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Autophagy is a catabolic pathway that is important for turnover of
long-lived proteins and organelles, and has been implicated in cell
survival, tumor progression, protection from infection, neurode-
generation, and cell death. Autophagy and caspases are required
for type Il autophagic cell death of Drosophila larval salivary glands
during development, but the mechanisms that regulate these deg-
radation pathways are not understood. We conducted a forward
genetic screen for genes that are required for salivary gland cell
death, and here we describe the identification of Drosophila
dynein light chain 1 (ddic1) as a gene that is required for type Il
cell death. Autophagy is attenuated in ddic1 mutants, but caspases
are active in these cells. ddicT mutant salivary glands develop large
fibrillar protein inclusions that stain positive for amyloid-specific
dyes and ubiquitin. Ectopic expression of Atg1 is sufficient to
induce autophagy, clear protein inclusions, and rescue degradation
of ddic1 mutant salivary glands. Furthermore, ddic1 mutant larvae
have decreased motility, and mutations in ddicT enhance the
impairment of motility that is observed in a Drosophila model of
neurodegenerative disease. Significantly, this decrease in larval
motility is associated with decreased clearance of protein with
polyglutamine expansion, the accumulation of p62 in neurons
and muscles, and fewer synaptic boutons. These results indicate
that DDLC1 is required for protein clearance by autophagy that is
associated with autophagic cell death and neurodegeneration.

macroautophagy | protein degradation | neurodegeneration

M acroautophagy (autophagy) is a conserved catabolic path-
way (1). Autophagy involves the formation of autophago-
somes around cytoplasmic components, and fusion with
lysosomes enables degradation of autophagosome cargo. Studies
of yeast identified Asg genes that are required for autophagy
during starvation (2-4). Autophagy is also activated during
starvation in animals (5), but the complexity of higher animals,
and the association of autophagy with diseases and cell death,
raises questions about how autophagy is regulated and cargo is
recruited and delivered to lysosomes in multicellular organisms.

The role of autophagy in programmed cell death has been a
subject of debate (6). Autophagy has a well established role in
cell survival, and decreased Atg gene function can promote cell
death (7). There is also evidence that autophagy plays a pro-
tective role against neurodegeneration in the setting of disease
(8, 9), as well as under basal conditions (10, 11). Autophago-
somes have been associated with dying cells during development
(12, 13), and recent studies indicate that autophagy can promote
the degradation and clearance of cells during cell death (14-17).
This apparent paradoxical role of autophagy in both cell survival
and death raises questions about how autophagy is regulated and
influences different cell fates.

Drosophila larval salivary glands possess type II cell death
morphology during development, and contain numerous auto-
phagosomes (14, 18). A rise in the steroid 20-hydroxyecdysone
12 h after puparium formation triggers eversion of the developing
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adult head and salivary gland cell death, and salivary glands are
completely destroyed within 4 h (18). Salivary glands fail to com-
pletely degrade in A¢g mutants, and induction of autophagy by
expression of Atgl is sufficient to induce caspase-independent cell
death (14). Caspases are also required for salivary gland degra-
dation, and function in the fragmentation of DNA, cleavage of
nuclear Lamins, and likely many other caspase substrates in these
cells (19). Inhibition of both caspases and autophagy has a stronger
persistence phenotype than inhibiting either of these pathways
alone, indicating that caspases and autophagy work in an additive
manner to degrade salivary glands (14).

Dyneins have been implicated in both autophagy and cell death
(20,21). Dynein light chain encodes an 8-kD protein that binds to a
variety of cargo and is highly conserved from Chlamydomonas to
humans (22). In Drosophila, Ddlc1 is cytoplasmic and ubiquitously
expressed, and complete loss of function of ddicl causes embry-
onic lethality and ectopic apoptosis (23). Partial loss of function
mutations in Drosophila ddlcl cause female sterility, alter sensory
neuron development, and cause defects in axon guidance (24).

Here we characterize a ddlcl mutant that was isolated in a
genetic screen for genes that are required for salivary gland cell
death. We show that salivary glands of ddlcl animals are
defective in autophagy and degradation. These mutant salivary
gland cells develop large protein inclusions that can be degraded
by ectopic expression of Atgl, a regulator of autophagy. Fur-
thermore, we show that ddic! enhances motility defects in a
model of the neuromuscular disease spinobulbar muscular
atrophy, and suggest that this is because of the accumulation of
protein aggregates in neurons and muscles.

Results

Dynein Light Chain 1 Is Required for Salivary Gland Degradation.
Genes encoding transcription factors, caspases, Afg genes, and
regulators of growth have been identified that are required for
proper destruction of larval salivary glands (25). In addition,
hundreds of genes are induced within 4 h of salivary gland
degradation (26), suggesting that additional genes may function
in the death of these cells. To identify genes that function in
salivary gland cell death, we screened a collection of 1,475 stocks
with single lethal P-element-LacZ enhancer trap reporters for
expression immediately before cell death, and failure of salivary
gland degradation 24 h after puparium formation. From this
screen, we identified the P-element line /(1)G0371 inserted into
the dynein light chain 1 gene ddicl, a gene that was detected in
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our previous DNA microarray studies of salivary glands (26).
This P-element insertion was mapped 124 bp downstream of the
first exon. This ddlcl allele is pupal lethal, and head eversion
occurs at 15 h after puparium formation.

Histological examination of ddlcl mutant animals 12 h after
head eversion (AHE; 8 h after normal salivary gland degradation)
revealed a defect in salivary gland cell death. AllddlcI pupae failed
to complete salivary gland degradation, with animals having either
intact or partially fragmented glands (Fig. 1 B, C and F). By con-
trast, most control animals lack salivary glands (Fig. 1 4 and F).
Significantly, precise excision of the /(1)G0371 P-element reverted
the defect in salivary gland degradation (Fig. S1). We confirmed
the salivary gland cell death defect of ddicI by using the ddlc1¢”
allele (24), and 100% of ddlc1°”® animals failed to destroy their
salivary glands by 12 h AHE (Fig. S1). To confirm that the failure in
salivary gland degradation phenotype was caused by loss of ddic!
function, we performed a transgenic rescue experiment. We gen-
erated transgenic flies and expressed Ddlcl in the salivary glands of
ddlcl mutant flies. Histological examination indicated that
expression of Ddlcl in salivary glands largely rescued the ddlc!
mutant defect in degradation of this tissue (Fig. 1 D, E, and F). In
addition, expression of Ddlcl in many tissues throughout devel-
opment using da-GAL4 rescued the viability of 63% of ddlc mutant
adult males.

ddlc1 Mutants Have Altered Caspase Levels. Ectopic caspase activity
was previously shown to be present in Drosophila ddlcl mutants
(23), and Ddlcl inhibits the proapoptotic activity of Bim in
mammalian cells (21). As caspases are required to complete sali-
vary gland cell degradation (14, 18, 19), we hypothesized that ddic1
may regulate caspases in salivary glands. Caspase-dependent
DNA fragmentation was detected in both the control and the ddic1
mutant salivary glands by the TUNEL assay 2 h AHE (Fig. 2 4
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Fig. 1. ddlc1 is required for salivary gland degradation. (A) Control animals
lack salivary glands 12 h AHE (red circles; n = 16). (B and C) ddicT mutant
animals fail to degrade their salivary glands 12 h AHE, with some being
intact (B) and others being fragmented (C) (n = 28). (D and E) Expression of
Ddlc1 in salivary glands of ddlcT mutants rescues the degradation defect
phenotype, with a small number having fragmented salivary glands (D) and
most having none (E) (n = 22). (F) Percentages of animals with intact,
fragmented, and no salivary glands 12 h AHE.
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and B). Caspase activity levels were quantified using the florigenic
caspase substrate DEVD-AMC. Both wild type (WT) and control
animals lacking the P-element following precise excision had
comparable levels of caspase activity, and this activity could be
inhibited by either a chemical inhibitor (Ac-DEVD-CHO) or
genetically by expression of the caspase inhibitor p35 (Fig. 2C).
Although ddlc1 mutant animals have reduced caspase activity, the
presence of caspase activity and fragmented DNA suggests that
residual cysteine protease activity may be the reason that salivary
gland degradation is not completely inhibited in ddlcI mutants.
To test if caspases contribute to ddlc/ mutant salivary gland
degradation, we expressed p35 in ddlcI mutant salivary glands
and examined them using paraffin histology. As previously shown
(14, 18), all control animals that express p35 in salivary glands
possess partly degraded condensed salivary gland cell fragments
with neither lumen nor basement being membrane present at
12 h AHE (Fig. 2D). In control ddlcl mutants, 39% of animals
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Fig. 2. ddlcT mutants have altered caspase activity and autophagy. (A and B)
TUNEL assay to detect DNA fragmentation (arrows) in control (A) and ddic1
mutant (B) salivary glands 2 h AHE (n = 5 animals/genotype). (C) Average
caspase activity (+SEM) of pupal lysates collected 4 h after puparium for-
mation and measured by cleavage of fluorogenic caspase-3 substrate Z-
DEVD-AMC (n = 3). WT, wild-type Canton S; WT + C.I, Canton S + caspase
inhibitor DEVD-CHO; p35, daGAL4 x uas-p35: Ex, precise excision of the
P element; ddlc1, ddic1/Y. (D) Percent animals with salivary gland cell frag-
ments and intact glands in paraffin sections of pupae 12 h AHE. Genotypes:
Control (fkhGAL4/+) (n = 16), p35 (fkhGAL4/uas-p35) (n = 13), ddlcT mutant
(ddic1/Y) (n = 28), and p35 expression in dd/cT mutant (ddlc1/Y; fkhGAL4/uas-
p35) (n = 24). (E and F) Representative fluorescence microscopy images of
salivary glands expressing GFP-LC3 (green) and DNA (blue). (E) Control (P-
excision; *"*; fkhGAL4/uas-GFP-LC3) salivary glands have large numbers of
puncta 2 h AHE (n = 20 glands). (F) ddlc1 mutant (ddlc1/Y; **; fkhGAL4/uas-
GFP-LC3) salivary glands have few puncta 2 h AHE (n = 17 glands). (G) Average
number of GFP-LC3 puncta (+SEM) in the genotypes shown in E and F and in
ddlc1 mutant salivary glands 12 h AHE (n = 23 glands). (H) Average number of
GFP-LAMP1 puncta (+SEM) in salivary glands of control (P-excision; ey ltub-
GFP-LAMPT) 6 h after puparium formation, 2 h AHE, and in ddlc7 mutant
(ddic1/Y; *™*; +1tub-GFP-LAMP1) 2 h AHE, and 12 h AHE (n = 21 glands).
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have intact salivary glands, whereas 61% are partly degraded
(Fig. 2D). By contrast, p35 expression in the salivary glands of
ddlcl mutant animals results in nearly complete inhibition of
degradation, with 96% of these animals having intact salivary
glands (Fig. 2D). In addition, expression of the caspase Dronc in
salivary glands of ddlcl mutants rescued the degradation of this
tissue 12 h AHE, but also caused premature degradation of
salivary glands (Fig. S2). Combined, these data indicate that
caspases are active and contribute to the partial salivary gland
degradation phenotype in ddlc] mutant animals, and suggest that
Ddlcl influences both caspases and noncaspase factor(s) that
participate in the death of this tissue.

ddic1 Mutant Glands Have Impaired Autophagy. Autophagosomes
and Atg genes are induced just before salivary gland cell death,
and autophagy is required for complete degradation of this tissue
(14, 18, 26). We tested whether autophagy is defective in ddicl
mutant salivary glands using the autophagosome marker GFP-
LC3 (27). As expected, the number of GFP-LC3 puncta
increased in control salivary glands following the rise in steroid
that triggers salivary gland cell death 2 h AHE (Fig. 2 E and G).
By contrast, the number of GFP-LC3 puncta was significantly
lower in ddlc] mutant salivary glands at the same stage (Fig. 2 F
and G; P < 0.0001). In addition, the number of GFP-LC3 puncta
did not increase in ddlcl mutant salivary glands 10 h later (Fig.
2G; P < 0.0001), suggesting that the decrease in the number of
puncta is not a result of a developmental delay. In addition,
ectopic expression of a dominant-negative form of Atgl in ddicl
mutant salivary glands did not alter the ddlcI mutant persistent
salivary gland phenotype (Fig. S3), suggesting that autophagy is
largely impaired in ddlcI mutant salivary glands.

As lysosomes are required for autophagy, we tested if lysosome
numbers are altered in ddic] mutant salivary glands by expressing
a GFP-Lysosome-associated membrane protein 1 (LAMP1) re-
porter transgene (27). In controls, the number of GFP-LAMP1
puncta increases following the rise in steroid that triggers salivary
gland cell death 2 h AHE (Fig. 2H and Fig S4). Although the
number of GFP-LAMP1 puncta was lower in ddlc! mutant sali-
vary glands at the same stage (Fig. 2H; P = 0.0008; also see Fig.
S4), the number of GFP-LAMP1 puncta was not significantly
different 10 h later (Fig. 2H; P = 0.14). These data indicate that,
although lysosome numbers are reduced in ddlc! mutant salivary
glands, lysosomes appear to be produced in this tissue.

ddlc1 Mutants Contain Protein Inclusions. The observation of fewer
autophagosomes in ddlc! mutant salivary gland cells prompted
us to investigate their morphology by transmission EM (TEM).
The cytoplasmic morphology of WT salivary gland cells includes
numerous mitochondria, extensive rough endoplasmic reticulum,
and autolysosomes that are typically observed in these cells 2 h
AHE (Fig. 34). Although ddlcI mutant salivary glands contained
some autophagic structures, numerous fibrillar inclusions were
present. These inclusions appear to be dispersed throughout the
cytoplasm and were not surrounded by membranes (Fig. 3B).
Glue protein is produced and secreted by salivary glands (28),
and our observation of amyloid-like inclusions prompted us to
consider if protein secretion is defective in ddlc! mutants; sali-
vary gland glue secretion is normal (Fig. S5).

The accumulation of protein inclusions is a feature that is
common to many age-related neurodegenerative diseases (29),
and has been associated with proteasome inhibition (9). There-
fore, we tested if the proteasome was inhibited in the ddicl
mutant salivary glands by expressing the GFP-CL1 reporter (9).
Although genetic impairment of the proteasome resulted in
accumulation of CL1-GFP, this reporter was not present in ddlcl
mutant salivary glands (Fig. S6), indicating that proteasome
function is not impaired in ddlcl mutants. The fibrillar nature of
the ddlcl mutant salivary gland inclusions are similar to struc-
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Fig. 3. ddlc1 mutant salivary glands contain protein inclusions that are
reduced when autophagy is induced. (A) WT salivary glands 2 h AHE lack
inclusions by TEM, whereas (B) ddlc1 mutant salivary glands possess large
cytoplasmic inclusions 2 h AHE. (C) WT salivary glands have no thioflavin-S
foci 2 h AHE (n = 10 animals), whereas (D) ddi/c1 mutant salivary glands
possess numerous green thioflavin-S-stained foci 2 h AHE (n = 10 animals).
(E) WT salivary glands exhibit no colocalization of Ref(2)P (green) and
ubiquitin (red) 2 h AHE (n = 4 glands), whereas (F) Ref(2)P and Ubiquitin are
colocalized in ddlcT mutant salivary glands 2 h AHE (n = 5 glands) (DNA,
blue). (G) Expression of Atgl in ddic1 mutant salivary glands eliminates
thioflavin-S—stained foci (compare with D) (n = 10), and (H) attenuates
fibrillar inclusions by TEM. (Scale bars, 1 pm in A, B, and H.)

tures that are observed in amyloids associated with many neu-
rodegenerative diseases (29). Therefore, we tested if the protein
inclusions in ddlc! mutant salivary glands have amyloid proper-
ties by staining with thioflavin-S (30). Paraffin sections of ddicl
mutant salivary glands contained numerous thioflavin-S—positive
foci that are indicative of amyloid deposition (Fig. 3D), whereas
control glands did not possess these structures (Fig. 3C).

Protein inclusions that occur during neurodegeneration typi-
cally contain ubiquitin and p62, proteins that are associated with
the proteasome and autophagy (31, 32). Therefore, we tested
whether the protein inclusions that are observed in ddlc/ mutant
salivary glands contain ubiquitin and Drosophila p62 orthologue
Ref(2)P (33). Although both ubiquitin and Ref(2)P were detec-
ted in WT salivary gland cells, they were not colocalized (Fig.
3E). By contrast, ubiquitin and Ref(2)P were colocalized in large
puncta in ddic] mutant salivary gland cells (Fig. 3F). Fur-
thermore, Ref(2)P levels were elevated and ubiquitin-positive
species of multiple molecular weights were elevated in ddicl
mutant salivary glands (Fig. S7).

Protein inclusions accumulate when catabolic pathways,
including autophagy, are defective during neurodegeneration (9,
34). The reduced number of GFP-LC3 autophagosomes and
accumulation of protein aggregates in ddlc1 mutant salivary glands
prompted us to test if expression of the Atgl kinase, a protein that
is sufficient to induce autophagy (14, 35), is sufficient to inhibit
the accumulation of protein aggregates in these mutants. Sig-
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nificantly, the thioflavin-S—positive inclusions in ddic/ mutant
salivary gland cells were absent when we expressed a moderate-
strength Atgl transgene in this tissue (Fig. 3 D and G). In addition,
TEM analyses of these glands revealed that fibrillar inclusions
were absent in glands with enhanced degradation (Fig. S8) or
reduced in moderately degraded glands (Fig. 3 B and H). These
data indicate that the protein inclusion defects in ddlcl mutant
salivary glands are a result of impairment of autophagy.

ddic1 Enhances Motility Defects in an SBMA Model. We have pre-
viously shown that protein clearance by autophagy plays an
important role in a Drosophila eye model of the neuromuscular
disease spinal bulbar muscular atrophy (SBMA) (9). SBMA is
characterized by progressive loss of motor neurons and muscular
atrophy in males, and is caused by polyglutamine expansion in
the androgen receptor (AR) in the presence of the AR ligand
testosterone (36). Similar to our previous studies in a Drosophila
eye model, we observed a polyglutamine length- and ligand-
dependent decrease in motor activity when we expressed AR in
motor neurons of third instar larvae (Fig. 44). Either loss of
ddlcl function or knock-down of Azgl2 in motor neurons of
larvae resulted in motility defects, and loss of ddlc1 enhanced the
SBMA defect in motor activity when expanded polyglutamine-
containing AR was expressed in motor neurons (Fig. 4B).

The reduced motility of ddlcl mutant larvae prompted us to
investigate the accumulation of protein inclusions in the nervous
and muscular systems of these animals. ddlc! mutants and ddlcl
mutants expressing AR Q52 with DHT have punctate Ref(2)P
staining in a subset of their motor neurons (Fig. 4 D and E),
whereas WT motor neurons do not (Fig. 4C). Significantly,
reduced ddlc1 function results in decreased clearance of AR Q52
in neurons (Fig. 4F). Interestingly, ddlcI mutant larval muscles
also have numerous Ref(2)P-positive inclusions (Fig. 5B) and
attenuated autophagy (Fig. S9), whereas WT larval muscles have

a diffuse staining of Ref(2)P (Fig. 54). These Ref(2)P inclusions
in muscles become larger when AR Q52 is expressed in motor
neurons in the presence of DHT (Fig. 5C). These data suggest
that the motor activity defect in ddilcl larvae is related to
catabolic defects in the neuromuscular tissue, and that expres-
sion of AR Q52 in motor neurons enhances this ddlcl pheno-
type. In addition, these data also suggest that decreased protein
clearance in motor neurons influences the physiology of muscles.
Although decreased function of ddlcl in muscles results in
accumulation of Ref(2)P in muscles (Fig. 5D and Fig. S10),
knock-down of either ddlcl or Atgl2 specifically in motor neu-
rons also results accumulation of Ref(2)P in muscles (Fig. 5SE
and Figs. S10 and S11). We investigated this nonautonomous
function of ddicl and discovered that ddlcI mutants possess
decreased neuromuscular junction bouton numbers (Fig. 5 F, G,
and H; P < 0.00001). Combined, these data indicate that
decreased ddic! function results in decreased autophagy, protein
clearance, and synapse number, and that this influences the
physiology of muscles and motility.

Discussion

Drosophila ddicl is required for cell death of salivary glands.
Ddlcl has been implicated in the regulation of cell death through
physical interactions with Bim (21) and p53 binding protein (37).
In these cases, Ddlcl restricts the activity of caspase regulators
and caspases. These data are consistent with previous studies in
Drosophila indicating that complete loss of ddlc! function results
in ectopic cell death and lethality during embryogenesis (23). By
contrast, we found that caspase activity is reduced in ddlcl
mutants. In addition, factors other than caspases are also influ-
enced by ddicl, and required for salivary gland destruction.
Significantly, ddlcI mutant salivary glands are defective in
autophagosome formation. Although autophagy is an important
regulator of salivary gland cell death (14, 18), we cannot exclude
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Fig. 4. ddic1 enhances motility and protein clearance defects in a model of SBMA. (A) Average number (+SEM) of grid lines passed by the posterior end of WT
larvae (***) or larvae expressing human AR in motor neurons containing 20 glutamines (AR Q20 = w; uas-hAR Q20/d42GAL4), or 52 glutamines (AR Q52 = w; uas-
hAR Q52/d42GAL4) and raised on food containing dihydroxytestosterone (DHT; n =3 x 15 larvae). *P <0.01 and **P < 0.001, significant difference from control.
(B) Average number (+SEM) of grid lines passed by the posterior end of control female sibling (ddlc1/+), ddlcT mutant (ddlc1/Y), Atg12 RNAI (y w, uas-Atg12-IR/+;
d42GAL4/+), AR 52Q-expressing (w; uas-hAR Q52/d42GAL4), or ddic1 mutant expressing AR 52Q (ddlc1/Y; uas-hAR Q52/d42GAL4) larvae in the absence or
presence of DHT (n=3 x 15 larvae). *P < 0.01 and **P < 0.001, significant difference from ddc/7/+ control; and ***P < 0.001, significant difference from AR Q52
expression + DHT alone. (C-E) Ref(2)P staining (green) in third instar larval motor neurons of (C) WT (n =8 animals), (D) ddi/c7 mutant (n =8 animals), and (E) ddlc1
mutant expressing hAR Q52 in the presence of DHT (n = 8 animals). (F) Reduced ddlc7 function decreases the turnover of polyQ-expanded AR. Western blots
showing the temporal profile of AR Q52 protein level after 1-h pulse of expression. A logarithmic plot of AR Q52/Tubulin ratios was used to determine the line of
best fit, and the half-life of AR Q52 was increased 1.73-fold in dd/c7 mutant larvae.
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Fig. 5. ddlcT mutants accumulate Ref(2)p in muscles and have decreased numbers of synaptic boutons. (A-E) Ref(2)P staining (green) of third instar larval
muscles of (A) WT (n =8 animals), (B) dd/c1 mutant (n =8 animals), (C) dd/c7 mutant larvae expressing AR Q52 in the presence of dihydroxytestosterone (DHT; n=8
animals), (D) ddic1 RNAi (DdIc1-IR) expression by the muscle ¢57 GAL4 driver (n = 5 animals), and (E) dd/c1 RNAi (DdIc1-IR) expression by the motor neuron
d42 GAL4 driver (n =5 animals). (F-H) Quantification of bouton numbers in neuromuscular junctions. (F) WT (n = 9 animals) and (G) dd/cT mutant (n = 11 animals)
stained with HRP antibody. (H) Average number of boutons (+SEM) in the genotypes shown in F and G. *P < 0.00001, significant difference from control.

the possibility that ddicl regulates other processes that are
required for destruction of this tissue.

Ddlcl is best known as a dynein motor component, but it also
functions in motor-independent processes (21, 38). It is not clear
how Ddlc1 regulates autophagy. An intact microtubule network is
necessary for proper autophagosome formation (39) and dis-
ruption of dynactin impairs autophagy (40), so it is possible that
Ddlcl is part of a dynein motor that is required for autophagy in
salivary glands. However, we did not observe any defect in salivary
gland degradation in Dynein heavy chain mutants (Fig. S12), and
this suggests that Ddlcl may be regulating autophagy in a motor-
independent manner. It remains unclear how Ddlcl regulates
autophagy. Although expression of the autophagy regulator Atgl
was sufficient to rescue salivary gland degradation (Fig. S13), it is
possible that Ddlcl may either influence autophagy signaling or
facilitate the localization of autophagosome cargo or autophagy
regulatory factors that are needed to form autophagosomes.

Defects in protein clearance have been associated with several
neurodegenerative disorders (8, 9, 32). To our surprise, fibrillar
protein inclusions that stain with amyloid-specific thioflavin-S
and are reminiscent of neuronal amyloids accumulate in ddicl
mutant salivary glands. We speculate that these protein inclu-
sions form because of attenuated autophagy in ddlcl mutants,
and this conclusion is supported by the fact that activation of
autophagy by expression of Atgl reduces these inclusions. In
addition, the levels of Ref(2)P increased and were localized with
ubiquitin-positive inclusions in ddc/l mutant salivary glands.

p62 [Ref(2)P in flies] and ubiquitin accumulate in aging brains
of autophagy-deficient mice and flies (33, 41). In addition, p62-
associated protein inclusions were degraded by autophagy in a
model of Huntington disease (32), and disruption of the LC3/Atg8
binding domain in p62 resulted in the formation of ubiquitin-
positive inclusions (42). These studies suggest similarities between
the role of autophagy in neuronal protein aggregation disorders
and in ddlc1 mutant salivary glands, and this prompted us to study
the influence of ddlc1 mutations on the nervous system. Both ddic1
mutant larvae and the SBMA polyglutamine disorder model
larvae exhibited decreased motor activity. In addition, expression
of AR Q52 in motor neurons of ddlc! mutant larvae enhanced
motility defects, and reduced ddlcI function slowed the clearance
of AR Q52 protein. Significantly, Ref(2)P-associated inclusions
are present in the motor neurons and muscles of ddlcI mutant
larvae in the presence and absence of expression of AR Q52 in
motor neurons. However, the size of Ref(2)P-positive inclusions
increases in the muscles of ddlc/ mutants expressing AR Q52 in
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motor neurons. These observations suggest that the increased size
of protein inclusions in ddlcl muscle is triggered in a cell-
nonautonomous manner by altered motor neuron function. Sig-
nificantly, we observed a nonautonomous influence of ddicl on
autophagy in muscle, and this was associated with decreased
neuromuscular junction synapse numbers. These data are con-
sistent with the nonautonomous influence of neuronal function on
muscle physiology in a Caenorhabditis elegans model of polyglut-
amine disease (43). In addition, these data are in accordance with
the recent demonstration that autophagy in motor neurons regu-
lates synapse development via clearance of Highwire in flies (44).
We have identified ddlc! as a factor that is required for
autophagy in dying cells, and show that loss of ddlcI leads to
accumulation of p62-associated aggregates in salivary glands and
muscles. These tissues are composed of endo-replicating cells
with extensive cytoplasm, and it is possible that they rely more
heavily on autophagy for clearance of unwanted or damaged
proteins than diploid cells, and that decreased autophagy leads
to protein aggregates. Alternatively, and like neurons, these are
relatively long-lived cells, and it is possible that, at stages
approaching death, autophagy begins to promote clearance of
cytoplasm. Future studies should resolve how Ddlc1 functions in
the regulation of protein clearance, autophagy, and cell death.

Materials and Methods

Drosophila Strains. A collection of 1,475 single P-element-/acZ insertion
mutations were screened to identify lines that possess defects in salivary gland
degradation, and /(1)G0371 was identified as an insertion in dd/c1. The ddlc1
precise excision line was generated by crossing the /(1)G0371 line to A 2-3
transposase and precise excision was confirmed by DNA sequencing. UAS-p35
(45) was used to inhibit caspases. UAS-Atg19°'°7%7 (35) was used for ectopic
induction of autophagy, and UAS-Atg12-IR (9) was used to knock down
autophagy. fkhGAL4, daGAL4, d42GAL4, c57GAL4, and elavGS were used to
drive gene expression. The UAS-AR Q20 and UAS-AR Q52 lines were used for
the SBMA model (9). UAS-GFP-LC3 (27) was used as a marker of autophago-
somes, and tubulin-GFP-LAMP1 was used as a marker of lysosomes. WT Can-
ton-S or the precise excision of the /(1)G0371 P-element were used as controls.

UAS-DdIc1 Transgenic Flies. The ddicT ORF was inserted in the pUAST Dro-
sophila transformation vector, sequenced, and used to generate transgenic
Drosophila (Best Gene).

Salivary Gland Histology. Animals were staged, fixed, embedded in paraffin,
sectioned, and stained as previously described (14). DNA fragmentation was
detected by TUNEL using the Apoptotag kit (Chemicon). To detect amyloidosis
with Thioflavin-S, paraffin sections were rehydrated, stained with Mayer hem-
atoxylin (Fluka Chemie) for 1 min, and stained with 1% thioflavin-S (Sigma) for
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5 min, followed by dehydration and mounting in Vectashield with DAPI (Vector
Laboratories). Sections were examined with a Zeiss Axio Imager.Z1 microscope.

Caspase Substrate Assays. The EnzChek Caspase-3 Assay kit (Molecular Probes)
was used according to manufacturer protocols. Animals were staged as white
prepupae, aged 4 h, and whole animal lysates were analyzed as previously
described (14).

Fluorescence Microscopy. For autophagosome and lysosome detection, sali-
vary glands were dissected in PBS solution, stained with Hoechst 33342 to
detect DNA, mounted in PBS solution, imaged with a Zeiss Axio Imager.Z1
microscope with apotome, and quantified using Zeiss automatic measure-
ment software. The average number of puncta per field was determined from
3 independent fields within a salivary gland.

Immunohistochemistry. Salivary glandswere fixed andstained asdescribed (19).
Neuromuscular junction preparations of wandering third instar larvae were
performed as described (46). Rabbit anti-Ref(2)P was used at 1:1,000, mouse
anti-mono- and poly-ubiquitinylated proteins (FK2; Biomol) were used at
1:500 concentration, and rabbit anti-HRP conjugated to FITC (Jackson Immu-
noresearch) was used at 1:800. All preparations were imaged with a Zeiss Axio
Imager.Z1 microscope with apotome. Neuromuscular junctions that innervate
muscles 6 and 7 of segment A3 were analyzed, and the total bouton numbers
on type 1 neurons are reported.

Electron Microscopy. Salivary glands were fixed in2.5% glutaraldehydein0.1M
cacodylate buffer, pH 7.4, postfixed in buffered 1% osmium tetroxide for 1 hat
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47). Larvae were then transferred to vials containing yeast paste. AR and
tubulin protein levels were determined as described (9). Quantitation of
Western blots was performed using the Odyssey Infrared Imaging System (LI-
COR Biosciences). The mean AR/tubulin ratios and SEM from >3 replicates
were plotted on a logarithmic scale and used to determine the line of best
fit by regression analysis (y = Ae™). The slope of the best fit line was used to
estimate half-life with the equation t;, = 0.693/K.
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