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Abstract: Amyotrophic lateral sclerosis (ALS) is a rapidly progressive neurodegenerative disease characterized by
the motor neuron degeneration that eventually leads to complete paralysis and death within 2-5 years after disease
onset. One of the major pathological hallmark of ALS is abnormal accumulation of inclusions containing TAR DNA-
binding protein-43 (TDP-43). TDP-43 is normally found in the nucleus, but in ALS, it localizes in the cytoplasm as
inclusions as well as in the nucleus. Loss of nuclear TDP-43 functions likely contributes to neurodegeneration. TBPH
is the Drosophila ortholog of human TDP-43. In the present study, we confirmed that Drosophila models harboring
TBPH knockdown develop locomotive deficits and degeneration of motoneurons (MNs) due to loss of its nuclear
functions, recapitulating the human ALS phenotypes. We previously suggested that ter94, the Drosophila ortholog
of human Valosin-containing protein (VCP), is a modulator of degeneration in MNs induced by knockdown of Caz, the
Drosophila ortholog of human FUS. In this study, to determine the effects of VCP on TDP-43-assosiated ALS patho-
genic processes, we examined genetic interactions between TBPH and ter94. Overexpression of ter94 suppressed
the compound eye degeneration caused by TBPH knockdown and suppressed the morbid phenotypes caused by
neuron-specific TBPH knockdown, such as locomotive dysfunction and degeneration of MN terminals. Further im-
munocytochemical analyses revealed that the suppression is caused by restoring the cytoplasmically mislocalized
TBPH back to the nucleus. In consistent with these observations, a loss-of-function mutation of ter94 enhanced
the compound eye degeneration caused by TBPH knockdown, and partially enhanced the locomotive dysfunction
caused by TBPH knockdown. Our data demonstrated that expression levels of ter94 influenced the phenotypes
caused by TBPH knockdown, and indicate that reagents that up-regulate the function of human VCP could modify
MN degeneration in ALS caused by TDP-43 mislocalization.
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Introduction

ALS is a progressive neurodegenerative dis-
ease characterized by degeneration of moto-
neurons (MNs). Clinical phenotypes of this dis-
ease are progressive muscle weakness and
eventually fatal paralysis typically within 2-5
years after disease onset. The prevalence of
ALS is 4-6 per 100,000 in most countries, and
more than 15 million people currently succumb
to the disease each year [1-3]. No fundamental
treatment for ALS has been established. Path-
ologically, ALS is characterized by cytoplasmic

protein aggregates containing transactivating
response element DNA binding protein-43
(TDP-43) [4]. Brains from patients with fronto-
temporal lobar degeneration (FTLD) also show
cytoplasmic protein aggregates containing
TDP-43. About 20% of people with ALS meet
the clinical criteria for a concomitant diagnosis
of FTLD [3]. Some patients with ALS and FTLD
have overlapping clinical and neuropathological
features [4-7].

The DNA/RNA-binding protein TDP-43 (gene
TARDBP) has been identified as the major con-
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stituent of the ubiquitin-positive neuronal inclu-
sion bodies observed in patients with FTLD and
ALS [4, 8-12], and an association between
mutations in TDP-43 and an inherited form of
ALS was subsequently found [13-20]. The dis-
covery of TDP-43 aroused much interest in mol-
ecules related to RNA processing in the patho-
genesis of ALS [9]. Subsequently, mutations in
another gene, fused in sarcoma (protein FUS,
gene FUS) was identified as a genetic cause of
both familial ALS and FTLD [10, 21-24]. TDP-43
and FUS are RNA-binding proteins implicated in
multiple aspects of RNA processing including
splicing of mRNA precursors and shuttling of
MmRNAs between the nucleus and the cyto-
plasm [25, 26]. Recent studies have indicated
that C9orf72 may be involved in that process
[27]. The di-peptide repeats arising from the
hexanucleotide expansion mutation interferes
with nucleocytoplasmic shuttling [28].

We previously developed a fly model of ALS
by introducing knockdown of Cabeza (Caz)
which is the Drosophila ortholog of human FUS
[44], and demonstrated a genetic link between
Caz and ter94, the Drosophila ortholog of
human Valosin-containing-protein/p97 (VCP)
[29]. Flies with neuron-specific Caz knockdown
develop locomotive and anatomical deficits in
MNs at neuromuscular junctions (NMJs) [30].
Overexpression of wild-type ter94 on the back-
ground of Caz knockdown remarkably sup-
pressed those phenotypes and the nuclear
deficiency of Caz [29]. Ter94 is predicted to
share ~83% amino acid sequence identity with
human VCP. VCP is a member of the family of
ATPases associated with a variety of cellular
activities. These proteins are implicated in a
large variety of biological functions including
the regulation of ubiquitin-dependent protein
degradation, vesicle-mediated transport, auto-
phagy/mitophagy, DNA repair and nucleocyto-
plasmic shuttling, and others [31, 32]. VCP
mutations may account for ~1%-2% of familial
ALS [33]. Loss of function of the Drosophila
ortholog for human TDP-43, TBPH, induces
locomotive deficits, reduces life span, and
leads to anatomical defects at NMJs [34, 35].
These phenotypes resemble those of our Caz
knockdown fly models. Most human patients
with ALS have ubiquitinated inclusions that
stain for TDP-43 rather than FUS [1]. In the
study using Drosophila models, it is reported
that FUS and TDP-43 function together in vivo
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[36]. Therefore, our previous findings regarding
Caz and ter94 should be further generalized
with TBPH and ter94.

In this study, we therefore examined the genet-
ic interaction between TBPH and ter94.
Overexpression of ter94 effectively rescued
those phenotypes, whereas mutation in ter94
partially exacerbated locomotive disabilities
induced by neuron-specific TBPH knockdown.
These results suggest that Up-regulated VCP
may suppress the pathogenic processes that
lead to the degeneration of MNs in TDP-43-
associated ALS/FTLD.

Materials and methods
Fly stocks

Fly stocks were maintained at 25°C on stan-
dard food containing 0.65% agar, 10% glucose,
4% dry yeast, 5% cone flour and 3% rice bran.
The fly stock ter94%1%502 (BL10454) was ob-
tained from the Bloomington Drosophila Stock
Center. Establishment of the lines carrying
GMR-GAL4 was described previously [37]. RNAI
lines used in this study were obtained from the
Vienna Drosophila Resource Center (VDRC)
and BDSC. The RNAI of the fly lines we obtain-
ed was targeted to the region corresponding
to residues (aa) 81-aal81 (UAS-TBPH-IR,, ..
VDRC number 38377), aabl7-aab31 (UAS-
TBPH-IR,,. ..,; VDRC number 104401), aa516-
aab31 (UAS-TBPH-IR, ..,; BDSC number
29517), and aa564-aa570 (UAS-TBPH-IR, ...;
BDSC number 39014) of Drosophila TBPH.
TBPH double-stranded RNA (dsRNA; inverted
repeats, IRs) targeted to different regions of the
TBPH mRNA is expressed in those fly lines.

We crossed transgenic UAS-TBPH-IR flies with
Act5C-GAL4, GMR-GAL4 or elav-GAL4 flies to
drive expression of TBPH dsRNA throughout
the whole body of flies, specifically in eye imagi-
nal discs, or specifically in neuronal tissues,
respectively. We generated eye-specific TBPH
knockdown flies (GMR-GAL4; UAS-TBPH-IR/+;
+) (GMR>UAS-TBPH-IR/+) and neuron-specific
TBPH knockdown flies (yw; UAS-TBPH-IR/ +;
elav-GAL4/+) (elav>UAS-TBPH-IR/+). Each tran-
sgenic strain showed a consistent phenotype
(Table 1).

The UAS-ter94 flies were kindly provided by Dr.
Akira Kakizuka [38]. The lines generated in this
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Table 1. Associated phenotypes of fly strains carrying UAS-TBPH-IR
crossed with different GAL4 driver strains (at 28°C)

purified from the serum us-
ing a protein A Mag Seph-

arose Xtra (GE Healthcare).

Chrl‘i’rmgzce’me ACt5C-GAL4> GMR-GAL4>  elav-GAL4 _ .
- Immunohistochemistry
UAS-TBPH-IR,, ., I Lethal  Mildrougheye LD
UAS—TBPH—IR517_531 1l Lethal Mild rough eye LD For immunohistochemical
UAS-TBPH-IR_ . ... Il ND Mild rough eye LD analysis, CNS tissues were
UAS-TBPH-R , .. I ND Mild rough eye LD dissected from third instar
We used four independent TBPH-RNAI constructs, UAS-TBPH-IR_ __, UAS-TBPH- larvae, fixed in 4% parafor-

IR UAS-TBPH-IR and UAS-TBPH-IR

517-531" 516-531" 564-570

study are as follows: GMR-GAL4; UAS-GFP-IR/
+; + (GMR>UAS-GFP-IR/+), GMR-GAL4; UAS-TB-
PH-IR, ., ...,/* + (GMR>UAS-TBPH-IR/+), GMR-
GAL4; UAS-TBPH-IR, ., .,/UAS-TBPH-IR, . ..; +
(GMR>UAS-TBPH-IR/UAS-TBPH-IR), GMR-GAL4;
UAS-TBPH-IR, ., ../ter94>%%%  + (GMR>UAS-
TBPH-IR/ter94%15592) - GMR-GAL4; UAS-TBPH-
IR, ,,.,,/tero94%77; + (GMR>UAS-TBPH-IR/ter-
94%377%), GMR-GAL4; UAS-TBPH-IR,,, ., /UAS-
GFP; + (GMR>UAS-TBPH-IR/UAS-GFP), GMR-
GAL4; UAS-TBPH-IR, .. /UAS-ter94; + (GMR>
UAS-TBPH-IR/UAS-ter94), yw; UAS-GFP-IR/+;
elav-GAL4/+ (elav>UAS-GFP-IR/+; a driver con-
trol), yw; UAS-TBPH-IR,. .. /+ elav-GAL4/+
(elav>UAS-TBPH-IR/+), yw; ter94415%02/+- +
yw; UAS-TBPH-IR,, ., ../ter94"1>5%; elav-GAL4/+
(elav>UAS-TBPH-IR/ter94%15%02) yw; UAS-TBPH-
IR, .,/UAS-GFP; elav-GAL4/+ (elav>UAS-TB-
PH-IR/UAS-GFP), yw; UAS-TBPH-IR,, .. /UAS-
ter94;elav-GAL4/+ (elav>UAS-TBPH-IR/UAS-ter-
94), yw; UAS-ter94/+; elav-GAL4/+ (elav>UAS-
ter94/+).

Production of rabbit anti-TBPH antibodies

The TBPH peptide, N-CRKGPNNPNNNPAANGI-
KTD-C, corresponding to aa485-aa503 (the
underlined N-terminal C residue was an added
residue) was conjugated to keyhole limpet
hemocyanin and mixed with Freund’s complete
adjuvant to provide a suspension, which was
injected subcutaneously into rabbits (Female
Japanese White) kept under specific pathogen-
free conditions. The rabbits were then boosted
with inoculations of an immunogen of the same
quality once a week for 7 weeks, and a terminal
bleed was performed to collect the maximum
amount of serum (Sigma-Aldrich). The 1gG was
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obtained from VDRC and BDSC.

To drive expression of TBPH double-stranded RNA in the whole body of the flies, or
specifically in the eye imaginal discs or neuronal tissues, we crossed UAS-TBPH-IR
flies with Act5C-GAL4, GMR-GALA4, or elav-GAL4 flies, respectively. Phenotypes associ-
ated with the resulting genotypes are summarized. Each transgenic strain showed a
consistent phenotype. ND, not determined; LD, locomotive dysfunction.

maldehyde/phosphate-bu-
ffered saline (PBS) for 15
min at 25°C, washed with
PBS containing 0.3% Triton
X-100, and incubated with
Alexa 488-conjugated phal-
loidin (1 unit/200 ul) in PBS
containing 0.3% Triton X-100 for 20 min at
25°C. The samples were then blocked with
blocking buffer (PBS containing 0.15% Triton
X-100 and 10% normal goat serum) for 30 min
at 25°C, and then incubated with rabbit anti-
TBPH antibody (1:100) in blocking buffer for 20
h at 4°C. After extensive washing with PBS con-
taining 0.3% Triton X-100, samples were incu-
bated in the dark with secondary antibodies
labeled with Alexa 546 (1:400; Invitrogen) dilut-
ed in the blocking buffer for 3 h at 25°C. After
washing with PBS containing 0.3% Triton X-100
and PBS, the samples were stained with DAPI
(0.5 pg/ml)/PBS/0.1% Triton X-100. After ex-
tensive washing with PBS containing 0.1%
Triton X-100 and PBS, the samples were mount-
ed in Vectashield (Vector Laboratories Inc.) and
inspected under a confocal laser scanning
microscope (OLYMPUS FLUOVIEW FV10i). TBPH
protein signal was excited by 557-572 nm.
Images of CNS immunostaining were analyzed
with the program Meta Morph Imaging System
7.7 (Molecular Devices Inc.). Intensities of TBPH
signals in nuclei were analyzed using this pro-
gram. Individual nucleus marked with DAPI
were used to estimate the TBPH signals locat-
ed in nucleus. This program allows quantifica-
tion of the average and standard error of fluo-
rescence emission from nuclei of each fly
strain.

For NMJ staining, third instar larvae were dis-
sected in HL3 saline [39], and then fixed in 4%
paraformaldehyde/PBS for 30 min. The block-
ing buffer contained 2% bovine serum albumin
and 0.1% Triton X-100 in PBS. Fluorescein iso-
thiocyanate-conjugated goat anti-horseradish
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peroxidase (HRP) (1:1000, MP Biochemicals)
was used as the detection antibody. The sam-
ples were mounted and observed under a con-
focal laser scanning microscope (Carl Zeiss
LSM 510, Jena, Germany). MN 4 (lb) in muscle
4 in abdominal segment 2 was quantified.
Images were acquired using a Zeiss LSM 510
confocal laser scanning microscope by merging
1-um interval z-sections onto a single plane.
The Meta Morph imaging system was used to
measure nerve terminal branch lengths and Ib
bouton sizes.

Immunoblotting analysis

Protein extracts from the adult head of Dro-
sophila carrying elav>UAS-GFP-IR/+, elav>UAS-
TBPH-IR,, ,,/*, and elav>UAS-TBPH-IR, . ... /+
flies were prepared. Briefly, the head was exci-
sed from adult flies and homogenized in sam-
ple buffer containing 1 M Tris-HCI (pH 6.8), 10%
sodium dodecyl sulfate, 50% glycerol, 1% bro-
mophenol blue, and 1.2% B-mercaptoethanol
using a pestle, sonicated, boiled at 95°C for 3
min, and centrifuged at 10,000xg for 10 min at
4°C. The supernatants (extracts) were run on a
4-12% gradient polyacrylamide gel (Invitrogen,
Thermo Fisher Scientific) and then transferred
onto an Immuno-Blot PVDF membrane (Novex,
Life Technologies). The blotted membranes
were blocked with 5% skim milk in PBS contain-
ing 0.1% Tween 20 for 30 min at 25°C, followed
by incubation with rabbit polyclonal anti-TBPH
antibody (1:2000) for 16 h at 4°C. After wash-
ing, the membranes were incubated with HRP-
conjugated anti-rabbit 1gG (Thermo Scientific,
IL, USA: 1:10000) for 1 h at 25°C. Antibody
binding was detected using ECL Western blot-
ting detection reagents (GE Healthcare, Tokyo,
Japan), and images were analyzed using an
Image Quant™ LAS 4000 image analyzer (GE
Healthcare Bioscience, Tokyo, Japan). Compari-
son of TBPH protein levels in each 58-kDa
TBPH protein band was performed using the
Meta Morph Imaging system 7.7 (Molecular
Pertis Inc.).

Scanning electron microscopy
For compound eye observation, adult flies were
anesthetized with 99% diethyl ether, mounted

on stages, and observed under an SEM V-7800
(Keyence Inc.) in the low vacuum mode [40]. In
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every experiment, at least five adult flies were
chosen from each line for scanning electron
microscopy to assess the eye phenotype. For
each experiment, we found no significant varia-
tion in eye phenotype among the five individu-
als from the same strain.

Climbing assay

Climbing assays were performed as described
previously [34, 41]. Flies carrying elav>UAS-
GFP-IR/+, elav>UAS-TBPH-IR/+, elav>UAS-TB-
PH-IR/ter94x18502 = tgrQ4K1s502/+ = elav>UAS-TB-
PH-IR/UAS-GFP, elav>UAS-TBPH-IR/UAS-ter94,
and elav>UAS-ter94/+ were placed at 28°C.
Newly eclosed adult male flies were separated
and placed in vials at a density of 20 flies per
vial. Flies were transferred, without anesthesia,
to a conical tube. The tubes were tapped to col-
lect the flies at the bottom, and they were
allowed to climb the wall for 30 s. After 30 s,
the flies were collected at the bottom by tap-
ping of the tube and were again allowed to
climb for 30 s. Similar procedures, all of which
were videotaped, were repeated five times in
total. For each climbing experiment, the height
that each fly climbed was determined by a
score (height climbed); O (less than 2 cm), 1
(between 2 and 3.9 cm), 2 (between 4 and 5.9
cm), 3 (between 6 and 7.9 cm), 4 (between 8
and 9.9 cm) or 5 (greater than 10 cm). The
climbing index for each fly strain was calculated
as follows: each score was multiplied by the
number of flies for which that score was record-
ed, and the products were summed and divided
by five (the total number of flies examined).
These climbing assays were carried out every 7
days until the 28th day after eclosion.

Data analysis

For statistical analysis of the climbing assay,
SPSS software (IBM) was used. Graph Pad
Prism version 6.0 was used to perform each
statistical analysis. The Mann-Whiney test was
used to assess the statistical significance of
comparisons between two groups of data. For
other assays, one-way analysis of variance
(ANOVA) was used to determine the statistical
significance of comparisons between groups of
data. When the one-way ANOVA showed signifi-
cant variation among groups, a subsequent
Dunnett’s test was used for pairwise compari-
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Figure 1. Comparison of human TDP-43 and Drosophila TBPH. A. Sequence alignment of human TDP-43 (414
amino acids) and Drosophila TBPH (531 amino acids). Identical amino acids are dark-shaded, and similar or related
amino acids are light-shaded. The amino acid sequence of TBPH was retrieved from FlyBase and compared with
that of human TDP-43 using FASTA and BLAST. B. Schematic drawings of the domain structures of human TDP-43
and Drosophila TBPH proteins. TDP-43 and TBPH comprise two RNA recognition motifs (RRM1 and RRM2) and a C-
terminal Gly-rich region. The human TDP-43 domain is highly conserved in Drosophila TBPH. The solid line under the
schematic of Drosophila TBPH shows the target genomic sequence of each of the two RNAi transgenes employed
in this study, UAS-TBPH-IR and UAS-TBPH-IR

81-181 517-531"

sons between groups. All data are shown as the analysis of the viability assay, Graph Pad Prism
mean * standard error (SE). For the statistical version 6.0 software was used.
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Figure 2. The rough-eye morphology induced by TBPH knockdown is modified by genetic changes in ter94. Each
panel shows a scanning electron micrograph of the adult compound eye. Each lower panel shows a higher mag-
nification image of the corresponding upper panel. (A) GMR-GAL4/Y; UAS-GFP-IR/+; + (GMR>UAS-GFP-IR/+). The
eyes of control flies exhibited apparently normal eye morphology including an organized ommatidial architecture.
(B) GMR-GAL4/Y; UAS-TBPH-IR,, ,../*; + (GMR>UAS-TBPH-IR,, .../+); (C) GMR-GAL4/Y; UAS-TBPH-IR . .../+; +
(GMR>UAS-TBPH-IR, . ...,/ *+). Adult eyes from two independent fly lines with eye-specific TBPH knockdown. Flies
carrying GMR>UAS-TBPH-IR,, ,../+ (B) or GMR>UAS-TBPH-IR,,, .../+ (C) had essentially the same rough-eye mor-
phology and exhibited ommatidial degeneration. (D) GMR-GAL4/Y; UAS-TBPH-IR_, . /ter94/*%°%%; + (GMR>UAS-

TBPH-IR, . .. /ter94¥1550?) (E) GMR-GAL4/Y; UAS-TBPH-IR,, . /ter94%77%; + (GMR>UAS-TBPH-IR, . /ter94%7s),
Each of the flies carrying GMR>UAS-TBPH-IR,, . /ter94%1%%% (D) and GMR>UAS-TBPH-IR__ . /ter94°"> (E) showed
rough-eye morphology that was enhanced relative to that observed in flies with GMR>UAS-TBPH-IR /+ alone (C).

517-531/

/UAS-GFP); (G) GMR-GAL4/Y: UAS-TBPH-

(F) GMR-GAL4/Y; UAS-TBPH-IR,,, .,,/UAS-GFP; + (GMR>UASTBPH-IR_, ...
/UAS-ter94). The flies carrying GMR>UAS-TBPH-IR,, ., /UAS-ter94

IR,,, 55,/ UAS-ter94; + (GMR>UAS-TBPH-IR__ ...

(G) suppressed rough-eye morphology that observed in flies with GMR>UAS-TBPH-IR, . .../UAS-GFP (F). Posterior is
to the right, and dorsal is to the top. The flies developed at 28°C. Scale bars in each upper panel indicate 50 ym
and in the bottom panel indicate 14.2 um. The rough areas of the compound eyes are marked with dotted lines.

Results

Phenotypes of RNAI flies for TBPH derived from
several different GAL4 driver strains

Drosophila TBPH (CG10327) shows 54.4%
identity and 80.6% similarity to TDP-43 (Figure
1A). Both proteins share two RNA recognition
motifs (RRMs) and an unstructured Gly-rich
C-terminal region where most of the ~50 differ-
ent ALS mutations reside. FUS also has an RRM
and a Gly-rich C-terminal region. From this point
of view, TDP-43 resembles FUS [5].

In the previous studies, two RNAI fly lines targ-
eted to the region corresponding to amino acid
residues (aa) 81-aal81 (UAS-TBPH-IR, ../*)
and aabl7-aa531 (UAS-TBPH-IR,. ., /+) of
TBPH were mainly used [34, 35, 42-44]. In
those studies, the GAL4-UAS targeted expres-
sion system was commonly used [45]. Eye ima-
ginal disc-specific knockdown of TBPH by GMR-
GAL4 induced the rough-eye phenotype acc-
ompanied by fusion of ommatidia and loss of
mechanosensory bristles [43]. In the present
study, we confirmed the rough-eye phenotype
induced by knockdown of TBPH by crossing
GMR-GAL4 with RNA lines, not only UAS-TBPH-
IRg, 15, @nd UAS-TBPH-IR , ., (Figure 2B, 2C)
but also UAS-TBPH-IR,. .., and UAS-TBPH-
IRy, 5,0 (Table 1). Both pan-neuron-specific
knockdown of TBPH by elav-GAL4 and pan-gli-
al-specific knockdown of TBPH by repo-GAL4
result in locomotive deficits [34, 41, 42]. Other
studies reported that pan-neuron-specific
knockdown of TBPH by Nsyb-GAL4 and C155-
GAL4 or CCAP/bursicon-neuron-specific knock-
down of TBPH by CCAP-GAL4 result in neuronal
loss and wing inflation deficits [35, 44]. In addi-
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tion, a deletion mutant of TBPH results in
changes in NMJ morphology and locomotive
deficits [46, 47]. Here we further confirmed the
locomotive deficits induced by knockdown of
TBPH by crossing elav-GAL4 with four differ-
ent RNAi lines: UAS-TBPH-IR,, .., UAS-TBPH-
IRy, 55, (Figure 3A), UAS-TBPH-IR_, .., and
UAS-TBPH-IR,, .., (Table 1). We also confirmed
the reduced life span and anatomical defects
at NMJs by crossing elav-GAL4 with UAS-TBPH-
IR, ,g, OF UAS-TBPH-IR, . .. (Figures 3B, 4). In
addition, we found that knockdown of TBPH in
all cells of the whole body of flies by Act5C-
GAL4 resulted in lethality (Table 1). This is con-
sistent with previous observations in which
homozygous TBPH mutations result in pupal
lethality [35, 44, 47]. Because all of these phe-
notypes were observed with RNAI lines target-
ed to at least two different regions of the TBPH
MRNA, the possibility of off-target effects can
be excluded. Based on these results, we decid-
ed to use the flies carrying UAS-TBPH-IR
and UAS-TBPH-IR

517-531
experiments (Figure 1B).

81-181
in the subsequent

A loss-of-function mutation and overexpression
of ter94 conversely modified the compound
eye degeneration caused by TBPH knockdown

To identify factors that influence TBPH knock-
down pathogenesis, we searched for interact-
ing genes that suppress or enhance the TBPH
knockdown phenotype in the compound eye.
Modifier screening of the rough-eye phenotype
has been commonly used to identify the inter-
acting genes [29, 30]. First, we searched for
mutations in several genes related to ALS and
identified ter94 as a genetic interactant with
TBPH. Heterozygous loss-of-function mutation

Am J Neurodegener Dis 2018;7(1):11-31
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Figure 3. Climbing assays and life span analyses. A. Climbing ability in the
neuron-specific TBPH knockdown flies. The locomotive ability of the neuron-
specific TBPH knockdown flies carrying yw/Y; UAS-TBPH-IR,, ,../+ elav-
GAL4/+ (elav>UAS-TBPH-IR,, ,../+, n = 100, dotted gray columns) and car-
rying yw/Y; UAS-TBPH- IR517531/+ elav-GAL4/+ (elav>UAS-TBPH-IR__ .. /+,
n = 100, gray columns) was significantly decreased as seen by assessing
the climbing ability, compared with flies carrying yw/Y; UAS-GFP-IR/+; elav-
GAL4/+ (elav>UAS-GFP-IR/+, n = 100, white columns) for every age. *P <
0.001. B. Life span analysis of neuron-specific TBPH knockdown flies. The
life span of flies carrying elav>UAS-TBPH-IR,, ,../+ (n = 100) and elav>UAS-
TBPH-IR, . .,.,/+ (n = 100) was significantly decreased compared to the con-
trol flies carrying elav>UAS-GFP-IR/+ (n = 100) (P < 0.001). The average
life span of the control flies was 59.0 days, whereas that of flies carrying
elav>UAS-TBPH-IR,, ,../+ and elav>UAS-TBPH-IR, ... /+ was 48.0 days and
34.0 days, respectively. We found no significant differences in life span be-
tween flies carrying elav>UAS-TBPH-IR + and those carrying elav>UAS-
TBPH-IR

81—181/
517—531/ +.

of ter94 remarkably enhanced the rough-eye
phenotype caused by eye-specific TBPH kno-
ckdown (GMR>UAS-TBPH-IR, ... /ter94%1s502,
and GMR>UAS-TBPH-IR /ter949337) (Figure

517-531/

2D, 2E). These results demonstrate that the

loss-of-function mutation of
ter94 acts as a dominant en-
hancer of the TBPH knock-
down. Conversely, the overex-
pression of wild-type ter94
(GMR>UAS-TBPH-IR, . . .,/UAS-
ter94) (Figure 2G) effectively
suppressed the rough-eye ph-
enotype induced by eye-spe-
cific TBPH knockdown com-
pared to the responder con-
trol of UAS-ter94 flies (GMR>
UAS-TBPH-IR_, . . ..,/UAS-GFP)
(Figure 2F). In addition, we
found no apparent effect on
the compound eye morpholo-
gy in ter94K15502/+ flies (data
not shown).

Evaluation of the efficiency
of neuron-specific TBPH
knockdown

We next examined the gene-
tic interaction between TBPH
and ter94 in neurons. First, we
clarified the efficiency of neu-
ron-specific TBPH knockdo-
wn. We raised a polyclonal an-
tibody against a peptide cor-
responding to aa485-aa503
of Drosophila TBPH and used
it for immunoblotting analy-
ses of extracts prepared from
adult heads carrying elav>
UAS-GFP-IR/+ (yw/Y; UAS-GFP-
IR/+; elav-GAL4/+), elav>UAS-
TBPH-IR,, .o./* (yw/Y; UAS-
TBPH-IR,, .../ elav-GAL4/+),
and elav>UAS-TBPH-IR, ... /
+(yw/Y; UAS-TBPH-IR, . .../ *;
elav-GAL4/+).

A major band with an appar-
ent molecular weight of 58
kDa was detected on immu-
noblots of all the flies using
the anti-TBPH antibody (Fig-
ure 5A). The intensity of this

band was reduced to 83.8% in flies carrying
elav>UAS-TBPH-IR
carrying elav>UAS-TBPH-IR
with its intensity in control flies carrying elav>
UAS-GFP-IR/+ (Figure 5B). The intensity of a

+ and to 83.9% in flies
+ compared

81—181/
517-531/
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Figure 4. Confocal images of anti-HRP staining of muscle 4 synapses in neuron-specific TBPH knockdown larvae.
Images of flies of the following genotypes are shown: (A) yw/Y; UAS-GFP-IR/+; elav-GAL4/+ (elav>UAS-GFP-IR/+,
driver control), (B) yw/Y; UAS-TBPH-IR,, .../+; elav-GAL4/+ (elav>UAS-TBPH-IR,, ,../+) and (C) yw/Y; UAS-TBPH-
IR,,, 5/ €lav-GAL4/+ (elav>UAS-TBPH-IR, . .../+). (D) Total branch length of the NMJs from muscle 4 for each
of the indicated genotypes is shown. Compared to the total length of synaptic branches of MNs in driver control
larvae (A), the lengths in the two neuron-specific TBPH knockdown larvae (B and C) were significantly decreased (P
<0.001, n =10, D). These decreases in branch length of the two neuron-specific TBPH knockdown larvae (B and C)
were almost the same (P = 0.9, n = 10, D). (E) The number of synaptic boutons for each of the indicated genotypes
is shown. The number of synaptic boutons of MNs in the two neuron-specific TBPH knockdown larvae (B and C) was
also significantly decreased compared to driver control larvae (A) (P < 0.001, n = 10, E). These decreases in the
number of synaptic boutons in the two neuron-specific TBPH knockdown larvae were almost the same (P=0.8,n =
10, E). (F) The size of synaptic boutons for each of the indicated genotypes is shown. The size of synaptic Ib boutons
was measured (n = 10 for elav>UAS-GFP-IR/+, n = 10 for elav>UAS-TBPH-IR, ,../+ and n = 10 for elav>UAS-TBPH-
IR, 55,/ 1)- We found no significant differences in the size of synaptic boutons among driver control larvae, larvae
with elav>UAS-TBPH-IR /+, and larvae with elav>UAS-TBPH-IR /+ (P =0.8). ***P < 0.001. The scale bars

81-181/ 517-531/

indicate 20 um (A to C).

minor band corresponding to 57.7 kDa was only neuronal cells but also non-neuronal cells
also reduced in flies carrying elav>UAS-TBPH- in which TBPH is not knocked down by elav-
IRg, 15,/ and elav>UAS-TBPH-IR . _../+, sug- GAL4. We used these modestly knocked-down
gesting that this band is very likely a splicing fly models in the following studies. These fly
variant of TBPH as described (FlyBase, http:// models may be suitable for evaluation of genet-
flybase.org). These data confirmed that TBPH is ic interactions with TBPH, because TBPH is so
modestly knocked down in flies carrying both essential for Drosophila development that a
elav>UAS-TBPH-IR,, ../t and elav>UAS-TBPH- null allele or a severe hypomorph of TBPH
IR,,, 55,/ T Although the knockdown efficiency is induces lethality during pupal development
apparently low, the adult head contains not [35, 44, 47].
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Figure 5. Western immunoblotting analyses. (A) Proteins were extracted from
1-day-old adult heads carrying yw/Y; UAS-GFP-IR/+; elav-GAL4/+ (elav>UAS-
GFP-IR/+), yw/Y; UAS-TBPH-IR,, ,..-IR/+; elav-GAL4/+ (elav>UAS-TBPH-
IRg, 151/ F), @and yw/Y; UAS-TBPH-IR, .. -IR/+; elav-GAL4/+ (elav>UAS-TBPH-
IR, 55,/ 1)- These blots were probed with the polyclonal anti-TBPH antibody.
o-tubulin was used as a loading control. A 58-kDa band corresponding to
the TBPH protein was detected. Densitometric quantification of the 58-kDa
bands was performed with triplicate immunoblot analyses of each fly strain
in (A). (B) The intensity of the 58-kDa bands, which indicate the expression
level of TBPH protein, was reduced in flies carrying elav>UAS-TBPH-IR,, ,../+
(P < 0.05) and elav>UAS-TBPH-IR . .../+ (P = 0.06) compared to driver con-
trol flies. The columns and horizontal bars indicate the mean values and the
standard errors, respectively. *P < 0.05.

exhibited a significantly de-
creased climbing ability com-
pared to control flies carrying
elav>UAS-GFP-IR/+ at the fol-
lowing days of age: day 7;
-9.5%, P < 0.001, day 14;
22%, P < 0.01, day 21;
-56.7%, P < 0.001, and day
28; -80.1%, P < 0.001 (Figure
6B, gray columns). Flies over-
expressing wild-type ter94 on
the background of neuron-
specific TBPH knockdown
(elav>UAS-TBPH-IR/UAS-ter-
94, Figure 6A, black columns)
showed significantly better
climbing ability than did flies
with neuron-specific TBPH
knockdown (elav>UAS-TBPH-
IR/UAS-GFP, Figure 6A, white
columns) on day 3 and day 28
(day 3; +13.4%, P < 0.01 and
day 28; +70.2%, P < 0.01).

Flies carrying the loss-of-fu-
nction allele of ter94 and
neuron-specific TBPH knock-
down (elav>UAS-TBPH-IR/ter-
94K15802) had significantly wo-
rse locomotive ability than fli-
es with neuron-specific TBPH
knockdown alone (elav>UAS-
TBPH-IR/+) until day 14 (day
3; -20.5%, P < 0.001, day 7;
-6.7%, P < 0.04, and day 14;
-16.8%, P < 0.001, Figure 6B,
black columns). However,
after day 21, flies carrying the
loss-of-function allele of ter-
94 and neuron-specific TBPH
knockdown (elav>UAS-TBPH-

The effects of overexpression or loss-of-func-
tion mutation of ter94 on the mobility defects
caused by neuron-specific TBPH knockdown

Based on the results with the compound eye
system, we explored the effects of overexpres-
sion or loss-of-function of ter94 on locomotive
deficits induced by neuron-specific TBPH kno-
ckdown by performing the well-established
climbing assay [32]. An age-dependent decline
in the climbing ability was observed in all exam-
ined flies (Figure 6). Neuron-specific TBPH
knockdown flies carrying elav>UAS-TBPH-IR/+

20

IR/ter94%15502) showed better locomotive ability
than flies with neuron-specific TBPH knock-
down alone (elav>UAS-TBPH-IR/+) (day 21;
+34.5%, P < 0.001 and day 28; +137.5%, P <
0.001, Figure 6B, black columns).

These results demonstrate that overexpression
of wild-type ter94 could partially rescue the
locomotive defect induced by TBPH knock-
down, whereas the loss-of-function ter94 muta-
tion partially exacerbated those phenotypes at
young ages. Unaccountably, overexpression of
wild-type ter94 and the loss-of-function allele

Am J Neurodegener Dis 2018;7(1):11-31
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Figure 6. Neuron-specific TBPH knockdown flies show the locomotive de-
fect. Overexpression of wild-type ter94 partially rescued those defects. Con-
versely, a loss-of-function ter94 mutation partially exacerbated the climbing
defect in TBPH knockdown flies. A. The climbing ability of flies carrying yw/Y;
UAS-TBPH-IR,, ..,/UAS-GFP; elav-GAL4/+ (elav>UAS-TBPH-IR/UAS-GFP; a
responder control) (n = 100, white columns) was decreased. Adult flies car-
rying yw/Y; UAS-TBPH-IR,,, .../ UAS-ter94; elav-GAL4/+ (elav>UAS-TBPH-IR/
UAS-ter94) (n = 100, black columns) showed significantly better climbing
ability than those carrying elav>UAS-TBPH-IR/UAS-GFP on days 3 and 28.
On days 14 and 21, climbing scores of flies carrying elav>UAS-TBPH-IR/
UAS-ter94 were slightly better than those carrying elav>UAS-TBPH-IR/UAS-
GFP. Flies carrying elav>UAS-TBPH-IR/UAS-ter94 showed also significantly
better climbing ability than those carrying yw/Y; UAS-ter94/+; elav-GAL-4/+
(elav>UAS-ter94/+) (n = 100, hatched columns). B. The climbing ability of
flies carrying yw/Y; UAS-TBPH-IR . .../ +; elav-GAL4/+ (elav>UAS-TBPH-IR/+)
(n =210, gray columns) was significantly decreased compared to that of flies
carrying yw/Y; UAS-GFP-IR/+; elav-GAL4/+ (elav>UAS-GFP-IR/+; a driver con-
trol) (n = 185, white columns) and yw/Y; ter94#15502/+; + (ter94%15%02/+) (n =
95, hatched columns) for every age examined except day 3. On each day af-
ter eclosion until day 21, flies carrying yw/Y; UAS-TBPH-IR,,, . /ter94/15502+;
elav-GAL4/+ (elav>UAS-TBPH-IR/ter94¥1%02) (n = 100, black columns) exhib-
ited a significantly decreased climbing ability compared to neuron-specific
TBPH knockdown flies carrying elav>UAS-TBPH-IR/+. Columns and horizon-
tal bars show the mean and SE of the measurements, respectively. ***P <
0.001, **P < 0.01, and *P < 0.05.

of ter94 could partially rescue the locomotive
defect induced by TBPH knockdown at older
ages (Figure 6A, black columns and Figure 6B,
black columns).

Effects of overexpression or
loss-of-function mutation of
ter94 on the morphology of
MN presynaptic terminals in
the NMJs of neuron-specific
TBPH knockdown flies

Locomotive deficits are some-
times accompanied by abnor-
mal NMJ morphology as re-
ported with other neurode-
generative disease model fli-
es including ALS [29, 30,
48-52]. We therefore next
examined the effects of ter94
on the morphology of NMJs.
The Drosophila NMJ is a valu-
able model for investigating
fundamental questions about
synapses. Development of
synapses in both Drosophila
and vertebrates is similar at
the cellular and molecular lev-
els [51]. We examined the
NMJ structure including the
total length of synaptic bran-
ches, the number of synaptic
boutons, and the size of syn-
aptic boutons in larvae from
TBPH knockdown strains.

First, we examined the effects
of overexpression of ter94 on
the morphology of NMJs in
TBPH knockdown flies. The
total branch length in larvae
carrying elav>UAS-TBPH-IR/
UAS-GFP was significantly de-
creased compared with those
carrying elav>UAS-GFP-IR/+
(100.8 £ 8.52 um versus 42.9
+ 6.5 um, P < 0.001, Figure
7D). Meanwhile, the total
branch length was significant-
ly longer in the larvae with
ter94 overexpression on the
background of neuron-spe-
cific TBPH knockdown (elav>
UAS-TBPH-IR/UAS-ter94, Fig-
ure 7C) than in responder con-
trol larvae (elav>UAS-TBPH-

IR/UAS-GFP, Figure 7B) (77.8 + 11.2 um versus
42.9 £ 6.5 um, P < 0.05, Figure 7D). The num-
ber of MN synaptic boutons was significantly
decreased in larvae carrying elav>UAS-TBPH-
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Figure 7. Overexpression of wild-type ter94 improves the morphology of NMJs in TBPH knockdown larvae. A loss-
of-function ter94 mutation did not change the morphology of the MN presynaptic terminals at NMJs in neuron-
specific TBPH knockdown larvae. A representative image of anti-HRP staining of muscle 4 synapses in third instar
larvae carrying yw/Y; UAS-GFP-IR/+; elav-GAL4/+ (elav>UAS-GFP-IR/+, A; a driver control), yw/Y; UAS-TBPH-IR . .../
UAS-GFP; elav-GAL4/+ (elav>UAS-TBPH-IR/UAS-GFP, B; a responder control), yw/Y; UAS-TBPH-IR, . . /UAS-ter94;
elav-GAL4/+ (elav>UAS-TBPH-IR/UAS-ter94, C), yw/Y; UAS-TBPH-IR,,, ... /+; elav-GAL4/+ (elav>UAS-TBPH-IR/+, G),
and yw/Y; UAS-TBPH-IR,, ... /ter94"1%%%+; elav-GAL4/+ (elav>UAS-TBPH-IR/ter94"*>%%2 H). (D and I) Total branch
length of the NMJ from muscle 4 for each of the indicated genotypes is shown. Compared to the total length of

synaptic branches of MNs in driver control larvae (A), the length in larvae carrying elav>UAS-TBPH-IR/UAS-GFP (B)
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was significantly decreased (P < 0.001, n = 6, D). Conversely, the total branch length of MNs in larvae with ter94
overexpression on the background of neuron-specific TBPH knockdown (C) was significantly longer than that in lar-
vae carrying elav>UAS-TBPH-IR/UAS-GFP (B) (P < 0.05, n = 6, D). The total branch length in neuron-specific TBPH
knockdown larvae (G) was significantly decreased (P < 0.001, n = 6, I). This decrease in branch length observed in
the neuron-specific TBPH knockdown larvae (G) was almost the same as in larvae carrying the neuron-specific TBPH
knockdown crossed with the loss-of-function allele of ter94 (H) (P =0.7, n =7, |). (E and J) The number of synaptic
boutons for each of the indicated genotypes is shown. The number of synaptic boutons in larvae carrying wild-type
ter94 overexpression on the background of neuron-specific TBPH knockdown (C) was significantly increased com-
pared to larvae carrying elav>UAS-TBPH-IR/UAS-GFP (B) (P < 0.05, n = 6, E). Compared to larvae carrying elav>UAS-
GFP-IR/+, the number of synaptic boutons is significantly decreased in larvae carrying elav>UAS-TBPH-IR/UAS-GFP
(P <0.001, n =6, E). The number of synaptic boutons in larvae carrying elav>UAS-TBPH-IR/UAS-ter94 is almost the
same as that in driver control larvae. The number of synaptic boutons of MNs in neuron-specific TBPH knockdown
larvae (G) was also significantly decreased compared to driver control larvae (A) (P < 0.05, n = 6, J). This decrease
in the number of synaptic boutons in neuron-specific TBPH knockdown larvae was almost the same in larvae car-
rying the neuron-specific TBPH knockdown crossed with the loss-of-function allele of ter94 (H) (P=0.9,n=7, J). (F
and K) The size of synaptic boutons for each of the indicated genotypes is shown. The size of synaptic Ib boutons
(indicated with an arrow in A; the Ib boutons measured in this paper are the largest boutons in the NMJs) was mea-
sured (n = 6 for elav>UAS-GFP-IR, n = 6 for elav>UAS-TBPH-IR/UAS-GFP, n = 6 for elav>UAS-TBPH-IR/UAS-ter94, n =
6 for elav>UAS-TBPH-IR, and n = 7 for elav>UAS-TBPH-IR/ter94%1%502) We found no significant differences in the size
of synaptic boutons between larvae with elav>UAS-TBPH-IR/UAS-GFP (B) and elav>UAS-TBPH-IR/UAS-ter94 (C), or
between those with elav>UAS-TBPH-IR (G) and elav>UAS-TBPH-IR/ter94%1%502 (H), The size was significantly smaller
in neuron-specific TBPH knockdown larvae (2.9 + 0.2 ym, G) than in control larvae (4.3 + 0.4 ym, A) (P < 0.01, K).
Columns and horizontal bars show the mean and SE of the measurements, respectively. **P < 0.01, and *P < 0.05.
The scale bars indicate 20 um (A, B, C, G, and H).

IR/UAS-GFP compared to driver control larvae
carrying elav>UAS-GFP-IR/+ (6 + 0.8 versus 9.1
+ 1.2, P < 0.05, Figure 7E). Meanwhile, the
number of MN synaptic boutons was signifi-
cantly increased in larvae carrying elav>UAS-
TBPH-IR/UAS-ter94 (10.8 + 1.9, Figure 7C)
compared to those carrying elav>UAS-TBPH-
IR/UAS-GFP (6 + 0.8, Figure 7B) (P < 0.05,
Figure 7E). The number of MN synaptic boutons
may be increased in larvae carrying elav>UAS-
TBPH-IR/UAS-ter94 due to the growth of synap-
tic terminals. The size of boutons in larvae car-
rying elav>UAS-TBPH-IR/UAS-ter94 and in
larvae carrying elav>UAS-TBPH-IR/UAS-GFP
was smaller than that in those carrying
elav>UAS-GFP-IR/+ (2.8 + 0.1 ym, 2.1 + 0.3
um, and 4.4 £ 0.4 um, respectively, P < 0.05,
Figure 7F). However, we found no significant
difference in the size of synaptic boutons
between larvae carrying elav>UAS-TBPH-IR/
UAS-GFP and elav>UAS-TBPH-IR/UAS-ter94
(Figure 7F).

Next, we explored the effects of loss-of-func-
tion mutation of ter94 on the morphology of
NMJs induced by TBPH knockdown. Compared
to the total length of synaptic branches of MNs
in driver control larvae carrying elav>UAS-GFP-
IR/+ (100.8 + 8.52 um, Figure 7A), the length
was significantly decreased in neuron-specific
TBPH knockdown larvae carrying elav>UAS-
TBPH-IR/+ (54.89 + 7.7 um, Figure 7G) (P <
0.01, Figure 71). This decreased branch length
was not enhanced by crossing with the loss-of-
function allele of ter94 (elav>UAS-TBPH-IR/

23

ter94415802 52 1 + 3.9 um, Figure 7H) (P = 0.74,
Figure 71). The average number of synaptic bou-
tons per MN was also significantly smaller in
neuron-specific TBPH knockdown larvae (5.5 +
0.5, Figure 7G) than in control larvae (9.2 + 1.2,
Figure 7A) (P < 0.01, Figure 7)). This decrease
in the number of synaptic boutons did not
change following crossing with the loss-of-func-
tion allele of ter94 (5.3 + 0.7, Figure 7H) (P =
0.82, Figure 7J). Similarly, we found no signifi-
cant difference in the size of synaptic boutons
between neuron-specific TBPH knockdown lar-
vae and those with neuron-specific TBPH
knockdown combined with the loss-of-function
allele of ter94 (P = 0.25, Figure 7K).

These results indicated that wild-type ter94
overexpression improved synaptic terminal
growth and the number of synaptic boutons,
which were impaired by TBPH knockdown.
Although the loss-of-function mutation of ter94
did not change the decrease in branch length
or the number of synaptic boutons caused by
TBPH knockdown, we suspect that the decrease
in branch length and the number of synaptic
boutons caused by TBPH knockdown are too
severe to be further affected by an additional
ter94 loss-of-function.

Effect of overexpression or loss-of-function
mutation of ter94 on the nuclear TBPH levels
in the larval CNS

To monitor TBPH expression and localization,
we immunostained brain-ventral ganglia com-
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Figure 8. Overexpression of wild-type ter94 restored nuclear TBPH signal intensities in the larval CNS with neuron-
specific TBPH knockdown. (A-F) Are representative images of corresponding genotypes. (A1-A3) Are immunofluores-
centimages of the larval CNS taken from driver control larvae carrying yw/Y; UAS-GFP-IR/+; elav-GAL4/+ (elav>UAS-
GFP-IR/+). The larval CNS comprises the brain-ventral ganglia complex (BVGC). The BVGC of driver control larvae
carrying elav>UAS-GFP-IR/+ showed nuclear signals from endogenous TBPH (A1). Anti-TBPH antibody immunore-
activity was evident in the nucleus of neuronal cells (B1). The TBPH signal did not colocalize with phalloidin-stained
actin filaments (B2, B1+B2). (C1-C3) Are the BVGCs of TBPH knockdown larvae carrying yw/Y; UAS—TBPH—IR517_531/
UAS-GFP; elav-GAL4/+ (elav>UAS-TBPH-IR/UAS-GFP). (E1-E3) Are the BVGCs of larvae that overexpress wild-type
ter94 on the background of TBPH knockdown carrying yw/Y; UAS-TBPH-IR, . ...,/UAS-ter94; elav-GAL4/+ (elav>UAS-
TBPH-IR/UAS-ter94). Panels (B1) to (B3), (D1) to (D3), and (F1) to (F3) are higher magnification images of the boxed
areasin (A1), (C1), and (E1), respectively. (B1+B2, B1+B3, D1+D2, D1+D3, F1+F2, and F1+F3) Are merged images.
The indirect immunofluorescence in (A1, B1, C1, D1, E1, and F1) is the signal from the polyclonal anti-TBPH anti-
body (based on Alexa Fulor 546 channel). The fluorescence in (A2, B2, C2, D2, E2, and F2) is from phalloidin (based
on Alexa Fulor 488 channel), which labels actin. The fluorescence in (A3, B3, C3, D3, E3, and F3) is from DAPI
(based on DAPI channel). (G) This graph plots the mean (+ SE) of the intensity of the nuclear TBPH signal in BVGCs
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from third instar larvae as fluorescence emission in arbitrary units for each genotype. Columns and horizontal bars
show the mean and SE of 15 nuclei, respectively. ***P < 0.001. Compared to the signal intensity of nuclear TBPH
in the BVGCs of the control larvae (A1), the TBPH signal intensity in the BVGCs of larvae carrying elav>UAS-TBPH-IR/
UAS-GFP (C1) was decreased (P < 0.001, G). The signal intensity of nuclear TBPH was significantly higher in larvae
carrying elav>UAS-TBPH-IR/UAS-ter94 (F1) than in larvae carrying elav>UAS-TBPH-IR/UAS-GFP (D1) (P < 0.001, G).
Neuron-specific TBPH knockdown reduces nuclear TBPH signal intensities in the larval CNS. And overexpression of
wild-type ter94 restored nuclear TBPH signal intensities in the larval CNS with neuron-specific TBPH knockdown.
The scale bars indicate 100 um (A1 to A3, C1 to C3, and E1 to E3) and 2 uym (B1 to B3, C1 to C3, and F1 to F3).

plexes (BVGCs) of third instar larvae with the
anti-TBPH antibody. In driver control larvae,
anti-TBPH immunoreactivity was evident in the
nucleus of the neuronal cells. Anti-TBPH immu-
noreactivity did not colocalize with actin fila-
ments stained with phalloidin (Figure 8B1,
8B2, 8B1+B2), but colocalized with nuclei
stained with diamino-2-phenylidole dehydro-
chloride (DAPI; Figure 8B1, 8B3, 8B1+B3).
These results confirmed that TBPH is localized
in the nucleus as reported previously [6, 18].

First, we examined TBPH expression and local-
ization in the CNS of larvae carrying overex-
pression of ter94 and neuron-specific TBPH
knockdown. The intensity of nuclear TBPH sig-
nals was reduced to 37.4% in the BVGCs of
neuron-specific TBPH knockdown larvae carry-
ing elav>UAS-TBPH-IR/+ [intensity units =
28.68+0.60 (arbitrary units), measured in
Figure 9B1] compared with that of driver con-
trol larvae (intensity units = 45.85+2.74, mea-
sured in Figure 8B1; P < 0.001, Figure 9E).
These results indicate that neuron-specific
TBPH knockdown effectively reduced nuclear
TBPH level. In comparison with the TBPH signal
intensities in BVGCs of responder control lar-
vae carrying yw/Y; UAS-TBPH-IR/UAS-GFP;
elav-GAL4/+ (Figure 8, elav>UAS-TBPH-IR/
UAS-GFP, C1), the TBPH signals in BVCGs of lar-
vae carrying yw/Y; UAS-TBPH-IR/UAS-ter94;
elav-GAL4/+ (Figure 8, elav>UAS-TBPH-IR/
UAS-ter94, E1) were remarkably stronger.
Quantification analysis of the TBPH signal
showed that the intensity of the nuclear TBPH
signal in elav>UAS-TBPH-IR/UAS-ter94 larvae
(intensity units = 63.32+2.54, measured in
Figure 8F1) was 4.3-fold higher than that in
elav>UAS-TBPH-IR/UAS-GFP larvae (intensity
units = 14.71+0.29, measured in Figure 8B1; P
< 0.001, Figure 8G). These results indicate that
overexpression of wild-type ter94 restored the
reduced TBPH signal in the nucleus induced by
neuron-specific TBPH knockdown. Taken toge-
ther, our results suggest that overexpression of
ter94 can rescue the TBPH knockdown
phenotype.
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Next, we analyzed TBPH expression and local-
ization in the CNS of larvae carrying a heterozy-
gous loss-of-function ter94 mutation and neu-
ron-specific TBPH knockdown. Larvae carrying
the loss-of-function allele of ter94 and neuron-
specific TBPH knockdown, yw; UAS-TBPH-IR/
ter94r15502; elay-GAL4/+ (Figure 9, elav>UAS-
TBPH-IR/ter94%1502  Figure 9C1) (intensity
units=27.63+0.61, measured in Figure 9D1) ex-
hibited almost the same TBPH signal intensi-
ties in the BVGCs as larvae carrying elav>UAS-
TBPH-IR larvae (Figure 9B1) (P = 0.23, Figure
9E). Larvae carrying the loss-of-function allele
of ter94, yw; ter94%1502/+; + (Figure 9, ter-
9Q4K18502/+  Figure 9G1) without TBPH knock-
down exhibited almost the same TBPH signal
intensities in the BVGCs as driver control larvae
(Figure 8B1). Thus, the loss-of-function allele of
ter94 did not affect the protein levels of TBPH
in the nucleus of TBPH knockdown flies, pre-
sumably because TBPH knockdown alone
caused a sufficiently severe decrease in
expression of TBPH protein to cause neuronal
dysfunction in those flies.

Discussion

In the present study, we demonstrated for the
first time overexpression of ter94 improved the
phenotypes of fly lines with neuron-specific
TBPH knockdown. Overexpression of wild-type
ter94 significantly suppressed the morbid phe-
notypes induced by TBPH knockdown such as
rough-eye phenotypes, locomotive disabilities,
and degeneration of MN synaptic terminals. On
the other hand, the loss-of-function allele of
ter94 (ter94%1502) enhanced the rough-eye
phenotypes and locomotive dysfunction indu-
ced by TBPH knockdown in the early stage of
adult flies. Considering the molecular basis of
the interaction between TBPH and ter94, we
demonstrated that overexpression of wild-type
ter94 restored the reduction of intranuclear
TBPH caused by TBPH knockdown. These
observations are similar to the effects of over-
expression and loss-of-function of ter94 on
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Figure 9. A loss-of-function ter94 mutation does not change the decreased TBPH signal intensities in nuclei. (A-G)
Are representative images of corresponding genotypes. (A1) to (A3) are the BVGCs of TBPH knockdown larvae car-
rying yw/Y; UAS-TBPH-IR . .../ +; elav-GAL4/+ (elav>UAS-TBPH-IR/+). (C1-C3) Are the BVGCs of larvae that co-ex-
press ter94*15%02 on the background of TBPH knockdown carrying yw/Y; UAS-TBPH-IR,, . /ter94/15°02 ; elav-GAL4/+
(elav>UAS-TBPH-IR/ter94¥15%02), (F1-F3) Are the BVGCs of larvae carrying yw/Y; ter94%15502/+, + (ter94K1%802/+) in
the heterozygous state. Panels (B1) to (B3), (D1) to (D3), (G1) to (G3) are higher magnification images of the boxed
area in (A1) and (C1), respectively. (B1+B2, B1+B3, D1+D2, D1+D3, G1+G2 and G1+G3) Are merged images.
The indirect immunofluorescence in (A1, B1, C1, D1, and F1) is signal from the polyclonal anti-TBPH antibody. The
fluorescence in (A2, B2, C2, D2 and F2) is from phalloidin, which labels actin. The fluorescence in (A3, B3, C3, D3
and F3) is from diamino-2-phenylidole dihydrochloride (DAPI), which labels DNA. The signal intensity from TBPH in
the BVGC was remarkably reduced in larvae carrying elav>UAS-TBPH-IR/+ (A1). The intensity of the nuclear TBPH
signal was significantly reduced in the BVGCs of larvae carrying elav>UAS-TBPH-IR/+ (B1) compared to that of driver
control larvae (Figure 8B1) (P < 0.001, E). (E) This graph plots the mean (+ SE) of the intensity of the nuclear TBPH
signal in BVGCs from third instar larvae as fluorescence emission in arbitrary units for each genotype. Larvae car-
rying the loss-of-function allele of ter94 and neuron-specific TBPH knockdown (elav>UAS-TBPH-IR/ter94552) (C1)
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also showed remarkably reduced TBPH signal intensities in the BVGCs. The intensity of the nuclear TBPH signal did
not change in larvae with the loss-of-function allele of ter94 and TBPH knockdown (D1), even compared to that of
the TBPH knockdown larvae (B1) (P = 0.2, E). TBPH signal intensities in the nuclei of the CNS of larvae carrying a
loss-of-function ter94 mutation (G1) were almost the same as TBPH signal intensities in the nuclei of the CNS of
larvae carrying elav>UAS-GFP-IR/+ (Figure 8B1). The scale bars indicate 100 ym (A1 to A3, C1to C3, and F1to F3)
and 5 ym (B1 to B3, D1 to D3, and G1 to G3). Columns and horizontal bars show the mean and SE of 15 nuclei,

respectively. ***P < 0.001.
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Figure 10. A schematic of the MN cell body showing
modified nucleocytoplasmic shuttling. We propose
two hypotheses: VCP may directly participate in im-
porting TDP-43 into the nucleus (A), and in extracting
TDP-43 from RNP complexes to permit recycling (B).

phenotypes due to Caz knockdown as we previ-
ously reported [29].

TDP-43 (TBPH) and FUS (Caz) share many stru-
ctural similarities. Both proteins are involved in
various aspects of mMRNA metabolism including
splicing, nucleocytoplasmic shuttling, transcri-
ption, mRNA stability, and stress granule
dynamics [25]. TDP-43 is normally present in
the cytoplasm at low levels, where it is found in
a large heterogeneous nuclear ribonucleopro-
tein (hnRNP) complex as a nucleocytoplasmic
shuttling molecule [53-55]. On the other hand,
VCP (ter94) is a hexamer ATPase thatis required
for protein degradation during endoplasmic
reticulum stress. VCP regulates diverse cellular
functions including autophagy, DNA repai,
membrane fusion, ubiquitin-mediated protein
degradation, nucleocytoplasmic shuttling, and
others [31-33, 56]. Recently, the GGGGCC
(G,C,) repeat expansion in a noncoding region
of C9orf72 has been demonstrated as the
most common cause of familial forms of ALS.
Substantial evidence shows that a primary con-
sequence of G,C, repeat expansion is compro-
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mised nucleocytoplasmic shuttling through the
nuclear pore, revealing a novel mechanism of
neurodegeneration [55, 57]. Recent studies
also provided a list of C9orf72 modifiers, some
of which are related to nucleocytoplasmic shut-
tling [53]. In recent studies, restoration of
nucleocytoplasmic shuttling rescues neurode-
generation in yeast, fly, and mouse models of
ALS/FTLD [53, 54, 58]. Thus, nucleocytoplas-
mic shuttling may be a novel and promising
therapeutic target for treating ALS/FTLD [59].

Our results demonstrate a genetic link between
TBPH and ter94, the Drosophila orthologs of
TDP-43 and VCP, respectively. Genetic interac-
tion between human TDP-43 and ter94 was
previously reported. The combination of ter94
with TDP-43 resulted in mild enhancement of
rough eye phenotype induced by expression of
TDP-43. In immunofluorescence analysis in lar-
val salivary glands, Drosophila carrying fkh-
GAL4>UAS-TDP-43 with ter94 mutation decre-
ased the protein level of TDP-43 in nucleus
[43]. However, these studies with artificially
expressed human TDP-43 provided only a lim-
ited information in a limited tissue. We there-
fore examined not only the compound eye phe-
notypes but also neuron-specific phenotypes.
Furthermore, we examined not only loss-of-
function mutation of ter94 but also overexpres-
sion of wild-type ter94. Our data thus provide
further information on the genetic interaction
between TDP-43 and VCP in neurons. We pro-
pose a working hypothesis for the effect of VCP
on the cellular localization of TDP-43 as sum-
marized in the schematic in Figure 10. VCP may
directly participate in importing TDP-43 into the
nucleus (Figure 10A) and extracting TDP-43
from RNP complexes to permit recycling (Figure
10B) [43]. Our results demonstrate that overex-
pression of ter94 restores the reduction in
TBPH in the nucleus. Wild-type ter94 overex-
pression may translocate TBPH from the cyto-
plasm to the nucleus when the amount of TBPH
in the nucleus is decreased.
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In summary, we have provided the first eviden-
ce that the overexpression of ter94 improves
the neurodegeneration induced by TBPH knock-
down in vivo. Our data suggest that up-regula-
tion of VCP induces translocation of TDP-43
fromthe cytoplasm to the nucleus. Up-regulated
VCP may suppress the pathogenic processes
that lead to the degeneration of MNs in TDP-
43-associated ALS/FTLD. This study may pro-
vide a basis to support the future development
of novel disease-modifying therapies for human
ALS.
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