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Abstract

Fused in sarcoma (FUS) is a RNA/DNA protein involved in multiple nuclear and cytoplasmic
functions including transcription, splicing, mRNA trafficking, and stress granule formation. To
accomplish these many functions, FUS must shuttle between cellular compartments in a highly
regulated manner. When shuttling is disrupted, FUS abnormally accumulates into cytoplasmic
inclusions that can be toxic. Disrupted shuttling of FUS into the nucleus is a hallmark of ~10% of
frontotemporal lobar degeneration (FTLD) cases, the neuropathol>ay that underlies
frontotemporal dementia (FTD). Multiple pathways are known tc ai. upt nuclear/cytoplasmic
shuttling of FUS. In earlier work, we discovered that double-itrar 4 DNA breaks (DSBs) trigger
DNA-dependent Protein Kinase (DNA-PK) to phosphorv:.cte ~US (p-FUS) at N-terminal residues
leading to the cytoplasmic accumulation of FUS. There’orc DNA damage may contribute to the
development of FTLD pathology with FUS inclusic 1s In the present study, we examined how
DSBs effect FUS phosphorylation in vario’ s p'imate and mouse cellular models. All cell lines
derived from human and non-human pr.mates exhibit N-terminal FUS phosphorylation following
calicheamicin y1 (CLM) induced DSBs Ir contrast, we were unable to detect FUS
phosphorylation in mouse-derive.d . imary neurons or immortalized cell lines regardless of CLM
treatment duration or conce:traticn. Despite DNA damage induced by CLM treatment, we find
that mouse cells do n~t p.~asr horylate FUS likely due to reduced levels and activity of DNA-PK
compared to human cel'~. Taken together, our work reveals that mouse-derived cellular models
regulate FUS in an anomalous manner compared to primate cells. This raises the possibility that
mouse models may not fully recapitulate the pathogenic cascades that lead to FTLD with FUS
pathology.
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1. Introduction

Frontotemporal dementia (FTD) is the most common form of dementia in people under
the age of 60 and the third most common form of dementia in the United States overall (Boxer
et al., 2020; Hodges et al., 2003; Knopman and Roberts, 2011; Vieira et al., 2013). Although a
heterogeneous disorder, FTD symptoms typically include progres ive deficits in behavior,
executive function, and/or language (Bang et al., 2015). The ne'.ro, atiology underlying FTD is
called frontotemporal lobar degeneration (FTLD). FTLD is d¢ fine 1 by neurodegeneration, gliosis
and microvascular changes within the frontal and/or ant~.' a1 *emporal brain cortices (Bahia et
al., 2013; Mackenzie et al., 2009; Mackenzie et al., 207.0). =TLD is further subdivided into
groups based on the major protein found in neu o 2l «nd glial inclusions. The four subgroups of
FTLD are defined by the abnormal accum datiyn ot the following proteins: 1) tau, 2) TAR DNA-
binding protein 43 (TDP-43), 3) the FE\ ‘FUS, EWS, TAF-15) proteins, or 4)
ubiquitin/proteasome system proteins (~1LD-tau, FTLD-TDP, FTLD-FET, and FTLD-UPS,
respectively) (Neumann and Mackezie, 2019). While the majority of FTLD cases have tau or
TDP-43 pathology (36-50% ~nd 50%, respectively), a significant proportion of FTLD cases
have inclusions conta'nin thr: FET proteins (~10%) (Neumann et al., 2009).

The FET family cf proteins includes fused in sarcoma (FUS), Ewing’s sarcoma (EWS),
and TATA binding protein-associated factor 15 (TAF-15) (Andersson et al. 2008). FUS, EWS,
and TAF-15 are ubiquitously expressed, multifunctional RNA/DNA binding proteins (Deng, Gao,
Jankovic 2014). FUS was the first FET protein linked to FTD (Kwiatkowski et al., 2009;
Neumann et al., 2009; Vance et al., 2009). Like the other FET proteins, FUS contains three
characteristic domains: a low complexity SYGQ domain, a 3-glycine arginine rich RGG domain,
and a zinc finger domain (Andersson et al., 2008; Svetoni et al., 2016). FUS utilizes these

domains to facilitate multiple cellular functions in both the cytoplasm and nucleus including DNA
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transcription, RNA translation, mRNA splicing, stress granule formation, and DNA repair (De
Santis et al., 2017; Fujii et al., 2005; Kamelgarn et al., 2016; Sama et al., 2014; Schwartz et al.,
2012; Shelkovnikova et al., 2013; Tan et al., 2012; Yang et al., 2014; Zinszner et al., 1997).
Given this diverse set of functions, FUS must shuttle rapidly between the nucleus and
cytoplasm of the cell. However, in FTLD-FET, disrupted nuclear/cytoplasmic shuttling causes
FUS to accumulate into insoluble cytoplasmic inclusions. Multiple studies have shown that FUS-
positive cytoplasmic inclusions can trigger a toxic gain-of-function that leads to cell death in a
concentration dependent manner (Deng et al., 2014a; Mitchell et ai. 2312; Scekic-Zahirovic et
al., 2016). In other words, the more FUS that accumulates ir the cytoplasm, the greater the
toxicity.

Pathogenic FUS mutations almost invariably ce use ALS (Renton et al., 2014). FTD
caused by a FUS mutation is extremely rare or |2a°+s *0 a combined FTD-ALS presentation
(Broustal et al., 2010; Rohrer et al., 2009; snc vden et al., 2011). For that reason, FTLD-FET
pathogenesis is thought to occur indepedent of genetic factors, and may instead be the result
of broader impairments in the transpor’ or runction of RNA-binding proteins (Darovic et al.,
2015; Deng et al., 2014a; Dormuni, <t al., 2012; Gami-Patel et al., 2016; Niu et al., 2012;
Ravenscroft et al., 2013). In line .:ith this idea, various non-genetic models of FUS transport
deficits have been de~-rived ncluding changes in methylation status, loss of transportin-1/FUS
interaction, cellular stres< events, and phosphorylation (Bowden and Dormann, 2016; Darovic et
al., 2015; Dormann et al., 2012; Higelin et al., 2016; Sama et al., 2013; Scaramuzzino et al.,
2013; Singatulina et al., 2019; Verbeeck et al., 2012). Previous studies from our lab and others
have shown that double-stranded DNA damage induces phosphorylation of N-terminal residues
in FUS (Deng et al., 2014b; Monahan et al., 2017; Rhoads et al., 2018a). Following this event,
we have shown that p-FUS begins to accumulate in the cytoplasm of the cell (Deng et al.,
2014b). Evidence suggests that DNA damage is a common hallmark of FUS protein pathology
(Deng et al., 2014b; Higelin et al., 2016; Naumann et al., 2018). Therefore, DNA damage
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induced N-terminal phosphorylation may be a critical pathological event leading to FUS
cytoplasmic accumulation and toxicity.

Here, we aimed to study FUS phosphorylation in mouse primary cellular models
because they are a tractable and scalable model that have been used to study
neurodegeneration in other contexts. Surprisingly, we were unable to detect FUS
phosphorylation following calicheamicin-yl (CLM) induced double-strand DNA damage in
primary mouse neurons. Further, we found that mouse derived in nortalized cell lines show no
detectable phosphorylation of FUS or cytoplasmic accumulatior in, 2sponse to CLM treatment.
Our data suggests that decreased expression and activity of the DNA-dependent protein kinase
(DNA-PK) in mouse cells compared to human cells may' vnacrlie the species-specific difference
we observed. These data indicate that there are funda’ ner.:al differences in DNA damage and
repair pathways between rodents and primates.

2. Materials and Methods

2.1 Cell culture

Primary Mouse Neurons. All animal ex e 1ments were reviewed and approved by the
Institutional Animal Care and U<e L mmittees at Emory in accordance with the National
Institutes of Health Guide fc. the Care and Use of Laboratory Animals. Mouse primary cortical
neurons were isolater. an.' ci';tured according to a previously described procedure (Sala et al.,
2000). In brief, mouse p:i.nary cortical neurons were isolated from E18 C57BL/6 mouse brain
cortices, plated on 12-well plates and cultured in neurobasal medium (Giboco) containing 2%
B27 (GIBCO). Neurons were used 7-14 days after plating. The cultures were maintained at
37°C in a 5% CO, incubator. The culture medium was changed with the same solution 24 hours
after plating and then half-changed once every week.

Nonhuman primate induced pluripotent stem cells (iPSCs), neural progenitor cells, and
differentiated cells. Wild type non-human primate iPSCs, neural progenitor cells (NPC),

differentiated neurons were generated and cultured as published (Carter et al., 2014; Cho et al.,
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2019a; Cho et al., 2019b). In brief, iPSCs were dissociated from MEF feeder layers and were
cultured in MEF-conditioned ES cell medium without bFGF (R&D). After 7 days, ES cell medium
was replaced with derivation medium. After another 7 days, neurospheres were plated on P/L-
coated cell culture dishes and expanded in neural proliferation medium. After 7-10 days, neural
rosettes were manually picked and seeded onto fresh cell culture dishes in differentiation
medium. Cells were finally differentiated with the supplement of SHH and FGF and ascorbic
acid.

Human-derived iPSC Maintenance and motor neuron differentia.ior. A control iPS cell line was
maintained on Matrigel coated dishes and fed every day witt m1 2sR1 medium (Stem Cell
Technologies). Cells were passaged every 5-7 days usi~.; koLesR passaging reagent. For
differentiation to motor neurons, iPSC colonies were tr..atc 1 with 10 yM ROCK inhibitor, Y-
27632 (Stem Cell Technologies), for ~1 hour be*o, « b:zing dissociated to single cells using
Accutase (Stem Cell Technologies) for ~8 min utes. Cells were resuspended in motor neuron
differentiation medium (1:1 Advanced L MEM-F12/Neurobasal, 1x N2, 1x B27, 0.2 %
penicillin/streptomycin (Pen/Strep), 1« 3l stamax, 110 yM B-mercaptoethanol) and seeded in 10
cm Ultra-Low Attachment dishe¢, (L rning) in order to form embryoid bodies. Cells were
maintained as embryoid boc'ies  ‘roughout the differentiation procedure and were fed every 2
days. The differentiati~n 1 ~ed'um contained 3 yM CHIR99021 (Stem Cell Technologies), 10 uM
SB431542 (Stem Cell T~~.nnologies), 10 uM DMH1, and 10 uM Y-27632. On Day 2, 1 yM
Retinoic Acid (Sigma) and 500 nM Smoothened Agonist (Millipore) were added to the
differentiation medium. CHIR99021 was removed from the medium on Day 6 and SB and DMH1
were removed from the medium on Day 10. Subsequently, on Day 14, 10 ng/mL BDNF
(Peprotech) and 10 ng/mL GDNF (Peprotech), and 10 uM DAPT (Tocris) were added. On day
20, embryoid bodies were disassociated to single cells using papain/DNase (Worthington Bio)

and plated on polyornithine/laminin coated cell culture plates.



Human neurons. Human neurons were purchased from ScienCell and cultured according to
manufacturer recommendations (ScienCell, #1520).

Immortalized Cell Lines. Human neuroglioma cells (H4; ATCC) were cultured in Opti-MEM
medium plus 5% fetal bovine serum (FBS) and 1% Pen/Strep. Human embryonic kidney cells
(HEK293T; ATCC) and mouse embryonic fibroblasts (MEF; kindly provided by Dr. Bob Farese)
were cultured in DMEM medium plus 10% FBS and 1% Pen/Strep (Gibco). Human SH-SY5Y
cells (SH-SY5Y; ATCC) and mouse Neuro2A (N2A; ATCC) cells viere cultured in MEM medium
plus 1% Pen/Strep and either 15% FBS and 10% FBS, respectir ey Al cultures were
maintained at 37°C with 5% CO,.

2.2 Drug Treatments

Calicheamicin y1 (CLM) was obtained from Pfizer. Sta’.ro_norine was purchased from Cell
Signaling Technologies (CST; #9953). Calyculir A Czl A) was purchased from Cell Signaling
Technology (CST; #9902). All drugs were es! spended in DMSO and aliquoted and stored at
either -20°C or -80°C until use. Cells we.= plated into 60mm dishes and dosed 72 hours later at
between 70-85% confluency.

2.3 Cell Transfection

Mouse and human GFP-FU?R ple cmids were obtained from Dr. Keith W. Caldecott. HEK293T
and N2A cells were p'~te!' inf) 6-well plate and allowed to grow overnight. The next day, cells
were transfected with 2.= ug of mouse GFP-FUS or human GFP-FUS DNA using the TransIT®-
LT1 Transfection Reagent (Mirus; MIR2300) Cells were allowed to express plasmids for 24
hours before treatment.

2.4 Western blotting

Cell lysis and western blotting was performed as previously described with minor modifications
(Holler et al., 2017). In brief, cells were lysed on ice in either RIPA Buffer (50mM tris pH=8.0,
150mM NacCl, 0.1% SDS, 1% trition-x-100, 0.5% sodium deoxycholate) or cytoplasmic lysis
buffer (50mM tris pH=8.0, 150mM NacCl, 0.5% trition-x-100) with 1% protein/phosphatase
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inhibitor (ThermoFisher; 78442). The RIPA lysate was sonicated and centrifuged for 15 min at
14,000 rpm at 4°C. The cytoplasmic lysate was vortexed and centrifuged for 15 minutes at
14,000 rpm at 4°C. The supernatant was saved as the detergent soluble protein fraction. Protein
concentration were measured in the detergent soluble protein fraction by BCA assay (Pierce).
Next, cell lysates were analyzed for relative protein expression using SDS/PAGE followed by
two-channel infrared quantitative western blots as described previously (Deng et al., 2014b).
The samples were denatured in 1x Laemmli loading buffer with 5¢% tris(2-
carboxyethyl)phosphine (TCEP) at 70°C for 15 min. Equal amot . o1 protein were loaded into
either 4-20% or 12% PROTEAN TGX Precast Gels (Bio-Rac ). A*er transferring to 0.2 ym
nitrocellulose membranes, blots were stained with Reve:: 7, (LI-COR; 926-11010) to measure
total protein for normalization, captured at 700nm on a’. CJvssey Fc Imaging System (LI-COR),
then destained following the manufacture’s protsce« Frotein blots were then blocked in Odyssey
or Intercept blocking buffer in TBS (LI-CO'¢; 9°.7-500000 or 927-60001, respectively) for 1 h at
room temperature and incubated with p. 'mary antibodies (diluted in 1:1 blocking buffer and TBS
plus 0.2% Tween 20) overnight at 4°C Mzmbranes were washed three times for five minutes in
TBST and then incubated with e ¢ npropriate secondary antibody (10% blocking buffer diluted
in TBS plus 0.1% Tween 2C (TB.ZT)) for 60 minutes at room temperature. Membranes were
then washed three tir 2s vith TBST for five minutes and visualized using the Odyssey Fc
Imaging System (LI-CO”]. The following primary antibodies were used: FUS (1:1000; Santa
Cruz; sc47711), FUS (1:2000; Bethyl Laboratories; A300-302A), phospho-ATR/ATM Substrate
Motif [(pS/pT) QG] (1:1000; Cell Signaling Technologies; 6966), H2AX (1:1000; Millipore;
AB10022), p-H2AX (1:1000; Millipore; 05-636), GAPDH (1:10,000; Cell Signaling Technologies;
2118), Mouse Specific cleaved PARP (1:1000; Cell Signaling Technologies; 9544), tubulin
(1:20,000; Epitomics), total DNA-PK (1:500; ThermoFisher; PA5-86134), and p-DNA-PK
(S2056) (1:1000; Abcam; ab18192). p-FUS (Ser30) antibody was kindly provided by Dr. Frank
Shewmaker (Rhoads et al., 2018a).The following secondary antibodies were used: Donkey anti-
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mouse IgG Alexa Fluor Plus 680 (1:10,000; ThermoFisher; A32788) and Donkey anti-rabbit IgG
Alexa Fluor Plus 800 (1:10,000; ThermoFisher; A32808).

2.5 Immunofluorescence

Following CLM treatment, cells were washed three times at room temperature with DPBS and
fixed in 4% paraformaldehyde for 15 min. After washing, cells were permeabilized in -20°C
100% methanol for 5 minutes. Cells were then washed three times in DPBS and blocked in 3%
BSA for 1 hour at room temperature. After blocking, cells were incubated overnight at 4°C in
primary antibody diluted in blocking buffer. The next day cells wr:re *vashed three times with
DPBS and incubated in Goat anti-rabbit 488 secondary antit ody 1:400; ThermoFisher; A-
21206). Following incubation, cells were washed three t'::>as in DPBS and mounted onto glass
slides using Prolong Gold with DAPI (ThermoFisher; P76%25). The following primary antibodies
were used: total DNA-PK (1:200; ThermoFisher' F.\5-36134), and p-DNA-PK (52056) (1:200;
Abcam; ab18192).

2.6 Image Analysis

Following the above staining protocoi, ‘mixges were collected on a Leica DMi8 THUNDER
Inverted Fluorescence Microsccoe ~ith a DFC7000 T camera (Leica). Quantified images were
collected at 20x (HC PL FLU'OT+.R L 20x/0.4 Dry); representative images were collected at 63x
(HC PL APO 63x/1.401.6" Oi). For quantified images, images were collected at four
randomized points/condi*on for all three replicates. Microscope settings including gain,
exposure time, and LED intensity were identical between cell lines. All images for both cell lines
were collected during the same day. Images were processed in the open source software, Fiji
(Schindelin et al., 2012; Schneider et al., 2012). In brief, all images were background subtracted
using the rolling ball macro, followed by application of a gaussian blur of 2 sigma, and automatic
thresholding using the Otsu dark method. Average signal intensity of goat anti-rabbit 488
secondary antibody (termed “Total DNA-PK”) was determined by applying a threshold mask to

determine the boundaries of the GFP signal in each object (i.e. cell). The mean 488 signal of
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each object was then calculated. The average signal within the nucleus (termed “Nuclear DNA-
PK”) was determined by creating a threshold mask based on the boundaries of the DAPI signal.
This mask was then applied to the companion 488 image and the mean 488 signal within this
was then calculated. The mean signal intensity of each replicate was then averaged together to
determine average signal intensity. The mean signal intensity from an average of 527 cells were
used per condition per replicate.
2.7 Statistical Analysis
All statistical analysis was performed using GraphPad Prism 8 (Sai. Diego, CA). Effect of
treatment and cell line was determined using a two-way ANCOVA with Tukey’s post-hoc test
(Figs. 3, 4 and 6E/F/G/H). Effect of cell line was determi.~a ('sing an unpaired two-tailed t-test
(Figs. 61/1J/K/L). Significance was reached at p<0.05. S'gn./*cance is designated as p<0.05 (*),
p<0.0021 (**), p<0.0002 (***), p<0.0001 (****). A'l |, a2 tified blots were normalized to total
protein (Supplementary Fig. 4).
3. Results

FUS can be phosphorylated i1 el culture following different drug treatments (Deng et
al., 2014b; Monahan et al., 2017; hhoads et al., 2018a). In particular, our lab discovered that
the DNA-dependent protein “ina..2 (DNA-PK) phosphorylates FUS in multiple human
immortalized cell lines foi.wir.g double-strand DNA breaks (DSBs) induced by CLM (Deng et
al., 2014b). However, th~ /ole of FUS phosphorylation in disease pathogenesis is unclear.
Given this, we aimed to use primary mouse neurons as an in vitro model to investigate the
function and disease mechanisms associated with FUS phosphorylation. Towards this aim, we
first cultured primary cortical neurons from E18 C57BL/6 mice for 14 days then treated cultured
neurons with increasing doses of CLM (1 to 1000 nM). Intriguingly, regardless of CLM
concentration or length of treatment, we did not observe an increase in the molecular weight of
FUS, an indication of FUS phosphorylation, in primary mouse neurons treated with CLM (Fig.
1A). Although we did not observe the appearance of p-FUS, we did detect phosphorylation of
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H2AX (p-H2AX), a marker of DNA damage, confirming CLM treatment caused DNA damage in
mouse neurons (Podhorecka et al., 2010). In contrast, treatment of a human H4 neuroglioma
cell line with CLM resulted in robust phosphorylation of FUS and H2AX (Fig. 1A). CLM
treatment in mouse cells did lead to the production of multiple smaller fragments of FUS, which
may indicate proteolytic cleavage, at the highest concentrations (100 and 1000 nM) and longest
treatment times in primary mouse neurons (Fig. 1A, indicated by *). Interestingly, no smaller
fragments of FUS were detected in multiple immortalized cell lines. (HEK293T, SH-SY5Y or
N2A) following CLM treatment, suggesting this cleavage may be ui.‘que to primary neuronal
cells and should be examined in future studies (Supplement u Fi'. 1). These data demonstrate
that while CLM treatment causes DNA damage in mous~z ‘m.nortalized cells it does not lead to
phosphorylation of mouse FUS.

Because our previously published work c:x. usively utilized human derived immortalized
cell lines and primary neurons, we wonder »d v/hether CLM induced phosphorylation of FUS
only occurred in human cells or if other rimate cells exhibited the response. To investigate this,
we asked if FUS phosphorylation occu rea after CLM treatment in other primary cell lines
derived from primates. First, we irected neural progenitor cells (NPCs) derived from the Rhesus
macaque monkey with CLM We abserved a robust increase in p-FUS at 10 and 20 nM CLM in
monkey NPCs (Fig. 17™). . leu' ons derived from monkey NPCs also phosphorylated FUS in
response to CLM treatmr~.it (Fig. 1C). Lastly, we treated human iPSC-derived motor neurons
(Fig. 1D) and primary human neurons (Fig. 1E) with increasing doses of CLM and saw a similar
dose-dependent increase in p-FUS and p-H2AX signal. These data suggest that FUS
phosphorylation following DSBs is a conserved phenomenon for multiple stages of primate
neural development and does not occur in mouse-derived cells.

Previously we demonstrated that multiple human-derived immortalized cell lines can
robustly phosphorylate FUS following CLM treatment (Deng et al., 2014b). Upon observing that
primary murine cells did not phosphorylate FUS after CLM treatment, we asked if mouse-
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derived immortalized cell lines were able to phosphorylate FUS in response to CLM treatment.
Unlike primary cells, immortalized cell lines are clonal, uniform, and can be grown indefinitely.
As such, they offer a useful model for understanding cell-specific gene and protein dynamics
(Kovalevich and Langford, 2013; Lendahl and McKay, 1990; Lin et al., 2014). We compared
FUS phosphorylation following CLM treatment in HEK293T cells, a widely utilized human
embryonic kidney cell line, to an immortalized mouse embryonic fibroblast (MEF) cell line.
HEK293T cells show a robust dose-dependent increase in FUS phosphorylation following CLM
treatment indicated by a shift in molecular weight and co-immur ore 2cuvity with a phospho-
ATR/ATM Substrate Motif antibody, which detects the (pS/p™ )QuU maotif that is phosphorylated
by DNA-PK, ATR, and ATM (three of the related phospt Zincritide 3-kinases) following DNA
damage, as previously described (Blackford and Jacksan, ?017; Deng et al., 2014b) (Fig. 2A).
Alongside the appearance of the characteristic r-+" IS top band, we observed a dose-dependent
increase in p-H2AX signal, confirming tha* CL"/ treatment caused DNA damage (Fig. 2A). In
contrast, MEF cells exhibited no detect.hle FUS phosphorylation at any dose of CLM, despite
having a robust p-H2AX signal (Fig. =F). 10 determine if increased time may be necessary, we
treated HEK293T and MEF cells in harallel with 10 nM CLM for 0.5 to 4 hours and again found
no detectable FUS phosphc-vlaucn signal in MEF cells (Fig. 2B). These data strongly suggest
that MEF cells are un~hle to r hosphorylate FUS following CLM induced double-strand DNA
damage.

Given that FTD is a neurodegenerative disease, we examined the effect of CLM
treatment on neuroblastoma cell lines, which have been used extensively as neuronal cell
models of neurodegeneration (Xicoy et al., 2017). We observed a similar divergent response to
CLM treatment in human SH-SY5Y neuroblastoma cells and mouse Neuro2A (N2A)
neuroblastoma cells. SH-SY5Y cells showed a dose (Fig. 2C) and time (Fig. 2D) dependent
phosphorylation of FUS following CLM treatment, similar to what we observed in other human-
derived cell lines. In contrast, we did not detect any appreciable phosphorylation of FUS in the

12



mouse-derived N2A cells in any condition tested (Fig. 2C/D). Regardless of species, both
human and mouse cell lines showed clear activation of p-H2AX response (Fig. 2C/D).
Importantly, only human-derived HEK293T and SH-SY5Y cells had robust (pS/pT) QG
immunoreactive bands following CLM treatment, suggesting there are differences in DNA
damage response pathways in human versus mouse cells.

Next, we quantified the difference in phosphorylation response following CLM treatment
between the human-derived SH-SY5Y cells and mouse-derived N2A cells (Fig. 3A). Given that
the (pS/pT) QG residue antibody is not specific to only DNA-PK ba.2a phosphorylation, we
utilized a p-FUS antibody that specifically detects FUS phos)hoi ‘lated at serine 30, one of the
residues on FUS phosphorylated by DNA-PK following ! ™ ‘reatment (Monahan et al., 2017;
Murray et al., 2017; Rhoads et al., 2018a) (Fig 3C/G). 7\dutionally, we measured the amount of
FUS present in the higher molecular weight bani ¢ < ir, Deng et al. (2014) (Fig. 3B/F). Using
these two methods, we found that SH-SY' Y c :lls show a reproducible, dose-dependent and
significant increase in both the total amc*int of p-FUS signal (Fig. 3B) and amount of p-FUS
(Ser30) signal present (Fig. 3C). In ayrz2ement with our original results (Fig. 2), N2A cells
showed no detectable p-FUS si(na: (Fig. 3B/C).

Previously, we reportad v..at p-FUS accumulates in the cytoplasm of cells following CLM
induced DSB (Deng e* al. 20 .4b). Therefore, we tested if cytoplasmic FUS increased in N2A
cells following CLM trea*~ ent (Fig. 3D). SH-SY5Y cells showed a significant increase in the
total amount of FUS (Fig. 3E) and p-FUS (Fig. 3F/G) localized to the cytoplasmic fraction. In
contrast, there was not a significant increase in FUS (Fig. 3E) or p-FUS (Fig. 3F/G) in the
cytoplasm of mouse N2A cells following CLM treatment. Our data suggests that FUS is not
phosphorylated or increased in the cytoplasm of mouse cells following CLM induced DSB. In
light of these findings, we aimed to determine why mouse cells did not phosphorylate FUS

following CLM treatment.
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First, we asked if mouse cells were capable of phosphorylating FUS under conditions
that broadly increase protein phosphorylation. To do this, we treated cells with Calyculin A (Cal
A), an inhibitor of the serine/threonine phosphatases PP1 and PP2A, which increases the
appearance of the phosphorylated species of FUS (Deng et al., 2014b; Ishihara et al., 1989).
Given the wide breath of targets for PP1 and PP2A and the ~50 residues spread throughout the
primary amino acid sequence of FUS that can be phosphorylated, the phosphorylated species
of FUS triggered by Cal A may not be same as the phosphorylated FUS caused by DNA
damage mechanisms (Rhoads et al., 2018b). Therefore, we airrzu 9 confirm whether mouse
FUS could be phosphorylated independently of DNA damag : re. ponse pathways. Increasing
doses of Cal A in mouse N2A cells caused the appearar.z= * a slightly higher molecular weight
FUS band, which could be due to phosphorylation (Fig 4~ However, there was little to no
overlap between the p-FUS band and signal from e pS/pT)QG antibody suggesting Cal A
treatment may lead to FUS phosphorylatic 1 at non-DNA-PK target residues. Therefore, we
tested whether phosphorylation of the L NIA-PK target residue Ser30 could be detected following
Cal A treatment (Fig. 4B). SH-SY5Y stovred a significant increase in p-FUS signal following Cal
A treatment (p=0.0491; Fig. 4C) A.though we were able to detect a p-FUS (Ser30) band in both
SH-SY5Y and N2A cells foll~win ; Cal A treatment, the N2A treated cells did not have a
significantly different r -FU'S s gnal compared to controls (p=0.3439; Fig. 4C). These data
suggests that although 'S can be phosphorylated in mouse cells, this response is not robust
following Cal A treatment and the overall extent of phosphorylation appears lower than in
primate-derived cell lines (Supplemental Fig. 2C). Next, we asked if staurosporine, a broad
kinase inhibitor, inducer of apoptosis, and an activator of DNA-PK, could induce p-FUS in
mouse cells (Chakravarthy et al., 1999; Karaman et al., 2008). We focused on staurosporine
because it was the original chemical we used to identify FUS phosphorylation and a known
inducer p-H2AX (Deng et al., 2014b; Solier and Pommier, 2009). Treatment of mouse N2A cells
with 1 uM staurosporine for up to four hours did not cause phosphorylation of FUS (Fig. 4B).
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However, staurosporine did induce apoptosis and DNA damage at this dose as confirmed by
the appearance of cleaved Poly (ADP-ribose) polymerase (PARP) and an increase in p-H2AX
signal (Fig. 4B). In contrast, treatment of SH-SY5Y cells with 1 or 2 uM staurosporine induced
reliable FUS phosphorylation detected by a band shift (Supplemental Fig. 2A) and p-FUS
(Ser30) signal (Fig. 4E). This difference was quantified showing that p-FUS (Ser30) was
significantly higher in SH-SY5Y following staurosporine treatment compared to controls
(p=0.0145) or N2A cells (Fig. 4G). Taken together, these data sucgest that while mouse cells
are capable of phosphorylating FUS, DSBs may not cause robut p"osphorylation of FUS.
Therefore, we concluded that the DNA damage response tri¢'ger.~d by double-strand breaks
does not initiate FUS phosphorylation in mouse-derived .~lis

Since mouse cells did not phosphorylate FUS f.llo. ‘ing either CLM or staurosporine
induced DNA-damage, we reasoned that either 1) acuse cells lack the required signaling
cascade to activate DNA-PK or 2) mouse "-US does not contain the correct amino acid residues
to be phosphorylated after DNA damag. While FUS can be phosphorylated at many sites,
double-strand DNA damage induces p'1osphorylation at 12 specific serine or threonine residues
spread throughout the N-terminus ¢ the protein (Gardiner et al., 2008; Monahan et al., 2017).
This N-terminal region, deer~ed e low-complexity domain, contains a SYGQ-rich and a
glycine-rich domain. F*in.2n 7#.nd mouse FUS are very similar and share ~95% amino acid
identity over the entire p~~tein (Fig. 5A). However, there are 26 amino acid differences and 25 of
those exist in the low complexity domain of the N-terminus of the protein (Fig. 5A). Therefore,
we asked if the inability of mouse cells to phosphorylate FUS following CLM treatment could be
due to these sequence differences. We tested this by expressing GFP-tagged mouse FUS
(GFP-mFUS) in human HEK293T cells and GFP-tagged human FUS (GFP-hFUS) in mouse
N2A cells. Then, we treated cells with CLM to induce FUS phosphorylation. In HEK293T cells,
both endogenous human FUS and exogenously expressed GFP-mFUS were phosphorylated

(Fig. 5B). FUS phosphorylation was confirmed by an increase in molecular weight and the
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appearance of a p-FUS signal using the antibody specific to FUS phosphorylated at Ser30, a
residue that is present in both human and mouse FUS. In contrast, we did not detect
phosphorylation of endogenous mouse FUS or exogenous GFP-hFUS in N2A cells (Fig. 5B).
These data reveal that while mouse FUS can be robustly phosphorylated in human cells, mouse
cells do not phosphorylate human FUS, suggesting the pathways necessary to phosphorylate
FUS following DNA damage in mouse cells are not present, or as active, compared to primate
cells.

Given that mouse FUS can be modestly phosphorylated we next asked whether some
aspect of the pathway leading to FUS phosphorylation is diff 2rer.* between human and mouse
cells. We focused on DNA-PK because DNA-PK phospt.zrvictes FUS following CLM induced
double-strand DNA damage (Deng et al., 2014b). More ove*. previous reports suggest that the
concentration of DNA-PK is lower in mouse cell ¢ ‘muared to human cells (Finnie et al., 1995;
Lees-Miller et al., 1992). Therefore, we firc ¢ airaed to determine if N2A cells have a lower
concentration of total DNA-PK compareX to SH-SY5Y cells. We used a DNA-PK antibody that
can detect both human and mouse D A- ©K species (Supplemental Fig. 3). Immunoblotting of
cell lysates revealed that while $,H-ZY5Y and N2A cells express similar levels of FUS protein,
SH-SY5Y cells express much hicher levels of total DNA-PK compared to N2A cells (Fig. 6A).
Treatment of either ce'! lii @ w.th CLM did not change the total levels of DNA-PK (Fig. 6A). We
next asked if mouse DN” PK was properly activated following CLM treatment. DNA-PK’s
catalytic activity is dependent on phosphorylation of residue S2056 in humans and S2053 in
mice, making phosphorylation of S2056/3 a widely used marker of DNA-PK activity (Chan et al.,
2002; Chen et al., 2005; Jiang et al., 2019; Merkle et al., 2002). It should be noted that the
antibody used to detect phosphorylated DNA-PK has been shown to cross-react with the mouse
S2053 site by immunofluorescence allowing us to use the same antibody in our comparison
(Roch et al., 2019). Treatment of SH-SY5Y cells with CLM at 10 and 40 nM caused activation of
DNA-PK, as detected by the appearance of phosphorylated DNA-PK (p-DNA-PK at S2056/3). In
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contrast, we did not detect phosphorylation of DNA-PK or FUS in N2A cells via immunoblot at
any dose of CLM tested (Fig. 6B).

Next, we used immunofluorescence to examine the subcellular localization of DNA-PK in
SH-SY5Y and N2A cells using a total DNA-PK antibody that recognizes both mouse and human
DNA-PK. The overall fluorescent intensity for DNA-PK was significantly higher in SH-SY5Y
compared to N2A cells, confirming our western blot results (Fig. 6C/E). Intriguingly, the DNA-PK
signal appeared more diffuse throughout the cytoplasm and the n’icleus of N2A cells, while
DNA-PK immunoreactivity in SH-SY5Y cells was more predomir.ai. in the nucleus (Fig. 6C).
Quantification of immunofluorescence confirmed the presence o, significantly more DNA-PK in
the nucleus of SH-SY5Y compared to N2A regardless of ~-ec*ment (Fig. 6F). Furthermore, CLM
treatment for either SH-SY5Y or N2A cells did not char ge *he cellular localization of DNA-PK
(Fig. 6F). In line with this, the proportion of DNA F. signal remained unchanged (around ~1)
between control and treatment for both St -SY3Y and N2A cells when examining the whole cell
(Fig. 61) and nucleus (Fig. 6J).

We next asked if DNA-PK was ic'ivated following CLM treatment in mouse and human
cells. We treated SH-SY5Y and Nz.* cells with CLM 20 nM and measured the amount of
phosphorylated DNA-PK S2956 7-DNA-PK) signal. In untreated control cells, p-DNA-PK
staining in both N2A #nd SH- 5Y5Y cells was weak and diffuse throughout the nucleus and
cytoplasm (Fig. 6D). As ~\pected, SH-SY5Y cells had robust DNA-PK activation following CLM
treatment, as measured by phosphorylation of the S2056 (S2053 for N2A cells) residue on
DNA-PK (Fig. 6D/G). Unexpectedly, N2A cells exhibited an increase in p-DNA-PK whole cell
signal (Fig. 6G) and nuclear signal (Fig. 6H) following CLM treatment. However, the proportion
of p-DNA-PK signal was significantly higher in SH-SY5Y compared to N2A for both the whole
cell (p=0.0442; Fig. 6K) and the nucleus (p=0.0389; Fig. 6L). Overall, this data suggests that
while mouse cells are capable of activating DNA-PK in response to CLM, the amount of p-DNA-

PK available is significantly lower in mouse cells compared to human cells. Taken together,
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these data support the idea that CLM treatment of mouse cells does not lead to FUS
phosphorylation due to differences in the DNA-PK mediated DNA repair process in mice versus

human cells.

4. Discussion

Our previous work found that both primary and immortalized human cells robustly
phosphorylate FUS in response to DSBs and that this response is mediated by DNA-PK
activation. Furthermore, we found that CLM treatment in particular i.c a potent and useful trigger
of FUS phosphorylation (Deng et al., 2014b). Previously, we anu ~thers have shown that CLM-
induced FUS phosphorylation can be detected through 1) ' ba..d shift, or more precisely, an
increase in the apparent molecular weight of FUS migicting on a SDS/PAGE gel due to
phosphorylation and 2) overlap of the higher-mole cv.ar weight FUS with a phospho ATM/ATR
substrate motif antibody that specifically def_.ts (nS/pT) QG phosphorylation, the preferred
phosphorylation site of DNA-PK (Deng et al., ?014b; Kim et al., 1999; Rhoads et al., 2018a). In
this current work, we utilized both det~c“*ar, methods and found that neither primary nor
immortalized mouse-derived cells ohc~phorylate FUS following CLM treatment. Although we
were unable to detect a band chi. or overlap in FUS signal with the p-S/p-T antibody in mouse
derived cells, we did see *iiw appearance of p-H2AX, a crucial regulator of the DSB response
and a known target of Dix A-PK, verifying that CLM treatment was adequate to induce DNA
damage and repair processes (An et al., 2010).

CLM is not the only known chemical that induces FUS phosphorylation. Our previous
work showed that treatment of human cells with Cal A and staurosporine caused FUS
phosphorylation. Cal A is an potent inhibitor of the PP1 and PP2A protein phosphatases and
Cal A treatment is known to cause an increase in global protein phosphorylation (Chartier et al.,
1991). Surprisingly though, Cal A only induced a modest amount of FUS phosphorylation in

mouse cells suggesting mouse cells achieve less FUS phosphorylation than human cells. At the
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protein sequence level, mice and human FUS are nearly identical and contain almost all the
same phosphorylation target residues. Therefore, future studies should explore whether this
difference in basal phosphorylation is due to 1) differences in mouse PP1 and PP2A protein
phosphatase activity and 2) whether other post-translational modifications such as acetylation or
ubiquitination is also different between mouse and human FUS.

Staurosporine is a cell permeable broad protein kinase inhibitor previously shown to
activate DNA-PK (Chakravarthy et al., 1999). Treatment with stav-osporine did not cause FUS
phosphorylation or the appearance of p-H2AX in mouse cells. Ir.ei >sungly, human cells treated
with staurosporine show robust p-H2AX activation (Supplem 2nte' Fig. 2B). Histone H2AX is a
substrate of the phosphoinositide 3-kinase-related protei: ki ases, DNA-PK, ATM, and ATR,
which phosphorylate H2AX at residue Serl39 in respose *o DSBs (An et al., 2010; Podhorecka
et al., 2010). p-H2AX is thought to act as a docking si*a that recruits repair factors to the site of
repair (Podhorecka et al., 2010). In line wi’a th.s, evidence suggests that reduced
phosphorylation of H2AX leads to impruer DSB repair and genomic instability (Celeste et al.,
2003; Revet et al., 2011). As such, the 1ack of p-H2AX and p-FUS activation suggests that
mouse cells have a divergent re spunse to staurosporine induced DNA-PK activation. Taken
together, our data suggest that n.ouse cells exhibit divergent FUS phosphorylation.

Next, we inves*ige ted why mouse cells exhibit this divergent response to DSB. As
stated, CLM is a potent = ducer of DSBs (Dedon et al., 1993; Elmroth et al., 2003). DSBs are
repaired in mammalian cells through either homologous recombination or non-homologous end-
joining (NHEJ) (Bohgaki et al., 2010). DNA-PK is thought to be both a sensor and a transducer
of DNA-damage and autophosphorylation of DNA-PK at S2056 (S2053 for mice) after DNA-
damage is required for efficient NHEJ (Chan et al., 2002; Chen et al., 2005; Jiang et al., 2019;
Merkle et al., 2002). Furthermore, activation of DNA-PK leads to the recruitment and
phosphorylation of other DNA-repair proteins (Burma and Chen, 2004). Therefore, improper
activation of DNA-PK would inhibit the DNA damage response. We showed that mouse cells do
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not phosphorylated FUS in response to two DNA-PK activators, CLM and staurosporine.
Furthermore, our data show that mouse FUS can be phosphorylated when expressed in human
cells, suggesting the issue lies in the response of mouse cells to DNA damage and not mouse
FUS itself. Together, these data suggests that the divergent response is due to mouse DNA-PK
not being activated.

Previously, it has been reported that DNA-PK activity is much lower in mice than in
human tissue (Finnie et al., 1995; Lees-Miller et al., 1992). We rer.apitulated this finding and
found that DNA-PK expression is much lower in mouse cells cor.ipc *ed to human cells. Further,
CLM treatment causes decreased activation of DNA-PK in n ice ~ompared to humans.
Adequate DNA-PK expression is necessary for proper ["C8 , ~pair (Okayasu et al., 2000). As
such, decreased DNA-PK expression in mice would aff2c. DSB repair. DNA-PK expression and
activation are not the only differences between raic » 2ad human genomes. Further, it is known
that longer-lived species such as humans hav: higher expression of DNA repair genes and
pathways (MacRae et al., 2015; Waters:n et al., 2002). Additionally, multiple aspects of the
DNA damage response and DNA repa’r [ athways are significantly different between human and
mouse neurons (Martin and Chz ng, 2018). As such, extensive prior data demonstrate that
mouse cells do not recapitu!te < ! aspects of DNA damage response and repair pathways that
occur in human derive 1 ¢ >l m.odels.

Given these repr~.ed differences in DNA repair, we show that DNA-PK expression and
activation is lower in mouse-derived cells, but the cause is unclear. DNA-PK activation is a
complex process where multiple proteins and responses can lead to autophosphorylation and
activation of DNA-PK (Burma and Chen, 2004). Our work and others show that mouse DNA-PK
is sufficiently activated enough by CLM induced DSBs to cause phosphorylation of H2AX (p-
H2AX) (Audebert et al., 2004; Deng et al., 2014b; Podhorecka et al., 2010). In addition, we find
a CLM dependent increase in the immunostaining of p-DNA-PK shows a CLM dependent

increase in signal for mouse cells. Both of these lines of evidence suggest DNA-PK is activated
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to some extent, yet this still does not lead to phosphorylation of FUS. It is possible that
activation or inhibition of another protein is required to enable DNA-PK mediated
phosphorylation of FUS. One possibility is PARP1, a known binding partner of FUS (Mastrocola
et al., 2013). Recent work shows that PARP1 directs FUS to sites of DNA damage (Rulten et
al., 2013; Singatulina et al., 2019). Therefore, ineffective PARP1 activation or recruitment to
sites of DSBs might cause improper trafficking of FUS to these sites preventing the interaction
of FUS and DNA-PK. In support of this idea, PARP1 inhibition has been shown to cause
increased p-H2AX, a characteristic difference we noticed betwe’:n .nouse and human cells
following CLM treatment (Audebert et al., 2004). This sugge'its + ARP1 may not be activated in
mouse cells following CLM treatment. Future studies sh~:'la ~xamine the PARP1-FUS-DNA-PK
interaction complex further.

The species-specific difference in FUS phe nkarylation we uncovered is also relevant
for attempts to model FUS and FET pathc’agv in mice. Broadly speaking, mouse models have
yielded valuable insights into the pathoy~nesis of FTD and ALS (Ahmed et al., 2017; Van
Damme et al., 2017). However, these rioaels also have limitations, and often do not fully
recapitulate all aspects of FTD cr ~! S (Dawson et al., 2018; Perrin, 2014). Most relevant to this
work is the lack of a mouse moa..! that recapitulates FTLD with FET pathology. One roadblock
to this goal is that the ~oe ~ific genetic or environmental cause of FTLD-FET is still unclear. For
example, although FUS i< hypomethylated in FTLD-FET inclusions mutations in protein N-
arginine methyltransferase genes are not found in FTLD, leaving the cause unknown (Dormann
et al., 2012; Ravenscroft et al., 2013). Recently, additional heterogeneous nuclear
ribonucleoproteins (hNRNP P and Q) were found to co-aggregate with FUS, suggesting that
wide-spread dysfunction of RNA metabolism contributes to the development of FTLD-FET
(Gami-Patel et al., 2016; Gittings et al., 2019; Lagier-Tourenne et al., 2010; Ravenscroft et al.,
2013). More research is needed to understand the similarities, differences and cause(s) of the
FTLD sub-types. In addition to RNA metabolism, our study suggests that the fundamental
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differences in DNA damage response between mice and humans should be considered in
efforts to model FTD pathology as well as understand pathogenesis.

In summary, we have uncovered a distinct inability of mouse cells to phosphorylate FUS
following DNA damage. Even in the presence of DSBs and p-H2AX, mouse cells do not
phosphorylate FUS. Our data suggest that decreased levels and activity of DNA-PK are an
important factor why FUS is not phosphorylated in mouse cells following CLM treatment. We
cannot rule out that impairments in other components involved in *he DNA damage response
pathway also contribute to the lack of FUS phosphorylation we cosorve in multiple mouse cell
lines. Future studies should examine in more detail the differ 2ntic | response of mouse cells to
CLM compared to human cells.
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Figure Legends

Figure 1. Calicheamicin y-1 (CLM) treatment induces FUS p'io.nhorylation in human and
non-human primate neurons, but not primary mouse netror.s. (A) Primary mouse neurons
were either treated at increasing doses of CLM (nM) for Z hc 'rs (left) or with 10 nM CLM for
increasing times (0 to 4.5 hours) (right). In comparison hu.man H4 neuroglioma cells were
treated with either DMSO (vehicle) or 10 nM CL [ v % hours. RIPA extracted whole cell lysates
were analyzed by immunoblotting using ir: tice.ed cellular markers. A positive p-H2AX signal
indicates the occurrence of double strar.7ed DNA damage in mouse and human cells. (*)
indicates FUS cleavage products folluv/iny CLM treatment. In contrast, all human and non-
human primate (monkey) derive 1 nouronal models display the characteristic dose dependent
phosphorylation of FUS follcwing CLM treatment. (B) Nonhuman primate neural progenitor cells
(NPCs) and (C) non-F'1m>n p.imate primary neurons were treated with DMSO (vehicle) or CLM
at indicated CLM concert.ations (nM) for 2 hours. (D) Wild-type iPSC-derived motor neuron and
(E) primary human neurons were treated with DMSO or CLM at indicated concentrations (nM)
for 2 hours. Wild-type iPSC-derived motor neurons show clear p-H2AX activation following CLM
treatment. RIPA extracted whole cell lysates (B-E) were analyzed by immunoblotting using
indicated antibodies: FUS, p-H2AX, GAPDH, tubulin. Refer to methods section for catalog
numbers of the specific antibodies used. GAPDH and Tubulin are used as loading controls to
verify equal protein loading. Position of molecular weight markers (kDa) labeled on left side of

each immunoblot.
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Figure 2: FUS is phosphorylated following CLM treatment in immortalized cell lines of
human origin but not mouse. In human embryonic kidney (HEK293T) cells there is a (A) dose
and (B) time dependent increase in phosphorylated FUS in response to CLM treatment. In
contrast, phosphorylated FUS is undetectable in MEF cells at all tested doses and times.
HEK293T and mouse embryonic fibroblasts (MEF) were treated with increasing concentrations
(nM) of CLM for 2 hours (A) or 10nM CLM for 0 to 4 hours (B). Similar to HEK293T cells, SH-
SY5Y, a human neuroblastoma cell lines, displays a (C) dose ar.a D) dme dependent increase
in phosphorylated FUS following CLM treatment. In contrast the appearance of phosphorylated
FUS after CLM treatment is undetectable in Neuro2A (NZA) cells, a mouse neuroblastoma cell
lines. SH-SY5Y and N2A cells were treated with incree sing concentrations of CLM for 2 hours
(C) or 20nM CLM for 0-4 hours (D). All control c2h. (0 were treated with the vehicle, DMSO, for
either 2 (A, C) or 4 (B, D) hours. RIPA ext’ actr d whole cell lysates were analyzed with indicated
antibodies: FUS, (pS/pT) QG residues, . 12AX, p-H2AX, and GAPDH. p-H2AX activation, a
marker of double strand DNA damage. occurs in all cells treated with CLM regardless of

species. GAPDH is used as a lcaai.xq control.

Figure 3: FUS is not ~huspl.orylated or re-localized to the cytoplasm in mouse cells
following CLM treatme~.. Human derived SH-SY5Y cells and mouse derived N2A cells were
directly compared by western blot. (A) SH-SY5Y and N2A cells were treated with increasing
doses of CLM for 2 hours. Following treatment, RIPA extracted whole cell lysate was analyzed
using the following antibodies: FUS, p-FUS (Ser30), and p-H2AX. (B) Quantification of (A) for
phosphorylation of FUS (top band) at different concentrations of CLM were normalized to total
protein. (C) Quantification of (A) for phosphorylation of FUS at residue Ser30 at different
concentrations of CLM were normalized to total protein. Error bars indicate mean = SEM (n=3).
(D) SH-SY5Y and N2A cells were treated with increasing doses of CLM for 2 hours.
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Cytoplasmic and nuclear fractions were collected and analyzed by western blot using the
following antibodies: FUS, p-FUS (Ser30), GAPDH and H3. GAPDH and H3 were used as
markers for cytoplasmic and nuclear fractions, respectively. (E) Quantification of (D) for the
percentage of FUS found within the cytoplasmic fraction were normalized total protein. (F)
Quantification of (D) showing phosphorylation of FUS (top band) at different concentrations of
CLM were normalized to total protein. (G) Quantification of (D) for phosphorylation of FUS at
residue Ser30 at different concentrations of CLM were normalizec' to total protein. Error bars

indicate mean + SEM (n=5). All control cells (0) received DMSO i0: 2 11ours.

Figure 4: Neither calyculin A or staurosporine inducz- rchust phosphorylation of mouse
FUS. Calyculin A, an inhibitor of protein phosphatases P+ and PP2A, causes a minor dose
dependent increase in phosphorylated FUS (p-FL i mouse-derived cells. (A) Neuro2A (N2A)
cells were treated with either the vehicle, T*MS O (0), or increasing doses of Calyculin A for 1
hour. RIPA extracted whole cells lysate. were analyzed with indicated antibodies: FUS, p-
Ser/Thr, and GAPDH. (A) N2A and SH-Sy5Y cells were treated with 20nM Cal A for 15
minutes. (C) Samples shown in B, vere quantified. Error bars indicate mean + SEM (n=3). All
control cells (0) received DMSO "or 15 minutes. (D) N2A cells were treated with staurosporine, a
nonselective inhibitor ~f L-ote n kinases that causes double strand DNA damage and cell
apoptosis, showed no ir.cation of FUS phosphorylation response. PARP-1 cleavage is an
indicator apoptosis and a known consequence of staurosporine treatment acts as a positive
control for staurosporine treatment. RIPA extracted whole cell lysates were analyzed with
indicated antibodies: FUS, p-Ser/Thr, mouse specific-PARP (cleaved) p-H2AX, and GAPDH. (E)
N2A and SH-SY5Y cells were treated with 1uM Staurosporine for 1.5 hours. Cellular
fractionation was performed to extract cytoplasmic proteins and detect p-FUS by western
blotting. (F) Samples shown in (D) were quantified. Error bars indicate mean £ SEM (n=3). All
control cells (0) received DMSO for 1.5 hours.
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Figure 5: Mouse FUS can be phosphorylated in human cells following CLM treatment. We
tested if mouse FUS can be phosphorylated in human cells following CLM treatment. Human
and mouse FUS share ~95% sequence identity. (A) Graphical representation of amino acid
sequence alignment for human (FUS_H) and mouse (FUS_M) FUS. Different colors indicate
amino acid physical properties. Graphical representation was generated using Cluster Omega
(Sievers et al., 2011). (B) GFP-tagged mouse FUS was transfected into HEK293T cells while
GFP-tagged human FUS was transfected into N2A cells. GFP-t7.gy *d mouse FUS is
phosphorylated when expressed in human cells treated with cali heamicin y-1 (CLM). 24 hours
post transfection cells were treated with varying concen*:>tics of CLM for 2 hours and the
whole cell lysate was harvested and analyzed with indi >aw 1 antibodies: FUS, p-FUS (Ser 30),

and p-H2AX. All control (0) cells received DMSC 1. ¢ 2 hours.

Figure 6: Compared to human cells, .~ouse cells have decreased levels of DNA-PK and
activation following double strand C N/ breaks induced by CLM treatment. SH-SY5Y cells
show a distinct increase in activ.ate! DNA-PK whereas N2A cells lack a significant DNA-PK
response following CLM trectme t by western blot. SH-SY5Y and N2A cells were treated with
increasing concentrat’~ne of (LM for 2 hours. Following treatment, RIPA extracted whole cell
lysates were analyzed frr (A) total and (B) activated DNA-PK signal using the following
antibodies: DNA-PK, p-DNA-PK, FUS, p-FUS (Ser30), and GAPDH. (C/D) N2A cells have lower
total and activated DNA-PK following CLM as compared to SH-SY5Y cells by
immunofluorescence. SH-SY5Y and N2A cells were treated with DMSO (control) or CLM (20
nM CLM) for 2 hours and stained for (C) total and (D) activated DNA-PK. Nuclei were counter-
stained with DAPI. Four images with an average of 527 cells each were used for quantification
per replicate (n=3). Total and activated DNA-PK signal was quantified for both the (E/G) whole
cell and (F/H) nucleus. SH-SY5Y cells show robust (E/F) total and (G/H) activated DNA-PK (p-
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DNA-PK, S2056) signal following CLM while N2A cell sighal remains modest in presence of
CLM. (I1J/IK/L)The ratio of the signal from treated (20nM CLM) to the signal from untreated

(control) cells was calculated for each graph. Error bars on graphs indicate mean + SEM.
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