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Futsch/MAP1B mRNA Is a Translational Target of TDP-43
and Is Neuroprotective in a Drosophila Model of
Amyotrophic Lateral Sclerosis

Alyssa N. Coyne,'? Bhavani Bagevalu Siddegowda,' Patricia S. Estes,' Jeffrey Johannesmeyer,' Tina Kovalik,*
Scott G. Daniel,! Antony Pearson,' Robert Bowser,* and “Daniela C. Zarnescu'->?

Departments of 'Molecular and Cellular Biology, 2Neuroscience, and *Neurology, University of Arizona, Tucson, Arizona 85721, and *Divisions of
Neurobiology and Neurology, Barrow Neurological Institute, Phoenix, Arizona 85013

TDP-43 is an RNA-binding protein linked to amyotrophic lateral sclerosis (ALS) that is known to regulate the splicing, transport, and
storage of specific mRNAs into stress granules. Although TDP-43 has been shown to interact with translation factors, its role in protein
synthesis remains unclear, and no in vivo translation targets have been reported to date. Here we provide evidence that TDP-43 associates
with futsch mRNA in a complex and regulates its expression at the neuromuscular junction (NMJ) in Drosophila. In the context of
TDP-43-induced proteinopathy, there is a significant reduction of futsch mRNA at the NMJ compared with motor neuron cell bodies
where we find higher levels of transcript compared with controls. TDP-43 also leads to a significant reduction in Futsch protein expression
at the NM]J. Polysome fractionations coupled with quantitative PCR experiments indicate that TDP-43 leads to a futsch mRNA shift from
actively translating polysomes to nontranslating ribonuclear protein particles, suggesting that in addition to its effect on localization,
TDP-43 also regulates the translation of futsch mRNA. We also show that futsch overexpression is neuroprotective by extending life span,
reducing TDP-43 aggregation, and suppressing ALS-like locomotor dysfunction as well as NM]J abnormalities linked to microtubule and
synaptic stabilization. Furthermore, the localization of MAP1B, the mammalian homolog of Futsch, is altered in ALS spinal cords in a
manner similar to our observations in Drosophila motor neurons. Together, our results suggest a microtubule-dependent mechanism in

motor neuron disease caused by TDP-43-dependent alterations in futsch mRNA localization and translation in vivo.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive, fatal neuro-
degenerative disease linked to defects in multiple cellular pro-
cesses including RNA metabolism (Lagier-Tourenne and
Cleveland, 2009; Ling et al., 2013). TDP-43 is an RNA-binding
protein that has been shown to harbor disease causative muta-
tions and to associate with pathological aggregates (Neumann et
al., 2006; Kabashi et al., 2008; Sreedharan et al., 2008; Van Deerlin
et al., 2008; Janssens and Van Broeckhoven, 2013; Ling et al.,
2013). Studies in several animal models indicate that TDP-43
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knockdown or overexpression recapitulates several aspects of
ALS pathology, including neural degeneration, locomotor dys-
function, and reduced survival (for review, see Yang et al., 2014).
Together, these findings suggest that TDP-43 is a central contrib-
utor to ALS pathophysiology, and thus understanding both its
normal function and its involvement in disease is likely to pro-
vide important insights for developing effective therapeutic
strategies.

TDP-43 is a member of the heterogeneous nuclear ribonu-
clear protein (RNP) A/B family and harbors two RNA Recogni-
tion Motif (RRM) domains, a Nuclear Localization Signal (NLS),
a Nuclear Export Signal (NES), and a prion-like C-terminus do-
main (Ou et al., 1995; Cushman et al., 2010; King et al., 2012).
RNA sequencing and in vitro binding approaches have revealed
that TDP-43 binds Uridine Guanine (UG)-rich sequences with
high affinity and regulates the expression and splicing of numer-
ous targets, including its own transcript (Buratti and Baralle,
2001; Ayala et al., 2011; Polymenidou et al., 2011; Sephton et al.,
2011; Tollervey et al., 2011). TDP-43’s long list of predicted tar-
gets include cytoskeleton-associated proteins and pre-mRNAs
with long introns encoding synaptic proteins (Polymenidou et
al., 2011; Sephton et al., 2011; Tollervey et al., 2011). TDP-43
accompanies its targets in RNA granules during microtubule-
dependent transport to distal sites, a process that is more robustly
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affected by ALS-causing mutations compared with wild-type
TDP-43 (Alami et al., 2014). These findings suggest that TDP-
43’s normal roles include regulation of the neuronal and synaptic
architecture and function by controlling the expression of spe-
cific mRNAs.

Although TDP-43 interacts with several translational regula-
tors, its role in protein synthesis remains poorly understood (El-
denetal., 2010; Freibaum etal., 2010; Sephton et al., 2011). Using
a combined molecular and genetic approach in a Drosophila
model of ALS based on TDP-43 (Estes et al., 2011, 2013), we show
that futsch mRNA and protein levels at the neuromuscular junc-
tion (NMJ) are significantly reduced. Together with polysome
fractionation experiments indicating a shift in futsch mRNA from
actively translating polysomes to untranslated RNPs, our data
suggest a model whereby in the context of TDP-43 proteinopa-
thy, futsch localization and translation in motor neurons are im-
paired. futsch bears homology to mammalian MAP1B and has
been shown to regulate axonal and dendritic development as well
as the organization of microtubules at the synapse (Hummel et
al., 2000; Roos et al., 2000). Consistent with our findings in the fly
model, MAP1B distribution is altered in ALS spinal cord motor
neurons. Furthermore, restoring futsch expression in Drosophila
motor neurons is neuroprotective by restoring microtubule sta-
bility at the NM]J and reducing the aggregation of TDP-43 in vivo.

Materials and Methods

Drosophila genetics

All Drosophila stocks and crosses were kept on standard yeast/cornmeal/
molasses food at 25°C unless otherwise noted. Transgenics expressing
human TDP-43 variants with C-terminal tags YFP were generated as
described previously (Estes et al., 2011, 2013). D42 Gal4 (Gustafson and
Boulianne, 1996) and GMR Gal4 R13 were used to drive expression in
motor neurons and retinal neurons, respectively. For controls, w'’'® was
crossed with the D42 or GMR Gal4 drivers, as appropriate. To manipu-
late futsch, we obtained the following stocks from Bloomington:
P{EP}futsch®"*1Pw'118 and y'v';P{TRiP.HMS02000}attp40.

Larval turning assays

Assays were performed as described previously (Estes et al., 2011).
Briefly, crosses were kept at 22°C, and wandering third instar larvae were
placed on a grape juice plate. After a 30 s acclimation period, crawling
larvae were gently turned on their backs (ventral side up). They were
observed until they turned over (dorsal side up) and made a forward
motion. The time it took to complete this task was recorded for =30
larvae per genotype. A Student’s t test was performed to determine sta-
tistical significance.

Life span analysis

All crosses were performed at 22°C. Newly eclosed males were collected
and transferred into a new vial every 7 d. Survival plots were generated
using the survival and Hmisc packages in R (R Development Core Team,
2013) and Rstudio (R Studio) software. Statistical analysis was done us-
ing the log-rank test in R.

Immunohistochemistry and confocal imaging

Larval NMJs were prepared as described previously (Estes et al., 2011,
2013). Briefly, wandering third instar larvae were filleted in HL-3 saline,
pinned out on Sylgard dishes, fixed in 3.5% formaldehyde in PBS, pH 7.2,
for 30 min, and permeabilized with 0.1% Triton X-100. The blocking
agent consisted of 2% BSA and 5% normal goat serum. The following
antibodies were used: anti-Futsch at 1:50 (mAb 22C10; DSHB), anti-
mouse Alexa Fluor 568 at 1:500 (Invitrogen), and anti-HRP-Cy5 at 1:200
(Invitrogen). Phalloidin-488 (Invitrogen) was used to visualize muscles.
Larval muscles 6 and 7, segment A3, were imaged using an LSM 510
confocal microscope (Zeiss). NIH Image] was used to quantify Futsch
intensity as well as to count bouton numbers and Futsch loops. Measure-
ments were normalized to HRP and muscle areas to account for size
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Figure 1. Futsch mRNA associates with TDP-43 in a complex. 4, RIP of TDP-43 variants in
Drosophila heads. Genotypes and antibodies used for RIP are indicated at the top. The antibody
used for Western blot analysis is indicated on the right. B, RT-PCR of immunoprecipitated
TDP-43 complexes. Genotypes and antibodies used for IP asindicated in 4. mRNA s indicated on
the right. ¢, qPCR of futsch mRNA in immunoprecipitated TDP-43 complexes.

variations. “Fuzzy” loops were ascertained based on the lack of well de-
fined Futsch-positive loops compared with controls.

Larval ventral ganglia. Third instar ventral ganglia were dissected,
treated with 1 mg/ml collagenase diluted 1:100 in HL-3 saline with 1.5
muM Ca?™ for 15 min, rinsed with PBS with 0.3% Triton X-100, fixed in
3.5% formaldehyde in PBS, pH 7.2, for 30 min, and permeabilized with
0.3% Triton X-100. The blocking agent contained 2% BSA and 5% nor-
mal goat serum. The following antibodies were used: anti-22C10 at 1:50
(DSHB), anti-mouse Alexa Fluor 568 at 1:500 (Invitrogen), goat anti-
GFP-FITC at 1:300 (Rockland), and Hoechst 33342 at 1:100 (Invitro-
gen). Ventral ganglia were imaged with an LSM 510 confocal microscope
(Zeiss).

Human tissues. ALS and control postmortem tissues were obtained
from the University of Pittsburgh ALS Tissue Bank, with clinical diagno-
sis made by board-certified neuropathologists. All human tissues were
collected using Institutional Review Board-approved consent docu-
ments. Paraffin-embedded tissue sections of lumbar spinal cord and
hippocampus from eight ALS (three male/five female) and six non-
neurologic disease control (two male/four female) cases were used for
this study (see Table 5). The average age of ALS subjects was 58 years old
(range, 52— 63 years), and the average age of the controls was 55 years old
(range, 51-58 years). The average postmortem interval was 4.5 h for ALS
subjects and 5.5 h for control subjects. One ALS subject was a familial
ALS patient harboring the COORF72 repeat expansion [ALS with fronto-
temporal lobar degeneration (ALS/FTLD)]. Paraftin was removed from
all sections by graded ethanol and rehydrated. A hydrogen peroxide/
methanol mixture was used to block endogenous peroxidase activity.
Antigen retrieval was performed using Target Antigen Retrieval Solution,
pH 9.0 (Dako), for 20 min in a steamer. After cooling to room tempera-
ture, nonspecific binding sites were blocked using an avidin (Vector



15964 - ). Neurosci., November 26, 2014 - 34(48):15962-15974

Futsch DNA Futsch

Futsch DNA

Futsch

Whole Larvae

TDPWT w111é

Coyne et al. @ futsch mRNA Is a Neuroprotective Target of TDP-43

Futsch HRP

| J VG K NMJ L
<o < g <o £g
: z . 1+ DE
Ze. gg. B2 85 -
=6 P =6 ° 25“
23 232 a3z > g =
E O o § e -I § S o 58 -
° ° w o
w1118 TDPWT TDPGZQES w1118 TDPWT TDPGZSBS w1118 TDPWT TDPGZQES \N’ w1118 TDPWT TDPGZSBS
M Ve N NMJ o VG P NMJ
K *x *x 2
(=% Ep !
£ s 2
ruce N .- SESEIES 1t i
250 kD 250 kD s> S > o i
50 kD 50 kD 58 o 58
actin > actin > 235 o 235~
Ls L@ o2
wite TDPWT  TDPG2e8s wits TDPWT  TDPG2e8s ~ “o ~ .
Q w1118 TDPWT TDPGZ9BS w11|B TDPWT TDPGZBES
DRV 80S iNDES2Es R T
polysomes Poiyaohds Lysate/Input RNP polysomes
u , u
Lo Lo <o ‘
g2 £2, gg "
75 kD £5: £5, Eg -
S o S S .
TDP-43 > g2. g2. i3 m h
M '
20® S B ! ! <& o e & ©
\‘i‘\\ qu‘ 0{915 §~ Q@ o"?% 4&.\\ Q@ 0’9%
37 kD Q&K Q&K I

Figure2.

TDP-43inhibits Futsch expression post-transcriptionally, and futsch mRNA localization and translation are inhibited in the context of TDP-43. A-D, Larval ventral ganglia of D42>w
controls (4, B) and larvae expressing TDP-43 VT (€, D) in motor neurons immunostained for Futsch and Hoescht. E-H, Larval neuromuscular junctions of D42>w

ms

18 controls (E, F) and larvae

expressing TDP-43"" (G, H) in motor neurons immunostained for Futsch and the neuronal membrane marker HRP. I-K, qPCR of futsch mRNA in the context of TDP-43"'" and TDP-43 6298
overexpression versus controls in whole larvae (1), ventral ganglia (VG; J), or neuromuscular junctions (K). L, Quantification of Futsch protein intensity at the neuromuscular junction normalized to
HRP and muscle areas. Allimages were acquired using identical parameters. M, N, Western blots for Futsch levels in Vas (M) and NMJs (N) of TDP-43-expressing larvae. Genotypes are indicated at
the bottom. Actin was used as a loading control. 0, P, Quantification of Futsch protein levels from Western blots represented as a ratio to D42>>w """ controls. Q, TDP-43 """ and TDP-43 6%
associate with RNPs and actively translating polysomes. R—T, qPCR of futsch mRNA in input (R), RNPs (S), and polysomes (T) in the context of TDP-43 T and TDP-43 %% compared with controls.

**p < 0.05; ***p < 0.001, Student’s ¢ test. Scale bars: 4, 20 wm; E, 55 um.

Laboratories) and Super Block (Scytek) solution for 1 h. Mouse mono-
clonal anti-MAP1B (3G5; Abcam) primary antibody was diluted to 1.25
pg/ml in a biotin (Vector Laboratories) and Super Block solution and
incubated overnight. After washing, tissue sections were incubated for
1 h in the appropriate biotinylated IgG secondary antibody (1:200; Vec-
tor Laboratories) diluted in Super Block. Slides were washed, and immu-
nostaining was visualized using the Vectastain Elite ABC reagent (Vector
Laboratories) and Vector NovaRED peroxidase substrate kit (Vector
Laboratories). Slides were counterstained with hematoxylin (Sigma-
Aldrich). Sections were visualized using a BX40 light microscope (Olym-
pus), and images were acquired using a DS L2 digital camera (Nikon). To
determine the percentage of spinal motor neurons containing cytoplas-
mic MAP1B, we used between two and four nonconsecutive lumbar
spinal cord sections from each case (between 10 and 162 motor neurons
per case, with ALS cases typically having fewer surviving motor neurons).
Motor neurons were identified by morphologic assessment, and only
those containing a definite nucleus were included in the analysis. The
percentage of motor neurons containing cytoplasmic MAP1B immuno-
staining was determined independently, by two separate investigators.

Cellular fractionations and Western blotting
Cellular fractionations were adapted from a protocol described previ-
ously (Estes et al., 2013). Briefly, 25 wandering third instar larvae were

homogenized in 250 ul of low-salt (LS) buffer (10 mm Tris, 5 mm EDTA,
10% sucrose, pH 7.5). Homogenates were centrifuged at 2000 X g for
10 s. Fat and cuticle were discarded, and 50 ul of the homogenate was set
aside as input. The remaining 200 ul of homogenate was centrifuged at
25,000 X g for 30 min. The supernatant from this step represents the LS
fraction. The pellet was further extracted with ionic detergent-containing
buffer (10 mm Tris, 5 mm EDTA, 1% Sarkosyl, 10% sucrose, pH 7.5) and
centrifuged at 180,000 X g for 20 min. The supernatant from this step
represents the Sark fraction. The remaining detergent-insoluble pellet
was solubilized in urea-containing buffer (30 mm Tris, 7 M urea, 2 M
thiourea, 4% CHAPS, pH 8.5). All buffers contained 2X Complete Pro-
tease Inhibitor Cocktail (Roche) supplemented with 0.5 mm phenylm-
ethylsulfonylfluoride (PMSF) to block proteolysis. An equal volume of
2X Laemmli buffer was added to individual fractions, which were re-
solved on 4-20% SDS-PAGE gradient precast gels (Bio-Rad) and trans-
ferred to a PVDF membrane (Millipore) for Western blotting. Protein
concentrations were determined using Qubit (Invitrogen), and 20 ug of
protein was loaded. The following primary antibody was used: rabbit
anti-GFP at 1:6000 (Invitrogen). The secondary antibody was goat anti-
rabbit-conjugated HRP at 1:1000 (Thermo Fisher Scientific). Proteins
were detected using SuperSignal West Femto Substrate (Thermo Fisher
Scientific) and quantified using NIH Image] software. TDP-43 levels in
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Table 1. TDP-43 expression alters Futsch protein localization
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D42>w""8 (absolute value; ratio to w'’ 78 VG)

D42>TDP " (absolute value; ratio to w'""®)

D42>>TDP %2%% (absolute value; ratio to w’™®)

VG 1.20 = 0.07; 1.0
NMJ 1.72 £ 0.09; 1.4

1.96 = 0.15; 1.63 (p = 0.01)
0.92 = 0.04; 0.53 (p = 0.001)

1.94 = 0.16; 1.61 (p = 0.01)
0.96 = 0.06; 0.56 (p = 0.001)

Futsch protein levels normalized to actin at the ventral ganglia (VG) and NMJ. Genotypes are as indicated. Mean = SEM and p values are as shown. See also Fig. 8. Western blots were performed as described in Materials and Methods.

individual fractions were normalized to input. The Fisher’s exact test was
used to determine statistical significance.

Acetylated tubulin. Wandering third instar larvae were homogenized
in 2X Laemmli buffer, and Western blot procedures were used as de-
scribed above. The following primary antibodies were used: mouse anti-
acetylated a-tubulin (6-11B-1) at 1:1000 (Santa Cruz Biotechnology)
and mouse anti-tubulin 8 clone KMX-1 at 1:1000 (Millipore). Secondary
antibodies, detection, and quantification methods were as described
above.

Futsch. Ventral ganglia or body-wall muscles were dissected using
standard procedures and homogenized in 2X Laemmli buffer. Samples
were resolved on 4-20% SDS-PAGE gradient gels (Bio-Rad) and trans-
ferred overnight on nitrocellulose membrane (Bio-Rad). The following
primary antibodies were used: 1:1000 mouse anti-22C10 (DSHB) and
1:10,000 rabbit anti-B-Actin (Cell Signaling). Secondary antibodies, de-
tection, and quantification methods were as described above.

RNA immunoprecipitations and RT-PCR experiments
Drosophila  immunoprecipitations. Heads from GMR>TDP“T or
GMR>TDP 9285 flies were collected, frozen, ground into fine powder,
and resuspended in 3 ml of lysis buffer [50 mm HEPES, pH 7.4, 0.5%
Triton X-100, 150 mm NaCl, 30 mm EDTA, 7 X Protease Inhibitor Cock-
tail (Roche), 40 U/ul Rnasin Plus (Promega), 0.2 mm PMSF]. After ho-
mogenization, the cell lysate was cleared of debris by centrifugation at
7000 rpm for 10 min at 4°C. Ten micrograms of rabbit a-GFP polyclonal
antibody (Invitrogen) were added to lysate and incubated for 2 h at 4°C.
Next, Dynabeads Protein A was added and incubated for 2 h at 4°C. Ten
micrograms of rabbit IgG (Roche) were used as a control. The Dynabeads
Protein A immune complexes were washed three times for 5 min each in
wash buffer (50 mm HEPES, pH 7.4, 0.5% Triton X-100, 250 mMm NaCl,
30 mm EDTA, 40 U/ul Rnasin Plus). The immune complexes were col-
lected, resuspended in 1X Laemmli buffer (0.0625 m Tris HC, 2% SDS,
10% glycerol, 0.002% bromophenol blue), and analyzed by immuno-
blotting using standard procedures. Protein concentrations were calcu-
lated using Qubit, and equal amounts of protein (20 ug) were loaded.
Chicken a-GFP at 1:10,000 (Abcam) was used to probe GFP TDP-43.
RT-PCR. After RNA immunoprecipitation, RNA was isolated from
total lysate, IgG control immunoprecipitation (IP), or immunoprecipi-
tated TDP-43 complex using an RNeasy kit (Qiagen) with on-column
DNase treatment. One microgram of RNA was used to perform first-
strand cDNA synthesis with a Superscript III cDNA synthesis kit (Invit-
rogen). RT-PCRs were performed using GoTaq Flexi DNA Polymerase
(Promega). Equal amounts of cDNA (100 ng) were used for each RT-
PCR. The following primers were used: GAPDH, forward CCGCAGT-
GCTTGTTTTGCT and reverse TATGGCCGAACCCCAGTTG; Futsch
6/7 exon—exon junction, forward TAACATGCTTGTTGACGGCG and
reverse CCCTTGCGGTCAGGTACATT.

Polysome fractionations

One hundred fifty milligrams of adult frozen flies were ground and ho-
mogenized in 1 ml of buffer containing 25 mm Tris-HCI, pH 7.5, 250 mm
NaCl, 250 mm NH,Cl, 50 mm MgCl,, 250 mum sucrose, 1 mg/ml cyclo-
heximide, 100 U/ml Rnasin, 1% Triton, 0.5% B-mercaptoethanol). Poly-
somes were separated by centrifugation on 15-50% sucrose gradients at
188,777 rcf and at 4°C for 2 h, 35 min; and fractionated using a flow-
through spectrophotometer (Brandel) with a 254 nm detector. RNA was
precipitated from fractions using Trizol (Invitrogen). Protein was pre-
cipitated using trichloroacetic acid and acetone, after which the pellet was
dissolved in 100 ul of 0.5 M Tris, pH.11, and 3% SDS. Ten micrograms of
protein were loaded in each lane, subjected to SDS-PAGE and Western
blotting as described for cellular fractionation experiments. S6 ribosomal
protein was detected using mAb #2317 (Cell Signaling) at 1:500. Second-

Table 2. TDP-43 expression alters futsch mRNA localization

D42>w'"  Da2>TDP W (ratiotow’"’®)  D42>TDP % (ratiotow '""%)
VG 1.0 3.99 3.15
NMJ 14 0.60 0.66

futsch mRNA levels at the ventral ganglia (VG) and NMJ in TDP-43-expressing larvae are represented as fold change
compared with w'"™® controls. w’"™ futsch mRNA levels at the NMJ are represented as fold change compared with
W” 18 VG

Table 3. futsch mRNA levels quantified with different primer sets

D42>w'""8 D42>TDPWT D42>TDP 628
Futsch 5/6 1.0 1.02 1.12
Futsch 6/7 1.0 0.97 1.02
Futsch 8/9 1.0 1.03 0.92

futsch mRNA levels in whole larvae expressing TDP-43 using three different primer sets spanning different exon—
exon junctions along the futsch transcript.

Table 4. Quantification of TDP-43 distribution in polysome fractions
TDP-43"" (absolute value; ratio  TDP-43 %% (absolute value; ratio

toinput) toinput)

Input 1.04 = 0.02 115+ 0.12

RNP 1.05 = 0.02; 1.01 = 0.001 1.14 = 0.12; 0.99 = 0.003
405/60S 0.97 = 0.06; 0.93 = 0.04 1.05 = 0.05; 0.93 = 0.07

80S (monosome)  0.83 = 0.05; 0.80 = 0.03 0.88 = 0.03; 0.78 = 0.05

2 ribosomes 0.90 = 0.04; 0.87 = 0.02 0.85 £ 0.01; 0.75 £ 0.07

3 ribosomes 0.85 = 0.04;0.82 = 0.03 0.85 = 0.03; 0.76 = 0.08

4 ribosomes 0.84 = 0.05; 0.80 = 0.03 0.84 = 0.08; 0.74 = 0.04

5 ribosomes 0.85 +0.03; 0.82 = 0.02 0.83 = 0.08; 0.73 = 0.04

6 ribosomes 0.84 = 0.01;0.81 == 0.01 0.82 = 0.08; 0.72 = 0.07

Quantification of TDP-43 protein distribution throughout the polysome gradient relative to S6 ribosomal protein
distribution.

ary antibodies, detection, and quantification methods were as described
above.

qRT-PCR
Total RNA was prepared from wandering third instar larvae, body-wall
muscles, or ventral ganglia using the RNeasy kit (Qiagen) with on-
column DNase treatment. First-strand cDNA synthesis was performed
with a Superscript III ¢cDNA synthesis kit (Invitrogen). Quantitative
PCRs (qPCRs) were conducted with SYBR Select Master Mix (Applied
Biosystems) and an ABI 7300 Real Time PCR System (Applied Biosys-
tems). These experiments were performed with three different primer
sets spanning different exon—exon junctions, and similar results were
obtained (see Table 3). Primers used are listed above as well as the fol-
lowing additional primers for whole larvae: 5/6 exon—exon junction,
forward AGAGCACGACGTACAAAGGG and reverse ATGGGCGC-
GAGGTAATCAAT; 8/9 exon—exon junction, forward GCACCACTC-
CCAAGAAGGAA and reverse GGTGACCTCCAACTCCTTGTC. Samples
were prepared and run in triplicate. Fold differences were calculated by stan-
dard AACT methods (Pfaffl, 2001).

qPCR for polysome fractions. After polysome fractionation and RNA
precipitation with Trizol (Invitrogen), first-strand cDNA synthesis was
performed with a Superscript ITII cDNA synthesis kit (Invitrogen), and
qPCR was performed as described above with GAPDH and Futsch 6/7
primers. Fractions were normalized to their respective inputs.

qPCR for RNA immunoprecipitations. After RNA immunoprecipi-
tations (RIPs), RNA isolation and cDNA synthesis were performed as
above. qPCR was performed as above with Futsch 6/7 primers and
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the following TDP-43 primers: forward *%
ACAACCGAACAGGACCTG and reverse *
GGCTCATCTTGGCTTTGC. TDP-43 was 56 -

used as the reference mRNA for calculating ﬁ
fold change as GAPDH is not present in the
TDP-43 complex and TDP-43 has previously
been shown to bind its own mRNA (Ayala et

al., 2011).
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TDP-43 alters futsch mRNA localization and inhibits Futsch
expression post-transcriptionally

To determine whether TDP-43 regulates the expression of futsch
mRNA in vivo, we first expressed TDP-43 in motor neurons using
the motor neuron-specific D42 Gal4 driver (Gustafson and Bou-
lianne, 1996). We then used confocal microscopy to examine
Futsch protein levels in the cell bodies of motor neurons in the
ventral ganglion and found a marked increase compared with
controls (compare Fig. 2, C,D, A,B). In contrast, there was a
significant reduction in Futsch protein levels at the NMJ (51%
decrease for TDP-43"", P ... = 5.48E-11, Fig. 2G,H,L; 43%
decrease for TDP-436%% p | = 2.17E-08, data not shown)
compared with controls (Fig. 2 E,F,L). Consistent with our imag-
ing results, Western blots showed a significant increase in Futsch
protein in ventral ganglia (63% for TDP-43%“7", P, . = 0.01;
61% for TDP-4352°% p . = 0.01; Fig. 2M,O; Table 1) and a
significant reduction at the NMJ (47% decrease for TDP-43 wI,
P, 1ue = 0.001; 44% decrease for TDP-43 285 P ~=0.001; Fig.
2N, P; Table 1) compared with controls. Notably, we found an
increase in Futsch protein at the NMJ compared with ventral
ganglia in w'''® controls (Fig. 2 M, N; Table 1). These data indi-
cate TDP-43-dependent alterations in the localization of Futsch,
with more protein in motor neuron cell bodies and less at the
NMJ, suggesting a possible defect in mRNA transport and/or
translation. To test this, we quantified futsch mRNA by qPCR and
found an increase in futsch transcript levels (3.99-fold for TDP-
43T and 3.15-fold for TDP-43 ©29%5, Fig. 2J; Table 2) in the
ventral ganglion (motor neuron cell bodies), whereas at the NMJ
there was a significant decrease (40% decrease for TDP-43 " and
34% decrease for TDP-43 52985, Fig. 2K; Table 2) compared with
controls. Notably, the reduction in Futsch protein levels quanti-
fied by Western blot (or confocal microscopy) is more pro-
nounced than the decrease in futsch mRNA levels as determined
by qPCR at the NMJ (compare Fig. 2, ], K, O,P; Tables 1, 2). These
data suggest that TDP-43 alters futsch mRNA localization and
also inhibits its expression post-transcriptionally. Indeed, futsch
mRNA quantification by qPCR from whole larvae showed that
neither TDP-43"" nor TDP-43 2°* have an effect on steady-
state transcript levels compared with controls (Fig. 2I; Table 3).
Although at this time we cannot eliminate the possibility that
TDP-43 controls the stability of futsch mRNA and/or protein
degradation, together our data indicate that TDP-43 alters the
localization of futsch mRNA and protein and suggest a role in
mRNA transport and translation at the NM]J.

Futsch mRNA translation is inhibited in the context of
TDP-43 proteinopathy in motor neurons

To further probe TDP-43’s role in translation, we performed
polysome fractionation experiments from whole adult flies ex-

<«

Figure4.  Futschis neuroprotective at the Drosophila neuromuscular junction. 4, ¢, E, Larval
neuromuscular junctions of D42>>w """ controls (4) and larvae expressing TDP-43"" () or
TDP-43 %25 (E) in motor neurons immunostained for Futsch and the neuronal membrane
marker HRP. B, D, F, Larval neuromuscular junctions of Futsch OF in a TDP-43 T (D) and TDP-
435285 (F) background compared with Futsch OE controls (B) immunostained for Futsch and
the neuronal membrane marker HRP. All images were acquired using identical parameters.
AT-F1,High-magnification views of HRP immunostaining shown in A-F. The white arrowhead
or asterisk indicates bouton of interest. A2—F2, High-magpnification views of Futsch immuno-
staining shown in A—F. White arrowheads indicate fully formed Futsch loops in the bouton of
interest, and white asterisks indicate fuzzy Futsch staining in the bouton of interest. G, Quanti-
fication of bouton number normalized to muscle areas. H, Quantification of fuzzy Futsch loops
normalized to HRP areas. ***p < 0.001, *p << 0.05, Student’s ¢ test. Scale bars: 4, 35 um; AT,
5 um.
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pressing TDP-43 in motor neurons (D42>TDP-43). These ex-
periments show that TDP"" and TDP “***® associate with both
untranslated fractions (RNPs and ribosomal subunits) and ac-
tively translating polyribosomes (Fig. 2Q; Table 4). Next, we per-
formed qRT-PCR to quantify the levels of futsch transcript in
input compared with RNPs and polysome fractions. As previ-
ously seen in larvae, we found that TDP-43 ™" and TDP-43 ©29%
have no effect on the input levels of futsch mRNA in adult flies
(D42>TDP"" and D42>TDP “***%) compared with controls
(D42>w'"'%; Fig. 2R). In contrast, we found a 4.7- and 2.9-fold
increase in futsch mRNA levels in the RNP fraction of TDP-
43VT_and TDP-43 “**%_expressing flies, respectively, compared
with w''*¢ controls (Fig. 2S) and a corresponding decrease in
futsch mRNA in the polysome fraction of TDP-43-expressing flies
compared with controls (2.9-fold/66% decrease for both TDP-
43T and TDP-43 “*** compared with w'''® controls; Fig. 27T).
These data indicate that futsch mRNA undergoes a shift from the
actively translated to the untranslated fractions in a TDP-43-
dependent manner and demonstrate that futsch mRNA is trans-
lationally repressed by TDP-43 in motor neurons.

Futsch is neuroprotective in the context of TDP-

43 overexpression

Given the known role of futsch in the development and mainte-
nance of synaptic contacts at the NM]J, its post-transcriptional
regulation by TDP-43, and the anatomical and functional neuro-
muscular defects caused by TDP-43 in our Drosophila model of
ALS (Hummel et al., 2000; Roos et al., 2000; Estes et al., 2013), we
hypothesized that restoring futsch expression in the context of
TDP-43 may be neuroprotective. To test this possibility, we mea-
sured the effects of futsch dosage on survival and larval turning
phenotypes caused by TDP-43 in motor neurons (Fig. 3). Al-
though futsch knockdown by RNAi in the context of TDP-43 had
no statistically significant effect on larval turning (Fig. 3A), there
was 100% pupal lethality, indicating that viability was affected
(Figs. 3B, C). A possible explanation for this differential effect on
locomotor function versus life span is that even though the effi-
ciency of the RNAi knockdown is high (92% reduction in protein
expression locally at the NM]J; data not shown), locomotor de-
fects elicited by TDP-43 overexpression are already so severe that
a further reduction in futsch levels has no additional impact. In
contrast, overexpression of futsch ( futsch OE, 26% over endoge-
nous levels by Western; data not shown) suppressed TDP-43
toxicity, as indicated by a significant decrease in larval turning
time (Fig. 3A), and increased life span (25 d for TDP"" futsch OE
compared with 22 d for TDP W7, P, = 0.0009, Fig. 3B; 24 d for
TDP “*** futsch OF compared with 18 d for TDPS***5, P, = =
0.001, Fig. 3C). futsch knockdown by RNAI alone resulted in a
small but significant life span reduction (35 d for futsch® ! vs
40 d for w'''® controls; P, = 0.001), whereas futsch OE did not
have a significant effect (38 d; P, ., = 0.35) compared with w'’®
controls. These findings demonstrate that futsch is neuroprotec-
tive and can mitigate TDP-43-dependent phenotypes including
locomotor dysfunction and life span reduction.

Futsch mitigates architectural defects at the neuromuscular
junction by increasing microtubule stability

Given its known structural role at the neuromuscular synapse
(Hummel et al., 2000; Roos et al., 2000), we hypothesized that
futsch may also alleviate morphological abnormalities caused by
TDP-43 at the larval NM]J (Estes et al., 2013). As reported previ-
ously, we found that overexpression of TDP-43"" or TDP-
43*%% in motor neurons results in a significant reduction in
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TDP-43 aggregates are significantly decreased by Futsch OE. 4, B, Solubility studies using third instar larvae show the distribution of TDP-43 variants WT (4) and G298S (B) in LS, Sarkosyl

(Sark), and urea fractions alone in the context of Futsch overexpression (Futsch OE). €, D, Quantification of WT (C) or G298S (D) TDP-43 levelsin LS, Sark, and urea fractions normalized to input. *p <

0.05; ***p < 0.001, Fisher's exact test.

synaptic bouton numbers/muscle area compared with w'*’® con-

trols (P, = 0.004 for TDP-43"" and P, ;.. = 0.003 for TDP-
4362988, Fig. 4G; Estes et al., 2013). After futsch overexpression,
we found that bouton numbers were restored to control levels
(Pyae = 8.7E-05 for TDP-43"" and P, ;. = 0.0004 for TDP-
4352985, Fig 4G). Although futsch overexpression alone did not
have a significant effect on the number of synaptic boutons com-
pared with w'"*® controls (Fig. 4G), it did result in longer presyn-
aptic terminals, consistent with Futsch’s role in microtubule
stability.

While performing these studies, we noticed marked differ-
ences in the distribution of Futsch protein at the NM]J synapse in
the context of TDP-43. It has been previously reported that when
synaptic boutons stabilize, they harbor stable microtubules
shaped as clearly defined, Futsch positive loops (Ruiz-Canada et
al.,, 2004; Fig. 4A,B,D,F, insets A2,B2,D2,F2). In contrast,
TDP-43 overexpression in motor neurons led to the appearance
of fuzzy Futsch loops that were either misshapen or lacked a
clearly defined loop structure (compare Fig. 4, A, B, C,E). Quan-
tification of Futsch-positive loops (Fig. 4C,E, insets C2,E2)
showed a significant increase in fuzzy loops in TDP-43""- and

<«

Figure 5.  Futsch overexpression increases microtubule stability at the NMJ. A-C, Larval
neuromuscular junctions of D42>>w "8 controls (4) and larvae expressing TDP-43 T (B) or
TDP-43 52985 (€) in motor neurons immunostained for the neuronal membrane marker HRP.
Arrowheads indicate satellite boutons. D—F, Larval neuromuscular junctions of Futsch OE in a
TDP-43" (E) and TDP-43 % (F) background compared with Futsch OF controls (D) immu-
nostained for the neuronal membrane marker HRP. Arrowheads indicate satellite boutons. G,
Western blot analysis showing acetylated tubulin levels. Genotypes are indicated at the top.
Antibodies are indicated on the left. Tubulin was used as a loading control. H, Quantification of
satellite bouton number normalized to total boutons. /, Quantification of relative protein levels
from Western blot analysis. *p << 0.05; **p << 0.01; ***p << 0.001, Student’s ¢ test. Scale bar,
5 um.

TDP-43 S2%85_expressing larvae compared with controls (P, . =
0.0006 for TDP-43"" and P,;,. = 1.26E-06 for TDP-43 S5
Fig. 4H). After co-overexpression of futsch and TDP-43 (Fig.
4D, F), the number of fuzzy Futsch loops decreased significantly
to approximately control numbers (P,,,. = 0.0003 for TDP-
43" and P, = 6.59E-07 for TDP “?°%5; Fig. 4H ). In addition,
co-overexpression of futsch and TDP-43 led to a restoration of
Futsch protein levels at the NMJ to that of controls (data not
shown). These results suggest that in the context of TDP-43 tox-
icity, microtubule disorganization may occur within synaptic
boutons, leading to the observed morphological and functional
defects (Estes et al., 2011, 2013). Indeed, we found a significant
increase in the number of satellite boutons (which are associated
with defects in synaptic growth as a result of microtubule insta-
bility at the NM]J) in both TDP-43""- and TDP-4352%.
expressing larvae compared with controls (Fig. 5A-C,H). After
overexpression of futsch in a TDP-43 background, the number of
satellite boutons was restored to control levels (Fig. 5D-F,H ). To
further investigate whether the reduction of satellite boutons af-
ter Futsch OE was indeed caused by increased microtubule sta-
bility, we quantified the levels of acetylated tubulin, a marker of
stable microtubules by Western blot analysis. Stable microtu-
bules contain more acetylated a subunits without a change in
total number of a and B subunits. We found that acetylated
tubulin levels were reduced in larvae expressing TDP-43%7" or
TDP-43%?*%S when normalized to B-tubulin and compared with
controls (Fig. 5G,I), which is consistent with unstable microtu-
bules. Conversely, futsch OE in the context of TDP-43"" and
TDP-43 5285 restored acetylated tubulin levels back to those of
controls (Fig. 5G,I). As expected, Futsch OF alone had increased
levels of acetylated tubulin compared with controls (Fig. 5G,I)
and is consistent with its known role in promoting microtubule
stability. Together, these data indicate that Futsch overexpression
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in the context of TDP-43 rescues synaptic growth abnormalities
by increasing microtubule stability. Given our findings of trans-
lational dysregulation (Fig. 2) and the suggested role of TDP-43
in local translation at synapses (Wang et al., 2008; Fallini et al.,
2012; Alami et al., 2014), an attractive scenario is that the reduc-
tion of well defined Futsch-positive loops and microtubule sta-
bility within synaptic boutons of TDP-43-expressing larvae could
be the result of defects in localized futsch mRNA protein
synthesis.

TDP-43 aggregates are significantly decreased by

futsch overexpression

One of the suggested mechanisms for the pathophysiology of ALS
is the formation and persistence of cellular, proteinaceous aggre-
gates. Indeed, we have previously reported that a small fraction of
TDP-43 associates with aggregates defined as urea-insoluble
complexes (Estes et al., 2013); thus, we hypothesized that at the
molecular level, futsch overexpression may be neuroprotective by
decreasing the amount of insoluble TDP-43. To test this, we per-
formed cellular fractionations from larvae overexpressing futsch
or TDP-43, individually or together in motor neurons, and quan-
tified the amount of TDP-43 present in low-salt-, Sarkosyl-, and
urea-insoluble fractions. These experiments showed that overex-
pression of futsch significantly reduced the amount of TDP-43
(both TDP-43%" and TDP-43 “?*%) in the urea-insoluble frac-
tion (Fig. 6). Additionally, futsch overexpression significantly in-
creased the amount of TDP-43 “*%% present in the soluble (LS)
fraction (Fig. 6 B,D). These findings are consistent with the no-
tion that futsch overexpression is neuroprotective by reducing the
ability of TDP-43 to form insoluble aggregates (see Fig. 8 for
model).

Futsch/MAP1B localization is altered in ALS spinal cords

Our findings in the fly predict that the expression or subcellular
distribution of MAP1B is altered in motor neurons of ALS pa-
tients. To test this, we used immunohistochemistry to examine
the subcellular localization of MAP1B in the lumbar spinal cord
and hippocampus from six non-neurologic disease controls and
eight ALS subjects with TDP-43 pathology. Consistent with our
findings in the fly, these data indicate that MAP1B accumulates in
spinal cord motor neuron cell bodies in seven of eight ALS sub-
jects (compare Fig. 7, B, A) compared with controls. We deter-
mined the percentage of spinal cord motor neurons containing
MAP1B in the cell body for each subject, with MAP1B in the cell
body of 0.3 = 0.3% motor neurons in non-neurologic controls
and 44.3 = 8.9% in ALS cases (Table 5). MAP1B was not ob-
served in the cell body of spinal motor neurons in the familial ALS
patient that harbored the COORF72 repeat expansion. We did not
detect an obvious alteration in MAP1B immunoreactivity in the
spinal cord white matter (data not shown). We also examined the
subcellular distribution of MAP1B in the hippocampus. MAP1B
was detected in the cell body and neurites of neurons within the
hippocampus of all control subjects (Fig. 7C,E,G,I). A similar
pattern of MAP1B immunostaining was observed in ALS hip-
pocampal tissues (Fig. 7D,F,H,J), albeit increased staining in
some dystrophic neurites throughout the hippocampus in ALS
patients and more intense cell body and neurite immunoreactiv-
ity within dentate granule cells of the ALS/FTLD patient with the
C9ORF72 repeat expansion (Fig. 7F,]).

Discussion

Here we show that TDP-43, an RNA-binding protein linked to a
significant fraction of ALS cases, associates with futsch mRNA in
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Figure7. MAP1B localization in ALS patient samples. 4, B, MAP1B immunostaining in con-

trol (4) and ALS (B) lumbar spinal cords. Note the cell body accumulation of MAP1B in ALS
tissues (compare arrowheads). (—J, MAP1B immunostainings in control (C, E, G, /) and ALS (D,
F, H,J) dentate gyrus (DG) and CA1 regions of the hippocampus. Note the additional cell body
and proximal neurite accumulation of MAP1B in the DG of the ALS/FTLD subject (F). Scale bars:
A, 40 pm; €, 30 m.

a complex in vivo and regulates its localization and translation in
Drosophila motor neurons. Using polysome fractionations, we
show that wild-type and disease-associated mutant TDP-43 co-
fractionate with both the untranslated fractions, namely RNPs
and ribosomal subunits, and actively translating polyribosomes.
Our results add translation regulation to TDP-43’s plethora of
known roles in RNA processing, such as transcription, splicing,
and mRNA transport (Polymenidou et al., 2011; Alami et al,,
2014), and suggest that TDP-43 contributes to the pathophysiol-
ogy of ALS via multiple RNA-based mechanisms.

To our knowledge, these data provide the first in vivo demon-
stration that TDP-43 associates with polysomes and regulates the
translation of futsch mRNA. Our findings are consistent with
previous reports that futsch mRNA coimmunoprecipitates with
Drosophila TBPH, and the mammalian homolog, MAP1B, is a
candidate target of TDP-43 in mouse brains (Godena et al., 2011;
Sephton et al., 2011). Our results showing a decrease in Futsch
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Table 5. Human tissues and quantification of MAP1B in the cytoplasm of spinal
cord motor neurons

Number of
Age (years)/  PMT  MNs Percentage of MNs with
Case  Diagnosis gender (hours) counted MAP1B in cell body
a Control 54/M 6 148 0
brain—no
pathology
Q Subacute 53/F 4 162 1.8
infarcts
G Metastatic 51/F 5 65 0
carcinoma
“ Metastatic 57/F n 28 0
carcinoma
(€ Pulmonary 57IM 2 108 0
fibrosis
(6 Control 58/F 5 62 0
brain—no
pathology
ALST  ALS 62/F 4 32 19
ALS2  ALS 50/F 7 10 30.0
ALS3  Familial ALS 63/F 4 35 0
(C90RF72)
ALS4  ALS 60/F 4 44 66
ALS5  ALS 59/M 4 121 72
ALS6  ALS 63/F 2 51 59
ALS7  ALS 53/M 8 25 52
ALS8  ALS 55/M 3 37 57

PMT, Postmortem interval; MN, motor neuron; M, male; F, female. The percentage of spinal cord motor neurons
containing MAP1B in the cell body was determined in motor neurons observed in between two and four tissue
sections per case. The average percentage of motor neurons containing MAP1B in the cell body was 0.3 = 0.3% per
control case and 44 = 8.9% per ALS case (*SD).

levels at the NMJ and an increase in Futsch levels in motor neuron
cell bodies suggest a model whereby futsch/MAPIB mRNA may
not be properly transported into axons (see Fig. 8 for model).
This is substantiated by qPCR from ventral ganglia where futsch
mRNA is found at higher levels than at the NMJ compared with
controls. Although we cannot exclude the possibility that TDP-43

A Control B

TDPYT 3.99
1.4 TDPG2%8s 3 15

ALS Cc
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regulates futsch mRNA stability, given the more pronounced re-
duction in protein versus transcript levels at the NMJ compared
with cell bodies and the shift to untranslated fractions in poly-
somes, these data suggest TDP-43-dependent defects in futsch/
MAPIB mRNA transport and protein expression at the NMJ.
Although the underlying cause remains unknown, Futsch protein
levels are also reduced at the NMJ in the absence of TBPH (the
Drosophila homolog of TDP-43; Godena et al., 2011), suggesting
aloss-of-function mechanism for the disease. Interestingly, there
is a marked increased in futsch mRNA in motor neuron cell bod-
ies in ventral ganglia relative to Futsch protein levels. This sug-
gests that TDP-43 also regulates the expression of Futsch in
motor neuron cell bodies possibly through sequestration into
RNP complexes. Although we could not detect cytoplasmic
TDP-43 puncta in vivo, a plausible scenario is that TDP-43-
containing complexes are below the limit of resolution of the
confocal microscope, as suggested by cellular fractionation ex-
periments indicating the presence of cytoplasmic TDP-43 (data
not shown and Estes et al., 2013). Since futsch is the Drosophila
homolog of MAPIB and MAP1B mRNA has been identified in
TDP-43-containing RNP complexes in mouse models (Sephton
etal., 2011), these results predict that MAP1B and microtubule-
based processes may also be affected in ALS patient tissues. In-
deed, similar to our results in the fly, immunohistochemistry
experiments reveal a significant accumulation of MAP1B in mo-
tor neuron cell bodies in ALS spinal cords compared with con-
trols but not in the hippocampus. Although these alterations may
be the result of ongoing neurodegeneration, the remarkable sim-
ilarities with the fly model suggest that comparable defects in
transport and translation processes may occur in the human dis-
ease. [tis interesting to note that spinal cord motor neurons in the
patient with the C9ORF72 repeat expansion failed to contain
MAPI1B immunostaining in the cell body, suggesting altered
pathogenic mechanisms from sporadic ALS patients, though fur-
ther studies with an increased number of patients within this
repeat expansion are required to confirm this finding.

Futsch OE
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0.66

© TDP-43
' TDP-43 aggregate
/ futsch mRNA
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Figure 8.

TDP®2%s 1,61 0.56
Altered mRNA Localization
Decreased Microtubule Stability
Increased TDP-43 Aggregation
Decreased NMJ size

Decreased Locomotor Function
Decreased Lifespan

Restored Futsch Protein at NMJ
Restored mRNA Localization
Increased Microtubule Stability
Increased TDP-43 Solubility
Restored NMJ size

Increased Locomotor Function
Increased Lifespan

Model of futsch mRNA regulation by TDP-43. 4, In controls, TDP-43 transports futsch mRNA to synapses where translation occurs, resulting in stabilized synaptic connections. B, In the

ALS model, TDP-43 alters the localization of futsch mRNA, increasing its concentration in the cell body and reducing its concentration at the NMJ. Additionally, TDP-43 negatively requlates Futsch
expression post-transcriptionally at the level of translation, resulting in decreased Futsch protein levels in both the cell body and at the NMJ relative to mRNA concentrations. Subsequently, this leads
to decreased microtubule stability, increased aggregation of TDP-43, and reduced NMJ size, locomotor function, and life span. €, After Futsch overexpression in the context of TDP-43, futsch mRNA
localization and Futsch protein levels are restored subsequently, resulting in a rescue of microtubule stability, TDP-43 solubility, as well as NMJ size, locomotor function, and life span.
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Interestingly, Futsch protein expression is similarly inhibited
by wild-type or mutant TDP-43, supporting a scenario in which
MAPIB dysregulation may be a shared feature of ALS cases with
TDP-43-positive pathology, regardless of etiology. It is possible
that other targets, which remain to be identified, are regulated in
a variant-dependent manner. Indeed, RNA sequencing experi-
ments from wild-type and mutant polysome fractions indicate
several distinct, up- and down-translated mRNAs (S. G. Daniel
and D. C. Zarnescu, unpublished observations). Perhaps TDP-
43’s role in translation is not surprising as it has previously been
shown to associate with stress granules (SGs), which are known to
sequester mRNAs and inhibit their translation during environ-
mental stress (Colombrita et al., 2009; Liu-Yesucevitz et al., 2010;
Dewey et al., 2011; McDonald et al., 2011). Although TDP-43
does not seem to be required for SG formation, ALS-linked mu-
tations in TDP-43 were shown to alter the dynamics of SG assem-
bly and disassembly (Dewey et al., 2011; McDonald et al., 2011).
This is consistent with our previous findings that the molecular
mobility of wild-type TDP-43 differs from that of the mutant
variants in primary motor neurons (Estes et al., 2013). Further-
more, TDP-43-containing cytoplasmic aggregates can “evolve”
from paraquat-induced SG (Parker et al., 2012). Together, these
findings suggest a scenario whereby, in response to stress, possi-
bly caused by aging or environmental factors, TDP-43 localizes to
cytoplasmic SGs that in turn lead to altered ribostasis (Ramas-
wami et al., 2013), including abnormal futsch mRNA expression
as demonstrated by our experiments.

Using genetic interaction approaches, we show that futsch is a
physiologically significant RNA target of TDP-43 and can allevi-
ate locomotor dysfunction and increase life span. At the struc-
tural level, Futsch protein shares homology with mammalian
MAPI1B as well as neurofilaments, which do not exist per se in
Drosophila (Hummel et al., 2000). Interestingly, TDP-43 was
shown to bind, transport, and sequester neurofilament light
(NEFL) mRNA into SG, which contributes to ALS-like pheno-
types in motor neurons (Strong et al., 2007; Volkening et al.,
2009; Alami et al., 2014). Given Futsch’s known requirement in
axonal and dendritic development and the organization of mi-
crotubules at the synapse (Hummel et al., 2000; Roos et al., 2000),
our findings suggest that these processes may be involved in the
pathophysiology of ALS. Indeed, recent studies in SODI1- and
TDP-43-based models of ALS demonstrate an impairment in
microtubule-based axonal transport (Magrane et al., 2013; Rob-
berecht and Philips, 2013).

Consistent with previous studies in which tubulin acetylation
has been shown to rescue transport defects in neurodegeneration
(Dompierre et al., 2007), our data show that TDP-43 leads to
reduced levels of acetylated tubulin, and this is rescued by futsch
overexpression. Other TDP-43 targets such as HDAC6, which is
regulated by TDP-43 at the level of transcription, are also linked
to microtubule stability (Fiesel et al., 2011), providing additional
support to the notion that microtubule stability is an important
factor mediating TDP-43 toxicity. It is possible that microtubule
stability is regulated locally by an interplay between Futsch and
HDACS6 at the NMJ. Additionally, microtubule integrity and
stress granules have been intricately linked. It has been demon-
strated that microtubule integrity is important for the transpor-
tation and disassembly of stress granules (Nadezhdina et al.,
2010). Also, SGs can be cleared by autophagy (Buchan et al.,
2013), and microtubules are used to transport autophagosomes
to the microtubule organizing center where they fuse with lyso-
somes (Mackeh et al., 2013; Nixon, 2013). Notably, microtubule
stability can promote transport by association of motors that
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preferentially bind acetylated microtubules (Conde and Caceres,
2009). Futsch is often associated with the stabilization of micro-
tubules at the synapse through the formation of loop structures
(Roos et al., 2000) as we have also seen in the context of TDP-43.
Therefore, restoration of Futsch levels and microtubule stability
may mitigate TDP-43 toxicity through multiple mechanisms, in-
cluding restoring transport of target mRNAs essential for synap-
tic stability and transport, disassembly, and/or clearance of stress
granules, which in turn may interfere with aggregate formation as
suggested by the observed decrease in insoluble TDP-43. In con-
clusion, we identify futsch as a disease-relevant and functionally
significant post-transcriptional target of TDP-43. Given the role
of futsch/MAPIB in microtubule and synaptic stabilization, our
findings point to microtubule-based processes as targets for the de-
velopment of therapeutic strategies for TDP-43 proteinopathies.
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