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ABSTRACT

Tripartite motif (TRIM) proteins are a large family of E3 ubiquitin ligases implicated in antiviral
defense systems, tumorigenesis, and protein quality control. TRIM proteins contribute to protein
quality control by regulating the ubiquitin-proteasome system, endoplasmic reticulum-associated
degradation, and macroautophagy/autophagy. However, the detailed mechanisms through which
various TRIM proteins regulate downstream events have not yet been fully elucidated. Herein, we
identified a novel function of TRIM22 in the regulation of autophagy. TRIM22 promotes autophago-
some-lysosome fusion by mediating the association of GABARAP family proteins with PLEKHM1,
thereby inducing the autophagic clearance of protein aggregates, independent of its E3 ubiquitin
ligase activity. Furthermore, a TRIM22 variant associated with early-onset familial Alzheimer disease
interferes with autophagosome-lysosome fusion and autophagic clearance. These findings suggest
TRIM22 as a critical autophagic regulator that orchestrates autophagosome-lysosome fusion by
scaffolding autophagy-related proteins, thus representing a potential therapeutic target in neurode-
generative diseases.

Abbreviations: AD: Alzheimer disease; ADAOO: AD age of onset; AICD: APP intracellular domain;
APP: amyloid beta precursor protein; BSA: bovine serum albumin; cDNAs: complementary DNAs; CQ:
chloroquine; CTF: carboxyl-terminal fragment; EBSS: Earle’s balanced salt solution; GABARAP: GABA
type A receptor-associated protein; GST: glutathione S-transferase; HA: hemagglutinin; HOPS: homo-
typic fusion and protein sorting; IFN: interferon; IL1A/IL-1a: interleukin 1 alpha; KO: knockout;
MTORC1: mechanistic target of rapamycin kinase complex 1; NFKBIA/IkBa: NFKB inhibitor alpha;
NFE2L2/NRF2: NFE2 like bZIP transcription factor; PBS: phosphate-buffered saline; PI3K: class
| phosphoinositide 3-kinase; PLA: proximity ligation assay; PLEKHM1: pleckstrin homology and RUN
domain containing M1; PSENT: presenilin 1; SEM: standard errors of the means; SNAREs: soluble
N-ethylmaleimide-sensitive factor attachment protein receptors; SNCA: synuclein alpha; SNP: single
nucleotide polymorphism; TBS: tris-buffered saline; TNF/TNF-a: tumor necrosis factor; TRIM: tripartite
motif; ULK1: unc-51 like autophagy activating kinase 1; WT: wild-type
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Introducti
nroduction ATGI101, and ATG13 [4,5]. Through direct phosphorylation or

indirect ubiquitination, the ULK1 complex promotes the forma-
tion of a class III phosphatidylinositol 3-kinase (PtdIns3K) com-

Autophagy is a lysosome-mediated degradation process that
clears misfolded proteins and damaged subcellular organelles

[1]. Autophagy is constitutively active at low levels to maintain
cellular homeostasis. In response to cellular stress, autophagy is
upregulated via MTOR (mechanistic target of rapamycin kinase)
complex 1 (MTORCI) signaling, thereby resolving cellular stress
[2]. Under nutrient starvation, ULK1 (unc-51 like autophagy
activating kinase 1), normally inhibited by MTORC1-dependent
phosphorylation under nutrient-rich conditions, is activated by
AMP-activated protein kinase-dependent phosphorylation [3].
ULK1 is a part of an eponymous complex, also known as the
autophagy pre-initiation complex, along with RB1CC1/FIP200,

plex, also known as the PIK3C3/VPS34 or autophagy initiation
complex, which is composed of PIK3C3, BECNI, ATGI14,
NRBEF2 and PIK3R4/VPS15 [5,6]. The class III PtdIns3K com-
plex promotes autophagosome formation by phosphorylating
phosphatidylinositol in phospholipid-enriched membranes to
phosphatidylinositol-3-phosphate [7]. The recruitment of auto-
phagy-initiating factors to complex assembly sites is regulated by
several proteins, including RAB2 and CALCOCO2/NDP52 for
the ULK1 complex as well as DACT1/Dpr1, and RACKI for the
PIK3C3 complex [8-12]. The fusion of a mature autophagosome
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with a lysosome is mediated by RAB GTPases, soluble
N-ethylmaleimide-sensitive factor attachment protein receptors
(SNARESs), and tethering proteins [13]. PLEKHM1 (pleckstrin
homology and RUN domain containing M1) plays a key role in
autophagosome-lysosome fusion by interacting with RAB7 in
lysosomes as well as with the homotypic fusion and protein
sorting (HOPS) complex, STX17 (syntaxin 17) of SNAREs,
LC3, and GABARAP (GABA type A receptor-associated pro-
tein) in autophagosomes [14,15].

Over the last two decades, studies have revealed that auto-
phagic defects contribute to the pathogenesis of various
human diseases, including cancer, autoimmune diseases, and
neurodegenerative diseases. In the brain, complete loss of core
autophagy proteins, such as ATG5 or ATG7, leads to neuro-
degeneration characterized by progressive motor and beha-
vioral defects and the accumulation of polyubiquitinated
inclusion bodies [16,17]. The accumulation of aggregate-
prone proteins, such as amyloid f, MAPT/tau, and mutant
HTT (huntingtin), is a hallmark of neurodegenerative dis-
eases. Aggregate clearance depends mainly on the autophagy-
lysosome degradation pathway [18]. The activation of auto-
phagy removes aggregate-prone proteins, ameliorates cogni-
tive deficits [19-21], and reduces neuronal vulnerability to
stress [22]. Furthermore, the depletion of autophagic recep-
tors disturbs the clearance of pathogenic proteins, accelerating
the onset and progression of neurodegenerative diseases in
mouse models [23-25]. Promoting the autophagy-mediated
intracellular clearance of aggregate-prone proteins thus repre-
sents a promising therapeutic strategy for neurodegenerative
diseases.

Tripartite motif (TRIM) proteins are a large family of E3
ubiquitin ligases that possess an N-terminal RING domain,
followed by one or two B-box-type zinc finger domains and
a coiled-coil domain [26,27]. The E3 ubiquitin ligase activity
of TRIM proteins is responsible for the regulation of various
signaling cascades, including antiviral defense mechanisms,
and inflammation. The coiled-coil domain and SPRY
domains of TRIM proteins mediate their interaction with
various partners. Recent studies have shown that TRIM
proteins can regulate autophagic activity by interacting
with autophagy-related proteins, such as in the case of
TRIMS5/TRIM5a interacting with Atg8-family proteins,
ULK1, and BECNI; TRIM16 with ULK1 and BECNI;
TRIM32 with ULKl1 and AMBRAIl; TRIM37 with
MTORCI; and TRIM50 with BECN1 [28-32]. These inter-
actions likely enable TRIM proteins to act as autophagic
adaptors, that is, platforms for core autophagy regulators,
collectively termed TRIMosomes [27,33].

TRIM22 belongs to the same subfamily as TRIM5, which
functions as a core subunit of TRIMosomes, suggesting that
TRIM22 could also act as an autophagic adaptor. Previous
studies have shown that TRIM22 also interacts with autopha-
gy-related proteins, and siRNA screening results revealed that
TRIM22 may be a positive autophagy regulator [28,34,35].
However, the exact role of TRIM22 in autophagy remains
unclear. TRIM22 is an antiviral effector whose expression is
strongly induced by interferon (IFN) [36,37]. In addition, the
association of TRIM22 with Alzheimer disease (AD) has been
reported in a pedigree bearing a PSENI1 (presenilin 1)
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mutation, which causes early onset familial AD [38].
However, the etiological mechanisms underlying this genetic
association remain unclear.

Herein, we aimed to determine the role of TRIM22 in
autophagy based on its interactions with core autophagy reg-
ulators. To this end, we examined the association of TRIM22
with autophagic degradation and revealed the molecular
mechanism underlying TRIM22-mediated autophagic regula-
tion. We also set out to determine the clinical significance of
the AD-associated TRIM22 variant based on its role in the
clearance of aggregate-prone proteins.

Results
TRIM22 deficiency interferes with intracellular clearance

We generated TRIM22-knockout (KO) HeLa cell lines to
elucidate the regulatory roles of TRIM22 in autophagy
(Figure 1A and S1A). IFNG/IFN-y-induced TRIM22 upregu-
lation was abolished in TRIM22-KO cells, indicating a total
loss of endogenous TRIM22 protein (Figure 1B and S1B).
Compared with wild-type (WT) cells, TRIM22-KO cells con-
tained more LC3A/B-II-positive autophagic compartments
(Figure 1CD), and the level of autophagic substrate
SQSTM1/p62 was elevated in TRIM22-KO cells. These effects
could be rescued via re-expression of TRIM22 (Figure 1C). In
TRIM22-KO cells, the accumulation of LC3A/B-II mediated
by lysosome inhibition was less efficient compared to that in
WT cells (Figure 1E). The level of polyubiquitinated proteins,
which are also autophagic substrates, was elevated in TRIM22-
KO cells but decreased in TRIM22-overexpressing cells
(Figure 1F and S1C). Similarly, knocking down TRIM22
expression using siRNAs in hTERT-RPE1 and HeLa cells
also elevated levels of SQSTMI1 and polyubiquitinated pro-
teins (Figure 1G and S1D,E). Puromycin treatment can induce
the formation of aggresome-like induced structures, which are
degraded through autophagy [39]. Clearance of ubiquitin-
positive aggresome-like induced structures was also impeded
in TRIM22-KO cells (Figure 1H). Loss of TRIM22 resulted in
similar defects in the condition of induced autophagy via
MTOR inhibition (Figure 1I). However, it is intriguing to
note that changes in TRIM22 protein levels had no effect on
the activities of intracellular clearance induced through star-
vation with Earle’s balanced salt solution (EBSS), suggesting
that TRIM22 may play a role in basal and MTOR inhibition-
induced autophagy (Figure 1L]).

Meanwhile, recent research has suggested that TRIM22
plays a role in suppressing autophagy in M5-treated HaCat
cells by activating the PI3K-AKT-MTOR pathway [40]. In this
regard, we examined whether alterations in TRIM22 expres-
sion, either through knockout or overexpression, would affect
the PI3K-AKT-MTOR pathway. Remarkably, key markers of
this signaling pathways, including levels of phospho-MTOR,
phospho-RPS6KB/S6K, and phospho-AKT levels, remained
largely unaffected by changes in TRIM22 expression (Figure
S2A). This finding was consistently observed under condi-
tions to induce autophagy, such as treatment of rapamycin
or EBSS (Figure S2B,C). Hence, we speculate that the
observed differences could potentially be ascribed to the
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Figure 1. TRIM22 deficiency interferes with intracellular clearance. (A,B) The generation of a TRIM22-knockout cell line was validated via genomic DNA sequencing (A)
and immunoblotting (B). (A) Sequence alignment of the allele from wild-type Hela cells and TRIM22-KO1 cells identified through sequencing. Nucleotide numbers are
expressed relative to the initiation codon. Sequences corresponding to the 19-nt sgRNA target are underlined and the 3-nt PAM is highlighted in green. (B) Wild-type
Hela cells or TRIM22-KO1 cells were grown in the absence or presence of 50 ng/mL of IFNG for 24 h and then analyzed via immunoblotting with the indicated
antibodies. (C) Wild-type Hela cells, TRIM22-KO1 cells, or TRIM22-KO1 cells stably expressing 3XFLAG-TRIM22 cells were subjected to immunoblotting with the
indicated antibodies. (D) Wild-type Hela cells or TRIM22-KO1 cells were immunostained for LC3A/B. (E) Wild-type HeLa cells or TRIM22-KO1 cells were incubated with
EBSS containing 20 uM of CQ for 8 h and then analyzed via immunoblotting with the indicated antibodies. Band intensities for LC3A/B-Il were measured and
normalized to the mean intensity of the untreated wild-type cell group. The accumulation of LC3A/B-Il was calculated by subtracting the intensity of the untreated
group from that of the EBSS/CQ-treated group. Graphs show means + SEM of three independent experiments. (F) Wild-type Hela cells, TRIM22-KO1 cells, TRIM22-KO1
cells stably expressing 3XFLAG-TRIM22 cells, or 3xFLAG-TRIM22-expressing cells were subjected to immunoblotting with the indicated antibodies. Band intensities of
polyubiquitinated proteins were measured and normalized to the intensity of wild-type cells. (G) hTERT-RPE1 cells were transfected with either control or TRIM22
siRNAs, and subsequently subjected to immunoblotting with the indicated antibodies. Band intensities of SQSTM1 and polyubiquitinated proteins were measured
and normalized to the mean intensity of siControl-transfected cells. Graphs show means + SEM of five independent experiments. (H) Wild-type Hela cells or TRIM22-
KO1 cells were treated with 5 ug/mL of puromycin for 2 h and immunostained with polyubiquitin-specific antibodies. Cells containing more than five polyubiquitin
aggregates were quantified from more than 200 cells per group. Graphs show means + SEM of three independent experiments. (1) Wild-type Hela cells or TRIM22-
KO1 cells were incubated with either 100 nM of rapamycin or with EBSS for 8 h. Cell lysates were subjected to immunoblotting with indicated antibodies. (J) Wild-
type Hela cells, TRIM22-KO1 cells, or 3xXFLAG-TRIM22-expressing cells were incubated with EBSS for the indicated times, and cell lysates were subjected to
immunoblotting with the indicated antibodies. Band intensities of SQSTM1 were measured and normalized to the mean intensity of untreated wild-type cell group.
Graphs show means + SEM of three independent experiments. *p < 0.05; **p < 0.01. Scale bars: 10 um.
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Figure 2. TRIM22 positively regulates autophagosome-lysosome fusion. (A) Wild-type Hela cells or TRIM22-KO1 cells were treated with LysoSensor green DND-189 or
LysoTracker red DND-99 for 30 min before fixation. (B) Wild-type HeLa cells or TRIM22-KO1 cells were treated with BODIPY-FL-Pepstatin A for 30 min. As a control,
wild-type Hela cells were cultured with CQ for 4 h before BODIPY-FL-Pepstatin A treatment. (C) mRFP-EGFP-LC3B was stably expressed in wild-type Hela cells or
TRIM22-KO1 cells, and fluorescent LC3B puncta were then analyzed in more than 30 cells per group. Puncta with mRFP*/EGFP" indicate autophagosomes, and puncta
with mRFP*/EGFP~ (arrowheads) indicate autolysosomes. Graphs show means + SEM of three independent experiments. (D,E) mRFP-EGFP-LC3B was stably expressed
in wild-type Hela cells or cells expressing 3XFLAG-TRIM22. (D) Fluorescent LC3B puncta were analyzed in more than 30 cells per group. Arrowheads indicate
autolysosomes. Graphs show means + SEM of three independent experiments. (E) Cells were analyzed using flow cytometry. The intensities of mRFP and EGFP signals
from more than 10,000 cells were analyzed, and the percentage of cells in corresponding gates is shown. (F) mRFP-EGFP-LC3B was stably expressed in wild-type Hela
cells, TRIM22-KO1 cells, or 3xFLAG-TRIM22-expressing cells. The cells were treated with bafilomycin A, (40 nM), followed by washing out and fixation as indicated,
and the ratio of autolysosomes was then analyzed. Graphs show means + SEM of more than 20 cells per group. (G) mRFP-EGFP-LC3B was stably expressed in wild-
type Hela cells or TRIM22-KO1 cells. The cells were treated with 100 nM of rapamycin for 8 h, and then the cells with fluorescent LC3B puncta were analyzed. Graphs
show median with 95% confidence interval of more than 30 cells per group. *p < 0.05; **p < 0.01; *** p < 0.001. Scale bars: 10 pm.
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specialized conditions of M5, which contains cytokines such
as TNF/TNF-a, IL1A/IL-1a, IL17A, and IL22, mimicking the
excessive proliferation of keratinocytes in psoriasis. Taken
together, these results suggest that TRIM22 functions in auto-
phagic degradation.

TRIM22 positively regulates autophagosome-lysosome
fusion by mediating the association of GABARAPs with
PLEKHM1

The acidic environment of lysosomes is critical for the activity
of lysosomal hydrolases, which degrade autophagic substrates
within autolysosomes. The intensity of lysosomal pH indica-
tors did not significantly change in TRIM22-KO cells
(Figure 2A). The activity of cathepsin D, which is a major
lysosomal hydrolase, was also not affected by TRIM22 deple-
tion (Figure 2B). Next, we monitored cells stably expressing
mRFP-EGFP-LC3B, a tandem fluorescent-tagged LC3 system
that enables visual evaluation of autophagosome-lysosome
fusion. Compared with WT cells, TRIM22-KO cells exhibited
more yellow LC3B puncta and less red LC3B puncta, repre-
senting autophagosomes and autolysosomes, respectively
(Figure 2C and S3A). The decrease in the autolysosome:auto-
phagosome ratio was also observed in the cells with depleted
TRIM?22 via siRNA transfection (Figure S3B). In contrast, the
ratio was increased by TRIM22 overexpression (Figure 2D).
Greater mRFP signals, representing an increase in the auto-
lysosome:autophagosome ratio in TRIM22-overexpressing
cells, were confirmed through fluorescence-activated cell sort-
ing analysis (Figure 2E). Although the above results suggest
a positive role of TRIM22 in autophagosome-lysosome fusion,
these data should be carefully interpreted for the following
reasons. First, TRIM22 could facilitate autophagosome forma-
tion, which precedes fusion. Second, autophagosome-
lysosome fusion is a dynamic event that exhibits variation
between cells with regard to timing. Therefore, we synchro-
nized the fusion event via treatment with bafilomycin A,
which inhibits autophagosome-lysosome fusion prior to
release, and then analyzed autolysosome formation in a time-
dependent manner (Figure 2F). The ratio of autolysosomes
(red-only puncta) to total LC3B-positive puncta was less than
5% before release in all experimental groups, whereas the
fusion rate was faster in TRIM22-overexpressing cells and
slower in TRIM22-KO cells when compared to WT cells.
The impaired autophagosome-lysosome fusion in TRIM22-
KO cells was also observed, albeit slightly weaker, under the
MTOR inhibition condition (Figure 2G). Above results indi-
cate that TRIM22 is a positive regulator of autophagosome-
lysosome fusion.

TRIM proteins have been reported to interact with the LC3
and GABARAP subfamilies, which are required for autophago-
some formation and autophagosome-lysosome fusion, respec-
tively [28,41,42]. We found that TRIM22 specifically bound to
in vitro-purified GABARAP family proteins, but not LC3 family
proteins (Figure 3A). To determine the interaction motif of
TRIM22 with GABARAPs, we generated truncation mutants of

TRIM22 (Figure 3B). GABARAPs specifically interacted with
carboxyl terminus of TRIM22, which contains a SPRY domain
(Figure 3C), but failed to interact with the TRIM22-10A mutant
in which potential LC3-interacting region (LIR) motifs have
been mutated (Figure 3D). The interaction is mediated via the
LIR docking site (Figure 3E), which is generally associated with
autophagic receptors [43]. In addition, overexpressed TRIM22
colocalized with GABARAPs, but not with LC3s, in puncta
structures (Figure 3F). Furthermore, lysosomal localization of
GABARAP and GABARAPLI was inhibited in TRIM22-KO
cells, indicating that TRIM22 mediates the recruitment of
GABARAPs to lysosomes (Figure 3G). These results suggest
that TRIM22 may regulate autophagosome-lysosome fusion by
recruiting GABARAP subfamily proteins.

PLEKHMI is a critical protein that mediates autophago-
some-lysosome fusion by interacting with the HOPS complex
and GABARAP proteins [15]. We identified an interaction
between TRIM22 and PLEKHMI1 under both overexpression
and endogenous conditions (Figure 4A,B). These results led us
to hypothesize that TRIM22 may regulate the association
between GABARAPs and PLEKHMI1. We found that colocali-
zation of PLEKHMI1 with GABARAP or GABARAPLI was
significantly reduced by TRIM22 depletion (Figure 4C and
S3C,D). Conversely, TRIM22 overexpression enhanced coloca-
lization (Figure 4C). We further investigated the cellular asso-
ciation between PLEKHM1 and GABARAPs using a proximity
ligation assay (PLA). The number of PLA dots, indicating the
interaction between the two proteins, was significantly reduced
in TRIM22-KO cells but increased in TRIM22-overexpressing
cells, as compared to in WT cells (Figure 4D and S3E). Under
the MTOR inhibition condition, a reduction in the colocaliza-
tion of PLEKHM1 with GABARAP in TRIM22-KO cells was
also observed (Figure 4E). These results show that TRIM22
positively regulates autophagosome-lysosome fusion by mediat-
ing the association of GABARAPs with PLEKHMI.

Next, we sought to determine how the interaction of
TRIM22 with PLEKHM1 and GABARAPs regulates autopha-
gosome-lysosome fusion. We found that the B-box of
TRIM22 is critical for its binding with PLEKHMI
(Figure 5A,B). The B-box-deleted form of TRIM22
(TRIM22-AB) mostly lost the binding affinity with
PLEKHM]I, while it interacted with GABARAPs likely as the
full-length form (Figure 5B,C). We also found that the colo-
calization of GABARAP with PLEKHM]1, which is critical for
autophagosome-lysosome fusion, was significantly compro-
mised by TRIM22-AB expression (Figure 5D). Eventually,
TRIM22-AB failed to rescue the impaired autophagosome-
lysosome fusion in TRIM22-KO cells, indicating that
TRIM22 facilitates autophagosome-lysosome fusion through
its interaction with PLEKHM1 (Figure 5E). A failure in auto-
phagosome-lysosome fusion under TRIM22-AB expression
impeded clearance of autophagic substrates which was
enhanced by TRIM22-WT expression (Figure 5F).
Altogether, these results indicate that TRIM22 promotes auto-
phagosome-lysosome fusion by mediating the association of
PLEKHM1 with GABARAPs.
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Figure 3. TRIM22 interacts with GABARAPs and mediates their lysosomal localization. (A) HEK293T cells were transfected with MYC-TRIM22, and lysates were
incubated with the indicated GST-tagged proteins and precipitated with glutathione sepharose 4B beads. Precipitates were then immunoblotted as shown. (B)
Schematic domain structure of TRIM22 and its deletion mutants. (C—E) HEK293T cells were transfected as indicated, and lysates were incubated with the indicated
GST-tagged proteins and precipitated with glutathione sepharose 4B beads. Precipitates were then immunoblotted as shown. (F) Hela cells were transfected with
HA-tagged LC3A, LC3B, LC3C, GABARAP, GABARAPL1, or GABARAPL2 along with MYC-TRIM22. The cells were immunostained for HA (green) and MYC (red). (G) Wild-
type Hela cells or TRIM22-KO1 cells were transfected as indicated, and the cells were immunostained for CD63 (green) and HA (red). Scale bars: 10 um.
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Figure 4. TRIM22 positively regulates autophagosome-lysosome fusion by mediating the association of GABARAPs with PLEKHM1. (A) HEK293T cells were transfected
as indicated, and lysates were immunoprecipitated with antibodies against HA. Precipitates were then immunoblotted as shown. An arrow denotes IgG heavy chain.
(B) Hela cells were treated with 50 ng/mL of IFNG for 24 h, followed by starvation with EBSS for 2 h. Lysates were immunoprecipitated with rabbit IgG or antibodies
against TRIM22. Precipitates were then immunoblotted as shown. (C,D) Wild-type Hela cells, TRIM22-KO1 cells, or 3XFLAG-TRIM22-expressing cells were transfected
with HA-PLEKHM1. (C) The cells were immunostained for HA (red) and GABARAP (left, green) or GABARAPL1 (right, green). Colocalization of HA-PLEKHM1 with
GABARAP or GABARAPL1 was analyzed by calculation of Pearson’s correlation coefficients. Graphs show median with 95% confidence interval of more than 20 cells
per group. (D) The cells were subjected to PLA with anti-HA antibodies along with antibodies against GABARAP (left) or GABARAPL1 (right). The number of PLA dots
was quantified. Graphs show median with 95% confidence interval of more than 30 cells per group. (E) Wild-type Hela cells or TRIM22-KO1 cells were transfected
with HA-PLEKHM1 and immunostained for HA (red) and GABARAP (green). Colocalization of HA-PLEKHM1 with GABARAP was analyzed by calculation of Pearson’s
correlation coefficients. Graphs show median with 95% confidence interval of more than 30 cells per group. *p < 0.05; **p < 0.01; ***p < 0.001; n.s., not significant.
Scale bars: 10 um.
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Figure 5. TRIM22 facilitates autophagosome-lysosome fusion by interacting with PLEKHM1. (A) Schematic domain structure of TRIM22 and the B-box deletion
mutant. (B) HEK293T cells were transfected as indicated, and lysates were immunoprecipitated with antibodies against MYC. Precipitates were then immunoblotted
as shown. (C) HEK293T cells were transfected with MYC-TRIM22-FL or AB, and lysates were incubated with the indicated GST-tagged proteins and precipitated with
glutathione sepharose 4B beads. Precipitates were then immunoblotted as shown. (D) Wild-type Hela cells, TRIM22-KO1 cells, and TRIM22-KO1 cells expressing
3XFLAG-TRIM22-FL or AB were transfected with HA-PLEKHM1. The cells were immunostained as indicated. Colocalization of HA-PLEKHM1 with GABARAP was
analyzed by calculation of Pearson’s correlation coefficient. Graphs show median with 95% confidence interval of more than 30 cells per group. (E) mRFP-EGFP-LC3B
was stably expressed in wild-type Hela cells, TRIM22-KO1 cells, and TRIM22-KO1 cells expressing 3XFLAG-TRIM22-FL or AB. The cells with fluorescent LC3B puncta
were analyzed. mRFP*/EGFP™ puncta were counted as autolysosomes. Graphs show median with 95% confidence interval of more than 30 cells per group. (F) Wild-
type Hela cells, TRIM22-KO1 cells, and TRIM22-KO1 cells expressing 3XFLAG-TRIM22-FL or AB were subjected to immunoblotting with the indicated antibodies. Band
intensities of SQSTM1 or polyubiquitinated proteins were measured and normalized to the mean intensity of wild-type cells. Graphs show means + SEM of three
independent experiments. FL, full-length. *p < 0.05; **p < 0.01; ***p < 0.001; n.s., not significant. Scale bars: 10 um.
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The function of TRIM22 as an E3 ubiquitin ligase is
distinct from its role in the regulation of autophagy

Next, we investigated the role of TRIM22 as an E3 ubiquitin
ligase in its involvement with the regulation of autophagy. First,
we examined whether the autophagic defects resulting from
TRIM22 depletion could be caused by quantitative alterations
in its substrates. Notably, the levels of autophagic substrates
remained unaffected upon the overexpression of NFKBIA/
IxBa or NFE2L2/NRF2 (Figure S4A,B), both of which have
been previously identified as targets of degradation through
the TRIM22-mediated ubiquitin-proteasome system [44,45].
Moreover, the depletion of these substrates exhibited no impact
on either the levels of autophagic substrates or the efficiency of
autophagosome-lysosome fusion controlled by TRIM22
(Figure S4C-E). These results suggest that the regulatory func-
tion of TRIM22 in autophagy does not appear to be directly
linked to the level of its substrates.

Second, we directly examined whether the E3 ubiquitin
ligase activity of TRIM22 is required for its function in the
regulation of autophagy. Similar to the WT form of TRIM22,
the catalytically inactive TRIM22<'>!3* (CCAA) mutant also
induced a reduction substrates

in autophagic upon

overexpression (Figure S5A) [44,45], and this mutant almost
completely restored the elevated levels of autophagic sub-
strates in TRIM22-KO cells (Figure S5B). Moreover, there
was no notable difference in binding affinity between WT
and CCAA mutant of TRIM22 to PLEKHMI1 or GABARAPs
(Figure S5C,D). Additionally, the CCAA mutant effectively
rescued the impaired autophagosome-lysosome fusion and
inefficient colocalization of PLEKHMI1 with GABARAP in
TRIM22-KO cells (Figure S5E-H). Taken together, above
results indicate that the function of TRIM22 as an E3 ubiqui-
tin ligase is distinct from its role in the regulation of
autophagy.

AD-related TRIM22 variant interferes with intracellular
clearance by inhibiting autophagosome-lysosome fusion

Given that the R321K single nucleotide polymorphism (SNP)
in TRIM22 was previously identified as an AD age of onset
(ADAOO) modifier based on a pedigree carrying the E280A
mutation in PSENI, which caused early onset familial AD
[38], we hypothesized that TRIM22 could be associated
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with AD risk through its role in intracellular clearance.
Including a 695-amino acid full-length protein, the levels of
all other APP (amyloid beta precursor protein) species, such
as carboxyl-terminal fragment (CTF) and APP intracellular
domain (AICD), were elevated in TRIM22-KO cells, an effect
which was abolished by re-expression of TRIM22 (Figure 6A).
Next, we examined whether the R321K SNP in TRIM22
affected autophagic degradation. While TRIM22-WT expres-
sion rescued the abnormal accumulation of polyubiquitinated
proteins in TRIM22-KO cells, TRIM22"**'® expression
enhanced the defects in autophagic degradation (Figure 6B).
Failure to recover from autophagic degradation defects caused
by the R321K variant was confirmed through the analysis of
SNCA™P or SNCA*>T aggregates (Figure 6C,D), which are
normally degraded by autophagy [18].

Autophagosome-lysosome fusion, which is a prerequisite
for autophagic degradation, was regulated by TRIM22
(Figures 2 and 4). Therefore, we investigated the effects of
the TRIM22"**'¥ variant on autophagosome-lysosome fusion.
Failure to revert the reduced autophagosome-lysosome fusion
phenotype was confirmed through analyzing the ratio of
autolysosomes (Figure 7A) and the fluorescent intensities of
mRFP-EGFP-LC3B in TRIM22"**'¥ variant-expressing cells
(Figure 7B). These results suggest that the TRIM22"**'* var-
iant inhibits autophagosome-lysosome fusion.

Given that TRIM22 regulated autophagosome-lysosome
fusion by mediating the association of GABARAPs with
PLEKHM1, we then examined whether the TRIM22"**'¥ var-
iant affects interactions with the aforementioned proteins.
Interestingly, we found that the interaction between TRIM22
and PLEKHMI1 or GABARAP was inhibited by the
TRIM22%**'X variant (Figure 7C,D). In addition, colocalization
of PLEKHM1 with GABARAP or GABARAPL1 was signifi-
cantly reduced in TRIM22"**'®_expressing cells compared to
that in TRIM22-WT-expressing cells (Figure 7E). The associa-
tion of PLEKHM1 with GABARAP or GABARAPLI in cells
was also examined via PLA, with results showing that the
TRIM22"**'® variant interfered with protein interactions
(Figure 7F). These findings suggest that TRIM22%'
mediated inhibition of the PLEKHM1-GABARAP association
may suppress autophagosome-lysosome fusion, thereby inter-
fering with autophagic intracellular clearance.

Discussion

Recent studies have suggested that TRIM proteins are pivo-
tal autophagic adaptors that orchestrate a series of autopha-
gic processes by scaffolding autophagy-related proteins. In
this study, we found that TRIM22 acts as a core regulator

of autophagy by promoting autophagy and intracellular
clearance. We demonstrated that TRIM22 facilitates
autophagosome-lysosome fusion by mediating the associa-
tion between PLEKHM1 and GABARAP. Importantly, we
found that the R321K AD-associated SNP in TRIM22 inter-
feres with autophagosome-lysosome fusion, thereby inhibit-
ing the intracellular clearance of neurotoxic protein
aggregates. These findings suggest a protective role for
TRIM22 in the pathogenesis of neurodegenerative diseases,
including PSEN1%2%*_associated AD (Figure 8).

Accumulating evidence suggests that several TRIM proteins
serve as central platforms for recruiting cargos and autophagy
core regulators for efficient autophagic degradation. In humans,
most TRIM proteins interact with ATG8s, which consist of LC3s
and GABARAPs [27]. LC3s and GABARAPs have distinct func-
tions in autophagy. LC3s function in autophagosome formation,
whereas GABARAPs function in autophagosome-lysosome
fusion [41,42]. The interaction of TRIM proteins with LC3s
facilitates the recruitment of TRIMosomes to the phagophore,
as well as its binding to autophagic receptors, such as SQSTM1
[27]. However, the significance of these interactions between
TRIM proteins and GABARAPs remains unclear. In this study,
we uncovered, for the first time, how the interaction between
TRIM proteins and GABARAPs regulates autophagy. We
demonstrated that TRIM22 directly binds to GABARAPs and
PLEKHM], which are essential for interaction with the HOPS
complex that is required for autophagosome-lysosome fusion,
thereby positively regulating autophagosome-lysosome fusion.
Furthermore, we presented compelling evidence demonstrating
that the function of TRIM22 as an E3 ubiquitin ligase is distinct
from its role in the regulation of autophagy.

Previously, TRIM22 was suggested to regulate the clearance of
Mycobacterium tuberculosis in macrophages [34,35]. Because
TRIM22 depletion altered the levels of autophagy-related pro-
teins, such as LC3-II, SQSTM1, NFKB/NF-kB (nuclear factor
kappa B), and BECN1, TRIM22 may augment autophagy via the
NFKB-BECN1 pathway in macrophages. These results are in part
consistent with our finding that TRIM22 mediates autophagic
degradation. However, there was a discrepancy in the response
to TRIM22 depletion. In TRIM22-KO HelLa cells, LC3A/B-II
levels or the number of LC3A/B-II-positive autophagic compart-
ments was significantly increased (Figure 1), possibly due to fail-
ure of autophagosome-lysosome fusion. In contrast, LC3A/B-II
levels or the number of LC3A/B-II-positive autophagic compart-
ments was decreased in TRIM22-depleted macrophages [34,35].
Based on these results, we predict that the role of TRIM22 in
autophagy regulation, particularly in facilitating autophagosome-
lysosome fusion, may vary among tissues and cell types.

The E280A mutation in the PSENI gene, which encodes a y-
secretase component required for APP processing, is the most

against MYC. Precipitates were then immunoblotted as shown. (D) HEK293T cells were transfected as indicated, and lysates were incubated with GST-GABARAP
proteins and precipitated with glutathione sepharose 4B beads. Precipitates were then immunoblotted as shown. (E,F) Wild-type Hela cells, TRIM22-KO1 cells, and
TRIM22-KO1 cells expressing 3xFLAG-TRIM22-WT or R321K were transfected with HA-PLEKHM?1. (E) The cells were immunostained as indicated. Colocalization of HA-
PLEKHM1 with GABARAP (left) or GABARAPL1 (right) was analyzed via calculation of Pearson’s correlation coefficient. Graphs show median with 95% confidence
interval of more than 20 cells per group. (F) Cells were subjected to PLA with anti-HA antibodies along with antibodies against GABARAP (left) or GABARAPL1 (right).
The number of PLA dots was quantified. Graphs show median with 95% confidence interval of more than 30 cells per group. *p < 0.05; **p < 0.01; *** p < 0.001; n.s.,

not significant. Scale bars: 10 ym.
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frequently occurring mutation in patients with familial AD.
A recent genome-wide association study of the “Paisa” pedigree,
from which the PSEN1"**** mutation had been segregated,
revealed nine genomic variants that affect ADAOO [38].
Among them, rs7412 (APOE*E2) delayed ADAQO to the greatest
extent, while rs12364019 (TRIM22), which results in the substitu-
tion of arginine®”' with lysine, accelerated ADAOO the most.
Although this study suggested that TRIM22 may affect the etiol-
ogy of AD, the association of the TRIM2282 X variant with AD is
still unclear. In the present work, we showed that the R321K
variant interfered with the role of TRIM22 in autophagosome-
lysosome fusion. The PSEN1"**** mutation also interferes with
lysosomal acidification and autophagic degradation [46]. Our
results suggest that the TRIM22"**'® variant may exacerbate
inefficient autophagy in individuals carrying the PSEN12%*4
mutation, which could in turn accelerate ADAQQ. Thus, further
studies are needed to elucidate the complex relationships of
TRIM22 and PSENT1 in autophagy and AD pathogenesis.
Collectively, our findings showed that TRIM22 is an autophagy
regulator that facilitates autophagosome-lysosome fusion by scaf-
folding GABARAPs and PLEKHMI. We also showed that
a genetic variation in TRIM22, which increases the risk of
familial AD, was closely related to inefficient autophagic clearance
of neurotoxic substrates, suggesting that TRIM22 could be
a potential target for autophagy modifiers. We hope that our
insights into the pathogenesis of specific types of familial AD will
further expand the current understanding of the pathways driving
neurodegenerative diseases caused by aggregate accumulation.

Materials and methods
DNA constructs

Human GABARAP (MHS6278-211689836), GABARAPLI
(MHS6278-202800914), GABARAPL2 (MHS6278-
202806924), LC3A (MHS6278-202757001), LC3B
(MHS6278-202808448), LC3C (MHS6278-213243290), and
TRIM22 (MHS6278-202759096) complementary DNAs
(cDNAs) were obtained from Horizon Discovery. Human
PLEKHM1 (73593; deposited by Paul Odgren) and mRFP-
EGFP-LC3B (21074; deposited by Tamotsu Yoshimori)
cDNAs were obtained from Addgene. The cDNAs were
subcloned into pEGFP-C2, pGWI1-FLAG, -hemagglutinin
(HA), or -MYC vector [47] for transient expression in
mammalian cells. The LIR null mutant of TRIM22
(TRIM22-10A) was generated through sequential mutagen-
esis of ten putative LIR motifs (Y175, 1178, Y298, V301,
Y394, V397, F435, V438, W485, L488) to alanine. For
lentivirus production, the c¢DNAs were subcloned into
pCDH-CMV-MCS-EF1-Puro (System Biosciences,
CD510B-1) or pCDH-CMV-MCS-EF1-Puro-3xFLAG [47]
lentiviral vectors. For glutathione S-transferase (GST)
fusion protein purification, cDNAs of the ATG8 gene
family were subcloned into pGEX-6P-1 (Merck, 27-4597-
01). All point mutations were introduced via polymerase
chain reaction (PCR) and Dpnl-based in vitro mutagenesis,
then confirmed via DNA sequencing.
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Antibodies

The following antibodies were used in this study: anti-
FLAG (M2, mouse; Sigma-Aldrich, F1804), anti-FLAG
(polyclonal, rabbit; ProteinTech Group, 20543-1-AP), anti-
GFP (7.1 and 13.1, mouse; Roche, 11814460001), anti-GST
(3G12B10, mouse; ProteinTech Group, 66001-2-Ig), anti-
GST (B-14, mouse; Santa Cruz Biotechnology, sc-138), anti-
HA (F-7, mouse; Santa Cruz Biotechnology, sc-7392), anti-
HA (polyclonal, rabbit; Genetex, GTX115044), anti-MYC
(9E10, mouse; Santa Cruz Biotechnology, sc-40), anti-
MYC (polyclonal, goat; Bethyl Laboratories, A190-104A),
anti-ACTB/B-actin (2D4H5, mouse; ProteinTech Group,
66009-1-Ig), anti-APP (Y188, rabbit; Abcam, ab32136),
anti-CD63 (H5C6, mouse; BD Biosciences, 556019), anti-
GABARAP (E1J4E, rabbit; Cell Signaling Technology,
13733S), anti-GABARAPL1 (D5R9Y, rabbit; Cell Signaling
Technology, 26632S), anti-GAPDH (GT239, mouse;
Genetex, GTX627408), anti-LC3A/B (polyclonal, rabbit;
Sigma-Aldrich, L8918), anti-polyubiquitin (FK2, mouse;
Cayman Chemical, 14220), anti-PLEKHM1 (E9S3Q, rabbit;
Cell Signaling Technology, 77092S), anti-RPS6KB (polyclo-
nal, rabbit; Cell Signaling Technology, 9202S), anti-RPS6KB
-pT389 (polyclonal, rabbit; Cell Signaling Technology,
9205S), anti-SQSTM1 (3, mouse; BD Biosciences, 610832),
anti-TRIM22  (polyclonal, rabbit; ProteinTech Group,
13744-1-AP), anti-TUBA1B/a-tubulin (1E4C11, mouse;
ProteinTech Group, 66031-1-Ig), and anti-TUBA1B (poly-
clonal, rabbit; Abcam, ab18251).

Chemicals and reagents

The following chemicals and reagents were used in this study:
bafilomycin A; (Sigma-Aldrich, B1793), chloroquine (Santa Cruz
Biotechnology, sc-217882), EBSS (Welgene, LB002-03), IFNG
(Sino Biological, 11725-HNAS), LysoTracker Red DND-99
(Invitrogen, L7528), LysoSensor Green DND-189 (Invitrogen,
L7535), pepstatin A, BODIPY FL conjugate (Invitrogen,
P12271), puromycin (Gold Biotechnology, P-600-100), and rapa-
mycin (Sigma-Aldrich, R8781).

Immunoblotting

Proteins in Laemmli sample buffer were resolved via sodium
dodecyl sulfate-polyacrylamide gel electrophoresis/SDS-PAGE
and then electrophoretically transferred to nitrocellulose mem-
branes. Membranes were blocked with 3% non-fat milk in Tris-
buffered saline (20 mM Tris-HCl, 137.5 mM NaCl, pH 7.6) with
0.05% Tween-20 (LPS Solution, TW2001; TBST) for 30 min and
incubated with primary antibodies in TBST with 3% bovine
serum albumin (BSA; Bovogen, BSAS-NZ) at 4°C overnight.
Blots were washed three times with TBST, incubated with horse-
radish peroxidase-conjugated secondary antibodies (GenScript
Biotech, A00098, A00160, and A00178) for 1h, and washed
three times with TBST. Clarity Western ECL Substrate (Bio-
Rad Laboratories, 1705061) was used to detect immunoreactive
proteins. Images were obtained and processed using
a ChemiDoc XRS+ System (Bio-Rad Laboratories, Hercules,

CA, USA) with Image Lab software (Bio-Rad Laboratories). All
the bands were in the linear range of detection.

Immunoprecipitation

Cells were washed with phosphate-buffered saline (PBS;
Biosesang, PR2007-100-74) and then lysed in lysis buffer
(50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1% Triton X-100
[LPS Solution, TRX01], 1.5mM EDTA, pH 8.0) with Pierce
Protease and Phosphatase Inhibitor Mini Tablets (Thermo
Fisher Scientific, A32959) on ice for 30 min. Lysates were
clarified via centrifugation (12,000 xg) for 10 min at 4°C
and incubated with 0.5pg of antibodies at 4°C for 16h,
followed by incubation with Protein A/G PLUS-agarose
(Santa Cruz Biotechnology, sc-2003) for an additional 2 h.
Beads were washed three times with lysis buffer, and bound
proteins were subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis for further analysis.

Cell culture

HEK293T and HelLa cells were cultured in Dulbecco’s modified
Eagle’s medium (GenDEPOT, CM001-050) supplemented with
10% fetal bovine serum (GenDEPOT, F0900-050) at 37°C in a 5%
CO, humidified incubator. hTERT-RPEI cells were cultured in
Dulbecco’s modified Eagle’s Medium/F-12 1:1 mixture (Welgene,
LMO002-04) supplemented with 10% fetal bovine serum at 37°C in
a 5% CO, humidified incubator. The cell lines used in the experi-
ments were regularly tested for mycoplasma contamination.

Plasmid transfection and RNA interference

Cells were transfected with Avalanche-Everyday (EZ
Biosystems, EZT-EVDY-1) for plasmid DNAs and
Lipofectamine RNAiMax (Invitrogen, 13778075) for siRNAs
according to the manufacturer’s instructions. The following
siRNAs were used: siControl (Bioneer, SN-1003); siTRIM22-1
(Bioneer), 5'-CAGAACCUCUGAGCCUAGA-3"; siTRIM22-2
(Bioneer), 5'-GGUCACCAAACAUUCCGCA-3'".

Generation of stable cell lines

Stable cell lines were generated as previously described [48].
In detail, HeLa cells stably expressing TRIM22-WT,
TRIM22 mutants, or mRFP-EGFP-LC3B were generated
via lentiviral infection. pCMV-dR8.2 dvpr (Addgene, 8455;
deposited by Bob Weinberg) and pCMV-VSV-G (Addgene,
8454; deposited by Bob Weinberg) were cotransfected into
HEK293T cells along with their respective pCDH-CMV-
MCS-EF1-Puro-based constructs. On the next day, lenti-
virus was harvested from the culture medium via centrifu-
gation and frozen at —80°C. HeLa cells were infected with
the indicated viruses, and two days later, infected cells were
incubated with 2 pg/mL of puromycin for selection over an
additional day.



Immunofluorescence staining and confocal microscopy

HeLa cells cultured on coverslips were fixed with cold methanol
for 10 min or 4% paraformaldehyde for 15 min. The fixed cells
were blocked with 3% BSA in PBST (PBS with 0.1% Triton X-100)
or PBSS (PBS with 0.05% saponin [Sigma-Aldrich, 47036]) for 15
min. Cells were then incubated with primary antibodies diluted in
blocking solution for 2 h, washed three times with PBST or PBSS,
incubated with Alexa Fluor-conjugated secondary antibodies
(Molecular Probes, A21206, A31570, A32754, and A32766)
diluted in blocking solution for 1 h, and washed three times with
PBST or PBSS. For nuclear staining, Hoechst 33342
(ImmunoChemistry Technologies, 639) was applied for 2 min.
Coverslips were mounted on glass slides using Fluoromount-G
(SouthernBiotech, 0100-01). Cells were visualized using an LSM
800 confocal microscope (Carl Zeiss, Oberkochen, Germany) with
a 63 x 1.4 numerical aperture Plan-Apochromat lens or an IX83
fluorescent microscope (Olympus Corporation, Tokyo, Japan)
with a 60 x 1.42 apochromatic lens. Images were processed using
ZEN software (Carl Zeiss).

Generation of knockout cell lines

For TRIM22 gene editing, targets were selected from the list
recommended by the online CRISPR Design Tool, E-CRISP,
as previously described [49]. To generate the TRIM22-KO1
cell line, a small guide RNA targeting 5'-
GTCAAGATGAGCCCACAGGAG-3' of TRIM22 was cloned
into pSpCas9(BB)-2A-Puro (pX459) (Addgene, 48139; depos-
ited by Feng Zhang). The constructs were transfected into
HeLa cells with Avalanche-Everyday (EZ Biosystems, EZT-
EVDY-1), and the cells were incubated with 2 ug/mL of pur-
omycin for 24 h. After further incubation for 24 h, the cells
were transferred to a 96-well plate for single-cell isolation.
Genomic DNAs from cells cultured in 6-well plates were
isolated using a HiGene Genomic DNA Prep Kit (Biofact
Biofactory, GD264-060), and PCR was performed to amplify
the target site using specific primers (forward: 5'-
TGCAGGAGTTTGTGACCAAG-3/, reverse: 5'-
CATTCCTTGACCACCTCGTT-3'). The PCR products were
subcloned into an A-tailed pBluescript-SK (+) vector (Agilent
Technologies, 212205) for plasmid sequencing. At least 10
sequencing results from different bacterial colonies were eval-
uated to verify the CRISPR-CAS9-mediated knockout of
TRIM?22.

Flow cytometry

mRFP-EGFP-LC3B-expressing HeLa cells grown on the 12-
well cell culture plate were trypsinized. The cells were washed
and resuspended in 400 uL of PBS. Over 10,000 cells were
loaded to FACS Aria™ 11T (BD Biosciences, Franklin Lakes,
NJ, USA), and the data were analyzed using FACSDiva™
software (BD Biosciences).

Protein purification and in vitro affinity-isolation assays

Protein purification and in vitro affinity-isolation assays
were performed as previously described [50]. In detail,
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pGEX-6P-1 or pGEX-6P-1-ATG8 plasmids were trans-
formed into Escherichia coli strain BL21 (DE3)
(Enzynomics, CP110). E. coli cells were grown and induced
with 0.5mM isopropyl-B-d-thiogalactopyranoside (Gold
Bio, I12381C5) at 30°C for 2 h. Bacterial cells were collected,
and proteins were purified with glutathione resin
(GenScript Biotech, L00206) according to the manufac-
turer’s instructions. Purified GST fusion proteins were
mixed with HEK293T cell lysates expressing indicated
TRIM22 constructs in binding buffer (50 mM Tris-HCI,
pH 8.0, 150 mM NaCl, 1% Triton X-100, 1.5 mM EDTA,
pH 8.0) with Pierce Protease and Phosphatase Inhibitor
Mini Tablets at 4°C for 16 h, followed by incubation with
glutathione resin for an additional 2 h. Beads were washed
three times with binding buffer, and bound proteins were
analyzed via immunoblotting and Coomassie Brilliant Blue
staining.

Quantification of colocalization and statistical analysis

Colocalization analysis was performed on confocal sections
showing the maximum signals of HA-PLEKHM1, GABARAP,
or GABARAPL1. ZEN software (Carl Zeiss) was used to
calculate Pearson’s correlation coefficient for more than 20
cells per group. GraphPad Prism (GraphPad Software) or
Microsoft Excel (Microsoft Corporation) was used to analyze
statistical data and draw graphs. All statistical data were tested
for normality using the Shapiro-Wilk test. The significance of
differences between two groups was determined using
Student’s t-tests or Mann-Whitney U tests. Significance levels
for comparisons among groups were determined using the
Kruskal-Wallis test with Dunn’s post-hoc test. Results with
P values lower than 0.05 were considered significant.

PLA

PLA was performed using a PLA probe (Duolink In Situ Red
Starter Kit Mouse/Rabbit; Sigma-Aldrich, DUO92101). In detail,
cells cultured on coverslips were fixed with cold methanol and
permeabilized with 0.1% PBST. The cells were blocked with
a blocking solution for 30 min at 37°C before incubation with
the primary antibody overnight at 4°C. Cells were then washed
twice for 5min each time in wash buffer A, incubated with the
PLA probe solution for 1 h at 37°C, washed again in wash buffer A,
and incubated in ligation solution for 30 min at 37°C. The cells
were then washed in wash buffer A, incubated in amplification
solution for 100 min at 37°C, and washed twice for 10 min each
time in wash buffer B. Finally, the coverslips were mounted on
a slide glass for imaging.
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