different cell types and microscope parameters.

345

346  Satistical Analysis

347 Dataare presented as mean + standard error of the mean (SEM) from at least six independent
348  experiments. Mean fluorescent intensity of TDP-43 or FUS across six biological replicates
349  wasin most cases compared by repeated measures one-way ANOVA and Dunnett’s multiple
350 comparisons test. The effect of CYLD on endogenous TDP-43 was analysed using repeated
351  measures one-way ANOVA and Sidak’s multiple comparisons test. All statistical analyses

352 were performed using GraphPad Prism 9. Significance for all tests was set at p < 0.05.

353

354  Abbreviations
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355 ALS: amyotrophic lateral sclerosis; BSA: bovine serum abumin; DAPI: 4',6-diamidino-2-
356  phenylindole;, DMEM: Dulbecco’s modified Eagle’s medium; DMSO: dimethyl sulfoxide;
357 DPBS: Dulbecco's phosphate-buffered saline; EMEM: Eagle’s minimum essential medium;
358 FTD: frontotempora dementia; FUS: fused in sarcoma; F12: nutrient mixture F-12; GFP:
359 green fluorescent protein; HEK293: human embryonic kidney, PFA: paraformaldehyde;

360 SEM: standard error of the mean; TDP-43: TAR DNA-binding protein 43; WT: wild-type.
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509

510 FigureLlegends

511 Fig. 1 Detection of FUS cytoplasmic mislocalisation with exogenous expression of FUS
512 mutations. Representative images of SH-SYS5Y cells overexpressng GFP-tagged (a-c)
513  FUSwr, (e-9) FUSgs2ic or (i-k) FUSgragsx. Nuclei were visualised with DAPI (blue). (d)
514  Quantification of the fluorescence intensity of the nucleus shows a signifcant reduction in
515 nuclear FUS expression in cells expressing FUSgs2ic or FUSgagsx, When compared to FUSr.
516  (h) Quantification of the fluorescence intensity of cytoplamic FUS shows significantly higher
517  cytoplasmic FUS expression in FUSzspic and FUSgagsx, when compared to FUSwr. (1)
518  Quantification of the cytoplasmic/nuclear ratio of exogenous FUS shows a marked increase
519  in FUSgsyic- and FUSgagsx-expressing cells when compared to FUS,r. Scale bars = 5 um.
520 Datais represented as mean £ SEM. a.u. = arbitary units. *p<0.05; **p<0.01; ***p<0.001,
521  ****p<(.0001.

522

523  Fig. 2 Detection of endogenous FUS cytoplasmic midocalisation following staur osporine
524  treatment. (a-d) Representative fluorescence images of SH-SYS5Y cells treated with
525 increasing concentrations of staurosporine. FUS was dectected by immunofluorescent
526  staining (red) and nuclei were visualised with DAPI (blue). (e) Quantification of nuclear and
527  (f) cytoplasmic FUS fluorescence intensity show significant changes in 1 uM- and 10 uM-
528 treated cells. (g) Quantification of the FUS cytoplasmic/nuclear ratio shows an increase in all
529  treatment groups when compared to those treated with DM SO aone. Scale bars = 20 um.
530 Datais represented as mean = SEM. a.u. = arbitary units. *p<0.05; **p<0.01; ***p<0.001.
531

532  Fig. 3 Detection of TDP-43 cytoplasmic mislocalisation with exogenous expression of

533 TARDBP mutations. Representative images of SH-SY5Y cells overexpressing GFP-tagged
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534 (a, €) TDP-43yr, (b, f) TDP-43a3:5T, (C, g) TDP-43\337v Or (d, h) TDP-43a3s,1. Nuclei were
535  visualised with DAPI (blue). (i) Quantification of the fluorescence intensity of the nucleus
536 and (j) the cytoplasm shows no significant difference in TDP-43 expression. (k)
537  Quantification of the cytoplasmic/nuclear ratio of exogenous TDP-43 shows a significant
538  increasein TDP-43a315t and TDP-4343s21, and a decrease in TDP-43y337v, when compared to
539  cells expressing TDP-43y1. Scale bars = 5 um. Data is represented as mean = SEM. au. =
540  arbitrary units. **p<0.01.

541

542  Fig. 4 Detection of endogenous TDP-43 cytoplasmic mislocalisation in cells expressing
543  CYLD mutations. Representative images of SH-SY5Y cells overexpressing (a-d) GFP or
544  GFP-tagged (e-h) CYLDwr, (i-1) CYLDpesic or (m-p) CY LDwm719v. TDP-43 was detected by
545  immunofluorescent staining (red) and nuclei were visualised with DAPI (blue). (q)
546  Quantification of the fluorescence intensity of the nucleus shows no difference in TDP-43
547  expression. (r) Quantification of cytoplasmic TDP-43 fluorescence intensity shows increased
548  TDP-43 expression in CYLDwr, when compared to GFP and CY LDy719v, When compared to
549  CYLDwr. (s) Quantification of the cytoplasmic/nuclear ratio of exogenous TDP-43 shows a
550 marked increase in CYLDwr, when compared to cells expressng GFP. The
551  cytoplasmic/nuclear ratio of TDP-43 in CY LDy710v-expressing cells was significantly higher
552  than CYLDwr. Scale bars = 5 um. Datais represented as mean = SEM. a.u. = arbitrary units.
553  ***p<0.001; ****p<0.0001.

554
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