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ABSTRACT Ubiquitin-mediated protein degradation plays essential roles in proteos-
tasis and is involved in the pathogenesis of neurodegenerative diseases in which
ubiquitin-positive aberrant proteins accumulate. However, how such aberrant pro-
teins are processed inside cells has not been fully explored. Here, we show that the
product of CG5445, a previously uncharacterized Drosophila gene, prevents the accu-
mulation of aggregate-prone ubiquitinated proteins. We found that ubiquitin conju-
gates were associated with CG5445, the knockdown of which caused the accumula-
tion of detergent-insoluble ubiquitinated proteins. Furthermore, CG5445 rescued eye
degeneration caused by the amyotrophic lateral sclerosis (ALS)-linked mutant TAR
DNA-binding protein of 43 kDa (TDP-43), which often forms ubiquitin-positive aggre-
gates in cells through the capacity of CG5445 to bind to ubiquitin chains. Biochemi-
cally, CG5445 inhibited the accumulation of insoluble forms and promoted their
clearance. Our results demonstrate a new possible mechanism by which cells main-
tain ubiquitinated aggregation-prone proteins in a soluble form to decrease their cy-
totoxicity until they are degraded.
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he ubiquitin-proteasome system (UPS) is the principal pathway for protein degra-

dation in eukaryotic cells (1). In the UPS, proteins to be eliminated are tagged with
ubiquitin chains and degraded by the 26S proteasome (2). The UPS plays essential roles
in various biological events; therefore, its dysfunction leads to various diseases, includ-
ing neurodegeneration (3-6). Ubiquitin-positive aggregates are pathological hallmarks
of human neurodegenerative diseases such as amyotrophic lateral sclerosis (ALS) and
polyglutamine repeat (polyQ) diseases (7). However, it remains unclear how ubiquiti-
nated proteins are processed inside cells before being degraded by the proteasome.

The most well-studied organism concerning the UPS and its modifiers is the
unicellular eukaryote Saccharomyces cerevisiae. Considering that dysfunction of the UPS
is involved in various human diseases (6), exploring genes functionally associated with
the UPS in multicellular animals with multiple organ systems should provide new
findings not yet revealed in yeast. Here, we performed a genetic screen using Drosoph-
ila melanogaster to identify genes that are involved in UPS function and identified a
previously uncharacterized gene, CG5445, as a possible modifier of the UPS. CG5445
interacted with ubiquitin conjugates via its ubiquitin-associated (UBA) domain. Knock-
down of CG5445 in fly compound eyes caused the disorganization and accumulation of
ubiquitinated proteins in a detergent-insoluble state. Furthermore, CG5445 mitigated
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FIG 1 Identification of CG5445 as a possible modifier of the UPS. (A) Confirmation of Txl knockdown. Txl was depleted in the whole body under the control
of da-Gal4. Third-instar larvae were homogenized and subjected to immunoblot (IB) analysis with the indicated antibodies. Genotypes are UAS-lacZ/+;
da-Gal4/+ and UAS-TxI RNAi/+; da-Gal4/+. (B) Appearance of Drosophila notum. Genotypes (from the left) are pnr-GAL4/+ (control), UAS-TxI RNAi/UAS-lacZ;
pnr-GAL4/+, and UAS-TxI RNAi/UAS-Rpn11; pnr-GAL4/+. (C) Effect of downregulation of melanin synthesis on Txl knockdown-induced pigmentation. Genotypes
are UAS-TxI RNAI/UAS-DTH RNAI; pnr-GAL4/+ and UAS-TxI RNAi/UAS-Ddc RNAi; pnr-GAL4/+. (D) GS lines and a CG5445 transgenic fly that suppress Tx|
knockdown-induced melanization. Genotypes (from the left) are Suppressor#%%/+; UAS-TxI RNAi/+; pnr-GAL4/+, GS1003/+; UAS-TxI RNAi/+; pnr-GAL4/+, and
UAS-TxI RNAI/UAS-CG5445; pnr-GAL4/+. (E) Schematic representation of the genomic locus on chromosome X where the GS vectors are inserted. Arrows
represent directions of UAS sequences. (F) Tx/ was depleted under the control of the da-Gal4 driver. Since flies with TxI knockdown in the whole body exhibited
developmental lethality during the pupal stage, flies were raised at 18°C until eclosion to repress GAL4 by GAL80®, a temperature-sensitive repressor of GAL4,
and then incubated at 29°C for 10 days to repress GAL80®. Total RNAs of each genotype were analyzed by gRT-PCR. Genotypes (from the left) are
tub-Gal80ts/UAS-lacZ; da-Gal4/+ (control), tub-Gal80s UAS-TxI RNAi/UAS-lacZ; da-Gal4/+, and tub-Gal80s UAS-TxI RNAi/UAS-CG5445; da-Gal4/+. Data are means
and standard deviations of results from three experiments.

eye degeneration caused by the ALS-linked mutant TAR DNA-binding protein of 43 kDa
(TDP-43) in Drosophila, through the inhibition of the accumulation of mutant TDP-43 (8,
9). Our results imply a new possible mechanism by which ubiquitinated proteins are
kept soluble by CG5445 and consequently degraded by the proteasome.

RESULTS

Identification of CG5445 as a modifier of the UPS in Drosophila. To identify novel
genes that positively regulate UPS function, we designed a genetic screen using
Drosophila melanogaster. Thioredoxin-like (Txl) is a proteasome-associated disulfide
reductase that has been suggested to have a role in proteasome-mediated protein
degradation in mammals and fission yeast (10, 11). Using a upstream activating
sequence (UAS)-Tx/ RNA interference (RNAI) strain that efficiently decreased the amount
of endogenous Txl (Fig. 1A), we found that Txl knockdown in the dorsal midline under
the control of the pnr-Gal4 driver (pnr>TxI RNAI) caused abnormal pigmentation in flies
(Fig. 1B). This phenotype was suppressed by the additional knockdown of DTH or Ddc,
key enzymes in melanin synthesis (12) (Fig. 1C), indicating that the knockdown of Txl
induces melanization. In addition, the upregulation of proteasome function by the
ectopic expression of the proteasome subunit Rpn11 (13) suppressed this phenotype,
indicating that melanization induced by Txl knockdown is associated with dysfunction
in the UPS (Fig. 1B).

To find suppressors of melanization, we combined the P-element-based Gene
Search (GS) system with the “local hop” technique and performed a gain-of-function
screen (13-15). We crossed pnr>TxI RNAi flies with more than 6,000 GS fly lines in which
UAS enhancers were randomly inserted into the fly genome and induced the overex-
pression of downstream genes. We found eight lines that suppressed the melanization
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of pnr>TxI RNAI flies. One of the identified suppressor GS fly lines, the Suppressor#°°
line, partially attenuated melanization (Fig. 1D) and contained a UAS in the upstream
region of CG5445 (Fig. 1E). Another GS fly line with GS7003, in which bidirectional UAS
enhancers were inserted into the upstream region of CG5445, also reduced melaniza-
tion (Fig. 1D and E). These results suggest that CG5445 may be responsible for
suppression.

To confirm this, we generated CG5445 transgenic flies. The expression of CG5445 in
the dorsal midline of pnr>Tx/ RNAi flies attenuated melanization without affecting Tx/
mRNA levels (Fig. 1D and F), demonstrating that CG5445 is a suppressor of Txl
deficiency.

CG5445 interacts with and affects the solubility of ubiquitinated proteins. CG5445
is a protein of unknown function that contains a UBA domain, an FW (also known as
NBR1) domain (16), and an N-terminal disordered region (Fig. 2A). We first examined
whether CG5445 binds to ubiquitin. Full-length CG5445 (CG5445 FL), whether ex-
pressed in Schneider 2 (S2) cells or purified as a recombinant protein, pulled down
ubiquitin conjugates, while CG5445 lacking the UBA domain (AUBA) did not (Fig. 2B
and Q), indicating that CG5445 interacts with ubiquitin conjugates via the UBA domain.

We next examined the effect of CG5445 knockdown in vivo. Knockdown of CG5445
under the control of the eye-specific driver GMR-Gal4 (GMR>(CG5445 RNAI) caused a
dosage-dependent disorganization of compound eyes (Fig. 2D). The heads of these flies
were lysed with Triton X-100, fractionated into soluble and insoluble fractions, and then
analyzed by immunoblotting with an antiubiquitin antibody. This revealed that the
levels of Triton X-100-insoluble but not soluble ubiquitinated proteins were signifi-
cantly increased in GMR>CG5445 RNAi flies (Fig. 2E), suggesting that CG5445 sup-
presses the accumulation of insoluble ubiquitinated proteins that are presumably
deleterious in vivo.

One possibility for the accumulation of ubiquitinated proteins in CG5445 knock-
down flies is that CG5445 alters proteasome function. To evaluate proteasome function,
we measured the intensity of CL1-green fluorescent protein (GFP), a fluorescent re-
porter protein that is continually degraded by the proteasome (17, 18). CL1-GFP was
expressed in the wing disc under the control of pnr-Gal4 (pnr>CL1-GFP). The fluores-
cent signal of CL1-GFP increased when Rpt6, one of the 26S proteasome subunits, was
downregulated (Fig. 2F). Under the same conditions, the knockdown of CG5445 did not
augment reporter levels of CL1-GFP (Fig. 2G). We also measured peptidase activity
using head extracts of GMR>CG5445 RNA.i flies. This analysis showed comparable
peptidase activities between control and RNAi flies (Fig. 2H). These results suggest that
CG5445 does not affect proteasome function.

CG5445 protects against ALS-linked TDP-43 toxicity in Drosophila. Since CG5445
knockdown increased the levels of insoluble ubiquitinated proteins and compound eye
disorganization, we explored the effect of CG5445 on the toxicity of aggregate-prone
proteins in flies. Mutant TDP-43 is one of the major causative proteins in ALS (19).
Mutant TDP-43 has been shown to be subjected to degradation via the ubiquitin-
proteasome pathway and often forms ubiquitin-positive aggregates in patient tissues,
which are hallmarks of neurodegenerative diseases (4, 8, 20). It has been shown that the
expression of TDP-43 containing a familial ALS (fALS)-linked mutation (M337V) often
generates high-molecular-weight (HMW) smearing of TDP-43 as well as a monomeric
form of TDP-43 (~43 kDa) (21), which is observed in patient tissues with TDP-43
proteinopathy (8, 22).

As characterized in a previous report, the overexpression of the TDP-43 M337V
mutant under the control of GMR-Gal4 (GMR>TDP-43 M337V) in fly eyes resulted in
age-dependent degeneration associated with pigmentation loss and necrotic patches
(Fig. 3A) (23). To explore the genetic interactions with TDP-43 M337V, GMR>TDP-43
M337V flies were crossed with flies that overexpressed or downregulated the proteasome
or CG5445 (Fig. 3A). We categorized the phenotypes according to the severity of eye
degeneration, with level 1 being the mildest and level 5 being the most severe (Fig. 3B).
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FIG 2 CG5445 binds to ubiquitin conjugates. (A) Domain composition of CG5445. Disorder prediction was performed by using IUPred. (B) Flag-CG5445 (full
length [FL] and AUBA) was expressed in S2 cells, immunoprecipitated (IP), and subjected to immunoblot analysis with the indicated antibodies. Ub, ubiquitin.
(C) Recombinant GST-CG5445 (FL and AUBA) was incubated with whole-fly extracts, pulled down, and resolved by SDS-PAGE, followed by immunoblotting
against ubiquitin and Coomassie brilliant blue (CBB) staining. (D) Effect of CG5445 knockdown on Drosophila eyes. Genotypes are GMR-Gal4/CyO (control),
GMR-Gal4/CyO; UAS-CG5445 RNAI/TM6B (1 copy), and GMR-Gal4/CyO; UAS-CG5445 RNAI (2 copies). (E) Heads of control and CG5445 RNAI (2 copies) flies on day
10 posteclosion were separated into Triton-soluble and -insoluble fractions, followed by SDS-PAGE and immunoblotting with the indicated antibodies. Values
represent means and standard deviations of the relative band intensities of ubiquitin (normalized to actin) obtained from four independent experiments. *, P <
0.05. (F and G) Detection of the UPS reporter in third-instar larva wing discs. Broken lines indicate edges of wing discs. Genotypes are UAS-lacZ/+;
pnr-Gal4/UAS-CL1-GFP and UAS-Rpt6 RNAi/+; pnr-Gal4/UAS-CL1-GFP (F) and pnr-Gal4/UAS-CL1-GFP and pnr-Gal4 UAS-CG5445 RNAi/UAS-CL1-GFP (G). Values
represent means * standard deviations of the intensities of CL1-GFP, and values in parentheses indicate the number of flies examined. N.S., not significant;
a.u., arbitrary units. (H) Head extracts were assayed for chymotrypsin-like peptidase activities. Genotypes are GMR-Gal4/+ and GMR-Gal4/+; UAS-CG5445
RNAi/+. Values represent means =+ standard deviations of data from three independent experiments. N.S., not significant.

Knockdown of Rpt6 exacerbated the phenotype, leading to lethality before eclosion
(Fig. 3A and Q). Overexpression of the proteasome subunit Rpn11 has been shown to
increase proteasome activity and mitigate eye degeneration caused by Machado-
Joseph disease protein with an expanded polyQ domain (MJDtr-Q78) (13). The ectopic
upregulation of Rpn11 mildly decreased the number of flies with necrotic patches on
day 15 posteclosion (Fig. 3A and C). These results suggest that the activity of the 26S
proteasome is involved in alleviating the toxicity of TDP-43 M337V in Drosophila.

A more profound suppression of the phenotype was observed with CG5445 FL
overexpression without affecting TDP-43 mRNA levels, while the phenotype was se-
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UAS-CG5445 RNAI/+, UAS-CG5445/+; GMR-Gal4/+, UAS-CG5445AUBA/+; GMR-Gal4/+, and UAS-CG5445AFW/+; GMR-Gal4/+. Genotypes in middle and bottom
panels from the left column are UAS-TDP-43 M337V-Myc/+; GMR-GAL4/+, UAS-Rpt6 RNAi/UAS-TDP-43 M337V-Myc; GMR-Gal4/+, UAS-Rpn11/UAS-TDP-43
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verely exacerbated by CG5445 knockdown; approximately 80% of CG5445 knockdown
flies exhibited necrotic patches even on day 1 posteclosion, and the patches were
enhanced with elevated lethality as the flies aged (Fig. 3A, C, and D). Overexpression of
mutant CG5445AUBA failed to alleviate degeneration, demonstrating the importance
of the ubiquitin-binding capacity of CG5445 for mitigating toxicity (Fig. 3A and C).
Moreover, CG5445AFW did not suppress this phenotype, suggesting that the FW
domain is also required for mitigation (Fig. 3A and Q).

We further investigated the effect of full-length CG5445 overexpression on motor
neurons. The ectopic expression of TDP-43 M337V under the control of OK6-Gal4
(OK6>TDP-43 M337V) in motor neurons resulted in defective eclosion or disruption of
wing expansion in adults (Fig. 3E and F). In addition, OK6>TDP-43 M337V flies exhibited
a progressive defect in climbing ability (Fig. 3G). The overexpression of CG5445 FL
mitigated lethality, generated progenies with no obvious phenotype, and even ame-
liorated the adult climbing defect (Fig. 3E to G). These results demonstrate that CG5445
suppresses the toxicity of TDP-43 M337V in locomotor function.

To confirm the genetic interaction between CG5445 and TDP-43, wild-type TDP-43
(TDP-43 WT) was ectopically expressed in eyes (GMR>TDP-43 WT). Similarly to the
TDP-43 M337V mutant, GMR>TDP-43 WT flies were categorized according to the
severity of the eye phenotype (Fig. 3H). The expression of TDP-43 WT did not cause
obvious eye defects on day 1 but induced weak pigmentation loss as the flies aged (Fig.
3H). CG5445 overexpression slightly mitigated the progression of pigmentation loss,
while RNAi led to enhanced pigmentation loss and the appearance of necrotic patches
(Fig. 3H). Taken together, these results demonstrate that CG5445 counteracts the
toxicity of TDP-43.

CG5445 also alleviates toxicity induced by mutant FUS in Drosophila. We
examined whether CG5445 also modulates toxicity in other conformational disease
models. Mutants of fused in sarcoma (FUS), another fALS-linked protein, have been
shown to be ubiquitinated and form aggregates in cells, similarly to mutant TDP-43 (4,
24, 25). As shown in a previous report, the ectopic expression of FUS containing the
fALS-linked R521C mutation (GMR>FUS R521C) in compound eyes caused age-
dependent pigmentation loss (Fig. 4A) (24). GMR>FUS R521C flies were categorized
according to the severity of eye degeneration (Fig. 4B). Rpn11 overexpression mildly
suppressed the pigmentation loss. CG5445 RNAI exacerbated it, whereas CG5445 FL
overexpression mitigated it. This improvement was not observed when CG5445 lacked
the UBA or the FW domain (Fig. 4A and B). The ectopic expression of wild-type FUS in
eyes also induced age-dependent pigmentation loss, which was enhanced and miti-
gated by CG5445 RNAi and overexpression, respectively (Fig. 4C).

The ectopic expression of FUS R521C in motor neurons (OK6>FUS R521C) did not
lead to any eclosion defect but caused a wing expansion defect in all adults, which was

FIG 3 Legend (Continued)

M337V-Myc; GMR-Gal4/+, GMR-Gal4/UAS-TDP-43 M337V-Myc; UAS-CG5445 RNAI/+, UAS-CG5445/UAS-TDP-43 M337V-Myc; GMR-Gal4/+, UAS-CG5445AUBA/UAS-
TDP-43 M337V-Myc; GMR-Gal4/+, and UAS-CG5445AFW/UAS-TDP-43 M337V-Myc; GMR-Gal4/+. Adult flies were aged at 29°C. (B) Flies expressing TDP-43 M337V
in eyes were categorized according to the degree of eye degeneration as follows: level 1 for <10% pigmentation loss, level 2 for 10 to 50% pigmentation loss,
level 3 for >50% pigmentation loss, level 4 for >50% pigmentation loss with small necrotic patches (black dots), level 5 for >50% pigmentation loss with large
necrotic patches, and level 6 for lethal. Typical eyes representing each level (levels 1 to 5) are shown. (C) Percentage of each level of TDP-43 M337V expression
in flies on day 1 (top) and day 15 (bottom) posteclosion. Values in parentheses indicate the number of flies examined. Genotypes are as described above for
panel A. (D) Total RNAs from fly heads on day 2 posteclosion were analyzed by qRT-PCR. Genotypes (from the left) are UAS-TDP-43 M337V-Myc/+; GMR-GAL4/+
and UAS-TDP-43 M337V-Myc/UAS-CG5445; GMR-GAL4/+. Data are means * standard deviations of data from three independent experiments. (E) Dorsal views
of adult flies. Genotypes (from the left) are OK6-Gal4/+ (control), OK6-Gal4/UAS-TDP-43 M337V-Myc, and OK6-Gal4/UAS-TDP-43 M337V-Myc; UAS-CG5445/+. (F)
Percentages of pupae and adults with the indicated phenotypes. Values in parentheses indicate the number of flies examined. Genotypes are as described
above for panel E. (G) Percentage of flies that failed to climb. Data represent means and standard deviations of results from three independent experiments.
Values in parentheses indicate the number of flies examined. Genotypes are as described above for panel E. **, P < 0.001. Flies were raised at 20°C (E to G).
(H, left) Appearance of fly eyes on days 1 and 15 posteclosion. Genotypes (from the left column) are UAS-TDP-43 WT-Myc/+; GMR-GAL4/+, GMR-Gal4/UAS-
TDP-43 WT-Myc; UAS-CG5445 RNAI/+, and UAS-CG5445/UAS-TDP-43 WT-Myc; GMR-Gal4/+. Flies expressing TDP-43 WT in eyes were categorized according to
the degree of eye degeneration, similar to GMR>TDP-43 M337V flies, but with minor modifications, as follows: level 1 for no pigmentation loss, level 2 for <10%
pigmentation loss, level 3 for >10% pigmentation loss, level 4 for >10% pigmentation loss with small necrotic patches (black dots), and level 5 for >10%
pigmentation loss with large necrotic patches. (Right) Percentage of eyes of each level on days 1 and 15 posteclosion. Values in parentheses indicate the number
of flies examined. Adult flies were aged at 29°C.
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associated with increased climbing defects (Fig. 4D). The overexpression of CG5445 FL
did not rescue the FUS R521C-induced wing defect but ameliorated the climbing defect
(Fig. 4D). These results suggest that CG5445 also protects against FUS-mediated
neurodegeneration.

We next examined the effect of CG5445 on polyQ-mediated neurodegeneration.
Although Rpn11 overexpression has been shown to mitigate polyQ-mediated eye
degeneration (13), CG5445 FL overexpression did not ameliorate polyQ-mediated
pigmentation loss (Fig. 4E). CG5445 RNAi enhanced pigmentation loss on day 1 but did
not increase the formation of necrotic patches on day 15 (Fig. 4E). These results suggest
that CG5445 does not protect against polyQ-mediated toxicity.

Taken together, our results show that the effect of CG5445 on reducing the
cytotoxicity of aberrant proteins is not limited to TDP-43 but is also valid for a number
of other aggregate-prone proteins such as FUS, although this effect is not total.

CG5445 counteracts accumulation of insoluble forms of ALS-linked TDP-43. To
clarify the effect of CG5445 on the TDP-43 M337V mutant biochemically, we first
examined whether CG5445 affects the solubility and clearance of mutant TDP-43.
Heads of GMR>TDP-43 M337V flies were fractionated into Triton X-100-soluble and
-insoluble fractions. We also prepared total lysates without fractionation. In flies that do
not overexpress CG5445, TDP-43 M337V was observed in monomeric and HMW smear-
ing forms, and on day 12 posteclosion, the HMW smearing of TDP-43 M337V became
obvious (Fig. 5A). Monomeric TDP-43 was observed in both Triton X-100-soluble and
-insoluble fractions, whereas HMW smearing of TDP-43 was especially observed in the
insoluble fraction on day 12 (Fig. 5B).

The overexpression of CG5445 FL decreased both the monomeric and HMW smear-
ing forms of TDP-43 on day 2 (Fig. 5A, left). The overexpression of CG5445AUBA or
CG5445AFW failed to reduce TDP-43 levels (Fig. 5A, left, and C, left). These results
suggest that CG5445 promotes the clearance of mutant TDP-43. On day 12, the
overexpression of CG5445 FL increased the level of the monomeric form, while it
decreased the level of the HMW smearing form (Fig. 5A, right). These changes were
attributed to an increase in the level of the soluble monomeric form and a decrease in
the level of the insoluble HMW smearing form (Fig. 5B, right). Again, the overexpression
of CG5445AUBA or CG5445AFW did not improve the amount and solubility of each
form of TDP-43 (Fig. 5A, right, and C, right).

In contrast, CG5445 knockdown increased the HMW smearing of TDP-43 M337V by
as early as day 1, while it decreased monomeric TDP-43 levels (Fig. 5D). The increase in
HMW smearing was a result of the accumulation of the insoluble fraction, while CG5445
knockdown decreased the levels of soluble monomeric TDP-43 (Fig. 5E). These results,
together with the results shown in Fig. 2E, suggest that CG5445 increases the solubility
of ubiquitinated mutant TDP-43 and thus may facilitate its degradation.

CG5445 physically associates with ALS-linked TDP-43. We next investigated
whether CG5445 colocalizes with TDP-43. The C-terminal fragment of TDP-43 (TDP-43
CTF), which has been linked to ALS (8), exists predominantly in the cytosol and often

FIG 4 Legend (Continued)

GAL4/+; UAS-HA-FUS R521C/UAS-CG5445AUBA, and GMR-GAL4/+; UAS-HA-FUS R521C/UAS-CG5445AFW. Flies expressing FUS R521C in
eyes were categorized according to the degree of eye degeneration, as described in the legend to Fig. 3B. Adult flies were aged at
29°C. (B) The percentage of FUS R521C-expressing flies with each level of degeneration on days 1 and 15 posteclosion. Values in
parentheses indicate the number of flies examined. Genotypes are as described above for panel A. (C, left) Representative images of
eyes expressing FUS WT. (Right) The phenotypes were categorized as described in the legend to Fig. 3H, and the percentage of flies
with each level of degeneration is shown. Parentheses indicate the number of flies examined. Genotypes (from the left column) are
GMR-GAL4/+; UAS-HA-FUS WT/+, GMR-GAL4/+; UAS-HA-FUS WT/UAS-CG5445 RNAI, and GMR-GAL4/UAS-CG5445; UAS-HA-FUS WT/+.
Adult flies were aged at 29°C. (D, top) Dorsal views of adult flies. Genotypes (from the left) are OK6-Gal4/+; UAS-HA-FUS R521C/+ and
OK6-Gal4/+; UAS-HA-FUS R521C/UAS-CG5445. All adults showed wing expansion defects for both genotypes. (Bottom) Percentage of
flies that failed to climb. Data represent means and standard deviations of results from three independent experiments. The control
data are the same as those described in the legend to Fig. 3G. Values in parentheses indicate the number of flies examined. *, P <
0.05; **, P < 0.001. Flies were raised at 20°C. (E, left) Representative images of eyes expressing MJDtr-Q78. (Right) The phenotypes were
categorized as described in the legend to Fig. 3H, and the percentage of eyes with each level of degeneration is shown (right). Values
in parentheses indicate the number of flies examined. Genotypes (from the left column) are GMR-Gal4 UAS-MJDtr-Q78/+, GMR-Gal4
UAS-MJDtr-Q78/UAS-CG5445 RNAI, and UAS-CG5445/+; GMR-Gal4 UAS-MJDtr-Q78/+. Adult flies were aged at 29°C.
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forms aggregates (4). Venus-tagged CG5445 and mCherry-tagged TDP-43 CTF were
coexpressed in S2 cells, and the cells were treated with bortezomib, a reversible
proteasome inhibitor, to induce cytosolic aggregates of TDP-43 CTF (Fig. 6A). CG5445
FL was distributed in both the cytosol and the nuclei and colocalized with cytosolic
TDP-43 CTF aggregates (Fig. 6A). CG5445AUBA failed to colocalize with the aggre-
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FIG 5 CG5445 inhibits accumulation of detergent-insoluble TDP-43 M337V. (Top panels) Fly heads expressing TDP-43 M337V on day 2 and day 12 (A to C) and
day 1 (D and E) posteclosion were subjected to immunoblotting with the indicated antibodies, with (B, C, and E) or without (A and D) separation into
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represent means and standard deviations of the relative band intensities of TDP-43 (normalized to actin) obtained from four independent experiments. *, P <
0.05; **, P < 0.005; N.S., not significant. Genotypes are UAS-TDP-43 M337V-Myc/+; GMR-Gal4/+, UAS-TDP-43 M337V-Myc/UAS-CG5445; GMR-Gal4/+, UAS-TDP-43
M337V-Myc/+; GMR-Gal4/UAS-CG5445AUBA, and UAS-TDP-43 M337V-Myc/+; GMR-Gal4/UAS-CG5445AFW (A to C) and UAS-TDP-43 M337V-Myc/GMR-Gal4 and
UAS-TDP-43 M337V-Myc/GMR-Gal4; UAS-CG5445 RNAIi/+ (D and E). Adult flies were aged at 29°C.
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indicate nonspecific bands.

gates, suggesting that CG5445 associates with TDP-43 aggregates via the UBA
domain (Fig. 6A). CG5445AFW colocalized with TDP-43 CTF, forming large cytosolic
aggregates (Fig. 6A).

We then quantified the size of the TDP-43 CTF aggregates in order to evaluate the
effect of each domain (Fig. 6B). The coexpression of CG5445 FL moderately but
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FIG 7 CG5445 does not affect the solubility of mutant FUS. (A, top) Fly heads expressing FUS R521C on day 2 posteclosion were separated into Triton-soluble
and -insoluble fractions and subjected to immunoblotting with the indicated antibodies. (Bottom) Values represent means and standard deviations of the
relative band intensities of insoluble FUS (normalized to actin) obtained from four independent experiments. N.S., not significant. Genotypes are GMR-GAL4/+;
UAS-HA-FUS R521C/+, GMR-GAL4/+; UAS-HA-FUS R521C/UAS-CG5445 RNAIi, GMR-GAL4/UAS-CG5445; UAS-HA-FUS R521C/+, GMR-GAL4/+; UAS-HA-FUS R521C/
UAS-CG5445AUBA, and GMR-GAL4/+; UAS-HA-FUS R521C/UAS-CG5445AFW. Adult flies were aged at 29°C. (B) Representative images of S2 cells coexpressing FUS

R495X and CG5445. Bar, 5 um. Broken lines indicate edges of nuclei.

significantly reduced the aggregate size, whereas CG5445AUBA did not show a signif-
icant effect on size (Fig. 6B). Conversely, the TDP-43 CTF aggregates became larger in
CG5445AFW-expressing cells, suggesting that the FW domain is involved in the inhi-
bition of TDP-43 aggregation (Fig. 6B).

To further examine the interaction, Flag-tagged TDP-43 M337V was coexpressed
with Venus-tagged CG5445 in S2 cells and then immunoprecipitated with anti-Flag
antibody. CG5445 FL and even CG5445AUBA associated with TDP-43, implying that
CG5445 possesses additional domains that recognize TDP-43 M337V, other than the
UBA domain (Fig. 6C). To test this possibility, TDP-43 M337V coexpressed with each
CG5445 domain was immunoprecipitated. Both the UBA and FW domains coimmuno-
precipitated with TDP-43, suggesting that CG5445 also interacts with mutant TDP-43
via the FW domain (Fig. 6D). It is possible that the UBA domain interacts with ubiquitin
chains tagged onto TDP-43, whereas the FW domain might recognize an aberrant
region of TDP-43.

CG5445 does not interact with ALS-linked FUS. We next tested the effect of
CG5445 on another ALS-linked aberrant protein, FUS. Immunoblot analysis of head
extracts of GMR>FUS R521C flies showed that FUS R521C was detected as Triton-
insoluble doublet bands, consistent with data from previous reports (Fig. 7A) (26, 27).
However, although CG5445 FL overexpression and knockdown mitigated and aug-
mented toxicity in FUS-expressing flies, respectively (Fig. 4), neither the overexpression
nor the knockdown of CG5445 affected the amount and solubility of FUS (Fig. 7A). We
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also examined the colocalization of CG5445 with mutant FUS. FUS R495X is one of the
ALS-linked mutants lacking C-terminal residues containing a putative nuclear localiza-
tion signal (28). Consistent with data from previous reports, Venus-tagged FUS R495X
was detected as cytosolic aggregates (Fig. 7B) (4, 28); however, CG5445 did not
colocalize with the aggregates (Fig. 7B). Therefore, mutant FUS does not seem to be a
direct target of CG5445. Rather, it might indirectly ameliorate neurodegeneration
phenotypes caused by mutant FUS by as-yet-unclear mechanisms, unlike TDP-43,
which are regulated by CG5445 with respect to protein levels and solubility status (Fig.
4A to E).

DISCUSSION

The UPS plays a pivotal role in intracellular protein quality control to prevent
neurodegeneration. Soluble misfolded proteins that are unable to be refolded are
ubiquitinated and subsequently degraded by the proteasome (25). However, the
proteasome cannot degrade insoluble and nondissociable aggregates, which are usu-
ally substrates for autophagy (25). It was recently shown that ubiquitination renders
substrates prone to aggregation (29). Therefore, the ubiquitination of aggregate-
prone misfolded proteins should further increase the possibility of forming cyto-
toxic ubiquitin-positive aggregates before proteasomal degradation. This probably
holds true not only for cases with genetic mutations but also for sporadic cases of
neurodegenerative diseases, since CG5445 knockdown increased the accumulation of
ubiquitinated proteins in an insoluble state in tissues not expressing specific aberrant
proteins. It would be reasonable to suppose that some mechanisms that prevent the
aggregation of ubiquitinated proteins exist. We propose that CG5445 prevents the
aggregation of ubiquitinated proteins, which consequently promotes their proteasomal
degradation and decreases cytotoxic aggregate formation. The physical interaction of
CG5445 with ubiquitinated aberrant proteins via the UBA domain may be a key step for
increasing the solubility of aberrant proteins, since TDP-43 M337V-mediated eye de-
generation was not rescued by mutant CG5445 lacking the UBA domain. The FW
domain also seems to play an important role in increasing the solubility of aberrant
proteins, as the expression of CG5445 lacking the FW domain augmented TDP-43
aggregate size and failed to rescue eye degeneration, even though CG5445AFW
showed an ability to interact with TDP-43. Importantly, proteins with the same domain
composition as that of CG5445 are conserved in metazoans, including the human
orthologue C60rf106, although the position of its disordered region is located at the C
terminus (16). Recent studies suggest the involvement of C6orf106 in cancer progres-
sion (30, 31), but its role in human cells remains unknown. Further studies of CG5445
and C60rf106 will shed new light on the pathogenic mechanisms underlying neuro-
degenerative diseases and will provide insights into understanding the pathogenesis of
ALS.

MATERIALS AND METHODS

Expression constructs. A cDNA encoding CG5445 was synthesized from total RNA isolated from the
w778 strain. cDNAs of TDP-43 and FUS were synthesized from total RNA isolated from HEK293T cells. The
M337V mutation in TDP-43 was introduced by site-directed mutagenesis. The amplified fragments were
cloned into the pGEX6p-1 vector (Amersham) or pUAST (32).

Fly stocks and genetic screening. All Drosophila stocks were maintained on standard medium at
25°C unless otherwise stated. The following fly strains were used in this study: GMR-Gal4(ll), GMR-Gal4(lll),
Da-Gal4, tub-Gal80%, OK6-Gal4, and UAS-lacZ (Bloomington Drosophila Stock Center); pnr-Gal4 (33);
UAS-Rpn11 (13); UAS-TDP-43 WT-Myc and UAS-TDP-43 M337V-Myc (21); UAS-HA-FUS WT and UAS-HA-FUS
R521C (24); UAS-MJDtr-Q78 (34); UAS-CL1-GFP (17); UAS-TxI RNAI (transformant 5495R-1) and UAS-CG5445
RNAi (transformant 5445R-4) (National Institute of Genetics); UAS-Rpt6 RNAI (transformant 100620),
UAS-DTH RNAi (transformant 108879), and UAS-Ddc RNAi (transformant 109881) (Vienna Drosophila
Resource Center); and GS11377 (used in the genetic screen) and GS7003 (Drosophila Genetic Resource
Center strains). UAS-CG5445 flies (full length, AUBA, and AFW) were generated and balanced by using
standard techniques (BestGene Inc.). The gain-of-function screen was performed at 20°C by using GS
lines (14) and the “local hop” technique (15), as described previously (13). In brief, pnr>TxI RNAi flies were
crossed with GS lines in which a GS vector containing a UAS is randomly inserted into the fly genome,
and progenies in which melanization is suppressed were isolated. The insertion sites for the GS vector
in the suppressor strains were determined by inverse PCR.
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Reverse transcription-quantitative PCR (qRT-PCR). Total RNAs were isolated by using a High Pure
RNA isolation kit (Roche) and reverse transcribed by using ReverTra Ace (Toyobo). Quantitative PCR was
performed by using Universal ProbelLibrary probes (Roche). Each mRNA level was normalized by Rp/32
MRNA levels. Primers used were as follows: 5'-GAACAGTGTGCAGGATCTAAGC-3" and 5'-TTGACGTAGCG
CAGATTCAC-3' for Txl, 5'-GCAATAGACAGTTAGAAAGAAGTGGA-3" and 5'-CTGATTCCCAAAGCCACCT-3'
for human TDP-43, and 5'-CGGATCGATATGCTAAGCTGT-3" and 5'-CGACGCACTCTGTTGTCG-3' for Rpl32.

Cell culture and transfection. S2 cells were cultured in Schneider's Drosophila medium supple-
mented with 10% fetal bovine serum (MBL), 100 U/ml penicillin, and 100 wg/ml streptomycin at 25°C.
Transfection with the pUAST and pWAGAL4 vectors was performed by using Effectene transfection
reagent (Qiagen), and cells were analyzed 48 h after transfection. Bortezomib (LC Laboratories) was
added at 50 nM for 12 h. Cells were treated with Hoechst 33342 (Life Technologies) before microscopic
analysis.

Antibodies. Polyclonal antibodies against Txl were raised by immunizing rabbits with the peptide
C+MNDFKRVVGKKGESH (residues 275 to 289 of TXNL1, a human orthologue of Txl) (Eurofins Scientific).
Antibodies for actin (C4; Chemicon), the Flag epitope (F1804; Sigma), the Myc epitope (A-14; Santa Cruz),
the hemagglutinin (HA) epitope (5D8; MBL), GFP (1E4; MBL), and ubiquitin (FK2; LifeSensors) were
purchased.

Immunoblotting and immunoprecipitation. For fractionation into detergent-soluble and -insoluble
fractions, cells and fly heads were homogenized in phosphate-buffered saline (PBS) with 0.5% Triton
X-100 and separated into supernatant (soluble) and pellet (insoluble) fractions by centrifugation at
20,000 X g for 15 min. For immunoprecipitation, cells were lysed in buffer containing 50 mM Tris-HCI (pH
7.5), 0.2% NP-40, and 150 mM NaCl, and lysates were incubated with anti-DYKDDDDK tag antibody beads
(Wako). Samples were separated by SDS-PAGE, transferred onto a polyvinylidene difluoride (PVDF)
membrane, and subjected to immunoblot analysis. Band intensities were quantified by using ImageJ
software.

GST pulldown assay. Glutathione S-transferase (GST)-fused CG5445 (full length and AUBA) was
purified from Escherichia coli by using glutathione-Sepharose 4B beads (GE Healthcare) and incubated
with lysates of the w778 fly strain.

Measurement of proteasome activity. Fly heads were homogenized in ice-cold buffer containing
25 mM Tris-HCl (pH 7.5), 0.2% NP-40, 1 mM dithiothreitol, 2 mM ATP, and 5 mM MgCl,. The proteasome
chymotrypsin-like peptidase activities in clarified lysates were measured by using the synthetic peptide
substrate succinyl-Leu-Leu-Val-Tyr-7-amino-4-methylcoumarin (Suc-LLVY-MCA) (Peptide Institute), as de-
scribed previously (35).

Histology. Fluorescence microscopy images were captured on a TCS SP5 or SP8 confocal laser
scanning microscope (Leica). Light microscopy images were captured on an M165 FC fluorescence
stereomicroscope (Leica). Dissected wing discs were fixed in 4% paraformaldehyde (PFA) in PBS for 20
min at room temperature (RT). The area of the cytosolic aggregates was quantified by using ImageJ
software.

Climbing assay. Climbing ability was analyzed by negative geotaxis as described previously, with
minor modifications (36). In brief, 30 to 40 flies were gently tapped to the bottom of a vertical plastic vial,
and the number of flies remaining at the bottom (less than 1 cm) was counted after 20 s. Ten trials were
performed in each experiment.

Statistical analysis. Statistical significance was calculated by using an unpaired two-tailed t test, a
one-sample t test, Tukey’s test, or a Mann-Whitney U test.
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