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Pathological aggregation and mutation of the 43-kDa TAR DNA-binding protein (TDP-43) are strongly implicated
in the pathogenesis amyotrophic lateral sclerosis and frontotemporal lobar degeneration. TDP-43 neurotoxicity
has been extensively modeled in mice, zebrafish, Caenorhabditis elegans and Drosophila, where selective ex-
pression of TDP-43 in motoneurons led to paralysis and premature lethality. Through a genetic screen aimed to
identify genetic modifiers of TDP-43, we found that the Drosophila dual leucine kinase Wallenda (Wnd) and its
downstream kinases JNK and p38 influenced TDP-43 neurotoxicity. Reducing Wnd gene dosage or overexpres-
sing its antagonist highwire partially rescued TDP-43-associated premature lethality. Downstream of Wnd, the
JNK and p38 kinases played opposing roles in TDP-43-associated neurodegeneration. LOF alleles of the p38b
gene as well as p38 inhibitors diminished TDP-43-associated premature lethality, whereas p38b GOF caused
phenotypic worsening. In stark contrast, disruptive alleles of Basket (Bsk), the Drosophila homologue of JNK,
exacerbated longevity shortening, whereas overexpression of Bsk extended lifespan. Among possible mecha-
nisms, we found motoneuron-directed expression of TDP-43 elicited oxidative stress and innate immune gene ac-
tivation that were exacerbated by p38 GOF and Bsk LOF, respectively. A key pathologic role for innate immunity
in TDP-43-associated neurodegeneration was further supported by the finding that genetic suppression of the
Toll/Dif and Imd/Relish inflammatory pathways dramatically extended lifespan of TDP-43 transgenic flies. We
propose that oxidative stress and neuroinflammation are intrinsic components of TDP-43-associated neurode-
generation and that the balance between cytoprotective JNK and cytotoxic p38 signaling dictates phenotypic
outcome to TDP-43 expression in Drosophila.

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a devastating neurode-
generative disease that preferentially impacts motoneurons.
ALS typically follows an unrelenting course, leading to respira-
tory failure and death in 3—5 years. Sadly, there is no effective
treatment for this disease.

Recent progress toward a treatment for ALS has been propelled
by major breakthroughs in ALS genetics. Although the majority of
ALS cases arise sporadically (SALS), roughly 10% of ALS cases
are familial in nature (fALS), exhibiting a dominant pattern of

inheritance. The first identified genetic cause of ALS, mutation
of the superoxide dismutase 1 (SODI) was identified in 1993
(1). SOD1 mutations account for ~20% of fALS cases, impact
SODI1 folding and aggregation potential, and are thought to
confer various toxic gains of function (reviewed in 2). Transgenic
expression of mutant SOD1 in either motoneurons or glia elicits
motoneuron degeneration in mice and SODI transgenic rodents
have been the principle mammalian model for exploring neuro-
pathologic mechanisms in ALS for ~20 years.

The seminal discovery that the RNA-binding protein 43-kDa
TAR DNA-binding protein (TDP-43) is a major component of
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Ub-positive cytoplasmic inclusions in degenerating neurons of
patients with sALS, or the ALS spectrum disease frontotemporal
lobar degeneration (FTLD) (3), reshaped thinking about ALS
pathogenesis. Subsequent discoveries that mutations in TDP-43
(4-9) and a second RNA-binding proteins, FUS/TLS (fused in
sarcoma/translocated in liposarcoma), cause familial forms of
ALS (10,11), pointed toward neuronal RNA metabolic defects
as critical components of ALS. Another landmark discovery
that hexanucleotide GGGGCC (G4C2) repeat expansions in the
3'UTR of C9ORF72 are responsible for ~40% of fALS cases is
also consistent with a critical role for altered RNA metabolism
(12,13). G4C2-expanded COORF72 transcripts form intranuclear
aggregates and may promote toxicity, in part, through sequestra-
tion of key RBPs (14—16) and ATG-independent translation of
toxic dipeptides (17—19).

TDP-43 is a nuclear protein that comprises two RNA recogni-
tion motifs (RRM) and an unstructured, Gly-rich, C-terminal
domain where most of the ~50 different ALS mutations
reside. The Gly-rich motif exhibits prion-like characteristics
and is thought to mediate protein—protein interactions (20).
Although it remains unclear how ALS-associated mutations in
TDP-43 instigate disease, such mutations have been reported
to increase its stability (21) and aggregation potential (22), and
alter TDP-43 splicing activity in vivo (23). TDP-43 preferential-
ly binds to (UQG),, repeats and participates in mRNA splicing, in-
cluding alternative exon skipping (24-26). Genome wide
analyses have defined a landscape of several thousand TDP-43
regulated substrates and revealed that TDP-43 is enriched deep
within large introns that are characteristic of many neuron-
specific genes (24,25). TDP-43 also negatively regulates its
own RNA (27), leading to a model whereby cytosolic agg-
regation of TDP-43 leads to increased translation of TDP-43
message, feedforward TDP-43 aggregation, and ultimately,
depletion of essential TDP-43 splicing functions in the nucleus.
Indeed, nuclear clearing of TDP-43 is frequently observed in de-
generating motoneurons of ALS/FTLD patients (8). Although its
splicing functions have garnered the most attention, TDP-43 has
also been implicated in transcription regulation (28,29), micro-
RNA processing (30) and regulation of stress granule (SG) forma-
tion (31,32). Alterations in any or all these processes may
contribute to neurodegeneration in ALS or FTD.

TDP-43 neurotoxicity has been modeled in rodents, C. elegans,
zebrafish and Drosophila. A common denominator of these
studies is that overexpression of either wild-type or mutant
TDP-43 proteins elicits ALS-like phenotypes including impaired
motor function and dramatic lifespan reduction (7,33—37). In
Drosophila, selective expression of TDP-43 in motoneurons
leads to axonal swelling, neuromuscular junction defects, age-
dependent paralysis and dramatic lifespan reduction (reviewed
in 38). TDP-43 maintains a largely nuclear distribution pattern
when overexpressed in Drosophila, though cytoplasmic inclu-
sions and insoluble TDP-43 aggregates have been reported and
may contribute to toxicity (22,36,39,40). In keeping with the
theme of altered RNA metabolism, an intact RRM is required
for TDP-43 to elicit full toxicity in Drosophila (41,42).

A number of laboratories have identified genes that modify the
severity of TDP-43-associated phenotypes in Drosophila. Over-
expression of intermediate polyglutamine (polyQ) expanded
versions of Ataxin 2 worsened TDP-43 toxicity and supported
PolyQ Ataxin 2 expansions as an independent risk factor for

ALS (43). Reducing gene dosage of Ataxin 2 (43), the endoplas-
mic reticulum calcium channel ITPR1 (44) or the nucleoporin
Nup50 (45), reduced TDP-43 toxicity, though the mechanisms
are not clear. More recently, it was shown that downregulation
of the cytoplasmic polyA-binding protein or other constituents
of cytoplasmic SGs, partially offsets TDP-43 neurotoxicity
(46). SGs containing depots of mRNAs and temporarily stalled
ribosomes are also being carefully scrutinized for their involve-
ment in ALS caused by mutations in FUS (reviewed in 47).

A seemingly important yet relatively unexplored aspect of
TDP-43 pathogenesis concerns its relationship to the cell stress
response. Among the best-studied stress response pathways are
those governed by the stress-activated protein kinases
(SAPKs), p38 and JNK. p38 and JNK are activated in response
to a wide variety of stress stimuli, including heat shock,
osmotic challenge, protein synthesis inhibition, DNA damage
and viral infection and orchestrate an equally varied cellular re-
sponse impacting development, protein translation, apoptosis,
cell cycle, as well as oxidative stress response and immune acti-
vation (reviewed in 48). Aberrant activation of INK and p38 has
been implicated in a broad range of neurodegenerative disorders
(49,50), including ALS (51,52). Both JNK and p38 serve as
effector kinases downstream of the MAP3K Wnd/DLK (dual
leucine kinase), whose context-dependent activation regulates
neuronal injury repair (53), synaptic structure remodeling (54)
and axonal degeneration (55).

A hallmark of many neurodegenerative diseases is the expres-
sion of inflammatory markers within affected regions of the
CNS. The potential cause and effect relationship between neu-
roinflammation and neurological damage in ALS and other neu-
rodegenerative diseases has been heavily scrutinized (reviewed
in 56). Frakes ef al. showed that of NF-kB-mediated microglia
activation contributed to motoneuron death in SOD1%*# mice
(57). Additionally, extracellular mutant SOD1 was reported to
trigger IL-1{ release from activated microglia (58), further sup-
porting a role for inflammatory changes in this ALS model.
In contrast, the relationship between TDP-43 proteinopathy
and neuroinflammation is largely unknown.

Here we report evidence that neuroinflammation is a promin-
ent feature of TDP-43-associated neurodegeneration in Dros-
ophila and that genetic suppression of the innate immune
response conferred strong phenotypic rescue in TDP-43 trans-
genic flies. We also provide evidence that p38 and JNK
SAPKSs play important yet opposing roles in TDP-43-induced
neurodegeneration in Drosophila and that p38 and JNK exert
their influences, at least in part, through modulating pathologic
oxidative stress and neuroinflammation. The potential relevance
of these findings to human ALS is discussed.

RESULTS

Deficiency screening for TDP-43 modifier genes
in Drosophila

In order to reveal genetic components potentially linked to
TDP-43 neurotoxicity, we performed a genetic deficiency
screen using a subset of the Bloomington deficiency kit (59).
Selected deficiency stocks harboring a defined deletion of
~50-200 genes were crossed to flies expressing full-length
human UAS (upstream activating sequence)-TDP-43 transgene



under the control of D42-Gal4 motoneuron-specific driver
(hereafter referred to D42>TDP-43 flies) (45). Because
D42>TDP-43 flies reproducibly die between 3 and 4 weeks of
age, we used lifespan extension as a phenotypic readout for
our primary screen, using a >10% longevity increase as an
arbitrary cutoff. We randomly screened 29 non-overlapping
deficiencies covering parts of the second and third chromosomes
with a total coverage of ~3000 genes. Among these, deficiency
Df(3L)XS533 caught our attention by conferring at least
two-fold increase in median survival (MS; Supplementary
Material, Fig. S1A and B). Df(3L)XS533 did not extend the life-
span of D42-Gal4 control flies, but rather reduced the MS by half
(Supplementary Material, Fig. S1C).

Df(3L)XS533 spans a large cytological segment on the third
chromosome from 76B4 to 77B1 containing over 100 genes.
To reduce the number of candidates, we surveyed 10 smaller de-
ficiencies spanning 76B4 to 77B1 (Supplementary Material,
Fig. S2A-E). Deficiency Df(3L)ED229, Df(3L)Exel9009
and Df(3L)BSC445 were among the strongest suppressors,
increasing median longevity of D42>TDP-43 flies by 27—
31% (Supplementary Material, Fig. S2B). Df(3L)Exel9009
and Df(3L)BSC445 are both contained within Df(3L)ED229
but do not overlap with each other, suggesting the possible exist-
ence of two or more modifier genes within the 76B9-76D5
cytological interval (Supplementary Material, Table S1). Inter-
mediate suppressors included Df(3L)BSC734, Df(3L)BSC417
and Df(3L)BSC731(Supplementary Material, Fig. S2C),
whereas (3L)BSC796, Df(3L)BSC830 and Df(3L)BSC839
(Supplementary Material, Fig. S2D) had little or no impact. A
caveat to deficiency mapping in the presence of Gal4 is the po-
tential for non-specific genetic interactions caused by residual
UAS elements left near the breakpoint of the deletion segment
(60). In fact, Df(3L)Exel6135 deficiency was lethal when
crossed with D42>TDP-43 (Supplementary Material,
Fig. S2A) and rendered an eyeless-phenotype when crossed to
the eye-specific driver GMR-Gal4 (Supplementary Material,
Fig. S2E), probably due to this mechanism. However, two
pieces of evidence argue against this as a major explanation
for our findings. First, multiple deficiencies covering the prox-
imal region (Supplementary Material, Fig. S2B) showed
strong phenotypic rescue. Second, within the interval of interest,
Df(3L)ED229, which does not contain UAS, also conferred
phenotypic rescue (Supplementary Material, Fig. S2B). Thus,
the most straightforward explanation for the findings is that
interval 76B4 to 77B1 contains one or more TDP-43 modifier
genes.

Whnd promoted TDP-43 neurotoxicity

We initially focused on the 23 genes within the Df(3L)Exel9009
deficiency as candidates for TDP-43 modifiers. Among these,
the MAP3K Wnd, which modulates neuromuscular junction de-
velopment (61) and axonal injury repair (53,62), was of consider-
able interest. We therefore crossed the D42 >TDP-43 flies to three
different Wnd loss-of-function (LOF) mutants (61) and found that
each of the Wnd alleles extended lifespan of D42>TDP-43 flies
from 15 to 20% (Fig. 1A) without increasing lifespan of
D42-Gal4 controls (Supplementary Material, Fig. S3A). The ubi-
quitin E3 ligase highwire (Hiw) regulates Wnd through proteaso-
mal clearance (61). Overexpression of Hiw phenocopied Wnd null
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mutations, causing 30% increase of median longevity (Fig. 1B).
Neither Wnd LOF alleles nor overexpression of Hiw altered ex-
pression of the TDP-43 transgene (Fig. 1C). A Wnd"” compound
mutant did not show any further rescue (Supplementary Material,
Fig. S3B) but rather shortened longevity of D42>TDP-43 flies.
This outcome may reflect critical roles for Wnd in neuron devel-
opment and synaptogenesis (61).

In order to circumvent the potentially confounding effects of
Wnd LOF during development, we crossed UAS-Wnd" " flies
with a recombinant line that expresses temperature sensitive in-
hibitory Gal80® (Tub>Gal80") (reviewed in 16) and a high-
expressing UAS-TDP43" transgene. By crossing the F1 flies to
the BG380-Gal4 motoneuron driver, we were able to induce con-
comitant expression of TDP-43 and Wnd in adult motoneurons by
shifting to the permissive temperature (30°C). In keeping with the
idea that Wnd promoted TDP-43 neurotoxicity, overexpression of
wild-type Wnd dramatically shortened lifespan of BG380>TDP-
43 flies (Fig. 1D) without impacting TDP-43 expression (Fig. 1E).
Taken together, our results suggested that TDP-43 neurotoxic GOF
was at least partially mediated by Wnd signaling.

Differential impacts of p38 and JNK/Bsk
on TDP-43-mediated toxicity

Wnd functions upstream of the SAPKs JNK and p38 (53,54).
Indeed, overexpression of Wnd in fly motoneurons was suffi-
cient to increase in JNK and p38 phosphorylation (Fig. 1E).
To explore the contributions of INK and p38 to TDP-43-induced
neurodegeneration, we crossed D42>TDP-43 flies to a trans-
genic line that expresses the Drosophila JNK homologue
Basket (Bsk) under UAS control. Expression of wild-type Bsk
in motoneurons increased D42 >TDP-43 fly longevity by 26%
without impacting TDP-43 expression (Fig. 2A and C). On the
other hand, heterozygous Bsk null alleles significantly reduced
lifespan of D42>TDP-43 flies (Fig. 2B and C). Thus, JNK sig-
naling downstream of Wnd appears neuroprotective in the
D42>TDP-43 model.

The Drosophila genome encodes three different p38 genes
(p38a, p38b and p38c) with shared and unique functions (63).
Interestingly, in stark contrast to the JNK/Bsk overexpression
findings, overexpression of wild-type p38b in motoneurons sig-
nificantly shortened lifespan of D42>TDP-43 flies (Fig. 2D)
and increased the frequency of wing defects (Fig. 2E) that we
and others have previously described (35,64) with no detectable
increase of TDP-43 level (Fig. 2F). Homozygous deletion of
p38b yielded the opposite phenotype, significantly extending
the lifespan of D42>TDP-43 flies (Fig. 2G and H). The contri-
bution of p38 signaling to TDP-43 toxicity was further investi-
gated using small molecule p38 inhibitors. Male D42>TDP-43
flies were treated with vehicle or the p38 inhibitor SB202190
(0—-200 M) from the first day of eclosion onward. At the
highest dose tested (200 pm), a significant 21% increase in MS
over DMSO-treated controls was observed (Fig. 3A). The p38
inhibitor also modestly enhanced the climbing performance
in aged D42>TDP-43 flies (Fig. 3B). Although less efficacious
in motility improvement, a second p38 inhibitor SB203580 also
extended lifespan of D42>TDP-43 flies at the highest dose
tested (Supplementary Material, Fig. S4A and B).

That chemical inhibition of p38 was beneficial suggested inhi-
biting p38 signaling during adulthood could be sufficient to
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Figure 1. Loss-of-function mutations in Wnd reduce TDP-43 neurotoxicity. (A) Survival curve of D42>TDP-43 flies crossed to heterozygous Wnd LOF alleles.
Median survival (MS) and number of animals used (N) for each genotype were: D42>TDP-43/4 (MS = 20 days, N = 88); D42>TDP-43/Wnd"" (MS = 23
days, N = 103); D42>TDP-43/Wnd®* (MS = 24 days, N=91); D42>TDP-43/Wnd*'* (MS = 24 days, N = 67). (B) Survival curve of D42>TDP-43 flies
overexpressing wild-type Highwire (UAS-Hiw). MS and N for each genotype were: D42>TDP-43/4+ (MS = 20 days, N = 60); D42>TDP-43/UAS-Hiw
(MS = 26 days, N = 51). (C) Western blot analysis showing TDP-43 expression level in heads from D42>TDP-43 flies crossed to UAS-Hiw, Wnd® or Wad'.
Tubulin was used as loading control. (D) Survival curve of BG380>TDP-43"3 female flies (containing Tub-Gal80'") overexpressing wild-type Wnd (UAS-Wnd"' ).
The cross was performed at 18°C and newly eclosed flies shifted to 30°C at Day 0 of the survival assay. MS and N for each genotype were: BG380>TDP-43"%/+
(MS = 7 days, N = 45); BG380>TDP-43"3/UAS-Wnd"™ (MS = 5 days, N = 78). (E) Western blot analysis showing TDP-43 expression level as well as p38
phosphorylation (equivalent to vertebrate Thr180/Tyr182) and JNK (Bsk) phosphorylation level (equivalent to vertebrate Thr183/Tyr185) in head tissues from
BG380>TDP-43"%/+ and BG380>TDP-43"3/UAS-Wnd" " flies after incubation at 30°C for 4 days. Tubulin was used as loading control. Note: Error bar represented
SEM. Statistical significance was summarized as asterisks shown on graph with detailed analyses listed in Supplementary Material, Table S4.

repress TDP-43 mediated neurotoxicity. This idea was tested
through use of a dominant-negative p38b (UAS-p38H°") trans-
gene under the control of temperature sensitive Gal80™ and the
BG380-Gal4 motoneuron driver. After eclosion, adult flies were
moved from 18 to 30°C to allow co-expression of TDP-43"2
and p38b transgenes in adult motoneurons. We found that overex-
pression of p38h”" increased MS, whereas overexpression of
wild-type p38b decreased MS (Fig. 3C and D). Thus, in stark con-
trast to the JNK findings, genetic or pharmacologic interference
with p38 attenuated TDP-43 toxicity in flies. In addition, these
findings indicate genetic inhibition of p38 in neurons is sufficient
to extend Drosophila lifespan.

TDP-43 missexpression leads to age-dependent oxidative
stress that is exacerbated by Bsk LOF and p38b GOF

Both JNK (65) and p38 (66) kinases are required for proper oxi-
dative stress responses in Drosophila. In light of the genetic
interaction between JNK/p38 with TDP-43, we surveyed oxida-
tive stress signaling in the TDP-43 missexpression model. Gluta-
thione S transferase D1 (GstD1) is an oxidative responsive gene
whose expression serves as a surrogate marker for reactive
oxygen species (ROS) (67,68). To evaluate age-dependent
oxidative stress, GstD1 mRNA levels from head extracts of
newly eclosed flies (Day 0) or aged flies (Days 4 and 8) were
measured by quantitative PCR (Fig. 4A). Whereas GstD1

mRNA expression was essentially unchanged in Day 0 and
Day 4 D42>TDP-43 flies, GstD1 levels increased ~2-fold in
8-day-old TDP-43 flies. Induction of GstD1 in neurons was
also evidenced by higher expression of an integrated GFP report-
er under control of the GstDI promoter (67) (Supplementary
Material, Fig. S5A and B). Finally, we observed increased
protein carbonylation in TDP-43 expressing flies (Supplemen-
tary Material, Fig. S5C). Thus, head tissues of D42>TDP-43
flies exhibit age-dependent oxidative stress.

Increased oxidative stress levels in D42>TDP-43 flies
implied these flies might have impaired defense against oxida-
tive insult and/or show susceptibility to further oxidative
insults. To test this idea, we challenged aged D42>TDP-43
flies with paraquat, a strong inducer of ROS. We observed
significant decrease of survival in aged D42>TDP-43 flies
(Day 10) but not newly eclosed flies (data not shown) when
flies were subjected to 20 mm paraquat challenge (Fig. 4B). On
the other hand, overexpression of Cap-n-colar (Cnc), a tran-
scription factor which orchestrates transcriptional reprogram-
ming to combat oxidative free radicals (67), increased survival
(Fig. 4C and D). We also observed an even higher level of
GstD1 in D42>TDP-43 flies that were Bsk haplodeficient or
overexpressing UAS-p38h”7 (Fig. 4E), indicating that the
extent of oxidative stress correlates with reduced lifespan in
these flies (Fig. 2B and D). These data suggested that, among
other possible mechanisms, the impact of SAPK JNK/p38
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Figure 2. Differential impacts of SAPKs JNK/Bsk and p38 on TDP-43-induced neurotoxicity. (A) Survival curve of D42 >TDP-43 flies overexpressing Drosophila
wild-type JNK (UAS-Bsk™ ™). MS and N for each genotype were: D42>TDP-43/4 (MS = 21.5 days, N = 68); D42>TDP-43/UAS-Bsk" " (MS = 27 days, N = 60).
(B) Survival curve of D42>TDP-43 flies crossed to heterozygous LOF Bsk alleles. MS and N for each genotype were: D42>TDP-43/4 (MS = 24 days, N = 93);
D42>TDP-43/Bsk’* (MS = 20 days, N = 90); D42>TDP-43/Bsk”" (MS = 19 days, N = 94). (C) Western blot analysis for TDP-43 expression level in head
tissues from D42>TDP-43 flies crossed to UAS-Bsk” " and Bsk mutant background. Tubulin was used as loading control. (D) Survival curve of D42>TDP-43
flies overexpressing wild-type p38b (UAS-p38b”7). MS and N for each genotype were: D42>TDP-43/+ (MS = 24 days, N = 87); D42>TDP-43/UAS-p38""
(MS = 21 days, N = 55). (E) Overexpression of p38b"7 exacerbated wing deformation in D42 >TDP-43 flies. Percentage of adult flies showing abnormal wing
phenotype was scored and separated by gender. (F) Western blot analysis for TDP-43 expression level in head tissues from D42>TDP-43 flies crossed to
UAS-p38b™". Tubulin was used as loading control. (G) Survival curve of D42>TDP-43 flies containing heterozygous or homozygous LOF p38b°°7 allele. MS
and N for each genotype were: D42>TDP-43/+ (MS = 23 days, N = 89); D42>TDP-43/p38b°?"+ (MS =22 days, N = 93); D42>TDP-43/p38b">?"P?7
(MS = 26.5 days, N = 72). (H) Western blot analysis of TDP-43 expression level in head tissues collected from flies crossed to p38h”?” allele. Tubulin was used
as loading control. Note: Error bar represented SEM. Statistical significance was summarized as asterisks shown on graph with detailed analyses listed in Supplemen-

tary Material, Table S4.
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in Supplementary Material, Table S4.

signaling on TDP-43 neurotoxicity could be mediated through
modulation of the oxidative stress response.

Expression of TDP-43 in motoneurons caused age- and
dose-dependent neuroinflammation

Among a myriad of other important cellular functions, JNK and
p38 SAPKs are immune responsive kinases that regulate fly im-
munity (69—-73). Given the genetic link between JNK/p38 and
TDP-43, we next surveyed potential involvement of immune ac-
tivation in TDP-43 pathology. Antimicrobial peptide (AMP)
genes are an integral part of Drosophila humoral immunity
(reviewed in 74). The AMP genes Attacin, Cecropin, Defensin,
Diptericin and Drosomycin are strongly induced by infection
and are frequently used as markers for neuroinflammation
in Drosophila (75,76). Thus, to study neuroinflammatory re-
sponse in the D42>TDP-43 flies, we measured transcriptional
activation of AMP genes from fly head extracts using qPCR.
Expression of TDP-43 in motoneurons strongly activated
AMP genes in an age-dependent manner. For instance, relative
to age-matched D42-Gal4/+ controls, D42>TDP-43/+ flies
demonstrated 6-fold (Day 0), 20-fold (Day 4) and 100-fold
(Day 8) increases in Attacin C expression (Fig. 5A). Although

the magnitudes of induction differed, similar patterns were
observed for Diptericin B (Fig. 5B), and the AMP genes Cecro-
pin, Defensin and Drosomycin (Supplementary Material,
Fig. S6A). Since the induction of Attacin C and Diptericin B
was most stable among all five of the AMP genes tested, we
used their expression as readout for neuroinflammation in subse-
quent experiments. Immune gene activation was demonstrated
in independently generated TDP-43 transgenic lines (L1 and
L4) and was not observed in flies overexpressing GFP (Supple-
mentary Material, Fig. S6B), suggesting that protein overexpres-
sion in-and-of-itself is not sufficient to activate AMP genes.
Finally, TDP-43-mediated neuroinflammation was not exclu-
sive to the D42-Gal4 driver, as expression of TDP-43 under a
second motoneuron driver BG380-Gal4 also caused substantial
immune activation (Supplementary Material, Fig. S6B), as did
expression under the Elav-Gal4 driver (Fig. 5C). By contrast, ex-
pression of TDP-43 under the glia-specific Repo-Gal4 driver
weakly activated AMPs (Supplementary Material, Fig. S6D).
Collectively, these results suggested that neuronal expression
of TDP-43 was sufficient to cause neuroinflammation in an age-
dependent manner. To further characterize TDP-43-mediated
immune activation, we used a low expressing TDP-43 transgenic
line that was generated through phiC31 integration (42).
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to UAS-CncC. Tubulin was used as loading control. (E) qPCR analysis measuring GstD1 mRNA level from head tissues of flies aged for 8 days. Levels of GstD1
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bar represented SEM. Statistical significance was summarized as asterisks shown on graph with detailed analyses listed in Supplementary Material, Table S4.

Compared with the UAS-TDP43" line that was used in our
previous experiments, TDP-43 exg_ression level was about
two-thirds lower in the UAS-TDP43P"3! [ine and corresponded
with significant attenuation of immune responses (Fig. 5D), sug-
gesting that TDP-43-mediated immune activation was dose de-
pendent.

Expression of TBPH and FUS in motoneurons induced
AMP gene activation in aged flies

We next asked whether innate immunity was induced in other
Drosophila ALS models. The Drosophila homologue of

TDP-43, TBPH, is critical for appropriate synapse development
and motor function in flies (77) and its missexpression caused
severe motor defects, premature lethality and abnormal
synapse formation (39,77). Remarkably, TBPH overexpression
under the D42-Gal4 driver showed even stronger immune
activation resulting 77-fold increase of Attacin C and 802-fold
increase of Diptericin B in 8-day-old flies (F;g SE).
An RNA-binding-defective mutant of TBPH, TBPH"""/?%-1?
(78), showed much reduced immune activation (Fig. 5E and F)
in comparison to wild-type TBPH, suggesting that the hyper-
immune activation mediated by TBPH overexpression was at
least partially RNA-binding dependent.
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plotted with mean value. Error bar represented SEM. Statistical significance was summarized as asterisks shown on graph with detailed analyses listed in Supplemen-
tary Material, Table S4.

Finally, to explore the generality of our findings to other in flies overexpressing the ALS-associated RNA-binding pro-
ALS models, we measured Attacin C and Diptericin B levels tein FUS/TLS (79) in motoneurons. Indeed, overexpression of
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wild-type FUS under the D42-Gal4 motoneuron driver caused
strong immune activation (Fig. 5G). Altogether, these results
demonstrated that neuronal expression of ALS disease-causing
proteins TDP-43/TBPH and FUS induced strong immune activa-
tion in Drosophila, implicating neuroinflammation as a consist-
ent marker of neurodegeneration in this model.

The immune modulatory Toll/Dif and Imd/Relish pathways
contribute to TDP-43 neurotoxicity

To explore the pathologic role immune activation in
D42>TDP-43 flies, we genetically disrupted the Imd/Relish
pathway, which is required for AMP transcription (reviewed in
74). A heterozygous Rel”?’ Relish allele increased the longevity
of D42>TDP-43 flies by ~20% (Fig. 6A). A second Relish
allele, Rel®®, conferred a more modest lifespan extension
(Fig. 6A). Neither of these alleles, however, rescued the motility
defects that were usually manifested around Day 18 (Fig. 6B).
Disrupting genes in the Toll/Dif (dorsal-related immunity
factor) pathway, which functions parallel to the Imd/Relish
pathway in AMP transcriptional activation also reduced
TDP-43 toxicity. Toll receptor mutant allele 7/ increased MS
of D42>TDP-43 flies by 41% (Fig. 6C), whereas Dif' and
Difz alleles extended lifespan by 41 and 44%, respectively
(Fig. 6C). Genetic blockade of the Toll/Dif pathway also
improved motility defects in animals aged at Day 18 (Fig. 6D).

To further evaluate the role of Toll/Dif pathway in TDP-43
neurotoxicity, we crossed D42>TDP-43 flies to harboring
hypomorphic mutations in Spazle, a circulating cytokine import-
ant for activation of Toll-like rece;otors (80—82). Heterozygous
Spatzle LOF alleles, Spz” and Spz”*, extended median longevity
by 25 and 30%, respectively (Fig. 6E). Finally, none of the afore-
mentioned alleles in either Toll/Dif or Imd/Relish pathway affect
TDP-43 transgene expression (Fig. 6F). Taken together, these
results strongly suggest that innate immune gene activation is
an integral component of TDP-43 neurotoxicity in Drosophila.

Phenotypic rescue by TDP-43 modifier genes correlated
with reduced neuroinflammation

Since our data suggested that neuroinflammation was closely
related to TDP-43 toxicity, we tested whether phenotypic
rescue was accompanied by reduced expression of AMP
genes. Consistent with this, D42 >TDP-43 flies on the Dif’ back-
ground showed 3.7-fold reduction of Attacin C (P = 0.1) and
5.2-fold reduction of Diptericin B expression g ig. 7A).
Similar findings were made for the Di]g and Rel™?" alleles
(Fig. 7A and B). Thus, phenotypic rescue by these alleles corre-
lated with reduced expression of neuroinflammatory genes.
On the other hand, the Bsk” LOF mutation, which shortened life-
span of D42>TDP-43 flies, conferred a 33-fold increase of
Attacin C and 37.5-fold increase of Diptericin B (Fig. 7C)
versus D42 >TDP-43 controls (Fig. 7C). Similarly, p38b over-
expression caused a 51-fold increase of Attacin C and 32-fold
increase in Diptericin B relative to D42>TDP-43 controls
(Fig. 7C). These findings suggest that, in addition to influencing
levels of oxidative stress, JNK and p38 kinases may differential-
ly impact TDP-43 neurotoxicity through alterations in neuroin-
flammatory processes.
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DISCUSSION

Through partial screening of a Drosophila deficiency library
we identified the neuronal injury-signaling kinase Wnd/DLK
and its downstream effector kinases p38 and Bsk/JNK as modi-
fiers of TDP-43 elicited neurotoxicity. Our experiments further
implicate oxidative stress and the innate immune response as
key determinants of TDP-43-mediated toxicity in Drosophila
motoneurons (Fig. 8). These findings support a growing litera-
ture implicating SAPKs as determinants of regenerative and
degenerative responses to neuronal stress (reviewed in 83)
and point toward application of anti-oxidative agents and/or
immune suppressants as an avenue of therapeutic exploration
in preclinical TDP-43 proteinopathy models.

Drosophila Wnd was initially identified as a gene required
for synaptic bouton overgrowth in Hiw mutants (61). Subsequent
studies of Wnd in Drosophila and its mammalian ortholog DLK
have revealed complex roles in neuronal development and
axonal biology (84). DLK-dependent apoptotic signaling is
strongly linked to activation of JNK and its cognate transcription
factor, AP-1 (85). Against, this backdrop, a straightforward
explanation for the partial rescue of TDP-43 toxicity by Wnd
mutations, was that TDP-43 missexpression generates an
injury signal that triggers pathologic Wnd activation. However,
several findings rule out this simple model. First, we found no evi-
dence for hyperphosphorylation of the Wnd effectors JNK and
p38 in whole heads of D42>TDP-43 flies (data not shown).
Second, D42>TDP-43 flies did not display an NMJ overgrowth
phenotype characteristic of Wnd gain of function (data not
shown). Thus, despite the fact that Wnd mutations reduce
TDP-43 toxicity, we see no evidence of enhanced Wnd activation
in TDP-43 transgenic flies, suggesting that constitutive Wnd sig-
naling is sufficient to enhance TDP-43 toxicity.

Downstream of Wnd, p38 and JNK/Bsk LOF alleles consist-
ently yielded opposing impacts on TDP-43-associated neurotox-
icity, with p38 enhancing toxicity and JNK/Bsk conferring
reduced toxicity. Although JNK functions as a pro-apoptotic
component of the Wnd/DLK pathway (86), this is clearly
not the case in context of TDP-43-induced neurodegeneration,
which is caspase independent (45). Instead, our findings
suggest that INK/Bsk attenuates TDP-43-induced toxicity, at
least in part, through mitigation of ROS. A pathologic role for
ROS in TDP-43-mediated toxicity is supported by the findings
that: (i) oxidative stress markers were elevated in aged
D42>TDP-43 flies; (ii) D42 >TDP-43 flies showed hypersensi-
tivity to the oxidative stress agent paraquat; and (iii) overexpres-
sion of the anti-oxidant response transcription factor CncC
extended lifespan of D42>TDP-43 flies. JNK/Bsk LOF exacer-
bated ROS in D42 >TDP-43 flies (Fig. 4E), which is compatible
with previous reports showing that Bsk deficient flies were
hyper-sensitive to oxidative insults (65). A role for oxidative
stress in TDP-43-induced neurotoxicity described here is con-
sistent with studies showing that TDP-43 alters mitochondrial
function (87) and deregulates protein chaperones that ensure
proteostasis under conditions of stress (88). However, the
precise mechanisms of ROS accumulation in TDP-43 transgenic
flies are unknown and may be multifactorial.

Our findings implicate innate immunity as a second contribut-
ing factor to TDP-43-induced neurodegeneration in Drosophila.
AMP genes were strongly induced when TDP-43 was expressed
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in neurons under several different drivers (Fig. 5). LOF muta-
tions of the immune responsive Toll/Dif and Imd/Relish path-
ways conferred phenotypic rescue to TDP-43 transgenic flies,
suggesting that innate immunity contributes significantly to
disease in this model (Fig. 6). That AMP genes were further upre-
gulated in D42>TDP-43 flies overexpressing p38b (Fig. 7C)
suggest that p38b enhances TDP-43 toxicity, in part, by potenti-
ating the innate immune response. Likewise, LOF mutations in
INK/Bsk potentiated AMP gene activation in TDP-43 transgen-
ic flies (Fig. 7C), which is congruent with the deleterious impact
of INK/Bsk mutations on lifespan of TDP-43 transgenic flies
(Fig. 2B). Nevertheless, how JNK/Bsk and p38 signaling con-
tribute to TDP-43-induced AMP gene activation is not entirely
clear. In flies, the relative contributions of JNK/Bsk and p38 to
innate immunity are complex and context dependent. A previous
study using a fat body model for fly immunity revealed that ex-
pression of AMP genes was highly JNK dependent (71), but
another study concluded that JNK was dispensable for AMP in-
duction in Drosophila S2 cell culture (89). Similarly, although
the requirement of p38 in immune defense is well conserved in
flies (70), members of the Drosophila p38 gene family (p38a,
p38b and p38c) seem to elicit diverse, even conflicting
immune functions (63,69,70). Drosophila p38a was implicated
as a negative regulator of innate immunity genes (69), whereas
p38bwasrequired for full induction of AMP genes after bacterial
infection (70). These findings are congruent with our observa-
tions that deletion of the p38a had minimum effects (data not
shown), whereas deletion of p38b extended D42>TDP43 fly
longevity (Fig. 3D). The differential contributions of p38a and
p38b on TDP-43 toxicity is likely due to their limited homology

and functional redundancy (63). Finally, given the far-reaching
functions of p38 and JNK/Bsk in the central nervous system, it
is possible that these kinases influence TDP-43 toxicity
through multiple neuron autonomous and non-autonomous
mechanisms. Indeed, Morfini et al. recently showed p38 activa-
tion contributed to reduced axonal transport and kinesin hyper-
phosphoryation in squid axons loaded with ALS-associated
mutants of SOD1 (90).

Activation of the innate immune response and neuroinflamma-
tion is a recurring theme in many if not all neurodegenerative
states (reviewed in 91) and our findings strongly implicate
innate immunity as a contributing factor to TDP-43 toxicity in
Drosophila. Immune activation could be a direct or indirect con-
sequence of TDP-43 misexpression, though we currently favor the
latter possibility. Swarup et al. showed that nuclear TDP-43 could
function as co-activator to the mammalian NF-kB factor p65
which facilitated the release of pro-inflammatory cytokines
from glia or macrophages (92). Recent studies have shown that
innate immunity contributes to neurodegeneration in a Drosoph-
ila model of ataxia-telangiectasia and upregulation of the innate
immune system itself was sufficient to trigger neurodegeneration
(76,93,94). Inflammatory processes occur in human ALS and a
recent study showed that inhibition of CD40 signaling conferred
significant lifespan extension to SOD1 transgenic mice (95).

In conclusion, we propose that p38 and JNK, operating down-
stream of Wnd and possibly additional stress-activated MAP3Ks,
play important and potentially opposing roles in TDP-43-induced
neurodegeneration. The demonstration of oxidative stress and
innate immune response activation in TDP-43 transgenic flies
supports the idea that, although the pathogenetic causes of ALS
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Figure 8. Working model summarizing opposing functions of JNK and p38 in
TDP-43 neuropathogenesis through regulation of oxidative stress and neuroin-
flammation. In this model, TDP-43 missexpression in the CNS caused age-
dependent oxidative stress and neuroinflammation. Wnd downstream effector
kinases JNK/Bsk and p38 differentially impacted TDP-43 neurotoxicity, partial-
ly through their opposing functions maintaining neuronal homeostasis of oxida-
tive stress responses and/or neuroinflammatory responses. SAPK p38 signaling
promoted, whereas INK/Bsk signaling antagonized oxidative stress and neuroin-
flammation responses that ultimately led to neurodegenerative outcome.

are increasingly diverse, a core set of pathologic processes are
ultimately engaged.

MATERIALS AND METHODS

Drosophila maintenance

Flies were maintained and aged with the standard cornmeal-
yeast medium (Nutri-Fly BF, Genesee scientific) at 25°C with
12-h light—dark cycle. For Gal80"-related temperature indu-
cible experiments, flies were crossed at 18°C and newly
eclosed progenies maintained at 30°C. For SB202190 (LC
laboratories) and SB203580 (LC laboratories) treatment experi-
ments, adult male D42>TDP-43 flies were maintained in
medium containing 10, 100 or 200 pm of each inhibitor.

Drosophila stocks

The w'/’® was the parental strain used for the generation of
UAS-TDP-43""""* transgenic lines (35) and was therefore
used wild-type background control in this study. The D42 >
TDP-43 stock refers to a recombinant line in which UAS-
TDP-43"? and D42-Gal4 were both balanced on the third
chromosome. The BG380>TDP-43" refers to a recombinant
stock containing Tubulin>Gal-80" and UAS-TDP-43"? on
the third chromosome and motoneuron driver BG380-Gal4 on
the X chromosome (BG380-Gal4/Fm7c; Tubulin>Gal-80",
UAS-TDP-43"2/Tmé6b). BG380>TDP-43" is identical except
used UAS-TDP-43"* for higher TDP-43 expression (BG380-
Gal4/Fm7c; Tubulin>Gal-80", UAS-TDP-43"%*/Tmé6b). The fol-
lowing stocks used in this study were generously provided by:
Dr Collins [Wnd’, Wnd’, Wnd® UAS-Wnd"" (61) UAS-p38b""
and UAS-p38b™" (96), BG380-Gal4]; Dr Ganetzky [UAS-Hiw
(97)]; Dr Downward [p38b”%7 (98)]; Dr Bohmann [GstD1:GFP
and UAS-CncC (67)]; Dr Voigt [UAS-TDP43PMC3! (42)]
Dr Hirth [UAS-TBPH (77)]; Dr Klima [UAS-TBPH'"-3%-12
(78)]; Dr Pandey [UAS-FUS (79)]. The rest of stocks were

obtained from the Bloomington Drosophila Stock Center at
Indiana University with the accession number available in Supple-
mentary Material, Table S2.

Survival analysis

Survival analysis was performed as previously described (45).
Briefly, flies were aged at 25°C and survival was recorded on a
daily basis. For each individual experiment, lifespan of
D42>TDP-43/4 flies were recorded every time to account for
environmental impacts on longevity. For Gal80'-related experi-
ments, the survival assay was done in 30°C. Food was changed
every 3—4 days. Greater than 10% increase in MS was used as
criteria for biological significance. Log-rank (Mantel—Cox)
test was used for statistical analysis.

Western blot analysis

Fly lysate was prepared by homogenizing four fly heads (two from
each gender) in 80 L of sample buffer containing 250 mm Tris
(pH 6.8), 5% SDS, 10% glycerol and 5% 2-mercaptoethanol by
pestle. For detecting phosphorylation, protease inhibitor cocktail
(Roche) was added. Protein lysates were resolved by 10% SDS—
PAGE and detected via standard western blotting as previously
described (35). The following primary antibodies were used in
this study: anti-TDP-43 (Proteintech, #10782-2-AP); anti-beta-
Tubulin (Millipore, #05-661), anti-phospho-p38 (Cell Signaling
Technology, #9211), anti-phospho-JNK (Cell Signaling Technol-
ogy, #9251), anti-GFP (Santa Cruz, sc-9996), anti-DNP (Sigma
D9656), anti-TBPH was a generous gift from Dr Hirth (77).

Protein carbonylation assay

The protein carbonylation assay was performed as previously
described (99). Briefly, 10 fly heads were homogenized in
100 wl lysis buffer containing 200 mm sodium phosphate (pH
5.2), 1 mm EDTA, 1% SDS and protease inhibitors (Roche).
The crude lysate was then cleared by centrifugation at
14,000 rpm for 10 min at room temperature. An aliquot of
20 1 supernatant was combined with 20 pl 12% SDS and
40 pl the 2,4-dintrophenylhydrazine (DNPH) buffer containing
20 mm DNPH that was pre-dissolved in 2 M HCl. The DNPH
derivatization reaction was done by incubating the samples at
room temperature for 1 h and then terminated by adding 30 wl
of 2 M Tris (pH 7.4) buffer containing 30% glycerol. Levels of
the carbonyl moiety labeled by DNP were then detected by
standard western blot technique using anti-DNP antibody.

Quantitative PCR analysis

Adult flies in 1.5 ml microtube were snap-frozen in liquid nitro-
gen followed by vortex to separate heads. Roughly, 20 fly heads
per sample were used for RNA extraction using Trizol reagent
(Invitrogen). Roughly, 2 wg RNA was used for each 20 wl
reverse transcription reaction (iScript cDNA synthesis Kit,
Bio-Rad). For quantitative PCR using single channel detection,
SYBR green supermix (iTaq Universal, Bio-Rad) was used fol-
lowing standard three-step PCR amplification protocol (CFX96
platform, Bio-Rad). For multiplex analysis, Tagman assay (iTaq
Universal probes, Bio-Rad) was used followed by a two-step
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protocol (CFX96 platform, Bio-Rad). The Drosophila Mnf
gene was used as housekeeping reference gene (100). Sequences
for primers and Tagman probes were listed in Supplementary
Material, Table S3. Gene expression data were calculated by
the delta—delta Ct method. Relative fold change of gene expres-
sion was plotted as mean from four different experiments. The
statistical analysis was done using the Student’s #-test (CFX
manager 3.1). Pair-wise comparison of each experiment can
be found in Supplementary Material, Table S4. Statistical sig-
nificance was summarized as n.s. P > 0.05; *0.05 < P < 0.01;
*#0.001 < P < 0.01; ***P < 0.001.

Climbing assay

The climbing assay was modified as previously described (44).
Generally, 10—15 flies at specified age were loaded in the
testing vial. To assay motility, we measured negative geotaxis
behavior in flies. Flies were first tapped to the bottom of the
testing vial and given 5 s to climb (Supplementary Material,
Fig. S7A). Their vertical travel distance was then captured by
a self-timed camera and extrapolated by ImageJ (installed with
PointPicker). The motility index (MI) was calculated as speed
by normalizing vertical travel distance with travel time (5 s)
(Supplementary Material, Fig. S7TB). A total of five trials were
performed for each genotype. To avoid pseudoreplication, we
chose only one trial as representative trial among all five to be
included for data analysis. To choose the representative trial,
average speed among all subjects per trial was calculated (Sup-
plementary Material, Fig. S7C). The median among all five
average numbers was then used to pick the representative trial
(Supplementary Material, Fig. S7C). Data showing motility of
each individual fly were scatter plotted with the mean value
superimposed as bar graph.

Ocxidative stress survival assay

Flies were incubated at 25°C on median containing 20 mm para-
quat, 5% sucrose and 1% agarose. Survival recording was initia-
ted after paraquat administration on a daily basis. Log-rank
(Mantel—Cox) test was used for statistical analysis.

Statistical analysis

The statistics were done by the GraphPad Software (V5.01, San
Diego, CA, USA). Log-rank (Mantel—Cox) test was performed
for survival analysis. Mann—Whitney test was used for the
climbing assay. Student’s t-test was used for qPCR analysis
(CFX manager, Bio-Rad). Chi-square test was used for analyz-
ing deformed wing phenotype. Pair-wise comparison of each
experiment can be found in Supplementary Material, Table S4.
The statistical significance was summarized as n.s. P > 0.05;
*0.05 < P < 0.01;**0.001 < P < 0.01; ***P < 0.001.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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