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ABSTRACT

Proteolysis-targeting chimeras (PROTACs) based on the ubiquitin-proteasome system have made
great progress in the field of drug discovery. There is mounting evidence that the accumulation of
aggregation-prone proteins or malfunctioning organelles is associated with the occurrence of various
age-related neurodegenerative disorders and cancers. However, PROTACs are inefficient for the
degradation of such large targets due to the narrow entrance channel of the proteasome.
Macroautophagy (hereafter referred to as autophagy) is known as a self-degradative process involved
in the degradation of bulk cytoplasmic components or specific cargoes that are sequestered into
autophagosomes. In the present study, we report the development of a generalizable strategy for the
targeted degradation of large targets. Our results suggested that tethering large target models to
phagophore-associated ATG16L1 or LC3 induced targeted autophagic degradation of the large target
models. Furthermore, we successfully applied this autophagy-targeting degradation strategy to the
targeted degradation of HTT65Q aggregates and mitochondria. Specifically, chimeras consisting of
polyQ-binding peptide 1 (QBP) and ATG16L1-binding peptide (ABP) or LC3-interacting region (LIR)
induced targeted autophagic degradation of pathogenic HTT65Q aggregates; and the chimeras
consisting of mitochondria-targeting sequence (MTS) and ABP or LIR promoted targeted autophagic
degradation of dysfunctional mitochondria, hence ameliorating mitochondrial dysfunction in
a Parkinson disease cell model and protecting cells from apoptosis induced by the mitochondrial
stress agent FCCP. Therefore, this study provides a new strategy for the selective proteolysis of large
targets and enrich the toolkit for autophagy-targeting degradation.

Abbreviations: ABP: ATG16L1-binding peptide; ATG16L1: autophagy related 16 like 1; ATTEC:
autophagy-tethering compound; AUTAC: autophagy-targeting chimera; AUTOTAC: autophagy-
targeting chimera; Baf Al: bafilomycin A;; BCL2: BCL2 apoptosis regulator; CALCOCO2/NDP52:
calcium binding and coiled-coil domain 2; CASP3: caspase 3; CPP: cell-penetrating peptide; CQ:
chloroquine phosphate; DAPI: 4'.6-diamidino-2-phenylindole; DCM: dichloromethane; DMF: N,
N-dimethylformamide; DMSO: dimethyl sulfoxide; EBSS: Earle's balanced salt solution; FCCP: carbonyl
cyanide 4-(trifluoromethoxy)phenylhydrazone; FITC: fluorescein-5-isothiocyanate; GAPDH: glyceralde-
hyde-3-phosphate dehydrogenase; GFP: green fluorescent protein; HEK293: human embryonic kidney
293; HEK293T: human embryonic kidney 293T; HPLC: high-performance liquid chromatography; HRP:
horseradish peroxidase; HTT: huntingtin; LIR: LC3-interacting region; MAP1LC3/LC3: microtubule
associated protein 1 light chain 3; MFF: mitochondrial fission factor; MTS: mitochondria-targeting
sequence; NBR1: NBR1 autophagy cargo receptor; NLRX1: NLR family member X1; OPTN: optineurin;
P2A: self-cleaving 2A peptide; PB1: Phox and Bem1p; PBS: phosphate-buffered saline; PE: phospha-
tidylethanolamine; PINK1: PTEN induced kinase 1; PRKN: parkin RBR E3 ubiquitin protein ligase;
PROTACs: proteolysis-targeting chimeras; QBP: polyQ-binding peptide 1; SBP: streptavidin-binding
peptide; SDS-PAGE: sodium dodecyl sulfate-polyacrylamide gel electrophoresis; SPATA33: spermato-
genesis associated 33; TIMM23: translocase of inner mitochondrial membrane 23; TMEM59: trans-
membrane protein 59; TOMMZ20: translocase of outer mitochondrial membrane 20; UBA: ubiquitin-
associated; WT: wild type.
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Introduction

Targeted protein degradation has emerged as one of the most
useful strategies to elucidate biological systems as well as to
develop therapeutics for undruggable disease targets [1-3].
Proteolysis-targeting chimeras (PROTAC:s) utilize the ubiqui-
tin-proteasome system to induce targeted degradation of solu-
ble proteins but are inefficient for degradation of large targets,

including protein aggregates and organelles [4-6]. The accu-
mulation of aggregation-prone proteins or malfunctioning
organelles has been shown to be associated with the develop-
ment of age-related diseases, including neurodegenerative dis-
orders and cancers [7-9]. Therefore, targeted degradation of
large targets is expected to be a promising clinical strategy for
treating such diseases but remains a major challenge [10,11].
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Macroautophagy (hereafter referred to as autophagy) is
a self-degradative process within eukaryotic cells and can be
either nonselective or selective [12-14]. Nonselective autopha-
gy drives turnover of bulk cytoplasm under starvation condi-
tions, whereas selective autophagy degrades specific cargoes,
such as protein aggregates and malfunctioning organelles [15-
18]. Selective autophagy is mediated via cargo receptors that
recognize and sequester specific cargoes into the autophago-
some, which subsequently fuses with a lysosome, resulting in
degradation of the cargoes by lysosomal acid hydrolases [19-
21]. Owing to its properties of specific clearance of large
substrates, the autophagy-lysosome pathway can be utilized
as an ideal system for targeted degradation of large targets
[22]. Indeed, several autophagy-targeting degradation strate-
gies, including autophagy-tethering compound (ATTEC) and
autophagy-targeting chimera (AUTAC/AUTOTAC), have
been developed to eliminate specific large targets.
Mechanistically, ATTEC works as a molecular glue or
a bifunctional molecule that links large targets to the auto-
phagy component MAPI1LC3/LC3 (microtubule associated
protein 1 light chain 3) [23,24]; AUTAC triggers K63-linked
polyubiquitination of the cargoes by a cGMP-based degrada-
tion tag, which is further recognized by autophagy receptors
[25]; and AUTOTAC bridges the cargoes and SQSTM1/p62
by interacting with the ZZ domain of SQSTM1, leading to the
oligomerization and activation of SQSTM1 [26]. These new
strategies push targeted protein degradation to reach a new
climax for targeted degradation of large targets [4,5,22]. Even
so, to accelerate and expand the development of autophagy-
based degradation inducers in various pathological contexts,
there is an urgent need to find more exploitable autophagy
components for autophagy-targeting degradation strategies.

ATGI16L1 and LC3 are core autophagy-related proteins,
and decorate on both the outer and inner membranes of the
cup-shaped phagophore [27,28]. LC3 is converted to the
membrane-bound phosphatidylethanolamine (PE)-
conjugated form LC3-II (LC3-PE) [29,30]. ATG16L1 binds
directly to membranes through separate N-terminal and
C-terminal membrane-binding regions [31,32]. In most
cases, cargo receptors, including SQSTM1  [33],
CALCOCO2/NDP52 [34], NBR1 [35] and OPTN [36], recog-
nize and bring cargoes to phagophores through binding with
LC3 for autophagic degradation (Figure 1A). In addition, the
cargo receptor SPATA33 delivers mitochondria into phago-
phores by binding with ATG16L1 [37]. Therefore, ATG16L1
and LC3 presenting on the inner membrane of the phago-
phore are supposed to serve as autophagy components for
autophagy targeting; tethering ATGI6L1 and LC3 could
enable efficient autophagy targeting and subsequent degrada-
tion of large targets. Indeed, LC3 has been utilized as an
autophagy targeting receptor in some cases [23,24].

In this study, a generalizable strategy for the targeted
degradation of large targets was reported. Our results sug-
gested that chimera consisting of a ligand for a large target
and ATGI16L1 or LC3-binding peptide, tethers a large target
to phagophore-associated ATG16L1 or LC3, thereby inducing
selective autophagic clearance of the large target. In addition,
our results suggested that this autophagy-targeting degrada-
tion strategy shows high selectivity for large targets.

Furthermore, we successfully applied this strategy to the tar-
geted degradation of pathogenic polyglutamine (polyQ)-
expanded HTT (huntingtin) protein aggregates as well as
dysfunctional mitochondria. Therefore, this study provides
a new autophagy-targeting degradation strategy for large
targets.

Results

Tethering PB1 or polyQ aggregates to ATG16L1 or LC3
induces targeted selective autophagy

The most important feature of the selective autophagy path-
way is the involvement of autophagy receptors [19]. Most
autophagy receptors possess two domains: the LC3-
interacting region (LIR) and cargo-binding domain [38,39].
Autophagy receptors serve as a bridge to link autophagic
substrates via its cargo-binding domain, often the ubiquitin-
binding domain, to the autophagic membrane-associated LC3
via its LIR [40]. Instead, the autophagy receptor SPATA33
directly binds to the autophagy machinery ATG16L1 [37].
Autophagy receptors assemble with autophagic substrates,
resulting in the formation of large cargo complexes exposing
multiple LIRs or ATG16L1-binding peptides (ABPs) [19,41].
Therefore, we proposed that cargo exposing multivalent auto-
phagy-targeting ligands could be sufficient to trigger selective
autophagy (Figure 1A). To verify this hypothesis, we selected
the Phox1 and Bem1p (PB1) domain responsible for SQSTM1
oligomerization or polyQ-expanded HTT protein as a large
target model and two peptide sequences, including the ABP
derived from TMEMS59 [42] and the LIR derived from
SQSTM1 [33,43,44], as autophagy-targeting ligands (Table 1).

We first examined whether the selected ligands carry PB1
aggregates into autophagosomes. A plasmid encoding GFP-
fused PB1 was constructed. As expected, we observed dis-
crete GFP puncta in HeLa and HEK293T cells expressing
GFP-PB1 (Figure 1B,C) [51]. Furthermore, we constructed
GFP-PBI-LIR and GFP-PB1-ABP by fusing GFP-PB1 with
the selected autophagy-targeting ligands LIR or ABP
(Figure 1A). We then observed that GFP-PBI-LIR and GFP-
PB1-ABP formed numerous GFP punctate structures, which
showed strong colocalization with LC3 and ATGI6LI in
WT and SQSTMI1 knockout (SQSTMI-KO) cells
(Figure 1B,C Figure S1A). In addition, we observed that
LIR and ABP mutants in which key residues were mutated
to disrupt the interaction of the ligand LIR or ABP with
their respective receptor abolished the colocalization
between the GFP punctate structure and LC3-positive mem-
brane (Table 1, Figure S1B). Therefore, these results sug-
gested that LIR and ABP are effective and selective ligands
for autophagy targeting, thereby carrying PB1 aggregates to
autophagosomes.

To further exclude the possibility that GFP-PB1 are
recruited by autophagy, we evaluated colocalization of endo-
genous SQSTM1 and mCherry-LC3 with GFP-PB1 aggre-
gates. To this purpose, mCherry-LC3 was cotransfected with
GFP-PB1, GFP-PB1-LIR or GFP-PB1-ABP in Hela cells, fol-
lowed by immunofluorescent staining of endogenous
SQSTM1. We observed weak colocalization of GFP-PBI1



A

AUTOPHAGY (&) 2999

Constructs for GFP aggregates
containing LIR/ABP

‘peMv )
=

GFP
aggregates.

Lysosome

© Py

e,

HTTe5Q | GFP | LIR
HTTe5Q | GFP | ABP| Fusion Degradation
LIR: LC3-interacting region
ABP: ATG16L1-binding peptide
B
mCherry-LC3 —GFP —mCherry
ST
@ N N7 N N NN
GFP-PB1 8 LR R
£ KRR R
0 - o O o O O O
0 Pixels 100
30 BafA1 - - - + + + kDa
- :
GFP-PB1 g W’L\ GFP ‘- — N — — -‘—43
Q
-LIR 2 \
- LC3-I — -
% Pixels 100 LC3-II — g— ‘_15
30
>
GFP-PB1 2 J GAPDH ‘ ———— --‘_33
-ABP £ 0
% Pixels 100
1.57
C mCherry- ,+| ns
ATG16L1 —GFP —mCherry T
o 5 - iy
2 N o
2 ol g 107
GFP-PB1 Y g Y z
. = ©
% Pixels 100 g
23007 -og’ 05.
GFP-PB1 g m s}
-LIR | \
Pixels 100 0.0 T r T T :
¥ BafAl — — ~ U
GFP-PB1 2 \/N/\W\M S EE B &S
-ABP g |~ I\ TN N Q° N
FLL £ LR
Pixels 100 é( C§<Q O(( &
F HTT65Q-GFP HTT65Q-GFP HTT65Q-GFP Fkk
-LIR -ABP 1.5 *kk
EBSS - + + - + + + + ns
Baf A1 S T - - + kDa ns
-
i
aggregates | & = & S

L2 1 B
T T L bttt

—190

LC3-I
LC3-1l

L - —

=

GAPDH ‘

‘—33

HTT aggregates: GAPDH
o =
b 2
j
* 3
w
j
*
3
2]

0.0 : :
EBSS - + + - + - +
BafAl - - + - + = +
HTT65Q-GFP HTT65Q-GFP HTT65Q-GFP
-LIR -ABP

Figure 1. Tethering PB1 or HTT65Q aggregates to LC3 or ATG16L1 induces selective autophagy. (A) Scheme of autophagy-targeting degradation using LIR and ABP.
Large targets exposing multivalent autophagy-targeting ligands (LIR or ABP) are recognized by the autophagy machineries LC3 and ATG16L1. (B) Representative
images of mCherry-LC3 with GFP-PB1, GFP-PB-LIR or GFP-PB1-ABP in Hela cells. Cells were transiently cotransfected with mCherry-LC3 and GFP-PB1, GFP-PB-LIR or
GFP-PB1-ABP. The colocalization of mCherry-LC3 with GFP-PB1, GFP-PB-LIR or GFP-PB1-ABP was determined by calculating fluorescence intensity of the areas marked
with white lines. (C) Representative images of mCherry-ATG16L1 with GFP-PB1, GFP-PB-LIR or GFP-PB1-ABP in HEK293T cells. The colocalization of mCherry-ATG16L1
with GFP-PB1, GFP-PB-LIR or GFP-PB1-ABP was determined by calculating fluorescence intensity of the areas marked with white lines. (D) Immunoblot analysis of
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with endogenous SQSTM1, however, both of GFP-PB1 and
endogenous SQSTM1 had no colocalization with mCherry-
LC3 (Figure S1C). Moreover, GFP-PB1-LIR and GFP-PBI-
ABP induced the formation of LC3 puncta, and showed
strong colocalization with SQSTM1 and ATG16L1.

We then tested whether such PB1 aggregates containing
autophagy-targeting ligands are degraded by the autophagy
pathway. HEK293 cells were transfected with plasmids encod-
ing GFP-PB1-LIR, GFP-PB1-ABP or GFP-PB1. We observed
that the protein levels of GFP-PBI-LIR and GFP-PB1-ABP
decreased significantly compared with the control GFP-PBI1,
which was recovered by the lysosome inhibitor bafilomycin
A, (Baf Al), whereas Baf Al treatment had no effect on the
protein level of GFP-PB1 (Figure 1D,E). These results strongly
support our notion that tethering large target model PB1
aggregates to LC3 or ATG16L1 induces targeted autophagic
degradation of PBI aggregates, and PB1 domain itself does
not recruit the autophagy machinery and thus cannot be
degraded by autophagy.

Furthermore, to reconfirm this autophagy-targeting degra-
dation strategy, we used polyQ-expanded HTT protein as
a large target model. A distinct size >190 kDa represents
aggregated HTT65Q [52,53]. We observed that the protein
levels of the aggregated HTT65Q-GFP-LIR and HTT65Q-GFP
-ABP decreased significantly compared with the control
HTT65Q-GFP. Furthermore, the aggregated HTT65Q-GFP-
LIR and HTT65Q-GFP-ABP showed markedly reduced pro-
tein levels upon induction of autophagy with amino acid
starvation (EBSS), which was recovered by Baf Al treatment
(Figure 1F,G).

Therefore, these results consistently suggested that tether-
ing large target model PB1 or HTT65Q aggregates to LC3 or
ATGI6L1 induces targeted autophagic degradation of the
protein aggregates.

Autophagy-targeting degradation strategy shows high
selectivity for large targets

Our autophagy-targeting degradation strategy was initially
designed to eliminate large targets. We therefore examined
whether this strategy selectively degrades large targets. We
constructed GFP-LIR and GFP-ABP plasmids encoding solu-
ble proteins, and further performed microscopy and immu-
noblot analysis. We observed that fusing with LIR or ABP
had no influence on the cellular distribution of GFP
(Figure 2A). Furthermore, the protein levels of GFP-LIR
and GFP-ABP were not reduced upon autophagy induction,
suggesting that fusing with the LIR or ABP sequence cannot
degrade soluble protein (Figure 2B,C). In addition, we also
found that Baf Al treatment did not change the level of
GFP-3xLIR (Figure S1D), suggesting that tethering triple

LC3 binding peptides does not induce the degradation of
GFP proteins.

To exclude the possibility that the degradation results of
PB1 aggregates were due to differences in transfection effi-
ciency, we introduced a self-cleaved P2A peptide derived from
porcine teschovirus-1 into between the large polymerizable
model and soluble protein [54] (Figure 2D). The resulting
chimeric proteins GFP-LIR-P2A-GFP-PB1-LIR and GFP-
ABP-P2A-GFP-PB1-ABP enabled the same amount of soluble
protein and PB1-generated polymerizable protein in cells. We
observed that the aggregated forms of GFP-PB1-LIR and
GFP-PB1-ABP were degraded under starvation condition,
which was reversed by Baf Al treatment (Figure 2E,F).
However, the protein levels of soluble GFP-LIR and GFP-
ABP were not changed upon starvation treatment.

Taken together, these results suggested that our proposed
autophagy-targeting degradation strategy employing the poly-
merizable PB1 domain induces selective targeted autophagic
degradation of GFP-LIR and GFP-ABP.

Tethering PB1 aggregates to ATG16L1 or LC3 using
streptavidin system

To bring our autophagy-targeting degradation strategy closer to
being an autophagy-based degrader, we set up a streptavidin
system in which GFP-PB1 was fused with streptavidin to form
GFP-PB1-streptavidin as a large target. Streptavidin is known to
bind to proteins containing a streptavidin-binding peptide
(SBP) with high affinity [45,55] (Table 1). The chimeras SBP-
LIR and SBP-ABP were expected to be autophagy-based degra-
ders that specifically degrade GFP-PB1-streptavidin aggregates
(Figure 3A). We therefore investigated whether the chimeras
SBP-LIR and SBP-ABP induce degradation of GFP-PBI-
streptavidin. We first established HEK293 cell lines stably
expressing GFP-PB1-streptavidin or GFP-streptavidin and tran-
siently transfected cells with SBP-LIR or SBP-ABP constructs.
We observed that expression of SBP-LIR or SBP-ABP decreased
the protein level of GFP-PBl-streptavidin but not GEFP-
streptavidin (Figure 3B,C), suggesting that autophagy-based
degraders SBP-LIR and SBP-ABP induce specific degradation
of aggregated GFP-PB1-streptavidin.

In cells, selective autophagic degradation of protein aggre-
gates and malfunctioning organelles is mediated by cargo
receptors that recognize and sequester specific cargoes into
autophagosomes [19,20]. Mimicking cargo receptors, tether-
ing LIR or ABP onto large targets enables the exposure of
multiple LIRs or ABPs on the surface of large targets, which
are further recognized by the autophagy machineries LC3 or
ATGI6L1 for autophagic degradation. Therefore, we proved
a new autophagy-targeting degradation strategy that anchors
large targets to the autophagy component LC3 or ATG16L1
for targeted autophagic degradation.

GFP-PB1, GFP-PB-LIR and GFP-PB1-ABP expressed in HEK293 cells. Cells were transiently transfected with GFP-PB1, GFP-PB-LIR or GFP-PB1-ABP for 24 h and then
treated with Baf A1 (1 uM) for 12 h. (E) Quantification of the levels of target proteins as in (D). (F) Immunoblot analysis of HTT65Q-GFP, HTT65Q-GFP-LIR and HTT65Q-
GFP-ABP under starvation condition or Baf A1 treatment. HTT65Q-GFP, HTT65Q-GFP-LIR and HTT65Q-GFP-ABP were transiently transfected into Hela cells for 24 h,
followed by incubation in EBSS for 2 h. The autophagy inhibition group was treated with EBSS containing 1 pM Baf A1. (G) Quantification of the levels of target
proteins as in (F). Data in (E) and (G) are presented as the mean = SEM of three independent experiments. “ns”, no significant difference; *P < 0.05, **P < 0.01,

Student’s t test. Scale bar: 10 pm.
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Figure 2. The autophagy-targeting degradation strategy shows high selectivity for large protein aggregates. (A) Representative images of mCherry-LC3 with GFP,
GFP-LIR or GFP-ABP in HEK293 cells. mCherry-LC3 was transiently cotransfected with GFP, GFP-LIR or GFP-ABP in HEK293 cells. (B) Immunoblot analysis of GFP, GFP-
LIR and GFP-ABP under starvation condition. GFP, GFP-LIR and GFP-ABP were transiently transfected into HeLa cells for 24 h, followed by incubation in EBSS for 12 h.
The autophagy inhibition group was treated with EBSS containing 1 uM Baf A1. (C) Quantification of the levels of target proteins as in (B). (D) Scheme of GFP-LIR-P2A-
GFP-PB1-LIR and GFP-ABP-P2A-GFP-PB1-ABP constructs. The self-cleavage sequence P2A enables the same amounts of soluble and PB1-generated protein
aggregates. (E) Immunoblot analysis of GFP-LIR-P2A-GFP-PB1-LIR and GFP-ABP-P2A-GFP-PB1-ABP under starvation condition. The constructs were transiently
transfected into Hela cells for 24 h, followed by incubation in EBSS for 12 h. The autophagy inhibition group was treated with EBSS containing 1 pM Baf A1. (F)

Quantification of the levels of target proteins as in (E). Data in (C) and (F) are presented as the mean + SEM of three independent experiments. “

difference; **p < 0.01, ***p < 0.001, Student’s t test.

Table 1. Peptide sequences used in this study.

Scale bar: 10 pm.

ns”, no significant

Amino acid sequence

Peptide name (Nto Q) Binding affinity Reference
LIR (derived from SQSTM1, SQSTM1335_346) SGGDDDWTHLSSKEV 3.2uM to LC3B [43]
mLIR SGGDDDAAAASSKEV

ABP (derived from TMEM59, TMEM59,63_5s1) TAVEQYVPSEKLSIYGDLE nd. [42]
mABP TAVEQAVPSEKLSIAGDAE

SBP MDEKTTGWRGGHVVEGLAGELEQLRARLEHHPQGQREP 2.5-4.9 nM to streptavidin [45]
QBP SNWKWWPGIFD 5.7 uM to Q62 [46]
MTS1 (derived from TOMM20, TOMM20,_3,) MVGRNSAIAAGVCGALFIGYCIYFDRKRRSDPNF [47]
MTS2 (derived from MFF, MFF33_345) VMYSITVAFWLLNSWLWFRR [48]
MTS3 (derived from BCL2, BCL2;15 539) KTLLSLALVGACITLGAYLGHK [49]
MTS4 (derived from NLRX1, NLRX14_gg) MRWGHHLPRASWGSGFRRALQRPDDRIPFLIHWSWPLQGERPFGP [50]

PRAFIRHHGSSVDSAPPPGRHGRLFPSASATEAIQRHRRNL

Abbreviations: LIR, LC3-interacting region; ABP, ATG16L1-binding peptide; SBP, streptavidin-binding peptide; QBP, polyQ-binding peptide 1; MTS, mitochondria-
targeting sequence. Bold letters represent positions where mutations were introduced. n.d., not determined.

Tethering ATG16L1 or LC3 induces targeted degradation
of pathogenic HTT aggregates

Aberrant protein aggregates are pathological hallmarks of many
neurodegenerative diseases, which represent major health pro-
blems for the world’s aging population [10]. To expand the
application of our autophagy-targeting degradation strategy in
the targeted degradation of neurodegenerative disease-related

protein aggregates, we tried to use the strategy to degrade HTT
aggregates, the main cause of Huntington disease. We observed
that HTT65Q-GFP (an N-terminally truncated HT'T containing
65 tandem glutamine residues fused with GFP) formed discrete
large GFP punctate structures, in line with a previous study [56].
We found that fusing LIR or ABP to HTT65Q-GFP decreased
the numbers of GFP punctate structures (Figure 4A,B).
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induce targeted degradation of PB1-streptavidin aggregates. (B) Immunoblot analysis of GFP-PB1-streptavidin and GFP-streptavidin upon streptavidin system
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constructs. (C) Quantification of the protein levels of GFP-PB1-streptavidin and GFP-streptavidin as in (B). Data in (B) are presented as the mean + SEM of three

independent experiments. “n

Furthermore, immunoblot analysis showed that the aggregated
protein levels of HTT65Q-GFP-LIR and HTT65Q-GFP-ABP
were lower than that of HTT65Q-GFP (Figure 4C,D). These
results suggested that fusing LIR or ABP to HTT65Q-GFP
indeed induces the degradation of HTT65Q-GFP aggregates
(Figure 1F,G).

PolyQ-binding peptide 1 (QBP) binds to polyQ stretch
with strong binding affinity [46,56]. We further constructed
the chimeras, including QBP-LIR and QBP-ABP (Table 1,
Figure 4E). In HEK293 cells stably expressing HTT65Q-
GFP, both the expression of QBP-LIR and QBP-ABP
decreased the protein level of HTT65Q-GFP aggregates
(Figure 4F,G). Moreover, Baf Al treatment abolished the
degradation effect of QBP-LIR and QBP-ABP on HTT65Q-
GFP aggregates (Figure 4F,G), suggesting that QBP-LIR and
QBP-ABP induce targeted degradation of HTT65Q-GFP
aggregates dependent on the autophagy-lysosome pathway.

s”, no significant difference; **p < 0.01, Student’s t test.

To further dissect degradation efficiency of aggregated
HTT65Q, insoluble HTT65Q aggregates and soluble
HTT65Q were isolated by extraction with Triton X-100. We
found that QBP-LIR and QBP-ABP induced the degradation
of Triton X-100 insoluble HTT aggregates, which was
reversed by Baf Al treatment (Figure 4H,I).

Taken together, these results suggested that our proposed
autophagy-targeting degradation strategy can be applied in
the targeted degradation of «cellular pathogenic HTT
aggregates.

The chimeric peptide CPP-QBP-LIR induces targeted
degradation of HTT aggregates

To apply our autophagy-targeting degradation strategy for
the targeted degradation of HTT aggregates as a chemical
degrader, we designed a chimeric peptide consisting of
QBP, LIR and polyarginine cell-penetrating peptide
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Figure 4. Tethering ATG16L1 or LC3 induces targeted autophagic degradation of pathogenic HTT aggregates. (A) Representative images of HTT65Q-GFP-LIR and
HTT65Q-GFP-ABP puncta in HEK293 cells. (B) Quantification of the number of cells containing HTT65Q-GFP puncta as in (B). (C) Immunoblot analysis of HTT65Q-GFP-
LIR and HTT65Q-GFP-ABP in HEK293 cells. (D) Quantification of the protein levels of HTT65Q-GFP-LIR and HTT65Q-GFP-ABP aggregates as in (C). (E) Scheme of QBP-
LIR and QBP-ABP constructs. (F) Immunoblot analysis of HTT65Q-GFP in HEK293 cells upon expression of QBP-LIR and QBP-ABP. HEK293 cells stably expressing
HTT65Q-GFP were transiently transfected with plasmids encoding QBP-LIR and QBP-ABP for 48 h. The autophagy inhibition group was treated with 1 uM Baf A1 for
12 h. (G) Quantification of the protein levels of HTT65Q-GFP aggregates as in (F). (H) Immunoblot analysis of Triton X-100 soluble (left panel) and insoluble fractions
(right panel) of different HTT65Q proteins. (I) Quantification of the protein levels of Triton X-100 insoluble HTT65Q-GFP aggregates as in right panel of (H). Data in (B),
(D), (G) and (1) are presented as the mean + SEM of three independent experiments. **p < 0.01, Student’s ¢t test. Scale bar: 100 pm.

(CPP) (Figure 5A). Then we synthesized CPP-QBP-LIR
peptide as well as the FITC-linked peptide employing an
Fmoc solid-phase peptide synthesis strategy (Figure S2 and
S3). By fluorescence analysis, we assessed the cell pene-
trating ability of this chimeric peptide using the FITC-

linked CPP-QBP-LIR peptide, and observed that green
fluorescence of the FITC-linked CPP-QBP-LIR peptide
was distributed in whole cells, suggesting that the peptide
can efficiently penetrate cell membranes (Figure 5B).
Moreover, we treated HEK293 cells stably expressing



3004 (&) L MEIETAL

A C CPP-QBP-LIR D 15 " *k
peptide (12 h) T mra—
—_— D
o *
MM) 0o 1 3 5 5 <
Design of CPP-QBP-LIR peptide BafAl - - — — + g 1.0
HTT . g
CPP QBP LIR aggregates | M. we- -_190 E_)’ I
RRRRRRRR SNWKWWPGIFD‘GGDDDWTHLSSKE SolubleHTT’_._.._. _‘_43 S 051
[
LC3-I £ L
FITC RRRRRRRR SNWKWWPGIFD‘GGDDDWTHLSSKE LC3-II —-— 15 +
GAPDH ’-’-—- ‘_33 0.0 4"+
(M) 0 1 3 5 5
BafAl - — — — +
B E , F ns
o o & ns
IR 15 "
SIS
SR SN I *
[a)
DAPI Merge o *
Time(h) 0 6 12 12 12 12 g 10 j
HTT ; ! . 2
DMSO aggregates l E ' —-190 :';’
(o))
SolubleHTT‘....--—m § 0.51
(FITC)- LC3-I 15 T
CPP-QBP-LIR LC3-Il -~ 00
GAPDH‘—'"--—-—% Time(h) 0 6 12 12 12 12
. cCQEM) 0 0 0 20 40 O
CPP-QBP-LIR peptide (5 uM) MG132WM) 0 0 0 0 0 10

Figure 5. The chimeric peptide induces targeted degradation of HTT aggregates. (A) Scheme of the chimeric peptide for targeted degradation of HTT65Q aggregates.
The chimeric peptide consists of CPP, QBP and LIR. (B) Representative images of Hela cells treated with the FITC-linked chimeric peptide. Cells were treated with 5
UM the FITC-linked chimeric peptide for 6 h, followed by fluorescence analysis. (C) Immunoblot analysis of HTT65Q-GFP in HEK293 cells upon treatment with different
concentrations of the chimeric peptide. HEK293 cells stably expressing HTT65Q-GFP were treated with different concentrations of the chimeric peptide (0, 1, 3 and 5
uM) for 12 h. The autophagy inhibition group was treated with 5 uM peptide accompanied by 1 uM Baf A1. (D) Quantification of the protein level of HTT65Q-GFP
aggregates as in (C). (E) Immunoblot analysis of HTT65Q-GFP in HEK293 cells upon treatment with the chimeric peptide at different time points. HEK293 cells stably
expressing HTT65Q-GFP were treated with the chimeric peptide (5 uM) at the indicated time points (0, 6 and 12 h). The autophagy inhibition group was treated with
5 UM peptide accompanied by 10 uM or 20 uM CQ for 12 h while the proteasome inhibition group was treated with 5 uM peptide accompanied by 10 uM MG132 for
12 h. (F) Quantification of the protein level of HTT65Q-GFP aggregates as in (E). Data in (D) and (F) are presented as the mean + SEM of three independent

experiments. *p < 0.05, **p < 0.01, ***p < 0.001, Student’s t test. Scale bar: 40 pm.

HTT65Q-GFP with the chimeric peptide CPP-QBP-LIR
and further checked the protein level of HTT65Q-GFP.
We observed that the chimeric peptide CPP-QBP-LIR
induced targeted degradation of HTT65Q-GFP aggregates
in a concentration- and time-dependent manner, which
was restored by treatment with Baf Al and CQ but not
MG132 (Figure 5C-F). These results suggested that the
chimeric peptide can be applied to the targeted autophagic
degradation of large protein aggregates, providing new
perspectives  for  autophagy-targeting  degradation
strategies.

Tethering ATG16L1 or LC3 induces targeted degradation
of mitochondria

Mitochondrial dysfunction is closely related to the occurrence of
various neurodegenerative diseases [8,11,57]. We therefore inves-
tigated whether tethering ATG16L1 or LC3 to mitochondria is
sufficient to induce targeted degradation of dysfunctional mito-
chondria. To screen a suitable mitochondria-targeting sequence
(MTS) responsible for mitochondria targeting, we generated
a series of chimeras consisting of LIR and different MTSs derived
from NLRX1 (NLR family member X1) [50], outer mitochondrial
membrane proteins including TOMM20 (translocase of outer

mitochondrial membrane 20) [47] and MFF (mitochondrial fis-
sion factor) [48], and BCL2 (BCL2 apoptosis regulator) [49]
(Table 1). We found that the chimera containing the transmem-
brane helix of TOMM?20 as MTS1 most efficiently decreased levels
of mitochondrial outer membrane protein TOMM?20 and inner
membrane protein TIMM23 upon FCCP treatment, suggesting
that the chimera enables the degradation of damaged mitochon-
dria (Figure S4A and S$4B). The mitochondria targeting ability of
the MTSI derived from TOMM20 was also confirmed by immu-
nofluorescence analysis, and MTS1 had no effect on the morphol-
ogy of mitochondria (Figure S4C).

We then investigated the effect of MTSI-LIR and MTS1-
ABP on mitochondria. We observed that GFP-tagged MTS1-
LIR and MTSI1-ABP were colocalized with autophagosomes
and lysosomes (Figure 6A,B), suggesting that the expression
of MTSI-LIR and MTSI1-ABP facilitates the engulfment of
mitochondria into autophagosomes and lysosomes through
binding with ATG16L1 or LC3. Consistently, the expression
of both MTSI-LIR and MTSI1-ABP caused a significant
decrease in the levels of mitochondrial proteins such as
TIMM23 and TOMM?20, in the presence, but not absence,
of the mitochondrial stress agent FCCP (Figure 6C,D, Figure
$4D and S4E), implying that the smaller size of fragmented
mitochondria accelerated their engulfment by isolation
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membranes for autophagic degradation [25]. In addition,
MTSI1-LIR- or MTS1-ABP-induced mitochondria degradation
effects were also detected under starvation condition in HelLa
cells expressing no PRKN protein (Figure 6E,F).

To directly visualize the mitochondria degradation induced
by MTS1-LIR and MTS1-ABP, we constructed a stable cell
line expressing a mitophagy biosensor mCherry-GFP-MTS2
(Figure 6G). The mCherry-GFP-MTS?2 is first anchored onto
the mitochondria surface, enabling the mCherry and GFP
signals of mitochondria. The mitophagy biosensor mCherry-
GFP-MTS2 displays red and green fluorescence during nor-
mal conditions. In response to the MTS1-LIR- and MTS1-
ABP-induced mitophagy, only the mCherry signal is stably
detected as the mitochondria are delivered to the lysosome
where the GFP signals are quenched due to the acidic condi-
tion of the lysosomes (Figure 6H). The relative intensity of the
mCherry and GFP signals reveal the mitochondria degrada-
tion induced by MTS1-LIR and MTS1-ABP (Figure 6I).

SQSTML1 is a main selective autophagy receptor for mito-
chondria degradation. To exclude the possibility that endo-
genous SQSTM1 could involve in the MTS1-LIR and MTS1-
ABP-induced mitochondria degradation, we evaluated the
degradation effect of MTS1-LIR and MTS1-ABP on mito-
chondria in SQSTMI-KO cells (Figure S4F). We observed
that MTS1-LIR and MTS1-ABP still induces a decrease of
mitochondrial proteins TIMM23 and TOMM20 upon FCCP
treatment in SQSTMI-KO HeLa cells (Figure S4G and S4H),
suggesting that mitochondria degradation induced by MTS1-
LIR and MTS1-ABP is independent of the autophagy receptor
SQSTML.

Therefore, these results indicated that MTS1-LIR and
MTSI1-ABP induce targeted clearance of dysfunctional
mitochondria.

Targeted degradation of mitochondria ameliorates
mitochondria dysfunction in a cell model

The canonical PINK1 (PTEN induced kinase 1)-PRKN (par-
kin RBR E3 ubiquitin protein ligase) pathway plays an impor-
tant role in mitochondrial quality control by sensing and
removing damaged mitochondria [58,59]. Mutations in
PINKI1 and PRKN are associated with Parkinson disease in
different model systems [60-62]. Our results have demon-
strated that MTSI-LIR and MTS1-ABP deliver cargoes into
autophagosomes by directly interacting with ATG16L1 or
LC3 without the assistance of autophagy receptors and the
PINKI1-PRKN-dependent ubiquitination process. PINKI-
deficient cells are generally used as a Parkinson disease cell
model [63,64]. We therefore examined whether MTS1-LIR
and MTS1-ABP could ameliorate mitochondrial dysfunction
in PINKI-KO HEK293 cells (Figure 7A). In response to
FCCP-induced mitochondrial dysfunction, we observed that
the expression of MTS1-LIR and MTS1-ABP decreased the

protein level of TIMM23 and TOMM20 in PINKI-KO cells
(Figure 7B,C). To further gain evidence of the independence
from the ubiquitin system, we performed the experiment with
the E1 inhibitor TAK-243 (MLN7243) treatment. We found
that MTS1-LIR and MTS1-ABP induce targeted clearance of
damaged mitochondria, which was not reversed by TAK-243
treatment (Figure 7D,E). Combination with results from
PINKI1-KO cells, we conclude that MTSI-LIR and MTS1-
ABP directly anchor damaged mitochondria to autophago-
somes via the autophagy-targeting peptide LIR or ABP,
which is independent of PINK1-PRKN pathway and ubiquitin
signaling.

Moreover, the deletion of PINKI caused the accumulation
and fragmentation of mitochondria (Figure 7F), which is in
line with previous studies [65]. Interestingly, we observed that
the expression of MTSI-LIR and MTSI1-ABP reduced the
numbers of aggregated mitochondria and abolished the aggre-
gation of mitochondria in PINKI-KO cells (Figure 7G,H).
Thus, MTS1-LIR and MTS1-ABP induce targeted degradation
of mitochondria, thereby ameliorating mitochondrial dys-
function caused by PINKI deletion.

Targeted degradation of mitochondria protects cells from
apoptosis

Upon exposure to apoptotic stimuli, mitochondria are
damaged, and release CYCS/cytochrome ¢ to the cytoplasm
for caspase cascade activation, leading to cell apoptosis
[66,67]. We then assessed the physiological effects of MTS1-
LIR and MTS1-ABP-mediated mitochondrial clearance in
response to mitochondrial damage. We observed that
FCCP treatment induced the activation of caspase 3
(CASP3) (Figure 8A,B), which is consistent with previous
studies [68,69]. Interestingly, the expression of MTS1-LIR
and MTS1-ABP suppressed the activation of CASP3 under
FCCP treatment (Figure 8C,D). Taken together, these results
demonstrated that tethering mitochondria to ATG16L1 or
LC3 promotes targeted clearance of damaged mitochondria
by autophagic degradation, thus protecting cells from apop-
tosis (Figure 8E).

Discussion

Here, we report the development of a generalizable chimera
consisting of three parts, including a ligand for a large target,
autophagy-targeting ligand LIR or ABP and a linker between
the two peptides. The chimera links large targets to the auto-
phagic membrane via LIR or ABP binding with core autopha-
gy machineries LC3 or ATGI16L1, respectively, thereby
leading to large target recruitment into autophagosomes for
degradation. We also demonstrated that this autophagy-
targeting degradation strategy induces targeted autophagic
degradation of protein aggregates but not soluble proteins,

MTS1-LIR-Flag or MTS1-ABP-Flag for 24 h, followed by treatment with 20 uM FCCP for 6 h. The cyan arrows indicate cells that express MTS1, MTS1-LIR or MTS1-ABP,
whereas the white arrows indicate cells that have no expression of these constructs. (I) Quantification of the relative fluorescence intensity as in (H) (n=50). The
fluorescence intensity of cells with the expression of MTS, MTS1-LIR or MTS1-ABP (indicated by the cyan arrows in (H)) was measured by ImageJ. Data in (d) and (F)
are presented as the mean = SEM of three independent experiments. *p < 0.05, **p < 0.01, Student’s t test. Scale bar: 10 pm.
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Figure 7. Targeted degradation of mitochondria ameliorates mitochondria dysfunction in a Parkinson disease cell model. (A) Immunoblot analysis of PINK1 in HEK293
WT or PINK1-KO cells. (B) Immunoblot analysis of the mitochondrial proteins TIMM23 and TOMM20 upon the expression of MTS1-LIR and MTS1-ABP in PINK1-KO
HEK293 cells. MTS1-LIR and MTS1-ABP were transiently transfected into PINK7-KO HEK293 cells for 36 h, followed by treatment with 20 uM FCCP for 12 h. (C)
Quantification of the levels of the mitochondrial proteins TIMM23 and TOMM20 as in (B). (D) Immunoblot analysis of the mitochondrial proteins TIMM23 and
TOMM20 upon the expression of MTS1-LIR and MTS1-ABP in Hela cells in response to FCCP-induced mitochondrial dysfunction in the presence of E1 inhibitor TAK-
243. The MTS1-LIR and MTS1-ABP were transiently transfected into Hela cells for 36 h. Following by pre-treatment with 1 uM TAK-243 for 4 h, cells were treated with
20 uM FCCP for 12 h. (E) Quantification of the levels of the mitochondrial proteins TIMM23 and TOMM20 as in (D). (F) Representative images of aggregated
mitochondria in PINK1-KO HEK293 cells. Mitochondria were stained with MitoTracker. The aggregated mitochondria in PINK1-KO HEK293 cells were indicated by
white arrows. Scale bar: 25 um. (G) Representative images of mitochondria upon expression of MTS1-LIR and MTS1-ABP in PINK7-KO HEK293 cells. PINK1-KO HEK293
cells were transiently transfected with MTS1-LIR and MTS1-ABP for 72 h, followed by staining of mitochondria with MitoTracker. The aggregated mitochondria in
PINK1-KO HEK293 cells were indicated by white arrows. Scale bar: 10 um. (H) Quantification of the numbers of cells containing aggregated mitochondria as in (G).
Data in (C) and (E) are presented as the mean + SEM of three independent experiments. “ns”, no significant difference, **p < 0.01, Student’s t test.

suggesting that the strategy shows high selectivity for large
targets. In addition, we proved the concept of the autophagy-
targeting degradation strategy using PB1 aggregates as a large
target model in a streptavidin system. Then we successfully
applied autophagy-targeting degradation strategy to the tar-
geted degradation of HITT65Q aggregates and mitochondria.
Specifically, the chimeric peptide works as an autophagy-
based degrader to induce targeted autophagic degradation of
HTT65Q aggregates. More importantly, our results showed
that ATG16L1 can serve as an accommodable receptor for

responsible for RBICC1/FIP200 binding to mitochondria is
enough to induce mitophagy [70]. Overall, this study demon-
strated a new autophagy-targeting degradation strategy, which
has been shown to efficiently degrade HTT65Q aggregates
and mitochondria, thereby providing a generalizable strategy

for targeted degradation of large targets.

In cells, selective autophagy degrades specific cargoes, such
as protein aggregates and malfunctioning organelles, which is
mediated via cargo receptors that recognize and sequester
specific cargo into the autophagosome [16,18]. SQSTM1 is

autophagy targeting and that binding with ATG16L1 enables
efficient targeted degradation of large targets, which is line
with a previous study that tethering of the region of ATG16L1

the best characterized cargo receptor that binds to ubiquiti-
nated proteins via its ubiquitin-associated (UBA) domain and
interacts with LC3 on phagophores via its LC3-interacting



3008 (&) L. MEIETAL

A

——Immunoblot for mitochondrial proteins

!
FCCP Incubation  /

Immunoblot for CASP3

40 yM FCCP

FCCP(h) 0 4 6 8 12 24

Activated- T_W—ZO
> CASP3 ;

Transfected with MTS1-LIR/ABP constructs 48 h 52h

Oh 36 h

C D

*k
%k
1.0

05 m
0.0
N

Q
¥
«

>

02

> 5

2

3

’ E

T

N

o

Activated-CASP3:GAPDH

& ¥
A &r‘o'\' oy
RN

GAPDH ‘.—..—-—‘_33

FCCP treatment
Release of CYCS Activation of
> » caspase cascade
Healthy mitochondria Dysfunctional mitochondria T

""‘, e
<} &
s, . ) o
¢ B @

<
\/ —>» & ¥

~ N &
2 <2 \‘ A"
S S S - Degradation of
MTS1-LIR/ABP Cad 3 h“ dysfunctional mitochondria
. |

Figure 8. Targeted degradation of mitochondria protects cells from apoptosis. (A) Workflow for MTS1-LIR- and MTS1-ABP-mediated autophagic clearance of
mitochondria in response to mitochondrial damage. (B) Immunoblot analysis of CASP3 upon FCCP treatment at different time points. (C) Immunoblot analysis of
CASP3 upon the expression of MTS1-LIR and MTS1-ABP in response to FCCP-induced cell apoptosis. HelLa cells were transiently transfected with MTS1-LIR and MTS1-
ABP for 36 h, followed by treatment with 40 pM FCCP for 12 h. After removal of FCCP compounds, cells were incubated in fresh medium for 4 h. (D) Quantification of
the protein levels of activated CASP3 as in (C). (E) Scheme of targeted degradation of mitochondria induced by MTS1-LIR and MTS1-ABP.

region (LIR), ultimately leading to ubiquitinated protein
degradation by fusing with lysosomes [33,71,72]. In general,
selective autophagy is initiated when a cellular signal, such as
ubiquitin, tags protein aggregates or organelles for degrada-
tion [15,21,40]. Our autophagy-targeting degradation strategy
directly anchor large targets to autophagosomes via the auto-
phagy-targeting peptide LIR or ABP, which is independent of
ubiquitin signaling and endogenous autophagy receptor
SQSTMI. Supporting this notion, we observed that MTS1-
LIR and MTS1-ABP induced targeted degradation of mito-
chondria in PINK1-KO or SQSTM1-KO cells as well as in the
presence of El inhibitor. The PINKI1-PRKN pathway is
responsible for the ubiquitination of mitochondrial proteins
in mitophagy. Therefore, MTS1-LIR and MTS1-ABP directly
sequester largo targets to autophagosomes, thereby inducing
targeted degradation of large targets, which is independent of
PINK1-PRKN pathway and autophagy receptor.

Due to that fact that defects in organelle autophagy are
lined to various neurodegenerative diseases and aging [73,74],
therefore strategies for targeted degradation of organelles have
been attracted attention. There are several reports using
tethering of different autophagy proteins to organelles to
induce their degradation. In yeast, tethering Atgll,
a scaffold protein that interacts with various other autophagy
proteins to peroxisomes, triggers degradation of peroxisomes
by selective autophagy [75]. In mammals, linear Ub chains are
fused to the N-terminal transmembrane segment of
TOMM20, the resulting chimeric protein bypasses the
PINK1-PRKN pathway and induces mitophagy [76]. In
another example, PINK1 is targeted to mitochondria using
rapamycin-dependent FRB-FKBP system, resulting in phos-
phorylation of mitochondrial ubiquitin and then recruit

autophagy receptors to induce mitophagy [77]. Our findings
are in line with the former, suggesting that tethering
ATGI6L1 or LC3 induces targeted degradation of protein
aggregates and mitochondria, bypassing selective autophagy
receptors. These approaches for targeted degradation of orga-
nelles need to be further optimized as small bifunctional
molecules, provide new strategies for treating organelle-
related diseases.

PROTACs have also been used to degrade amyloid
proteins with no specificity to the functional monomeric
form and pathological toxic aggregates, and the clearance
of the functional monomeric form could cause unexpected
results [78-80]. Recent studies have proven that mono-
meric Tau and a-synuclein exert important physiological
functions [81,82]. Thus, it is imperative to develop a new
type of targeted degradation chimeric strategy for toxic
aggregates rather than functional monomeric forms.
Recently, ATTEC molecular glues that interact with both
LC3 and polyQ-HTT have been identified using small-
molecule-microarray-based screening [23]. ATTEC com-
pounds target polyQ-HTT to autophagosomes, reducing
polyQ-HTT levels and thus rescuing disease-relevant phe-
notypes. ATTEC and our autophagy-targeting degradation
strategy overcome limitation of PROTACs and induce
targeted degradation of protein aggregates but not soluble
proteins, thereby providing a promising strategy for the
degradation of amyloid protein aggregates. In addition,
ATTEC employs LC3 as an autophagy targeting protein,
which could increase the risk of autophagy inhibition at
the high concentration of ATTEC due to the importance
of LC3 protein in autophagy pathway. Our strategy
employing ATGI16L1 could over this limitation and



provide a compensatory approach for autophagy-targeting
degradation.

During mitophagy, PRKN is recruited to the outer mem-
brane of mitochondria by PINK1, which enables the ubiqui-
tination of mitochondrial outer membrane proteins [83,84].
The ubiquitinated mitochondria are further recognized by
autophagy receptors [85,86]. The mutations in PINK1 and
PRKN have been shown to be associated with Parkinson
disease [87,88]. In the PINKI-KO cell line, we observed the
accumulation of aggregated mitochondrial fragments, which
was ameliorated by the expression of MTS1-LIR and MTS1-
ABP. Furthermore, our results showed that tethering mito-
chondria to ATG16L1 or LC3 promotes targeted clearance of
damaged mitochondria by autophagic degradation, thus pro-
tecting cells from apoptosis induced by FCCP. Therefore,
MTS1-LIR- or MTS1-ABP-induced mitochondria degradation
ameliorates mitochondrial dysfunction caused by PINK1 dele-
tion and protects cells from apoptosis.

Collectively, our proposed autophagy-targeting degrada-
tion strategy will provide new insights into the field of tar-
geted degradation based on autophagy and lay a foundation
for the development of targeted degradation of large targets.

Materials and Methods
Cell culture, antibodies and reagents

The human-derived HEK293 (ATCC, CRL-1573), HEK293T
(ATCC, CRL-11268) and HelLa cells (ATCC, CCL-2) used in
this study were cultured in Dulbecco’s Modified Eagle Medium
(Basal Media, P110L7) containing 10% fetal bovine serum
(Biological ~ Industries, 04-001-1ACS), 1% penicillin-
streptomycin solution (Biosharp, BL505A; 10 mg/mL strepto-
mycin and 10,000 units/mL penicillin) in an incubator at 37°C
with 5% CO,. For starvation treatment, cells were cultured in
EBSS (Sigma Aldrich, E2888) for the indicated times.

The primary antibodies used in this study were as follows:
rabbit anti-TOMM20 (382451), rabbit anti-GFP (300943) and
mouse anti-GAPDH (250133) from Zen Bioscience; mouse anti-
TIMM23 (sc -514463) and mouse anti-ubiquitin (sc-8017) from
Santa Cruz Biotechnology; rabbit anti-LC3B (2775S) from Cell
Signaling Technology (CST); rabbit anti-SQSTM1/p62 (PMO045)
from Medical Biological Laboratories (MBL); mouse anti-Flag
(F1804) from Sigma-Aldrich; and rabbit anti-CASP3 (19677-
1-AP) from Proteintech Group. HRP-labeled goat anti-mouse
IgG (H+L) (A0216) and HRP-labeled goat anti-rabbit IgG (H+L)
(A0208) secondary antibodies were purchased from Beyotime
Biotechnology. Alexa Fluor 647-labeled goat anti-mouse IgG (H
+L) antibody (A0473) and Alexa Fluor 647-labeled goat anti-
rabbit IgG (H+L) antibody (A0468) were purchased from
Beyotime Biotechnology.

The reagents used in this study were as follows:
Lipofectamine 3000 transfection reagent (L3000015) from
Invitrogen; Protease Inhibitor Cocktail, mini-Tablet (EDTA-
Free) (HY-K0011), polybrene (HY-112735), puromycin (HY-
B1743A), FCCP (HY-100410), TAK-243 (MLN7243) (HY-
100487), chloroquine phosphate (CQ) (HY-17589) and bafi-
lomycin A; (Baf Al) (HY-100558) from MedChemExpress;
MG132 (S2619) from Selleck; MitoTracker (C1035) and
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LysoTracker (C1046) from Beyotime Biotechnology; trypsin
solution (BL512A), DAPI (BL105A) and 4% paraformalde-
hyde (BL539A) from Biosharp. Chemicals, building blocks
and solvents for peptide synthesis and purification were
obtained from Aldrich, GL Biochem and Aladdin and used
without further purification.

Peptide synthesis and purification

Peptides were synthesized following an Fmoc solid-phase
peptide synthesis strategy using Rink amide 4-methylbenzhy-
drylamine (MBHA) resin. Briefly, the resin (initial loading
0.57 mmol/g; Guoping Pharmaceutical, GP011153-2) was
swelled in DCM for 10 min. The initial Fmoc group was
cleaved by shaking the resin in a solution of piperidine:DMF
(I:4v:v) twice for 10min each. Next, the subsequent
N-terminal peptide chain elongation was achieved by
a standard Fmoc strategy employing commercially available
amino acid building blocks. Peptides were released using
a cocktail cleavage solution (95% TFA, 2.5% TIS, 2.5%
water). The crude peptides were purified by semipreparative
HPLC. The peptide identities were confirmed by analytical
HPLC and MALDI-TOF mass spectrometry. HPLC was per-
formed on a HITACHI Primaide HPLC system using
a reversed-phase C18 analytical column (HITACHI
LaChrom C18, 8915055; 2.5 pm, flow 1.0 mL/min, from 10%
B to 100% B over 20min) and semipreparative column
(ZONRAN Bondysil C18, 820201111; 5pm, flow 3.0 mL/
min, from 10% B to 100% B over 20 min) with detection at
220 nm. Buffer A - water +0.1% TFA, Buffer B - acetonitrile
+0.1% TFA.

Plasmids construction and transfection

To verify the autophagy targeting of the LC3-interacting
region (LIR) and ATGI16L1-binding peptide (ABP), the
c¢DNA sequences of the Phoxl and Bemlp (PB1) domain,
LIR and ABP were cloned into the pEGFP-C1 vector
(Clontech, HG-VYC0084) as required. For the generation of
various stable cell lines, the cDNA sequences encoding PBI,
streptavidin or the N-terminal truncated HTT were cloned
into the lentiviral overexpression pLJM1-GFP vector
(Addgene, 19319; deposited by David Sabatini) to generate
plasmids pLIM1-GFP-streptavidin, pLJM1-GFP-PB1-
streptavidin and pLJM1-HTT65Q-GFP, respectively. The LIR
or ABP ¢DNA sequence was further cloned into pLJM1-
HTT65Q-GFP to generate plasmids pLJMI1-HTT65Q-GFP-
LIR and pLJM1-HTT65Q-GFP-ABP. The cDNA sequence of
GFP in the pLJM1-GFP vector was replaced by mCherry-LC3
to construct the pLJMI1-mCherry-LC3 plasmid. The cDNA
sequence of MTS2 and mCherry were cloned into pLJM1-
GFP to generate the pLJMI1-mCherry-GFP-MTS2 plasmid.
The cDNA sequences of the streptavidin-binding peptide
(SBP), polyQ-binding peptide 1 (QBP), LIR or ABP were
cloned into the pHA-C1 vector (Clontech, 631604). For
screening of mitochondria-targeting sequence (MTS), the
c¢DNA sequences of LIR and different MTSs were cloned
into the pHA-C1 vector. The cDNA sequences of MTS1
from TOMM?20, LIR or ABP were cloned into the pEGFP-
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C1 vector and pCMV-Flag (Addgene, 182659; deposited by
Ivana Niki¢-Spiegel). Plasmids were transfected into cells
using the Lipofectamine 3000 Transfection Reagent according
to the manufacturer’s instructions. All primers used for plas-
mids construction in this study are shown in Table SI. LIR,
ABP and QBP were inserted into vector using annealing
oligonucleotides, as shown in Table S2.

Construction of stable mammalian cell lines

We generated HEK293 cells stably expressing GFP-PBI-
streptavidin, GFP-streptavidin, HTT65Q-GFP or mCherry-
LC3 and Hela cells expressing mCherry-GFP-MTS2. The
above constructed lentiviral plasmid pLJM1 containing the
open reading frames of the above recombinant proteins and
the packaging plasmids pMD2.G (Addgene, 12259; deposited
by Didier Trono) and psPAX2 (Addgene, 12260; deposited by
Didier Trono) were cotransfected into HEK293T cells with
Lipofectamine 3000 transfection reagent in a 6 cm cell dish for
48 h. The lentivirus was collected and further used to infect
cells in the presence of 8pg/mL polybrene for 24h. The
infected cells were selected with 1 ug/mL puromycin.

Immunoblot assay

Cultured cells were washed twice with ice-cold phosphate-
buffered saline (PBS; Biosharp, BL601A) and resuspended in
RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1%
sodium deoxycholate [Sangon Biotech, NB0669], 1% Triton
X-100 [Biofroxx, 1139ML100], 0.1% SDS) containing Protease
Inhibitor Cocktail to prepare whole cell lysates. The protein
concentration of the cell lysates was measured using
a Bicinchoninic Acid Protein Assay Kit (Beyotime
Biotechnology, P0009). For immunoblot, 20 ug of protein was
loaded for SDS-PAGE, and the separated proteins were then
transferred onto a 045um PVDF membrane (Millipore,
IPVHO00010). The resulting membrane was blocked with TBST
(20mM Tris-HCl, 150 mM NaCl, 0.1% [v:v] Tween 20
[Biofroxx, 1247ML500]) containing 5% nonfat dry milk for 1 h
and incubated with the corresponding primary antibody over-
night at 4°C. The dilutions of the primary antibodies used in this
study were as follows: rabbit anti-TOMM?20, 1:1000; rabbit anti-
GFP, 1:10000; rabbit anti-CASP3, 1:1000; rabbit anti-SQSTM1
/p62, 1:3000; rabbit anti-LC3B, 1:1000; mouse anti-TIMM23,
1:1000; and mouse anti-GAPDH, 1:5000. After three washes
with TBST for 10 min each, the membrane was incubated with
HRP-labeled goat anti-mouse IgG (H+L) or HRP-labeled goat
anti-rabbit IgG (H+L) secondary antibody (dilution 1:5000).
Immunoreactive signals were visualized with ECL Western
Blot Detection Reagent (Beyotime Biotechnology, PO018ES) by
a Western Blot Imager (GelDoc XR, Bio-Rad).

Preparation of Triton X-100 soluble and insoluble
fractions of HTT65Q

Cells were lysed in Triton X-100 soluble cell lysate buffer (PBS
supplemented with 1% Triton X-100 and Protease Inhibitor
Cocktail) for 30 min. Then cells were centrifuged at 20,000 x g
for 30 min at 4°C, and the supernatants were collected as the

Triton X-100 soluble fractions. After three washes with PBS,
the cell pellets fractions were dissolved in RIPA buffer and
sonicated three times on ice for 5 s each time, and were
collected as the Triton X-100 insoluble fractions. To detect
the HTT aggregates, proteins in both the separating and
stacking gels were transferred onto the PVDF membrane.

Immunofluorescence assay and cell imaging

Cells were seeded in confocal dishes (Biosharp, BS-15-GJM)
and transfected with the indicated plasmids. Then, transfected
cells were washed with PBS and fixed with 4% paraformalde-
hyde for 15min at room temperature. For immunofluores-
cence analysis, the paraformaldehyde-fixed cells were
permeabilized with 0.5% Triton X-100 for 20 min, and fol-
lowed by blocking with 10% fetal bovine serum for 1h at
room temperature. Then cells were incubated with the indi-
cated primary antibody overnight at 4°C. The dilutions of the
primary antibodies used in this study were as follows: rabbit
anti-SQSTM1/p62, 1:500; mouse anti-Flag, 1:1000; After three
washes with 1xPBS containing 0.01% Tween 20, cells were
incubated with the Alexa Fluor 647-labeled goat anti-mouse
or goat anti-rabbit IgG (H+L) antibody (dilution 1:500). Cells
were visualized using a Leica TCS SP8 DIVE confocal micro-
scope (Leica) equipped with an Airyscan detector and a 63x
oil immersion objective (1.4 numerical aperture; Leica).
Images were acquired in Airyscan mode and analyzed with
LAS X software (Leica). As indicated, mitochondria and lyso-
somes were stained with MitoTracker and LysoTracker,
respectively, according to the manufacturer’s instructions.

Targeted degradation of protein aggregates and
mitochondria

For verification of streptavidin system, HEK293 cells expres-
sing GFP-PB1-streptavidin or GFP-streptavidin were trans-
fected with SBP-LIR or SBP-ABP constructs for 48h, and
immunoblot was performed to detect the protein levels of
targets. To degrade HTT aggregates, HEK293 cells expressing
HTT65Q-GFP were transfected with QBP-LIR and QBP-ABP
for 36 h, followed by treatment with or without Baf A1l for 12
h. Whole cell lysates were prepared to detect the protein levels
of HTT65Q-GFP.

To degrade mitochondria, cells were transfected with
MTS1-LIR and MTSI1-ABP for 36 h, followed by treatment
with 20 uM FCCP for 12 h. The levels of mitochondria were
measured by immunoblot for mitochondrial proteins,
including TIMM23 and TOMM?20. To examine the mito-
chondria degradation mediated by MTS1-LIR and MTS1-
ABP upon autophagy inhibition, 1 uM Baf Al was added in
MTS1-LIR- and MTSI1-ABP-transfected cells. To evaluate
the effects of ubiquitin signaling on the degradation of
mitochondria induced by MTS1-LIR and MTS1-ABP, the
transfected cells were pre-treated 1pM TAK-243
(MLN7243) for 4h, and followed by the treatment of with
20 uM FCCP for 12h. For apoptosis detection affected by
MTS1-LIR and MTS1-ABP, the transfected cells were incu-
bated in fresh medium for 4h after FCCP treatment, and



whole cell lysates were prepared to detect the protein level of
activated-CASP3 by immunoblot.

Targeted degradation of HTT aggregates by the chimeric
peptide CPP-QBP-LIR

The chimeric peptide CPP-QBP-LIR was dissolved in DMSO to
10 mM as a stock solution. HEK293 cells expressing HTT65Q-
GFP were preseeded in 6-well dishes for 12 h, and cells were
treated with CPP-QBP-LIR peptide under the indicated condi-
tions. For concentration-dependent degradation of HTT aggre-
gates, the HEK293 stable cell line expressing HTT65Q-GFP was
treated with the chimeric peptide CPP-QBP-LIR for 12 h at the
indicated concentration. For time-dependent degradation of
HTT aggregates, the HEK293 stable cell line expressing
HTT65Q-GFP was treated with 5uM CPP-QBP-LIR peptide
for the indicated time.

Statistical analysis

Data are presented as the mean + SEM of three independent
experiments (Data S1). Statistical significance was analyzed
using Student’s ¢ test.
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