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Mitochondrial protein import regulates cytosolic protein homeostasis and neuronal
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ABSTRACT

Neurodegeneration is characterized by protein aggregate deposits and mitochondrial malfunction.
Reduction in Tom40 (translocase of outer membrane 40) expression, a key subunit of the translocase
of the outer mitochondrial membrane complex, led to accumulation of ubiquitin (Ub)-positive protein
aggregates engulfed by Atg8a-positive membranes. Other macroautophagy markers were also abnor-
mally accumulated. Autophagy was induced but the majority of autophagosomes failed to fuse with
lysosomes when Tom40 was downregulated. In Tom40 RNAi tissues, autophagosome-like (AL) structures,
often not sealed, were 10 times larger than starvation induced autophagosomes. Atg5 downregulation
abolished Tom40 RNAi induced AL structure formation, but the Ub-positive aggregates remained,
whereas knock down of Syx17, a gene required for autophagosome-lysosome fusion, led to the
disappearance of giant AL structures and accumulation of small autophagosomes and phagophores
near the Ub-positive aggregates. The protein aggregates contained many mitochondrial preproteins,
cytosolic proteins, and proteasome subunits. Proteasome activity and ATP levels were reduced and the
ROS levels was increased in Tom40 RNAi tissues. The simultaneous inhibition of proteasome activity,
reduction in ATP production, and increase in ROS, but none of these conditions alone, can mimic the
imbalanced proteostasis phenotypes observed in Tom40 RNAi cells. Knockdown of ref(2)P or ectopic
expression of Pink1 and park greatly reduced aggregate formation in Tom40 RNAi tissues. In nerve
tissues, reduction in Tom40 activity leads to aggregate formation and neurodegeneration. Rather than
diminishing the neurodegenerative phenotypes, overexpression of Pink1 enhanced them. We proposed
that defects in mitochondrial protein import may be the key to linking imbalanced proteostasis and
mitochondrial defects.

Abbreviations: AL: autophagosome-like; Atg12: Autophagy-related 12; Atg14: Autophagy-related 14; Atg16:
Autophagy-related 16; Atg5: Autophagy-related 5; Atg6: Autophagy-related 6; Atg8a: Autophagy-related 8a;
Atg9: Autophagy-related 9; ATP: adenosine triphosphate; Cas9: CRISPR associated protein 9; cDNA: comple-
mentary DNA; COX4: Cytochrome c oxidase subunit 4; CRISPR: clustered regularly interspaced short palindromic
repeats; Cyt-c1: Cytochrome c1; DAPI: 4,6-diamidino-2-phenylindole dihydrochloride; Dcr-2: Dicer-2; FLP:
Flippase recombination enzyme; FRT: FLP recombination target; GFP: green fluorescent protein; GO: gene
ontology; gRNA: guide RNA; Hsp60: Heat shock protein 60A; HDAC6: Histone deacetylase 6; htt: huntingtin; Idh:
Isocitrate dehydrogenase; IFA: immunofluorescence assay; Irp-1A: Iron regulatory protein 1A; kdn: knockdown;
Marf: Mitochondrial assembly regulatory factor; MitoGFP: Mitochondrial-GFP; MS: mass spectrometry; MTPAP:
mitochondrial poly(A) polymerase; Nmnat: Nicotinamide mononucleotide adenylyltransferase; OE: overexpres-
sion; Pink1/PINK1: PTEN-induced putative kinase 1; polyQ: polyglutamine; PRKN: parkin RBR E3 ubiquitin protein
ligase; Prosa4: proteasome a4 subunit; Prosf1: proteasome (31 subunit; Prosp5: proteasome (35 subunit; Prosp7:
proteasome (7 subunit; ref(2)P: refractory to sigma P; RFP: red fluorescent protein; RNAi: RNA interference; ROS:
reactive oxygen species; Rpn11: Regulatory particle non-ATPase 11; Rpt2: Regulatory particle triple-A ATPase 2;
scu: scully; sicily: severe impairment of Cl with lengthened youth; sesB: stress-sensitive B; Syx17: Syntaxin17;
TEM: transmission electron microscopy; ttm50: tiny tim 50; Tom: translocase of the outer membrane; Tom20:
translocase of outer membrane 20; Tom40: translocase of outer membrane 40; Tom70: translocase of outer
membrane 70; UAS: upstream active sequence; Ub: ubiquitin; VNC: ventral nerve cord; ZFYVE1: zinc finger FYVE-
type containing 1
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Introduction

Mitochondria are central organelles that participate in ener
gy production, metabolism, and apoptosis [1]. They form
dynamic networks to exchange materials and regulate meta-
bolic status [2,3]. Mutations in genes encoding mitochondrial
proteins have been identified in many neurodegenerative

diseases, such as Parkinson disease (PD) [4], Leigh syndrome
[5], amyotrophic lateral sclerosis (ALS) [6], and Charcot-
Marie-Tooth disease (CMA) [7]. A number of other neuro-
degenerative diseases, such as Alzheimer disease (AD) [8] and
Huntington disease (HD), are also associated with mitochon-
drial defects [9]. In addition to mitochondrial defects, many
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neurodegenerative diseases are often characterized by protein
aggregate accumulation [10]. While it has been reported that
misfolded proteins can induce mitochondrial import defects
[11,12], it is unclear if mitochondrial defects contribute to
aggregate formation in neurons.

Mitochondria are complicated cellular machines consisting of
more than 1000 proteins, approximately 1% of which are
encoded by mitochondrial DNA [13,14]. Most mitochondrial
proteins are encoded by the nuclear genome, synthesized as
precursors inside the cytosol, and then delivered to different
mitochondrial compartments [15-17]. The translocase of the
outer membrane (Tom) complex serves as the common entry
gate for most precursors. After passing through, precursors with
cleavable presequences are transferred from the Tom complex to
the Tim23 (translocase of inner mitochondrial membrane 23)
complex and are either released into the inner membrane or
imported into the matrix with the help of the presequence
translocase-associated motor (PAM) complex. Non-cleavable
precursors take 3 different pathways to their destinations with
the help of the sorting and assembly machinery (SAM) complex,
Tim9-Tim10 chaperone complex, mitochondrial intermem-
brane space assembly (MIA) machinery, and Tim22 (translocase
of inner mitochondrial membrane 22) complex [18]. The coor-
dination of different complexes ensures proper mitochondrial
functioning and cytosolic proteostasis. It has been reported that
impairment of mitochondrial protein import leads to mitochon-
drial precursor overaccumulation stress (mPOS) that conse-
quently triggers cell death in yeast [19]. However, another
study in yeast illustrated that the unfolded protein response
activated by protein mistargeting (UPRam) is, in fact, protective
to cells [20]. Wang et al. [19] suggest that mPOS aggravates
protein aggregation in the cytosol, whereas Wrobel et al. [20]
suggest that mistargeting of mitochondrial precursors activated
the proteasome, thereby decreasing ubiquitinated protein spe-
cies. These contradicting findings indicate that mitochondrial
protein import has complex effects on the homeostasis of cyto-
solic proteins [21]. Therefore, it is critical to identify cytoplasmic
responses to mitochondrial protein import defects in higher
organisms and understand how these responses contribute to
neuronal health.

In this study, we found that reduced expression of Tom40
led to the accumulation of very large cytosolic aggregates that
were engulfed by Atg8a-positive autophagosome-like (AL)
membranes. The AL structures failed to fuse with lysosomes
and thereby hindered clearance of the aggregates. More
importantly, we found that knockdown of Tom40 leads to
decreased proteasome activity, reduction of adenosine tripho-
sphate (ATP) production, and increased levels of reactive
oxygen species (ROS), that simultaneously resulted in autop-
hagy defects and aggregate formation. Reduction of Tom40
expression in the Drosophila nervous system resulted in pro-
tein aggregate formation and degeneration of neurons. Tom40
RNA interiference (RNAi) also enhanced huntingtin (htt)
polyglutamine (polyQ) protein induced neurodegeneration.
In the present study, we provide a model that explains how
defects in mitochondrial protein import disrupt protein
homeostasis and induce neurodegeneration.

Results
Loss of Tom40 leads to misregulation of autophagy

Tom40 is the channel subunit of the Tom complex and a core
component of the mitochondrial protein importing machine.
Several polymorphisms in TOMM40 (translocase of outer mito-
chondrial membrane 40), the mammalian ortholog of Tom40, have
been shown to be associated with risk and age of onset of
Alzheimer disease [22-24], but the molecular mechanisms remain
elusive. To examine cellular responses to the defects of mitochon-
drial protein import, we silenced Tom40 expression in the
Drosophila fat body and examined the pattern of ubiquitinated
proteins and autophagy marker Atg8a (Autophagy-related 8a).
Drosophila fat-body tissue is a great model system for cell biology
analysis. It contains a single layer of cells with big cell size [25,26].
In the fat-bodies of fed early third-instar larvae (92 to 96 h after egg
laying), levels of ubiquitinated proteins and Atg8a were low and
their patterns were diffused (Figure 1(A)). Knockdown of Tom40
led to a dramatic accumulation of ubiquitinated protein aggregates
enveloped Atg8a-positive membranes in the fat-body cells
(Figure 1(A’)), indicating that autophagy was misregulated. In
addition, cell size was greatly reduced in Tom40 RNAI tissues,
suggesting cell growth defects. To exclude possible off-target
effects of the RNAi constructs, we used 2 different RNAI lines,
TRiP.JF02030 (BL26005) and P{GD5210}v13177(VDAC13177),
to target Tom40 in fat-bodies. Both led to the accumulation of
ubiquitinated protein aggregates and Atg8a (Figure S1A-C). Since
these 2 lines produced almost identical phenotypes, we chose the
TRIiP (transgenic RNAi project) line for further analysis. Using this
RNAI line, efficiency of Tom40 knockdown in fat-bodies was
approximately 79% (Figure S1G). We could rescue the RNAi
phenotypes by overexpression of Tom40 cDNA (complementary
DNA) in the same cells, indicating that the cytosolic defects were
not off-target effects (Figure SID-F).

Furthermore, we analyzed other autophagy markers in the
fat-body tissues of Tom40 RNAi animals. In fed early third-
instar larvae, class III phosphatidylinositol (PtdIns) 3-kinase
complex [27] components — Atg6 (Autophagy-related 6) and
Atgl4 (Autophagy-related 14) — were diffused (Figure 1(B,C));
however, both GFP-Atg6 and GFP-Atgl4 formed large puncta in
Tom40 RNAi fat-body cells (Figure 1(B’,C’)). The omegasome
marker, GFP-ZFYVE1 (zinc finger FYVE-type containing 1)
[28], is distributed as small puncta in wild-type fat-body cells
(Figure 1(D)), and in the Tom40 RNAI fat-body tissues, accu-
mulation of large GFP-ZFYVE1 puncta was observed (Figure 1
(D’)). Atg5 (Autophagy-related 5) and Atgl6 (Autophagy-related
16), the key components of Atgl2 (Autophagy-related 12)-con-
jugation systems [29], accumulated in Tom40 RNAI tissues as
aggregates (Figure 1(E, E, F, F)). Syx17 (syntaxin 17), the
SNARE (soluble N-ethylmaleimide-sensitive factor attachment
protein receptors) protein required for autophagosome matura-
tion [30], also accumulated as large puncta (Figure 1(G, Q).
These data suggest that autophagy is induced and/or blocked
during the late stage in Torm40 RNAi tissues.

To analyze autophagy flux, we examined the autophagy sub-
strate ref(2)P/p62 (refractory to sigma P, the Drosophila ortholog
of mammalian SQSTM1/sequestosome 1) [31]. We generated an
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Figure 1. Tom40 RNAI led to autophagy defects in fly fat-body tissues. (A

, A') Early third-instar larvae fat-body tissues of the fed wild-type (CTL) (A) and Tom40 RNAi (A’)

animals were dissected and stained with anti-Atg8a (red), and anti-Ub antibodies (green). (A’ inset) shows the detailed structures of the aggregates in Tom40 RNAi cells.
Ub-positive aggregates were accumulated and wrapped with Atg8a-positive membranes. (B to G') GFP-tagged various autophagy markers were expressed in fat-body
tissues of CTL or Tom40 RNAi animals. GFP signals are green. (H, H’) Wild-type (CTL) and Tom40 RNAi fat-body tissues were stained with anti-ref(2)P (green) and anti-Atg8a
(red). (I, I') GFP-RFP-Atg8a was expressed in CTL or Tom40 RNAi fat-body tissues, most of the GFP (green) and RFP (red) signals colocalized. (J, J’) Lamp1GFP was expressed in
CTL and Tom40 RNAi fat-body tissues. Most of the Atg8a (red) signals did not colocalize with GFP (green). DAPI staining marked the nuclei. The scale bar for the
immunofluorescence assay (IFA) images: 20 pm. (K to M) TEM of the CTL and Tom40 RNAi fat-body tissues was analyzed. Pink arrows indicate lipid droplets. Large
autophagosome like structures (blue arrows) surrounded the electron-dense materials, often adjacent to lysosome-like structures (red arrows) in the Tom40 RNAi fat-body
cells. There were a few small autophagosomes (yellow arrows) that near or attached to the large double-membrane envelope. (See also Figure S1.).

antibody to recognize fly ref(2)P, and the specificity was con-
firmed by staining ref(2)P-silenced or overexpressing tissues
(Figure SIH to J). In Tom40 RNAi fat-body cells, endogenous
ref(2)P formed ring-like structures that were enclosed by Atg8a-
positive membranes (Figure 1(H, H’)). To exclude the possibility
that accumulation of ref(2)P was due to the increase in ref(2)P
expression, we used the UAS-Gal4 (upstream active sequence-
Gal4) system to express HA-tagged ref(2)P in Tom40 RNAI
tissue, where expression of HA-ref(2)P is not regulated by its
own regulatory sequences but is controlled by Cg-Gal4, a Gal4
driver that is highly expressed in the fly larval fat-body. We
found that HA-ref(2)P accumulated in a similar manner to
endogenous ref(2)P (Figure S1K, L). These results indicate that
autophagy flux is blocked in Tom40 RNAI tissues. GFP-RFP-
Atg8a can be used to monitor fusion between autophagosomes
and lysosomes [32]. Once autophagosomes fuse with lysosomes,

GEFP signals are quenched by the acidic environment, and only
RFP signals can be observed. We expressed GFP-RFP-Atg8 in
Tom40 RNAI tissues and found that although there were a few
small red puncta, most of the large puncta were yellow (Figure 1
(I, I')), implying that the majority of autophagosome-lysosome
fusion processes were blocked. Indeed, most of the Lamp1-GFP-
labeled lysosomes did not colocalize with the autophagosome
marker Atg8a, but were found adjacent to it (Figure 1(J, I')).
Transmission electron microscopy (TEM) results showed
double-membrane structures surrounding electron-dense
materials, often adjacent to lysosome-like structures in the
Tom40 RNAi fat-body cells (Figure 1(K-M)). Despite the
fact that they were highly similar to the autophagosomes
often observed in starved cells, the double-membrane struc-
tures (approximately 3 um in diameter) were 10 times larger
than regular autophagosomes (approximately 200 to 400 nm
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in diameter). In addition, AL structures in Tom40 RNAI fat-
body cells were often not sealed. Occasionally, 1 or 2 small
autophagosomes (approximately 200 to 400 nm in diameter)
attached to the double-membrane envelope of the huge AL
structure suggesting a type of fusion between them (Figure 1
(L, M); yellow arrows).

Protein aggregate formation and autophagy defects are
not a general cytosolic response to mitochondrial defects

To test whether protein aggregate formation and autophagy
defects were specific to the loss of Tom40 or were a general
response to the defects in mitochondrial protein import, we
reduced the expression of other key molecules in import machi-
neries and examined Atg8a and ubiquitin (Ub) staining in fat-
body cells. Tom20 (translocase of outer membrane 20) is a
receptor subunit of the Tom complex and ttm50 (tiny tim 50)
is a key component of the Tim23 complex on the inner mem-
brane [16]. Similar to Tom40 RNAi, Tom20 RNAi led to the
accumulation of ubiquitinated protein aggregates and Atg8a
(Figure 2(A-C)). We also generated Tom40 and ttm50 mutants
using the CRISPR/Cas9 technique (Figure S2A-F) [33]; both
mutants were lethal at the embryonic stage. The lethality was
fully rescued by their respective genomic fragments, Dp(1;3)
Dc180 (BL: 30310) for Tom40 and Dp(1;3)Dc406 (BL: 31456)
for ttm50. To generate mosaic tissues containing Tom40 or
ttm50 mutant cells, we recombined the mutant alleles to the
FRT19A (ELP recombination target 19A) chromosomes, which
contained two tandem yeast FRT DNA elements at the 19A
position of X chromosome to mediate high frequency mitotic
recombination upon expression of a flippase recombinase. We
then generated the fat-body tissues carrying Tom40 or ttm50
mutant clones and examined them with confocal microscopy.
Tom40 and ttm50 mutant cells were smaller than control cells
(Figure 2(D-F)), suggesting growth defects. Consistent with
RNAI results, ubiquitinated protein aggregates and GFP-Atg8a
accumulated in Tom40 and ttm50 mutant clones. We could
rescue these cellular phenotypes by introducing Tom40 or
ttm50 cDNA to the mutant animals and driving their expression
in mutant cells with Cg-Gal4 (Figure S2G). These data further
confirmed that disruption of cytosolic protein homeostasis is
caused by the loss of Tom40 or ttm50.

Moreover, we wanted to test if ubiquitinated protein aggre-
gate formation and autophagy defects were general cellular
responses to mitochondrial malfunctions. Therefore, we exam-
ined some well-characterized mutants that affect various aspects
of mitochondrial functions [34]. kdn (knockdown) encodes
citrate synthase that participates in the tricarboxylic acid cycle
in the mitochondrial matrix. Marf (Mitochondrial assembly
regulatory factor) is a mitochondrial outer membrane protein
that regulates mitochondrial fusion [35]. scu (scully) encodes a
mitochondrial RNase (ribonuclease) P protein and is required
for mitochondrial tRNA (transfer RNA) processing, while
MTPAP is a mitochondrial poly (A) polymerase. sicily (severe
impairment of CI with lengthened youth) functions as a chaper-
one that assists in the assembly of electron transport chain
complex I [36], and tko (technical knockout) encodes a mito-
chondrial small ribosome protein. We created mutant clones of
these genes in the early third-instar larval fat body and examined

GFP-Atg8a and Ub staining patterns in these tissues. Cells in
some mutant clones, such as kdn (Figure 2(G)) and MTPAP
mutants (Figure 2(J)), were smaller than control cells suggesting
that they exhibited cell growth defects similar to those of Tom40
and ttm50 mutants [37]. None of the mutant clones examined
accumulated ubiquitinated protein aggregates or Atg8a puncta
(Figure 2(G-L)), suggesting that protein aggregate formation
and autophagy defects in Tom40 mutants were not a general
response to mitochondrial malfunction but were specific to
mitochondrial protein import defects.

Different mitochondrial precursors have different fates
when their transport is blocked

Because Tom40 is the central gate for nuclear genome-encoded
mitochondrial proteins to enter the mitochondria, we hypothe-
sized that mistargeted mitochondrial precursors formed aggre-
gates that induced autophagy defects. To test this hypothesis, we
first analyzed if mitochondrial preproteins formed aggregates in
the cytosol by selecting a handful of nuclear genome-encoded
mitochondrial proteins whose destinations or transporting
routes were well studied. We expressed the tagged form of
these proteins in fly fat bodies and examined their distribution
after Tom40 expression was reduced. We tested MitoGFP
(Mitochondrial-GFP), an artificial preprotein with a mitochon-
drial targeting signal from protein Cyt-c1 (Cytochrome c1) fused
to GFP. We expected MitoGFP to alter its localization from the
mitochondria to the cytoplasm or to accumulate in aggregates.
Surprisingly, MitoGFP levels were greatly reduced in Tom40
RNAI cells (Figure 3(A, A’, D, D)), suggesting that mis-locali
zed MitoGFP was degraded. Similar to MitoGFP, COX4-V5
(Cytochrome ¢ oxidase subunit 4) (Figure 3(B, B, E, E’)) and
Hsp60-V5 (Heat shock protein 60A) levels (Figure 3(C, C, F, F))
were reduced in Tom40 RNAI tissues. The levels of some pre-
cursors, such as sesB-V5 (stress-sensitive B) (Figure 3(G, G, J,
), Irp-1A-V'5 (Iron regulatory protein 1A) (Figure 3(H, H’, K,
K’)), Idh-V5 (Isocitrate dehydrogenase) (Figure 3(I, I, L, L)),
Tom?20-GFP (Figure 3(M, M’, P, P’)), and Tom70-HA (translo-
case of outer membrane 70) (Figure 3(N, N’, Q, Q’)) increased.
However, these proteins did not accumulate as aggregates.
Interestingly, we found that the beta-barrel protein, porin-V5,
accumulated as aggregates that were also positive for Ub staining
(Figure 3(O, O’)). However, total levels of porin-V5 did not
significantly change (Figure 3(R, R’)). To examine if porin is
the key protein for aggregate formation, we knocked down
porin along with Tom40 and analyzed ubiquitinated protein.
Knockdown of porin did not affect Ub-positive protein aggregate
formation (Figure S3A-D), suggesting that porin may be a dis-
pensable component of aggregated proteins during protein
aggregate formation in Tom40 RNAI tissues. These data demon-
strate that different mitochondrial protein precursors have dif-
ferent fates when their transport into the mitochondria fails.
Only a proportion of mitochondrial proteins formed aggregates.

Proteasome subunits accumulate in aggregates and
proteasome activity is reduced in Tom40 RNAi tissues

To further analyze the contents of aggregates, we isolated them
and analyzed their components using mass spectrometry (MS).
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Figure 2. Mitochondrial protein transport defects but not several other mitochondrial deficiencies led to autophagy defects. (A to C) Anti-Ub (green) and anti-Atg8a
(red) antibody staining of the fat-body tissues of control (CTL), Tom20 RNAi, and Tom40 RNAi flies were shown. Nuclei were marked with DAPI (blue) staining. (D to L)
GFP-Atg8a was expressed in fat-body tissues of the flies with the indicated genotypes. The CTL clone and the indicated mutant clones were negatively marked by
RFP (red). The GFP-Atg8a signals (green) and anti-Ub antibody staining (blue) of the fat-body tissues are shown. Scale bar: 20 um. (See also Figure S2.).

Since the aggregates were enveloped in the Atg8a-positive mem-
brane, we expressed GFP-Atg8a in the fat bodies and pulled down
the aggregates using an anti-GFP antibody. The aggregate
pulldown was confirmed by the enrichment of Ub-positive pro-
teins on the beads, detected by western blotting before MS sample
analysis. Many proteins were identified by MS analysis (Table S1),
and gene ontology (GO) enrichment analysis revealed that several
mitochondrial proteins, including porin, were present in the
aggregates (Figure 4(A) and S3E). Interestingly, we found 13
proteasome subunits, suggesting that they are also recruited to
the aggregates. To confirm, we chose 2 proteasome subunits,
Prospl (proteasome P1 subunit) (Figure 4(B, B’)) and Prosp7
(proteasome B7 subunit) (Figure 4(C, C’)) to express in fat-body
cells with or without Tom40 RNAi. Consistent with MS data, both
subunits were found accumulating in cytosolic aggregates of

Tom40 RNAI tissues. Recruitment of proteasome subunits to
aggregates might disrupt proteasome organization; therefore, we
attempted to find out if proteasome activity is affected in Tom40
RNAi cells.

As mentioned above, numerous ubiquitinated protein aggre-
gates were observed in Tom40 RNAi fat-body cells. Figures 1(A’)
and 2(B), suggesting accumulation of ubiquitinated protein spe-
cies. To confirm, we examined ubiquitinated proteins in both
wild-type and Tom40 RNAI fly fat bodies by western blot analysis
and discovered that ubiquitinated proteins are greatly increased in
Tom40 RNAI tissues (Figure 4(D)), suggesting increased produc-
tion and/or decreased clearance. Furthermore, to analyze activity
of the ubiquitin-dependent proteasome pathway in Tom40 RNAi
tissues, we expressed CL1-GFP, a reporter with GFP fused to the
CL1 degron [38], in wild-type and Tom40 RNAI fat bodies and
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Figure 3. Different mitochondrial proteins or precursors have different fates in Tom40 RNAi tissues. (A and A’, G to I', M to O’) The indicated tagged-form
mitochondrial proteins and preproteins were expressed in wild-type (CTL) or Tom40 RNAi fat-body tissues. GFP, anti-V5, or anti-HA antibody staining (green) of the
fat-body cells with the indicated genotypes are shown. DAPI (blue) staining marked the nuclei. The scale bar for the IFA images: 20 um. (D to F’, J to L’, P to R’)
Western blots of the fat body tissues of the indicated genotypes are shown to indicate the amount of the indicated proteins. Tubulin was used as a loading control.
The quantification of the western blot results is shown as charts below individual western blot panels. (See also Figure S3.).

performed GFP and Ub staining. In wild-type control cells, levels
of CL1-GFP were considerably low (Figure 4(E)). However, in
Tom40 RNAI cells, CL1-GFP accumulated as large puncta and
colocalized with Ub-positive aggregates (Figure 4(E’)), indica-
ting that proteasome activity was indeed reduced in Tom40
RNAI tissues. Accumulation of CL1-GFP in cytosolic aggregates
suggested that in addition to mitochondrial preprotein and pro-
teasome subunits, cytosolic proteins ready to be degraded accu-
mulated in the aggregates. The cytosolic proteins identified during
MS may belong to this category (Table S1, Figure 4(A), S3E).

Two common phenomena in several neurodegenerative
diseases are protein aggregation and mitochondrial defects
[1,10]; therefore we examined if mitochondrial protein import
defects enhance disease-related protein aggregate formation.
We expressed htt46Q (Figure 4(F, F)), htt72Q (Figure 4(G,
G’)), and htt96Q proteins (Figure 4(H, H’)) [39] in fly fat
bodies; htt46Q and 72Q did not readily form aggregates by
themselves, unlike httQ96 that formed some aggregates in the
cytosol (Figure 4(F,G,H)). In Tom40 RNAI tissues, all 3 htt
proteins formed large aggregates, suggesting that inhibition of
mitochondrial protein import enhances disease-related pro-
tein forming aggregates (Figure 4(F’, G’, H’)).

Next, to evaluate the effect of aggregate accumulation on the
development of autophagy defects in Tom40 RNAI tissues, we
reduced expression of proteasome subunits by RNAi in fat-body
cells and analyzed Ub and Atg8a patterns. RNAi of Rpnll
(Regulatory particle non-ATPase 11), Rpt2 (Regulatory particle
triple-A ATPase 2), and Prosf5 (proteasome B5 subunit) led to
the accumulation of large Ub-positive aggregates; however,
Atg8a signals were not readily detected (Figure S3F-H). This
suggests that accumulation of aggregates alone was not sufficient
to induce the autophagy defects observed in Tom40 RNAI cells.

In Tom40 RNAI cells, ATP production was reduced (Figure
S4A) and ROS levels were elevated (Figure S4B, C). We tested if
reduction in ATP production and elevated ROS levels were
sufficient to trigger aggregate formation and autophagy defects.
Silencing the expression of Cyt-cI, a gene encoding the key
component of ubiquinol-cytochrome c reductase complex (mito-
chondrial complex IIT), greatly reduced ATP levels (Figure S4A)
and increased ROS production (Figure S4B, D). ROS levels of
Cyt-cI RNAI cells were comparable to those of Tom40 RNAi
cells, while decreased ATP levels in Cyt-cI RNAI cells were more
severe than in Tom40 RNAI cells. However, there was no dra-
matic accumulation of ubiquitinated protein aggregates and
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Figure 4. Proteasome subunits are accumulated in the aggregates and proteasome activity is reduced in Tom40 RNAi tissues. (A) The aggregates isolated from Tom40
RNAI tissues were analyzed by mass spectrometry. The identified proteins were analyzed by gene ontology (GO) enrichment analysis to reveal the major cellular
components that they were belonging. (B to C’) Proteasome subunits ProsB1-V5 and ProsB7-V5 were expressed in both wild-type cells (CTL) and Tom40 RNAi cells.
Anti-V5 (red) and anti-Ub (green) staining of fat-body cells with the indicated genotypes is shown. (D) Western blot of Ub-positive protein species in both CTL and
Tom40 RNAi tissues. GAPDH level was probed as loading control. (E and E’) CL1-GFP (green) was expressed in CTL and Tom40 RNAi tissues. GFP fluorescence and
anti-Ub (red) antibody staining are shown for the indicated genotypes. (F to H’) The indicated htt PolyQ proteins were expressed in CTL and Tom40 RNAi fat-body
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genotypes are shown. Nuclei are marked by DAPI (blue) staining. The scale bar for the IFA images: 20 um. (See also Figure S3, S4, Table S1.).

Atg8a-positive puncta in Cyt-cI RNAI cells (Figure S4E, G),
suggesting that defects in ATP and ROS production were not
sufficient to cause Tom40 RNAi-like cytosolic phenotypes.

We then speculated if reducing ATP production, increasing
ROS, and inhibiting proteasome activity simultaneously, would
lead to the defects observed in Tom40 RNAI cells. Knocking
down most proteasome subunits together with Cyt-cI leads
to animal lethality before we could analyze the phenotypes.
Knocking down Prosa4 (proteasome a4 subunit), a gene

encoding a proteasome subunit, resulted in a very mild accu-
mulation of ubiquitinated proteins in fat-body cells. When we
knocked down Cyt-cI together with Prosa4, large amounts of
ubiquitinated protein aggregates engulfed by Atg8a-positive
membranes were observed (Figure S4E-]), recapitulating the
phenotypes seen in Tom40 RNAi cells. This suggests that
reduction of ATP production, elevated ROS, and inhibition of
proteasome activities are causative factors for the imbalanced
protein homeostasis in Tom40 RNAI tissues.
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Inhibition of autophagy in Tom40 RNAi tissues reduces
aggregate size and hinders the engulfing of aggregates
by phagophore membranes

To understand how autophagy processes are misregulated in
Tom40 RNAI tissues, we carried out single and double-RNAi
experiments to knockdown the expression of various core mole-
cules of the autophagy pathway [40], alone or together with
Tom40, and analyzed the patterns of ubiquitinated aggregates
and Atg8a. All the RNAi lines targeting core molecules of autop-
hagy pathways used here could efficiently block starvation-
induced autophagy when they were expressed in fat-body tissues
(Figure S5). We observed that Atg8a accumulation in SyxI17
RNAI cells was much lower compared with its accumulation in
Tom40 RNAI cells (Figure 5(A’, H)), even though both exhibited
autophagosome-lysosome fusion defects, suggesting that autop-
hagy was induced first and then blocked at the fusion stage in
Tom40 RNAi cells.

RNAIi of Atg8a greatly reduced Atg8a staining (Figure 5(B,
B’)), supporting the specificity of Atg8a antibody staining.
Compared with Tom40 RNAi tissues, the number of Ub-positive
aggregates slightly increased and the average size of aggregates

decreased in Tom40 and Atg8a double-RNAI tissues (Figure 5
(A-B’, 1, I)). Similarly, Atg9, Atg5, Atgl2, Atgl6, or Atg6
together with Tom40 not only reduced aggregate size but also
greatly reduced Atg8a signals of the ubiquitinated protein aggre-
gates (Figure 5(C-G’, I, I')). Therefore, these results imply that
the key autophagy molecules are required for Tom40 RNAi-
induced autophagy and growth of protein aggregates. The num-
ber of aggregates was higher while the size was reduced in Syx17
and Tom40 double-RNAi tissues compared with Tom40 RNAi
tissues (Figure 5(H, H’, J-K)). In double-RNAi cells, accumu-
lated Atg8a signals did not form ring-like structures around
ubiquitinated protein aggregates, as we observed in Tom40
RNAI tissues (Figure 5(H, H’)), indicating that Tom40 RNAIi-
induced engulfment of protein aggregates by Atg8a-positive
autophagosome membranes requires Syx17.

Furthermore, we examined TEM results of fat-body tissues
from Atg5, Syx17, and Tom40 single or double-RNAi animals
(Figure 5(L-Q)). In Atg5 and Tom40 double-RNAi tissues
(Figure 5(P)), electron-dense aggregates were not engulfed by the
double-membrane structures, and the aggregate sizes were smaller
than in tissues with Tom40 RNAi alone (Figure 5(0)). Syx17 RNAi
alone led to the accumulation of small autophagosomes and
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lysosomes in the cytosol (Figure 5(N)). In Syx17 and Tom40
double-RNAi tissues, electron-dense aggregates were noticeably
small and remained surrounded by numerous autophagosomes
and phagophores (Figure 5(Q)). These data suggest that autophagy
is induced then later blocked at the fusion stage owing to the
reduced expression of Tom40. Formation of Atg8a-labeled autop-
hagy membrane structures was dependent on Atg9, Atg5, Atgl2,
and Atgl6. The excessively large AL structures in Tom40 RNAi
tissues were formed through the fusion of small autophagosomes
with phagophores for which Syx17 is required. In Tom40 RNAi
tissues, these AL structures were often not sealed, which may
explain why they were unable to fuse with lysosomes.

It has been reported that Rab7 is required for autophago-
some growth during mitophagy [34]; therefore, we tested if
the giant AL structures observed in Tom40 RNAI tissues also
require Rab7 activity. After knocking down Rab7 expression
in Tom40 RNAI cells, there were no changes in Atg8a signals
or double-membrane structures, indicating that Rab7 is not
required for the excessive expansion of autophagosome mem-
branes surrounding the aggregates (Figure S6).

ref(2)P RNAi and Pink1-park expression reduces the
formation of protein aggregates in Tom40 RNAi tissues

We explored the possibility of aggregate reduction inside Tom40
RNAI cells, and because the aggregates tested positive for ref(2)P
[41], ref(2)P was considered critical for aggregate accumulation.
As expected, ubiquitinated protein aggregates were not found
after the knockdown of ref(2)P in Tom40 RNAI cells (Figure 6
(A-B’)). Furthermore, we attempted to express HDAC6 (Histone
deacetylase 6) and Nmnat (Nicotinamide mononucleotide adeny-
Iyltransferase) that are associated with reduction in protein
aggregate formation [38,42]; however, expression of both pro-
teins did not affect Tom40 RNAi-induced protein aggregate
formation (Figure 6(C-D")).

Interestingly, when the key mitophagy inducer Pinkl (PTEN-
induced putative kinase 1) [43] was overexpressed in Tom40
RNAI cells, protein aggregates were greatly reduced (Figure 6
(E, E’, M-P)). Similarly, the expression of park (parkin), the E3
ligase required for mitophagy [44], reduced protein aggregate
accumulation (Figure 6(F, F’, M, O)). In contrast, when kinase-
dead Pinkl (Pink1P°°'4) was expressed in Tom40 RNAI cells,
protein aggregates remained intact (Figure 6(G, H, N, O)).
When Pinkl was overexpressed and park was knocked down
in Tom40 RNAI cells, protein aggregates could still be observed
(Figure 6(1, J, N, O)), indicating that Pinkl and park function in
the same pathway to reduce aggregates.

To test if the reduction in aggregates depends on autophagy
pathway activity, we knocked down core molecules in the autop-
hagy pathway, such as Atg5 and Syx17, in the tissue along with
Tom40 knockdown and Pinkl overexpression. The reduction of
aggregates in Tom40 RNAI tissues induced by PinkI overexpres-
sion was reversed when autophagy was blocked (Figure 6(K, L)).
This suggests that Pinkl-park-mediated aggregate reduction is
autophagy-dependent.

Interestingly, we found that when we overexpressed Pinkl in
Tom40 RNAI tissues, the remaining aggregates colocalized with
Pinkl (Figure S7A,B). When it was expressed in Tom40 RNAi
tissues, Pink1”*°** also colocalized with Ub-positive aggregates
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(Figure S7C, D). These data raised a possibility that the over-
expressed Pinkl may phosphorylate the aggregates and recruit
park to induce the clearance of aggregates. If this is the case, we
should be able to see that park is on the aggregates when it is
overexpressed. However, when park was overexpressed, the
remaining aggregates were not marked by park (Figure S7E, F).
To exclude the possibility that the park-positive aggregates were
eliminated and the remaining aggregates were park-negative, we
blocked the autophagy process by Atg5 RNAI in the tissues with
park expression and Tom40 RNAi. Under this condition, the
aggregates were abundant and park was not on the aggregates
(Figure S7G, H). These data suggest that Pinkl or park over-
expression induced reduction of aggregates probably is not due
to directly target the aggregates to the autophagy pathway.

TEM analysis showed that fat-body cells in fed early third-
instar larvae possess many mitochondria and no autophagosomes
(Figure 7(A), S71, S7Q). In Tom40 RN AI cells, mitochondria were
small and the AL double membranes enclosed electron-dense
aggregates and were surrounded by many lysosomes (Figure 7
(D), S7], S7R). Overexpression of PinkI in wild-type cells did not
cause any dramatic change in morphology or number of mito-
chondria (Figure 7(B), S7K, S7S). However, when PinkI was over-
expressed in Tom40 RNAI tissues (Tom40 RNAI, Pinkl OE), the
aggregates were no longer present and only large lysosomes and
autolysosomes were observed (Figure 7(E), S7L, S7T).

We then further reduced Atg5 expression in tissues with
Pinkl overexpression or both Tom40 RNAi and PinkI over-
expression to block autophagy at the initiation stage. Compared
with only Pinkl overexpression, tissues of Atg5 RNAi and
Pinkl overexpression exhibited more damaged mitochondria
(Figure 7(C)). Tissues with Pinkl overexpression and Atg5 and
Tom40 double-RNAi accumulated electron-dense aggregates
near lysosomes (Figure 7(F)).

Next, we reduced Syx17 expression in Pinkl overexpression
or both Tom40 RNAi and Pinkl overexpression tissues to block
autophagy before the autophagosome-lysosome fusion stage. In
Syx17 RNAI tissues, small amounts of autophagosomes accu-
mulated (Figure 5(N), S7M). In contrast, Syx17 RNAi and
PinkI-overexpressing tissues showed increased amounts of
autophagosomes (Figure 7(G, G’), S70), and some of them
contained mitochondria-like structures (Figure 7(G’)), indicat-
ing that Pinkl overexpression may induce autophagy and
mitophagy. There were more autophagosomes formed in
Pinkl overexpression of Tom40 and Syx17 double-RNA| tissues
compared with only Tom40 and Syx17 RNAi or Pinkl over-
expression and Syx17 RNAi (Figure 7(H, H’), S7P). Many of
these autophagosomes have mitochondria-like structures inside
(Figure 7(H’)). These results suggest that Tom40 RNAi and
Pinkl overexpression synergistically promote autophagy and
mitophagy, preventing protein aggregate accumulation.

Reduction of Tom40 expression leads to
neurodegeneration

The coexistence of mitochondrial defects and protein aggre-
gate formation in Tom40 RNAI tissues appears to be similar
to what is observed in the nervous system of patients with
neurodegeneration. Therefore, we examined if Tom40 RNAi
leads to neurodegeneration in Drosophila. We used GMR-
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Figure 6. ref(2)P RNAi and Pink1-park overexpression reduce the formation of protein aggregates in Tom40 RNA: tissues. (A to L) Fat-body tissues from the animals of
the indicated genotypes were stained with anti-Ub (green) and anti-Atg8a (red) antibodies. Nuclei were marked by DAPI (blue) staining. The scale bar for the IFA
images: 20 pm. (M to O) The number and size of Ub- and Atg8a-positive aggregates in the fat-body tissues were quantified for the indicated genotypes. OE,
overexpression; ns, not significant; ¥, P < 0.05; **, P < 0.01; ***, P < 0.001. (P) The ubiquitinated protein species in the fat-body tissues of the animals with the
indicated genotypes were analyzed by western blot. Tubulin was used as a loading control.

Gal4, a Gal4 driver enables UAS transgene expression in the
developing eyes, to drive the expression of UAS-Tom40 dou-
ble-strand RNA (dsRNA) transgenes in developing fly eyes
and examined photoreceptor cells on the 2™ and 30™ days
after the fly emerged from the pupa. Phalloidin staining of the
retina showed that on the 2" day, Tom40 RNAi fly eyes
looked normal (Figure 8(A,B)). Thirty days after eclosion,
several of the tested Tom40 RNAI cartridges lost rhabdomeres
(Figure 8(A’, B’)). Detailed TEM studies confirmed degenera-
tion in Tom40 RNAI eyes (Figure 8(C, C’, U, U’)). Moreover,
we examined the Tom40 and ttm50 mutant clones of the adult
fly eyes and observed similar but more severe degeneration in
2-day-old animals (Figure S8A-C’).

We then tested if Torm40 RNAi enhances htt polyQ protein-
induced neurodegeneration, by using GMR-Gal4 to drive expres-
sion of UAS-htt72Q with or without UAS-Tom40 dsRNA and
examined photoreceptor cells in 2-day-old or 30-day-old flies with
TEM (Figure 8(C-F’)). There was no dramatic loss of rhabdo-
meres in the 2-day-old fly eyes across all 3 genotypes tested
(Figure 8(C-F)). However, in the 30-day-old flies, a more pro-
nounced loss of rhabdomeres was observed in both htt72Q-
expressing and Tom40 knockdown eyes compared with that
observed in eyes with htt72Q expression or Tom40 RNAi alone
(Figure 8(C-F)). These data suggest that reduction in Tom40
expression leads to photoreceptor cell degeneration and enhanced
htt ployQ protein-induced phenotypes in the eyes.
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inside autophagosomes are indicated by pink arrows. (See also Figure S5.).

We further examined if the loss of Tom40 leads to protein
aggregate formation in neurons. Staining of adult fly eyes with
anti-Ub antibody confirmed that Ub-positive inclusions accumu-
lated in Tom40 RNAI retinas (Figure 8(G, H)). When D42-Gal4
[45] was used for the knockdown of Tom40 expression in motor
neurons, adult flies showed progressive climbing defects and
increased levels of Ub-positive aggregates in flight motor neurons
of the ventral ganglia (Figure 8(I-K)). Additionally, we used pan-
neuronal Gal4 driver, elav-Gal4 [46] for Tom40 knockdown. The
resulting animals only survived until the late third-instar stage, and
we found large amounts of Ub-positive aggregates accumulated in
the third-instar larval brain lobes and ventral nerve cord (Figure 8
(L-Q)). This suggests that Tom40 maintains protein homeostasis
in both fat-body cells and neurons.

Similar to what was observed in fat-body cells, we discovered
that Pinkl overexpression reduced aggregate accumulation in

Tom40 RNAI neurons (Figure 8(L, M, R, S)); therefore, we tested
if overexpression of Pinkl can improve neuron fitness in Tom40-
deficient flies. Surprisingly, overexpression of PinkI did not slow
down neurodegeneration but led to more severe degeneration
phenotypes (Figure 8(T-X")). When Pinkl was expressed alone
in the eyes, the fly eye appeared normal in both young (2 days;
Figure 8(V, X)) and old flies (30 days; Figure 8(V’, X’)). However,
when Pinkl was expressed in Tom40 RNAI eyes, even the 2-day-
old fly eyes started to display small rhabdomeres and the photo-
receptor cells were filled with large autophagosome-like structures
(Figure 8(W, X)). In the 30-day-old flies, most cartridges were
found severely degenerated and many of them exhibited one or no
rhabdomeres (Figure 8(W’, X)). Even though it reduced aggregate
formation, these results suggest that excessive autophagy and
mitophagy or other effects caused by Pinkl overexpression is
devastating for neurons.
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Figure 8. Reducing aggregates by overexpressing Pink1 enhances the neurodegeneration phenotypes in Tom40 RNAi animals. (A to B’) To knockdown Tom40 in the
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the percentage of ommatidia with the indicated numbers of rhabdomeres per ommatidia. (G, H) The adult eyes from 30-day-old CTL and Tom40 RNAi animals were
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S8 and S9.).

Because ref(2)P RNAi reduced protein aggregates in fat- slowed down the loss of rhabdomeres caused by Tom40 RNAi,
body cells, we tested if silencing ref(2)P in Tom40 RNAi as evidenced by the higher number of rhabdomeres found in
tissues modifies eye degeneration phenotypes. ref(2)P RNAi the double-RNAi cartridges than in the Tom40 RNAi car-
alone exhibited mild photoreceptor cell degeneration (Figure tridges at dayl5 (Figure S8D and E). However, at day 30, ref
S8D and E). Silencing ref(2)P together with Tom40 slightly (2)P and Tom40 double-RNAi eyes were similar to the Tom40



RNAI alone (Figure S8D and E), suggesting that reduction of
protein aggregate formation is not sufficient to rescue the eye
degeneration caused by Tom40 RNAI.

Discussion

Mitochondrial defects often lead to neurodegeneration [1];
however, the underlying mechanisms are not clear. We
found that inhibition of mitochondrial protein import leads
to imbalanced proteostasis in the cytosol. In Tom40 RNAi
tissues, autophagy was induced and protein aggregates were
engulfed by AL structures; however, the majority of autopha-
gosomes failed to fuse with lysosomes. Interestingly, AL struc-
tures in Tom40 RNAI tissues were 10 times larger than regular
autophagosomes and most of them were not sealed. It has
been shown that enlarged phagophores attach to large aggre-
gates of a selective autophagy cargo in yeast [47]. But the
molecular mechanism is unknown.

When Syx17 expression was reduced, instead of forming
large AL structures, numerous small autophagosomes and
phagophores accumulated near the protein aggregates in
Tom40 RNAI tissues. This suggests that the huge AL struc-
tures were formed through Syx17-mediated fusion between
phagophores and autophagosomes (Figure S9B). It remains
unclear how cytosolic protein aggregates recruited phago-
phores and autophagosomes and promoted their fusion with
each other in Tom40 RNAI tissues. ref(2)P interacts with Atg8
through the LIR (LC3-interacting region) motif [48]; there-
fore, aggregate ref(2)P may play critical roles in ‘hijacking’
small autophagosomes from lysosomes and disturbing normal
fusion between small autophagosomes and lysosomes. Indeed,
aggregates of overexpressed ref(2)P/p62 have been shown to
attract enlarged phagophores in fat cells of starved Drosophila
larvae [49]. AL structures in Tom40 RNAI tissues were often
not sealed, which may explain why there is no fusion between
them and lysosomes. Tom40 RNAI tissues provide us with an
appropriate model to further study the size control and clo-
sure of autophagosomes.

Ub-positive aggregate accumulation was not sufficient for
giant AL structure formation. Reduction in ATP production
and increase in ROS levels were also not sufficient to cause
Tom40 RNAi-like phenotypes. Interestingly, the simultaneous
reduction in proteasome activity and mitochondrial oxidative
phosphorylation can mimic the cytosolic defects of Tom40
RNAI tissues.

Regarding the previously mentioned controversial reports on
proteasome activity after inhibition of mitochondrial protein
transport in yeast [19,20], our study showed that ubiquitinated
proteins greatly increased upon Tom40 knockdown. In addition,
proteasome activity was analyzed in situ in the fly fat-body using
the CL1-GFP reporter. The evidence suggests that proteasome
activity did not increase, but was reduced in Tom40 RNAI flies.
Interestingly, although proteasome activity was reduced, mito-
chondrial preprotein responses were all different. As predicted,
some precursors exhibited ubiquitous accumulation in the cyto-
plasm; however, levels of other precursors, including the mito-
chondrial reporter MitoGFP, were reduced. When we blocked the
proteasome and autophagy pathways individually or simulta-
neously, we found that only the inhibition of both pathways was
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able to block reduction in MitoGFP levels (Figure S9A). This
implied that certain levels of autophagy and proteasome activity
were retained in Tom40 RNAI tissues. However, it unclear what
mechanism determined the fate of preproteins when Tom40 levels
were reduced.

Recently, it has been shown that misfolded cytosolic pro-
teins induced by heat shock enter the mitochondria for degra-
dation [50]. In the present study, we found many cytosolic
proteins accumulating in the cytosolic aggregates. It would be
interesting to test if these proteins were meant to be degraded
in the mitochondria but failed to be transported there due to
the loss of Tom40.

Furthermore, we found that Pinkl and park overexpres-
sion greatly reduces protein aggregate formation in Tom40
RNAI tissues. Pinkl and park are well known for their func-
tion in mitophagy. During mitophagy, PINKI1 is accumulated
on the damaged mitochondria and phosphorylates Ubiquitin
and PRKN/PARKIN (mammalian ortholog of park) to recruit
PRKN to the mitochondria. The activated PRKN then ubiqui-
tinates the mitochondrial proteins and trigger the engulfment
of the mitochondria [44]. We found that overexpressed Pink1
colocalized with the aggregates in the Tom40 RNAI tissues.
One interesting hypothesis is that Pink1 directs the aggregates
to the autophagy pathway in a same manner as it does to the
damaged mitochondria. However, we could not detect the
recruitments of park to the aggregates. Therefore, instead of
being specific, the recruitment of overexpressed Pinkl to the
aggregates may be just the same as the recruitments of other
cytosolic proteins that were ready to be degradated (for exam-
ple: CL1-GFP and htt polyQ proteins, Figure 4).

During mitophagy Pinkl mitochondrial localization depends
on the Tom complex [44]. Loss of the Tom complex would
prevent Pinkl-mediated mitophagy. However, Pinkl overex-
pression dramatically increased mitophagy in Tom40 RNA| tis-
sues (Figures 6, 7, S7); this can be explained by the 20% of Tom40
RNA remaining after knockdown. Phenotypes of Tom40 RNAi
animals were less severe than Tom40 mutants, suggesting that
part of the Tom complex was still functional in Tom40 RNAi
animals. The other possibility is that overexpression of Pinkl
and park in Tom40 RNAI tissues could induce autophagy by an
unknown mechanism that is independent of their mitochondrial
localization.

Protein aggregates are often observed in degenerating neu-
rons or neuronal tissues [10]; however, their roles in neuro-
degeneration are controversial. Previous studies indicate that
intermediate aggregates, and not the large inclusion bodies,
are toxic [51], and many studies are now focusing on the
clearance of aggregates in patients [52]. It seems reasonable
that cleaning up misfolded §unk’ is a straightforward method
for saving neurons.

ref(2)P RNAI reduced protein aggregates in Tom40 RNAi
tissues; however, knockdown of ref(2)P did not prevent
Tom40 RNAi-induced neurodegeneration. The loss of ref(2)
P blocked misfolded proteins from forming aggregates but did
not promote their clearance, which may explain why the
decrease of aggregates through this method was not protective
for neurons.

We also found that overexpressing Pinkl did not protect
Tom40 RNAi neurons from degeneration but only damaged
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them further, despite the fact that protein aggregates were
significantly reduced. It is possible that Pinkl overexpression
caused other damage to the cells beyond reducing aggregates,
for example, an increase in mitophagy. In a situation where
the majority of mitochondria are healthy, an increase in
mitophagy would offer protective functions [53]; however, if
most mitochondria are defective, the increase in mitophagy
may prove disastrous. We also cannot exclude the fact that
other Pinkl substrates may promote neurodegeneration;
therefore, further investigations are necessary to distinguish
between these possibilities. Considering that the reduction of
aggregates is not always protective, one needs to be cautious
when deciding if a procedure is suitable for treating neurode-
generative diseases.

Materials and methods
Molecular biology

To produce glutathione S-transferase (GST) fusion proteins
for antibodies production, cDNA fragments of full length
Atg8a and ref(2)P that encodes the first 90 amino acids were
subcloned into the pGEX6p-1 (GE Healthcare, 27-4597-01)
vector. All the transgene vectors used in this study were
constructed in the pUAST-attB plasmid as described pre-
viously [26]. The full list is available in the supplemental
Tables.

Fly genetics

Tom40 and ttm50 knockout flies were produced using CRISPR/
Cas9 technique as described before [54]. The Tom40-gRNA
(guide RNA) (GCACGGGAAAAGCTTCCGTG) and ttm50-
gRNA (GATTACCCAATGCGCGGT

GC) were designed to target the Tom40 and ttm50 coding
region. The gRNA along with in vitro transcribed Cas9 mRNA
were injected into w1118 embryos. The FO and F1 heterozygous
mutants were selected by sequencing.

The transgenic flies were generated by a standard procedure.
The RNAi stocks were obtained from Tsinghua Fly center and
Vienna Drosophila RNAi Center. The FLP (Flippase recombi-
nation enzyme)/FRT (FLP recombination target) stocks and the
Gal4 stocks were obtained from the Bloomington Drosophila
Stock Center. The genotypes of the fly strains generated in the
paper are described in supplemental Table S2.

Immunofluorescence

Adult fly retinas were fixed in PBS (137 mM NaCl, 2.7 mM
KCl, 10 mM Na,HPO,, 2 mM KH,PO,, pH 7.4) with 4%
paraformaldehyde (Sigma-Aldrich, 158127) for 30 min, fol-
lowed by permeabilizing in PBS with 0.4% Triton X-100
(Sangon Biotech, T0694) for 3 times. The tissues were incu-
bated with primary antibody overnight at 4°C followed by
extensive washing and incubated with secondary antibodies
overnight at 4°C. After extensive washing, the samples were
mounted in 80% glycerol (Sangon Biotech, A100854) with 5
ng/uL DAPI (Invitrogen, D-1306) followed by confocal
microscopy (Cal Zeiss, LSM710, Oberkochen, Germany). For

larval fatbody, brains, and ventral nerve cords (VNCs), all the
other steps are same as the protocols used for adult fly retina
except that the washing buffer was change to PBST (PBS
+ 0.1% Triton X-100).

Transmission electron microscopy

Fly heads were dissected and fixed at 4°C in 2% paraformalde-
hyde (Electron Microscopy Sciences, 15710); 2% glutaraldehyde
(Electron Microscopy Sciences, 16020); 0.1 M sodium cacodylate
pH 7.2 (Electron Microscopy Sciences, 12201). Then, they were
post fixed in 2% OsO, (Electron Microscopy Sciences, 19152).
The 50-nm thin sections were stained with 4% uranyl acetate
(Electron Microscopy Sciences, 22400) and 2.5% lead nitrate
(Electron Microscopy Sciences, 17800) for electron microscopy
analysis (Hitachi Ltd., HT7700, Tokyo, Japan). For the larval
fatbodies, the tissues were fixed at 4°C in 2.5% glutaraldehyde.
The other steps were the same as the protocol used for fly heads.

Western blot

Fat-body tissues of 3™ instar larvae were dissected in PBS, fol-
lowed by centrifuging at 5000 g for 5 min at 4°C. Then PBS was
removed and 2x SDS-loading buffer (100 mM Tris-HCI, pH 6.8,
20% glycerol, 4% SDS, 2% 2-mercaptoethanol, 0.02% bromophe-
nol blue) was added. Proteins were separated by SDS-PAGE, and
transferred onto a PVDF (MerckMillipore, IPVH00010) mem-
brane. The membrane was blocked with 5% nonfat milk (Sangon
Biotech, A600669) in TBST buffer (20 mM Tris-HCI, 150 mM
NaCl, 0.1% Tween 20 (Sangon Biotech, A100777) and incubated
with primary antibodies in 5% nonfat milk in TBST overnight at
4°C. After washing, blots were incubated with HRP-labeled sec-
ondary antibodies (Jackson Immuno Research Laboratories Inc.,
111-035-003 and 40-115-035-003) and diluted 1:5,000 in 5%
nonfat milk in TBST for 1 h at room temperature. Blots were
then washed in TBST and incubated with ECL (Cyanagen Srl,
XLS3-0020) reagents and exposed. Quantification of protein
bands was done with Image] software.

Aggregate purification and LC-MS/MS analysis

Third-instar larvae were dissected in PBS and homogenized in
Buffer A (25 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1 mM
EDTA, 5% glycerol and complete protease inhibitors (Sangon
Biotech, C600386). The lysates then were cleared by centrifu-
gation at 2,000 g for 5 min. To make sure the majority of Ub-
positive proteins remain in the lysate, a small sample of both
the lysate and the pellet was taken to examine Ub-positive
proteins by western blot. The clearing lysates were adjusted to
1 mL volume with lysis buffer containing 0.5% NP-40
(Sangon Biotech, NDB0385). 200 pL anti-GFP coated beads
slurry (GE Healthcare, 17-5280-01) was added to the lysate.
After incubation for 3 h at 4°C, the beads were pelleted for
5 min and washed 4 times with Buffer A, followed by elution
of bound protein with 2x SDS-PAGE sample buffer. Proteins
were separated by SDS-PAGE, after the bands migrating
about 1 cm, the gel were cut and subjected to in-gel digestion
for LC-MS/MS analysis. The LC-MS/MS was analyzed with
the Orbitrap Fusion™ Tribrid™ mass spectrometer (Thermo



Fisher Scientific, Waltham, MA, USA) by Beijing Proteome
Research Center. Standard procedures were followed.

Phalloidin staining

For whole-mount staining of fly retinas, heads were dissected in
PBS and fixed in 4% paraformaldehyde for 1 h. Subsequently, the
retinas were dissected and fixed for an additional 30 min. Retinas
were rinsed several times with PBST (PBS + 0.4% Triton X-100)
and incubated with 28 nM phalloidin (Cytoskeleton Inc., 057)
overnight at 4°C followed by extensive washing. Stained samples
were mounted in 80% glycerol with 5 ng/uL DAPI for micro-
scopy analysis (Carl Zeiss, LSM710, Oberkochen, Germany).

Climbing assays

Groups of 10 males in the same age were transferred into the
climbing apparatus and incubated for 5 min at room tem-
perature for the environmental acclimatization. Gently tap the
flies down to the bottom of the vial and measure the number
of flies that can climb above the 8-cm mark by 10 sec after the
tap. Ten trials were performed for each group, allowing for 1-
min rest period between each trial. Six different groups were
analyzed for each genotype. Males (4-day-old, 15-day-old and
30-day-old)were measured. The average pass rate was calcu-
lated for flies of all ages.

Statistical analysis

The number and size of ubiquitin- and Atg8a-positive structures
were quantified from confocal images using ImageJ software. All
the results were analyzed by the two-tailed unpaired Student t
test and presented as mean values + SEM (standard error of the
mean). A P value < 0.05 was considered statistically significant.
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