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Genetic screen identifies serpin5 as a regulator of the
toll pathway and CHMP2B toxicity associated with
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Frontotemporal dementia (FTD) is the most common form of demen-
tia before 60 years of age. Rare pathogenic mutations in CHMP2B,
which encodes a component of the endosomal sorting complex
required for transport (ESCRT-III), are associated with FTD linked to
chromosome 3 (FTD3). Animal models of FTD3 have not yet been
reported, and what signaling pathways are misregulated by mutant
CHMP2B in vivo is unknown. Here we report the establishment of a
Drosophila model of FTD3 and show the genetic interactions between
mutant CHMP2B and other components of ESCRT. Through an unbi-
ased genome-wide screen, we identified 29 modifier loci and found
that serpin5 (Spnb), a largely uncharacterized serine protease inhib-
itor, suppresses the melanization phenotype induced by mutant
CHMP2B in the fly eye. We also found that Spn5 is a negative
regulator of the Toll pathway and functions extracellularly, likely by
blocking the proteolytic activation of Spaetzle, the Toll receptor
ligand. Moreover, Spn5 inhibited activation of the Toll pathway by
mutant CHMP2B. Our findings identify Spn5 as a regulator of the Toll
pathway and CHMP2B toxicity and show that the Toll pathway is a
major signaling pathway misregulated by mutant CHMP2B in vivo.
This fly model will be useful to further dissect genetic pathways that
are potentially relevant to the pathogenesis and treatment of FTD.

Drosophila | endosomal sorting complex required for transport (ESCRT) |
neurodegeneration | modifier screen

rontotemporal dementia (FTD), a major clinical syndrome of

frontotemporal lobar degeneration (FTLD), is a progressive
neurodegenerative condition associated with focal atrophy of the
frontal and/or temporal lobes (1, 2). Although FTD is the most
common form of senile dementia in people under 60 years of age,
the molecular pathogenesis remains poorly understood (3). In some
FTD brains, tau neurofibrillary tangles are present in diseased
neurons, and some fau mutations are indeed pathogenic (4, 5).
Several new genes have been implicated in FTD with tau-negative
pathology, including those encoding valosin-containing protein
(VCP) (6), CHMP2B (7), progranulin (8, 9), and TDP-43 (10, 11).
The molecular pathways affected by these mutations and how they
contribute to disease progression remain unclear.

Although dominantly inherited CHMP2B mutations associated
with FTD linked to chromosome 3 (FTD3) are rare (7, 12, 13),
studies of CHMP2B neurotoxicity in cell culture models have been
informative. CHMP2B is the ortholog of the yeast protein Vps2, a
component of the endosomal sorting complex required for trans-
port (ESCRT-III), which is involved in the biogenesis of multive-
sicular bodies and other biological processes (14). In undifferenti-
ated PCI2 cells, ectopic overexpression of CHMP2BMons g
mutant form of CHMP2B missing 35 aa at the C terminus, led to
the accumulation of vesicular structures (7). In cultured rodent
cortical neurons and other cell types, CHMP2B!"*on5 caused den-
dritic retraction, autophagosome accumulation, and neuronal cell
loss (15, 16). At the molecular level, CHMP2B!"5 seems to have
a toxic effect by forming an abnormal complex with mSnf7-2,
another ESCRT-III component that failed to dissociate properly
(15). Thus, it is likely that pathogenesis of FTD3 is through a
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gain-of-function mechanism. However, animal models of FTD3
have not been reported, and the signaling pathways that are
misregulated in vivo remain to be identified.

In recent years, Drosophila models have been instrumental in
uncovering molecular pathways that contribute to the pathogenesis
of neurodegenerative diseases (17, 18). In this study, we modeled
the effect of CHMP2B in human FTD3 using a gain-of-function
approach, which is similar to the approach that gives effects in
neuronal cell culture, by expressing normal or mutant CHMP2B in
Drosophila with the Gal4-UAS system. We performed a genetic
screen to identify modifiers of mutant CHMP2B toxicity. One of
the enhancers we cloned is serpin5 (Spn5)—a largely uncharacter-
ized member of a family of evolutionarily conserved serine protease
inhibitors. The precise functions of many serpins remain unknown,
although some play essential roles in various biological processes
and human diseases, including the Toll pathway and innate immu-
nity (19). Here we show that Spn5 is another negative regulator of
the Toll signaling pathway in Drosophila, and that the Toll pathway
is a major target of mutant CHMP2B toxicity in vivo.

Results

A Fly Model to Dissect the Toxicity of Mutant CHMP2B Associated with
FTD3. CHMP2B!"ronS and CHMP2BA19, 2 mutant CHMP2B pro-
teins resulting from a single nucleotide mutation at a splicing site,
were associated with FTD3 in a large Danish family (7). Our earlier
studies indicated that in contrast to CHMP2BtronS ' CHMP2BA10
was a highly unstable protein and had no effect on dendritic
morphology and neuronal survival in transfected rodent cortical
neurons (15). Thus, it is likely that not all reported mutant
CHMP2B proteins are pathogenic. In this study, we focus our
attention on CHMP2B™™™5 To take advantage of Drosophila
genetics as a powerful tool to investigate the toxicity of FTD3-
associated mutant protein CHMP2B™on5 we generated UAS
transgenic flies expressing CHMP2BYT and CHMP2B!™™»> (Fig.
1A). These fly lines allow us to achieve spatial and temporal control
of transgene expression using the UAS-Gal4 system (20). Ubiqui-
tous expression of UAS-CHMP2B™""3 using tubulin-Gal4 resulted
in lethality at late embryonic stage. Pan-neuronal expression of
CHMP2BItonS glso resulted in lethality. These findings indicate
that CHMP2B!"ronS expression disrupts critical functions in fly
neurons.

To gain insight into the toxic effects of CHMP2BIntrons
expression, we used the Drosophila eye as the model system.
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Fig. 1. A fly model of FTD3. (A) Schematic representation of wild-type and
the FTD3-associated mutant CHMP2B proteins. CC, coiled-coil domain.
CHMP2B!ntron> |acks the C-terminal 35 aa, and methionine-178 is changed to
valine. (B) Western blot analysis. Lane 1, GMR-Gal4; lane 2, GMR-Gal4:UAS-
CHMP2B'ntron5; |ane 3, GMR-Gal4:UAS-CHMP2BWT. (C-H) CHMP2B'ntrons ex-
pression caused severe degeneration in the Drosophila eye. (C and F) GMR-
Gal4 flies had normal external morphology (C) and internal retinal structure
(F). (D and G) CHMP2B!"tron5> expression in the eye caused black spots (D) and
degeneration of internal structures in 1-day-old flies (G). (E and H) CHMP2BWT
expression caused a mild black-spot phenotype (E) and with minor effect on
the internal structure in 1-day-old flies (H).

Multiple independent insertion lines that expressed CHMP2BWT
and CHMP2B!"on3 were generated and their expression levels
compared. Two of them with comparable expression levels were
selected for further genetic analysis (Fig. 1B). GMR-Gal4 (Fig.
1C), UAS-CHMP2BY'T, or UAS-CHMP2B™"13 flies (image not
shown) did not have any obvious defects in eye morphology. The
internal retinal structures of GMR-Gal4 flies also appeared to be
normal with regular patterning of ommatidia containing precise
numbers and arrangement of photoreceptors and pigment cells
(Fig. 1F). In contrast, CHMP2B!™™n5 expression caused a rough
eye phenotype and the appearance of black spots (Fig. 1D).
Expression of CHMP2BWT resulted in a much weaker eye
phenotype (Fig. 1E). Moreover, CHMP2B!"onS expression se-
verely disrupted internal eye structures as well (Fig. 1G),
whereas CHMP2BWT caused only mild retinal distortion (Fig.
1H). These phenotypes were confirmed in multiple independent
transgenic lines for each construct. Expression of multiple
CHMP2B2!0 independent transgenic lines did not show any
adverse effect in the fly eye, consistent with our earlier findings
in cultured rodent cortical neurons (15). Thus, CHMP2B!ntrons
causes severe retinal degeneration in an in vivo Drosophila eye
model, thereby establishing a fly model of FTD3.

CHMP2B'ntron5 Genetically Interacts with Drosophila Genes Encoding
ESCRT-Il Components. To provide genetic evidence that the
CHMP2B!"tron5 phenotype is due to perturbation of endogenous
ESCRT-III function, we performed genetic interaction experi-
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Fig. 2. Genetic interactions between CHMP2B/ntron5 and genes encoding
ESCRT components. (A) The majority of 1-day-old GMR-Gal4:UAS-
CHMP2B'ntron5/Cy O flies showed a weak eye phenotype. (B) One-day-old GMR-
Gal4:UAS-CHMP2B/ntron5/+ flies had the same eye phenotype as GMR-
Gal4:UAS-CHMP2BIntron5/CyO. (C-H) A single copy of the mutant alleles
shrub#1 (C), dvps2G511024 (D), yps24EY04708 (E), yps28! (IK16503 (F), \ps23700976 (G),
and vps27P28 (H) enhanced the CHMP2B/"ron5 phenotype in 1-day-old flies. (/)
Phenotype severity in each genotype. nis the number of flies per genotype. (J)
Mild eye phenotype in flies expressing UAS-mSnf7-2. (K) Representative eye
phenotype caused by CHMP2BI"tron5 expression. (L) Coexpression of UAS-
CHMP2B'ntron5 and UAS-mSnf7-2 enhanced the severity of the eye phenotype
caused by expression of individual transgenes. (M) The CHMP2B!tron5 pheno-
type was not affected by coexpression of UAS-mCD8-GFP. (N) Phenotype
severity in each genotype. n is the number of flies per genotype.

ments with genes encoding different components of Drosophila
ESCRT-III, including shrub, vps2, and vps24. Previously we de-
scribed Shrub as the fly homolog of the yeast ESCRT-III subunit
Snf7, whose loss of function caused a defect in dendritic morpho-
genesis (21). A single copy of shrub*! did not cause an eye
phenotype but significantly enhanced the CHMP2B!™""> pheno-
type (Fig. 2 A-C). Previously we found in cultured rodent cortical
neurons, CHMP2B!"on> sequestered mSnf7-2, the mouse ho-
molog of Shrub, resulting in cellular phenotypes identical to loss of
mSnf7-2 (15). Indeed, reduction of Shrub activity by siRNA or
ectopic expression of a dominant-negative fusion protein, Shrub-
GFP (21), caused an eye phenotype similar to the CHMP2BM™trons
phenotype (Fig. 2).
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We also identified CG14542 and CG4618, both previously
uncharacterized genes, encoding putative fly homologs of vps2
and CHMP2B. The presence of one copy of vps2¢S11024 or
Df(3R)ED210 that uncovers CG4618 within its breakpoints did
not alone cause an eye phenotype, but considerably enhanced
the CHMP2B™on3 phenotype (Fig. 2D). Reduced vps24 activity
with a mutant allele, vps24FY04708 (22), also enhanced the
CHMP2B!"tronS phenotype (Fig. 2E). These genetic interaction
studies support the notion that CHMP2B!™*°n5 has a gain-of-
function effect to sequester endogenous Shrub or its homologs,
leading to reduced normal function of ESCRT-III. We also
tested components of other ESCRT complexes, such as Vps28
(23), Vps23 (24), and Vps27 (25). Single copies of mutant alleles
of vps28 (Fig. 2F) or vps23 (Fig. 2G) (vps28' (PKI6503 op
vps23/99976) ‘both encoding components of ESCRT-1, or vps27P28
(Fig. 2H), encoding a component of ESCRT-0, all significantly
enhanced the eye phenotype caused by CHMP2B!tron3 (Fig. 27).

Our earlier findings showed that CHMP2B™™*%5 and mSnf7-2
fail to dissociate and that dysfunctional ESCRT-III causes neuronal
cell loss in cultured cortical neurons (15). Indeed, although expres-
sion of the mouse Shrub homolog mSnf7-2 alone caused a very mild
eye phenotype (Fig. 2J), coexpression of mSnf7-2 in the Drosophila
eye dramatically enhanced the CHMP2B!™ > phenotype (Fig.
2L). The CHMP2B™onS phenotype (Fig. 2K) was not enhanced by
coexpression of mCD8-GFP (Fig. 2M). These findings strongly
support the notion that the abnormal complex containing
CHMP2B™ron5 and mSnf7-2 is toxic and recapitulates the toxicity
seen in the mammalian system (15), further validating our fly
model. A toxic protein complex with a pathogenic gain of function
has also been reported for glutamine repeat-containing ataxin 1
associated with spinocerebellar ataxia type 1 (SCAL) (26).

Genetic Screen Identifies Spn5 as a Major Dominant Enhancer of
CHMP2B'"tonS Toxicity. Our genetic interaction studies showed
that Shrub-GFP and CHMP2B!™*o> phenotypes are sensitive to
partial loss of other genetic factors. Therefore we conducted an
F1 genetic screen to identify enhancers of the Shrub-GFP
phenotype first (Fig. 34). Briefly, we recombined GMR-Gal4
and UAS-Shrub-GFP onto the second chromosome, and the
resulting flies exhibited an eye phenotype identical to that caused
by CHMP2B!"ton5 (Fig. S1). The GMR-Gal4, UAS-shrub-GFP/
CyO stock was crossed to all 257 individual deletion stocks in the
DrosDel Deletion Collection (University of Cambridge, Cam-
bridge, U.K.). This collection represents a deletion coverage of
~75% of the Release 5.1 Drosophila genome (27). Scoring of the
phenotype was based on a comparison with a GMR-Gal4,
UAS-shrub-GFP/CyO outcrossed to the w!/’$ strain. Twenty-
nine enhancers were identified and classified as strong (+++),
medium (++), or weak (+). After this initial primary screen, we
crossed some of these enhancers with flies expressing
CHMP2B!ntron5 ynder the control of GMR-Gal4. For instance,
the CHMP2B!"onS phenotype was significantly enhanced by
Df(2L)EDI1243/+ and Df(3R)ED5664/+ (Fig. 3B).

Because Df(3R)ED5664 exhibited the most dramatic enhance-
ment of the CHMP2B™nS phenotype, we set out to identify the
gene(s) responsible for the genetic interaction. This deficiency has
breakpoints at 88D1-88E3 on the left arm of the third chromosome
and covers about 57 genes. We first obtained smaller deficiency
lines that partially overlap with Df(3R)ED5664 and narrowed the
enhancer region down to 88E1-88E3, an overlapping region be-
tween Df(3R)ED10564 and Df(3R)ED10566 that contains 21 genes
(Fig. S2). We then tested all available mutant lines that disrupt
individual genes within 88E1-88E3. A PiggyBac P-element inser-
tion at the gene serpin5 (spn5, CG18525), spn5<0'2# (Fig. 3D)
significantly enhanced the CHMP2B!""n> phenotype (Fig. 3C).
This effect was confirmed by an independent P-element insertion
affecting spn5 (spn595%%3%) (Fig. 3C). To confirm that the spn5<072/4
allele did affect Spn5 expression, we examined the level of spn5
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Fig. 3. A genetic screen identified spn5 as a strong enhancer of the

CHMP2B!ntron5 phenotype. (A) Schematic representation of the genetic screen
to identify enhancers of the CHMP2B/ntron5 eye phenotype. (B) Representative
genetic enhancers of the CHMP2B!"ro"5 phenotype. (C) Enhancement of the
CHMP2B!ntron5 phenotype by one copy of spn5 mutant alleles was comparable
to that of Df(3R)ED5664/+. (D) Schematic representation of the spn5 gene
structure. Introns, exons, and ORF are shown as lines, boxes, and shaded area,
respectively. (E) qRT-PCR analysis of the levels of spn5 transcripts in first instar
larvae. (F) Western blot analysis of head homogenates with anti-Spn5 anti-
body. Three independent experiments showed a decrease of approximately
40-50% in heterozygotes. The asterisk denotes a nonspecificband recognized
by the Spn5 antibody.

mRNA by real-time PCR (RT-PCR) at the first instar larval stage.
Indeed, the level of spn5 mRNA was markedly reduced (Fig. 3E).
Moreover, a polyclonal antibody we generated against recombinant
Spn5 N terminus (amino acids 1-176) detected the reduced Spn5
protein level of ~50% in the heads of spn5<2!4/+ or
Df(3R)ED5664/+ heterozygous adult flies (Fig. 3F). These findings
indicate that spn5 is the gene located in Df(3R)ED5664 whose
partial loss of activity enhanced the CHMP2B™*"5 phenotype.

Overexpression of Spn5 Suppresses the CHMP2B'"ton5 Phenotype
Extracellularly. To further examine the role of Spn5 in
CHMP2B!tonS toxicity, we performed rescue experiments. We
generated transgenic flies containing UAS-spn5 and ectopically
expressed the transgene by GMR-Gal4. Overexpression of spn5 did
not cause an eye phenotype in a wild-type background, but com-
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was suppressed by coexpression of UAS-spn5 (B). (C and D) Enhancement of
the CHMP2B!ntron> phenotype by spn5659853/+ (C) was suppressed by coexpres-
sion of UAS-spn5 (D). (E and F) The CHMP2B'"ton> phenotype itself (E) was
completely suppressed by coexpression of UAS-spn5 (F). (G and H) Expression
of Spn5 without the signal peptide (H) did not suppress the CHMP2B!ntrons
phenotype in sibling flies (G). (/) Spn5-HA was secreted into the medium from
transfected S2 cells. M, medium; L, cell lysates. (J) The secretion of Spn5-HA was
dependent on the signal peptide. (K) Spn5 expressed in the eye was detected
in the body, which was also dependent on the presence of the putative signal
peptide. H, head; B, body; Spn5~59, Spn5 without the putative signal peptide.
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pletely suppressed the enhancement effect of Df(3R)ED5664/+ on
the CHMP2B™™°" phenotype (Fig. 4 A4 and B), further confirming
that loss of a copy of spn5 located in Df(3R)ED5664 is indeed
responsible for the observed enhancement. Expression of spn5 also
rescued the CHMP2B!"*onS phenotype enhanced by spn507214/+
(Fig. 4 C and D). Ectopic expression of Spn5 also suppressed the
external eye phenotype caused by CHMP2BI"ton3 jn the absence of
enhancers (Fig. 4 E and F). Overexpression of Spn5 did not
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dramatically rescue the photoreceptor degeneration phenotype,
suggesting that not all aspects of CHMP2B toxicity can be rescued
by SpnS5.

Serpins are protease inhibitors that function either intracellularly
or extracellularly (19). Like most other Drosophila serpins, Spn5
contains a putative N-terminal secretion signal and is widely
expressed in many tissues (28). However, the exact function of Spn5
and its secretory properties have not been characterized. To
determine if Spn5 suppresses the CHMP2B!™™n phenotype
through an intracellular or extracellular pathway, we first examined
whether Spn5 can be secreted. In S2 cells transiently transfected
with a metal-inducible Spn5-HA construct, endogenous Spn5 was
mainly present in the medium fraction. Upon induction, Spn5-HA
was also detected in the medium (Fig. 47). Thus, both endogenous
and ectopically expressed Spn5 can be secreted from S2 cells. As
expected, SpnS without the signal peptide was not secreted (Fig. 47).
The same notion was confirmed in vivo. We expressed Spn5 with
the signal peptide in the eye using the GMR-Gal4 and detected
Spn5 accumulation in the body by Western blot, indicating that
Spn5 was secreted and transported through the Drosophila hemo-
lymph (Fig. 4K). To further confirm this result, we expressed
Spn5-HA in the eye and did detect SpnS5 in the body using the HA
antibody, which is more specific than the Spn5 antibody used in Fig.
4K (Fig. S3). However, when Spn5 without the signal peptide was
expressed in the eye, the levels of SpnS in the body were not
increased (Fig. 4K). Correspondingly, ectopic expression of Spn5
without the secretion signal failed to rescue the melanization
phenotype caused by CHMP2B™on5 (Fig, 4H). These findings
demonstrate that Spn5 exerts its activity extracellularly to suppress
the effect of CHMP2BIMtrons,

Spn5 Is a Negative Regulator of the Toll Pathway. The ability of Spn5
to suppress the CHMP2B™on5 phenotype prompted us to examine
whether other fly serpins could do so as well. Spn4, the fly homolog
of the mammalian neuroserpin, seems to be an intracellular regu-
lator of the subtilisin-like proprotein convertase furin (29). Ectopic
expression of Spn4 failed to suppress the CHMP2B™™°"5 pheno-
type. Another well-studied fly serpin is Necrotic (Nec, also known
as Spn43Ac), which regulates proteases that cleave and hence
activate Spaetzle, the ligand for the Toll receptor (30). Similar to
Spn3, partial reduction of Nec activity through 2 mutant alleles,

SpzKG05402/1

Fig. 5. The Toll pathway is a major target of
CHMP2B!Ntrons toxicity. (A) The levels of the Toll recep-
tor and Spaetzle precursor were increased in head
homogenates of flies expressing CHMP2B!ntrons,
CHMP2B!"tron5 and Spn5, or Shrub-GFP. The bracket
indicates other possible Spaetzle precursor forms rec-
ognized by this antibody as reported by Chang and
Morisato (36). Values on right are molecular mass in
KD. The Western blot to detect Spaetzle was overex-
posed to show its C-terminal fragment more clearly.
Quantification for the relative levels of Spaetzle pre-
cursor was done on lighter exposures from 3 indepen-
dent experiments. (B) One copy of the spz? and
spzKG05402 mutant alleles partially suppresses the
CHMP2B!ntron5 phenotype, and one copy of cact’, cact?,
or cactkG07677 mutant alleles enhances the
CHMP2B!ntron5 phenotype. (C) Extent of suppression or
enhancement of the phenotype. n is the number of
flies examined per genotype. (D) qRT-PCR analysis of
the levels of drosomycin transcripts in fly head homog-
enates with different genotypes.
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nec!® or nec?, markedly enhanced the CHMP2B™°"S phenotype
(Fig. S4). This enhancement was rescued by ectopic expression of
UAS-nec, indicating that Nec modulates the CHMP2B!"tron5 phe-
notype (Fig. S4). These findings suggest that Nec and Spn5 may
regulate the same proteolytic cascade.

To determine whether Spn5 also regulates the Toll pathway, we
analyzed lysates from spn5<°’2/4 homozygous mutant larvae by
Western blot. The level of Toll increased (Fig. S54), as did Spaetzle
precursor, probably by a positive feedback regulation of the Toll
pathway, as in nec mutants (30). To further examine the effect of
Spn5 on the Toll pathway, we performed quantitative RT-PCR to
measure the induction of the antifungal peptide drosomycin, a
direct target and transcriptional readout of Toll pathway activation.
In Spn5 homozygous mutant larvae, drosomycin mRNA expression
was increased 9-fold (Fig. S5B), further supporting the notion that
Spn5 is a unique regulator of the Toll pathway.

Activation of Toll pathway could lead to the initiation of the
melanization cascade (31). De novo synthesis of melanin in re-
sponse to tissue damage occurs through the melanization cascade,
a series of enzymatic reactions involving serine proteases that
activate phenol oxidase (PO), which catalyzes the conversion of
phenolic substrates to quinones, which then polymerize to form
melanin (32). The melanization reaction in the hemolymph can be
blocked by mutations in the Drosophila gene Black cells (Bc), which
encode PO, and Bc/Bc larvae do not have PO activity (33). To
determine if the black spots in the Drosophila eyes expressing
CHMP2B!™tron5 are melanin deposits, we crossed GMR-Gal4, UAS-
CHMP2B™on5 flies with Bc mutant flies. Indeed, in the Bc!/+
background, the CHMP2B!""on>.mediated black spot phenotype
was markedly suppressed (Fig. S6). In an in vitro assay (34), reduced
Spn5 activity increased PO enzymatic activity (Fig. S5C) and
spontaneous melanization in 100% of spn5°'?# homozygous mu-
tant larvae (Fig. S5 D and E). spn5<?™*/Df(3R)ED5664 larvae
exhibited the same phenotype as spn5<°/24 homozygous larvae (Fig.
S5F), confirming that the melanotic spots are due to loss of Spn5
activity. These spn5 mutants failed to survive beyond the larval
stage.

CHMP2B'ntron5 Activates the Toll Pathway. Our findings that spn5
showed a strong genetic interaction with CHMP2B!to5 and that
spn5 is a unique regulator of the Toll pathway led us to examine
whether the Toll pathway is a major target of CHMP2BIntrons
toxicity. We found that the level of Toll in head homogenates was
on average 3.4-fold higher with CHMP2B™> expression (Fig.
5A). Expression of Shrub-GFP resulted in a similar eye phenotype
(Fig. S2) and also increased Toll accumulation by 4.7-fold (Fig. 5A4).

Binding of proteolytically cleaved C-terminal fragment of the
ligand, Spaetzle, activates the Toll transmembrane receptor, which
in turn activates the transcription of spaetzle mRNA (30, 35). Thus,
the accumulation of Toll might be accompanied by increased
accumulation of Spaetzle C-terminal fragment. Indeed, the level of
the C-terminal fragment of Spaetzle was significantly higher in the
eye when CHMP2B™> was expressed (Fig. 54). The level of
Spaetzle precursor was also increased by an average of 2.3-fold (Fig.
5A4), probably due to the positive feedback regulation of the Toll
pathway (30). As reported previously (36), Spaetzle precursors
expressed in adults appeared as multiple bands on Western blots
(Fig. 54). Disruption of ESCRT-III function by Shrub-GFP ex-
pression had a similar effect, with an increase of 2.4-fold (Fig. 54).
Ectopic expression of SpnS suppressed the production of the
C-terminal fragment of Spaetzle without reducing the accumula-
tion of the Toll receptor in the presence of CHMP2B!tonS (Fig,
5A4). This finding strongly suggests that the SpnS regulates
CHMP2B toxicity through the Toll pathway.

To further test this notion, we performed genetic interaction
experiments. The presence of one copy of 2 mutant spaetzle alleles,
spz? and spzKC9#92) markedly reduced the number of flies with
melanin deposits caused by CHMP2B™> (Fig. 5 B and C).
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Cactus, the Drosophila 1kB protein, negatively regulates the Toll
pathway by binding to and preventing nuclear translocation of the
dorsal-dif complex, the Drosophila homologs of the Rel/NF-«B
transcription factors (35). The presence of a copy of different cactus
mutant alleles, cact’, cact?, or cact®¢%7677_significantly enhanced the
CHMP2B!tonS phenotype (Fig. 5 B and C). We also performed
biochemical analysis. The level of drosomycin mRNA, a direct
transcriptional target of the Toll pathway, was elevated in fly eyes
expressing CHMP2B!"*on>_ which was suppressed by Spn3 expres-
sion (Fig. 5D). Moreover, head homogenates of flies expressing
CHMP2B!™on5 jn the eyes only had higher PO activity than
controls (Fig. S6). This increased PO activity caused by
CHMP2B!tonS was also suppressed by Spn5 (Fig. S6), further
demonstrating the inhibitory effects of Spn5 on activation of the
Toll pathway by CHMP2B!ntrons,

Discussion

Using a newly established Drosophila model of FTD3 and an
unbiased genetic screen, we show that the Toll pathway is a major
in vivo target activated by CHMP2B!"nS 3 mutant protein
associated with FTD3. We also show that Spn5 is a negative
regulator of the Toll pathway and suppresses the CHMP2B!ntrons
phenotype. These findings, although made in a fly model, raise the
possibility that its mammalian counterpart, the Toll-like receptor/
NF-«B pathway, is also a potential major target of CHMP2BIntron3
toxicity. Moreover, the establishment of the fly model will allow
further genetic dissection of CHMP2BIPtonS toxicity in vivo.

Spn5 belongs to the superfamily of serine protease inhibitors
that exert tight regulation of proteolytic cascades important for
many biological processes, such as the complement cascade,
inflammation, and innate immunity in different organisms. In
Drosophila, there are 29 serpins, and the precise functions of
most of them are not well understood (19). Several fly serpins
regulate the Toll pathway as loss of activities in Spn43Ac,
Spn-27A, and Spn77Ba lead to the activation of this important
signaling pathway (30, 31, 37, 38). Our findings show that
secreted Spn5 also regulates the Toll pathway, apparently by
controlling the proteolytic processing of Spaetzle. Ectopic ex-
pression of SpnS5 also abolished the increased production of the
Spaetzle C-terminal fragment caused by CHMP2BI"tron3 (Fig, 5).
It remains to be determined which serine protease in the
proteolytic cascade is the direct target of SpnS5.

The identification of Spn5 as a strong modifier of the
CHMP2B!tonS phenotype led us to examine the Toll signaling
pathway, which plays an essential role in innate immunity in
Drosophila (39). Indeed, the Toll pathway is activated by
CHMP2B!ton5 which is probably due to the abnormal sorting of
the Toll receptor in the endocytic pathway. In mammals, Toll-like
receptors (TLRs) are expressed predominantly in the immune
system and are essential for generating innate immune responses;
however, some are expressed in the nervous system and have been
implicated in neurodegeneration (40, 41). For instance, TLRS is
expressed in neurons, and its activation promotes neuronal cell
death in vitro (42). Conversely, reduced TLR4 activity protects
cultured neurons from AP toxicity (43, 44). However, whether
TLRs play a role in age-dependent neurodegeneration in vivo is
poorly understood. Although the fly eye and human brain differ
dramatically in their anatomy and physiology, our finding that the
Toll receptor is a major target misregulated by CHMP2BI»tronS i
vivo may have important implications for our understanding of
FTD pathogenesis. It is conceivable that misregulation of TLRs
may be at least in part responsible for the adverse effect of
CHMP2B™ronS on neuronal survival in vivo. If so, it will be
interesting to determine which of the dozen or so TLRs mediate the
neurotoxicity of CHMP2B™on5 jn mouse models. Moreover, it will
be important to explore whether modulation of the TLR family
could serve as a potential therapeutic target for FTD.
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Experimental Procedures

Fly Stocks. D. melanogaster strains were raised on a standard cornmeal and yeast
diet at 25 °C unless otherwise stated. Canton S and w’’’8 were used as wild-type
controls. Fly lines were obtained from the Bloomington Drosophila Stock Center,
the Kyoto Institute of Technology, the Harvard Drosophila Stock Center, and the
Drosdel Deletion Collection, University of Cambridge. For genetic interaction
studies, lines containing GMR-Gal4 and UAS-CHMP2BWT or UAS-CHMP2BIntron5
elements were recombined onto the second chromosome. UAS-CHMP2B/ntrons,
shrub?-1, UAS-shrub-RNAI, UAS-shrub-GFP, UAS-mSnf7-2, UAS-mCD8::GFPstocks
were previously described (15, 21). To quantify the CHMP2B'"tron5 eye phenotype,
we arbitrarily classified the eye phenotype with or without enhancers into 3
groups: strong (+++), medium (++), or weak (+). This classification was based
on the relative size of the eye surface with black spots, ranging from approxi-
mately 50-70% or more of the eye surface (+++) to a dozen or so scattered
spots (+).

Generation of Transgenic Fly Lines. To generate UAS-spn5, UAS-spn5 without the
secretion signal, and UAS-CHMP2BYT transgenic flies, the primers listed in Table
S1 were used to clone into the pUAST vector, which in turn was sequenced and
microinjected into wild-type (w’’78) flies to generate transgenic lines.

Expression in S2 Cells. S2 cells were cultured at 25 °Cin Schneider’s Drosophila
Medium (GIBCO) supplemented with 10% heat-inactivated FBS. For transient
transfection, S2 cells were transfected with a mixture of the pRmHa vector (0.5
1g) and Cellfectin reagent (10 uL; Invitrogen). To induce expression, 20 mL of
100 mM CuSO4/well (final concentration 1 mM) was added for 24 h. Cells were
harvested and the medium was filtered through a 0.22-mm filter and analyzed
by Western blot.

Antibody Generation and Western Blots. Anti-Spn5 polyclonal antibody was
generated by immunizing rabbits with peptide fragment spanning amino
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acids 1-176 (SKD Biotechnology). Rabbit CHMP2B antibody was generated by
Covance using purified GST-CHMP2B protein. For protein expression analysis,
fly heads were homogenized in the lysis buffer, and 15-25 mg of protein was
separated on a 10% SDS gel and blotted onto a PVDF membrane. The
membrane was probed with antibodies against CHMP2B (1:1,000; J.A.L.), HA
(1:3,000; Sigma), Toll (1:250; Santa Cruz Biotechnology), Spaetzle (1:1,000;
refs. 36 and 37 ), or actin (1:1,000; Abcam).

Phenol Oxidase (PO) Assay. PO activity was assayed as described (34) with minor
modifications. Briefly, fly heads and larvae were homogenized in PBS con-
taining protease inhibitors. A total of 25 mg homogenate was added to 100
mL of L-DOPA saturated solution in 20 mM phosphate buffer (pH 6.6) and
incubated at 37 °C for 1-2 h in the dark. Enzyme activity was measured by
recording absorbance at 490 nm with Beckman DU640B spectrophotometer.

Quantitative Real-Time PCR. Total RNA from fly heads and larvae was extracted
with TRIzol reagent (Invitrogen). cDNAs were synthesized from total RNA (0.6
mg) with TagMan Reverse Transcription Reagent (Applied Biosystems) and am-
plified with SYBR Green reagent (Biosciences) and the primers described below
on an ABI7700 sequence detection system (Applied Biosystems). The primers used
were listed in Table S1. A standard curve was generated for each reaction set.
Expression was normalized to RP49 values and calculated with the DDCt method.
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