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Abstract

The endocytic adaptor protein 2 (AP-2) complex binds dynactin as part of its noncanonical function, which is necessary
for dynein-driven autophagosome transport along microtubules in neuronal axons. The absence of this AP-2-dependent
transport causes neuronal morphology simplification and neurodegeneration. The mechanisms that lead to formation of
the AP-2-dynactin complex have not been studied to date. However, the inhibition of mammalian/mechanistic target of
rapamycin complex 1 (mTORC1) enhances the transport of newly formed autophagosomes by influencing the biogenesis
and protein interactions of Rab-interacting lysosomal protein (RILP), another dynein cargo adaptor. We tested effects of
mTORCI inhibition on interactions between the AP-2 and dynactin complexes, with a focus on their two essential subunits,
AP-2p and p150°"d, We found that the mTORC1 inhibitor rapamycin enhanced p150°""*_AP-2 complex formation in both
neurons and non-neuronal cells. Additional analysis revealed that the p1505"**_AP-2 interaction was indirect and required
integrity of the dynactin complex. In non-neuronal cells rapamycin-driven enhancement of the p150%"**_AP-2p interaction
also required the presence of cytoplasmic linker protein 170 (CLIP-170), the activation of autophagy, and an undisturbed
endolysosomal system. The rapamycin-dependent p150°""**_AP-2 interaction occurred on lysosomal-associated membrane
protein 1 (Lamp-1)-positive organelles but without the need for autolysosome formation. Rapamycin treatment also increased
the acidification and number of acidic organelles and increased speed of the long-distance retrograde movement of Lamp-
1-positive organelles. Altogether, our results indicate that autophagy regulates the p150°"*“_AP-2 interaction, possibly to
coordinate sufficient motor-adaptor complex availability for effective lysosome transport.
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ALR Autophagic lysosome reformation

Arp-1 Actin-related protein 1

AP-2 Adaptor protein 2

Baf Al Bafilomycin Al

BSA Bovine serum albumin

CHAPS 3-([3-Cholamidopropyl]
dimethylammonio)-1-propanesulfonate

CHX Cycloheximide

CLIP-115 Cytoplasmic linker protein 115

CLIP-170  Cytoplasmic linker protein 170

CQ Chloroquine

DIV Day in vitro

DMEM Dulbecco’s modified Eagle’s medium
DMSO Dimethylsulfoxide

EB3 End binding protein 3

EDTA Ethylenediamine tetraacetic acid

EGFP Enhanced green fluorescent protein
EGTA Ethylene glycol-bis(f-aminoethyl ether)-

N,N,N’,N’-tetraacetic acid
EM Electron microscopy
FBS Fetal bovine serum
GST Glutathione-S-transferase
1P Immunoprecipitation

HRP Horseradish peroxidase

Lamp-1 Lysosomal-associated membrane protein 1

LC3 Microtubule-associated protein 1A/1B-light
chain 3

mTORC1 Mammalian/mechanistic target of rapamycin
complex 1

PBS Phosphate-buffered saline

PCR Polymerase chain reaction

PFA Paraformaldehyde

PLA Proximity ligation assay

S6 Ribosomal protein S6

RILP Rab-interacting lysosomal protein

SDS-PAGE Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis

+TIP Plus end tracking protein

TrkB Tropomyosin receptor kinase B

vATPase Vacuolar (H +)-adenosine triphosphatase

Introduction

The effective cooperation of endomembrane components
and the cytoskeleton is necessary for efficient intracellular
communication and cell contacts with the extracellular envi-
ronment. Microtubules are cytoskeleton elements that are
essential for both the integrity of membrane compartments
and their long-distance movement [1, 2]. Microtubules are
dynamic and polarized, meaning that their ends (referred to
as plus and minus) can undergo dynamic changes and are
not identical [3]. This polarization determines the rules of
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directed cargo transport along microtubules by molecular
motors, e.g., kinesins and dynein [4, 5]. The latter transports
cellular cargo from the plus end to the minus end of micro-
tubules [5-7]. Dynein does not act alone; it requires addi-
tional protein complexes to efficiently hold cargo and move
along microtubules. One of these complexes is dynactin, a
large multiprotein complex that initiates dynein movement,
increases its processivity, and supports cargo attachment [5,
8, 9]. Dynactin consists of two major parts: sidearm and
actin-related protein 1 (Arp-1) rod [5, 7, 10, 11]. The side-
arm binds microtubules and dynein [5, 7, 10, 11]. The Arp-1
rod, in cooperation with dynein activators and adaptors, is
responsible for cargo binding [5, 7, 10-15]. p1509"*d is part
of the sidearm, the largest dynactin subunit, and a member
of the microtubule plus-end tracking protein (+ TIP) family
[16]. Its binding to microtubule plus ends and its plus-end
tracking behavior require the presence of cytoplasmic linker
protein 170 (CLIP-170) [17, 18]. In some model systems
(e.g., neuronal axons), this is essential for the initiation of
dynein-dynactin-bound cargo transport along tyrosinated
microtubules [8, 19].

The adaptor protein 2 (AP-2) complex consists of two
large subunits (a, ), one medium subunit (i), and one small
subunit (o) [20]. All four subunits contribute to the trunk of
the AP-2 complex, but a and B2 C-termini project outside
the trunk as o and P2 appendages (i.e., ears), respectively
[20]. Canonically, AP-2 serves as a cargo adaptor complex in
clathrin-mediated endocytosis [21]. However, evidence sup-
ports AP-2 functions outside the initiation of clathrin-medi-
ated endocytosis, particularly in macroautophagy (hereafter
called autophagy), lysosome tubulation, and microtubular
transport [22-27]. The latter function was first discovered in
neurons, in which AP-2 was found to be central to the retro-
grade transport of neuronal amphisomes that are produced
by autophagosome-late endosome fusion and in axons act as
signaling organelles that carry activated receptors for neuro-
trophins, such as tropomyosin receptor kinase B (TrkB) [24,
28] to the cell soma. The lack of this AP-2-dependent trans-
port in axons resulted in disturbances in the morphology of
dendrites and neurodegeneration [22, 24]. For dynein cargo
adaptor function, AP-2 binds microtubule-associated protein
1A/1B-light chain 3 (LC3) on the amphisome surface via
its AP-2u subunit, whereas the AP-2p ear was shown to co-
immunoprecipitate with p15091d [24].

Autophagy is a cellular process during which cells trap
proteins or organelles (e.g., mitochondria) that are des-
ignated for degradation in double-membrane structures,
called autophagosomes, and deliver them to lysosomes
[29-32]. Autophagosome formation is a multistep pro-
cess. Mammalian/mechanistic target of rapamycin com-
plex 1 (mTORCI1) is among its best-known regulators
[33, 34]. Low mTORCI1 activity allows autophagy initia-
tion, but also autophagosome maturation, microtubular
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transport, and fusion with the lysosome [35-40]. Notably,
in the case of neurons, the role of mTOR inhibition in
autophagy initiation, particularly in axons, is still debated
because of conflicting findings on whether rapamycin
potentiates this process [41-44].

The effective termination of autophagy requires the
fusion of autophagosomes or amphisomes with lys-
osomes, which contain degradative enzymes that are
needed for autophagosome cargo destruction. It heavily
relies on autophagosome and lysosome transport along
microtubules. Dynein-dynactin transports autophago-
somes retrogradely for fusion with lysosomes [45-47].
To meet autophagosomes, lysosomes may use both kine-
sins and dynein-dynactin [48, 49]. Lysosomes are dis-
persed through the cytoplasm with two distinguishable
pools: perinuclear and peripheral [49]. The peripheral
pool serves additional purposes (e.g., exocytosis [50]);
when the demand for lysosomes greatly increases, how-
ever, such as during nutrient starvation that initiates
autophagy, they move via dynein-dynactin transport
toward autophagosomes that are already positioned in the
cell center. To date, only two adaptors (ALG2 and JIP4)
have been shown to recruit dynein-dynactin to lysosomes
on demand upon nutrient starvation [51, 52].

Although AP-2-dynactin was shown to transport TrkB-
positive amphisomes in neurons, unclear is whether the
AP-2-dynactin complex also forms naturally in non-neu-
ronal cells, in which amphisomes are considered very
transient. Further details of the AP-2-dynactin interaction
and its potential regulation are lacking. Our unpublished
preliminary mass spectrometry data suggested a potential
role for mTOR in the regulation of the p1505*¢d_AP-2p
interaction. This is particularly intriguing when consid-
ering the important role of kinases in the regulation of
microtubular transport [39, 53] and a recent finding that
dynein can be recruited to autophagosomes by LC3 and
Rab-interacting lysosomal protein (RILP) when mTORCI1
activity is low [39]. Therefore, the present study inves-
tigated whether mTORCI controls the p150¢{_AP-2
interaction and, if so, how and for what purpose. We found
that mTORC1 inhibition enhanced the p150¢"*¢_AP-2p
interaction in both neurons and non-neuronal cells. We
also found that p1506""¢_AP-2p complex formation,
boosted by mTORCI inhibition, in non-neuronal cells
required an intact dynactin complex and the undisturbed
initiation of autophagy and endolysosomal pathway. We
also found that the autophagy-induced p150%""*¢_AP-2p
interaction occurred on lysosomes, which accelerated
their retrograde motility. Thus, we revealed a novel
mechanism whereby functions of essential components
of cellular transport machinery are regulated at the level
of autophagy initiation.

Materials and methods

Plasmids and siRNA

The following plasmids were commercially available or
described previously: pEGFPC1 (Clontech), f-actin-GFP
and P-actin-tdTomato [54], HA-BirA [55], pAvi-tag-
thrombin-HA (also known as Bio-Thrombin-HA; [56],
pEGFPC1-Ap2bl [57], pEGFPC2-Avi-tag-p1506™ed
[24], pEGFP-TrkB (kind gift from Volker Haucke)
[24], pEGFPC2-Avi-tag-pGal (also known as biof-Gal)
[58], EB3-GFP [59], pEGFP-CLIP-170 and pEGFPC1-
CLIP-170-Ahead [60] (gift from Anna Akhmanova),
pEGFPC1-p50 [61] (gift from Casper Hoogenraad),
pEGFP-NI1-Lamp1-GFP [62] (gift from Juan Bonifa-
cino), pET-28-His,-AP-2f appendage domain [24] (gift
from Volker Haucke), pGEX-4T1 (Merck, catalog no.
GE28-9545-49), pGEX-4T1-GST-Eps15 (aa 541-790;
gift from Mark McNiven) [63], and pGFP-LC3 [64] (gift
from Iwona Ciechomska). Additional plasmids generated
for this study are described in Supplementary Materials
and Methods in Supplementary Information. The follow-
ing siRNAs were purchased from Invitrogen: Select Nega-
tive Control No. 1 siRNA (catalog no. 4390843; siCtrl),
Silencer Select siRNA rat Clipl#1 (catalog no. 4390771,
ID: s134775; siCLIP-70), Silencer Select siRNA human
Clipl#l (catalog no. 4392420, ID: s12372; siCLIP-170),
Silencer Select siRNA rat Atg5 (catalog no. 4390771, ID:
s172246), and Silencer Select siRNA rat Snap29 (catalog
no. 4390771, ID: s138000).

Antibodies

Commercially available primary antibodies that were used
for this study are listed in Table S1. Rabbit anti-pan CLIP
antibody (clone 2221; Western blot, 1:500) that recog-
nizes both cytoplasmic linker protein 115 (CLIP-115) and
CLIP-170 was a kind gift from Casper Hoogenraad [65].
Alexa Fluor 488-, 568-, 594-, and 647-conjugated second-
ary antibodies (anti-mouse, anti-goat, and anti-rabbit) were
obtained from Thermo Fisher. Horseradish peroxidase
(HRP)-conjugated secondary antibodies were obtained from
Jackson ImmunoResearch. Anti-mouse/anti-rabbit IRDye
680RD and IRDye 800CW were purchased from LI-COR
Biosciences.
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Cell line and primary neuronal cultures
and transfection

Rat2, HEK293, and primary hippocampal neurons cultures
and transfections were performed using standard previ-
ously published protocols. For details, please refer to Sup-
plementary Information.

Drugs and drug treatment

All drugs, unless indicated otherwise, were dissolved in
dimethylsulfoxide (DMSO), the final concentrations of
which in the culture medium did not exceed 0.1%. For
mTOR inhibition, Rat2 and HEK293T cells were treated
with rapamycin (100 nM, Calbiochem, catalog no. 553210)
or AZD-8055 (100 nM, Cayman Chemical, catalog no.
16978-5) for 2 h before the experiment (see figure legends
for detailed descriptions). For translation inhibition, cells
were treated for 2 h with 35 uM cycloheximide (Calbio-
chem, catalog no. 239763). For mTOR inhibition-depend-
ent autophagy arrest at the initiation step, 25 uM SBI-
0206965 (Merck, catalog no. SML1540) was used for 2.5 h
(see figure legends for detailed descriptions). When com-
bined with rapamycin, SBI-0206965 was added 30 min
before the addition of rapamycin. To inhibit autophagic
flux, cells were treated for 2 h with 60 uM 1-adamantyl(5-
bromo-2-methoxybenzyl)amine (ABMA; Medchemex-
press, catalog no. HY-124801) or 50 uM chloroquine
(dissolved in water; Sigma-Aldrich, catalog no. C6628).
For lysosomal vacuolar (H+)-adenosine triphosphatase
(vATPase) inhibition, cells were treated for 2 h with
bafilomycin A1 (Baf Al; 100 nM; Bioaustralis, catalog
no. 88899-55-2). When cells were treated with an inhibitor
and rapamycin, these compounds were administered at the
same time and incubated for 2 h. For the alkalization of the
cellular environment, 20 mM NH,ClI (dissolved in water;
Sigma-Aldrich, catalog no. 213330) was added for 3 h.
When cells were treated with both NH,CI and rapamycin,
NH,CI was added to the cells 1 h prior to rapamycin, and
the cells were then incubated with both drugs for an addi-
tional 2 h. Ciliobrevin D (30 um; Sigma-Aldrich, catalog
no. 250401) was added 30 min prior to imaging and 1.5 h
after rapamycin treatment. To induce autophagy inde-
pendently from mTORCI1 inhibition, 100 pM L-690330
(Tocris, catalog no. 0681) was added to the cells for 3 h.
Nocodazole (100 nM; Sigma-Aldrich, catalog no. M1404)
was used to inhibit microtubule dynamics. For live-cell
imaging experiments, the drug was added to Rat2 cells
1 h before imaging. For the PLA experiments, in which
nocodazole was added to Rat2 cells alone or combined
with rapamycin, it was added 2 h 15 min or 1 h before
fixation, depending on whether it was used before or after
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rapamycin treatment. Before live imaging or fixation, neu-
rons were treated with either vehicle (0.1% DMSO, 2 h) or
rapamycin (100 nM, 2 h).

Animals and rapamycin treatment

Rapamycin treatment and brain protein lysate isolation
were performed according to a protocol that was approved
by the 1st Ethical Committee in Warsaw (Poland; decision
no. 843/2008 and 288/2012). Mature (3-month-old) male
Wistar rats were used for the experiments. Rapamycin was
initially dissolved in 100% ethanol at a 0.1 mg/ml concentra-
tion and stored at —20 °C. Immediately before the injection,
rapamycin was diluted in a vehicle solution that contained
5% Tween 80 and 5% PEG 400 (low-molecular-weight grade
of polyethylene glycol; Sigma) and injected intraperitoneally
(i.p.; 10 mg/kg) three times per week for 1 week. A control
group of rats was injected with a vehicle solution that con-
tained 5% Tween 80, 5% PEG 400, and 4% ethanol. Protein
extraction from adult rat brains is described in detail in Sup-
plementary Information.

Proximity ligation assay and PLA-EM

Standard PLA procedures were performed as described pre-
viously [58] and detailed procedure is described in Supple-
mentary Information. For PLA-EM, Rat2 cells were grown
for 24 h and fixed for 15 min in 4% PFA with the addition
of 0.1% glutaraldehyde in PBS. The cells were then washed
three times with PBS. Afterward, cells in PBS were per-
meabilized by three cycles of freezing in liquid nitrogen,
thawed, incubated for 20 min with 1% sodium borohydride
in PBS, washed three times with PBS, incubated for 20 min
at room temperature with 3% hydrogen peroxide in PBS/
ethanol (1:1), and washed again three times in PBS. Next,
fixed and permeabilized cells were incubated for 1 h in 5%
bovine serum albumin (BSA) in PBS at room temperature.
Afterward, the cells were incubated for 48 h at 4 °C with
primary mouse anti-p150°"*® and rabbit anti-AP-2f anti-
bodies that were diluted in 0.1% donkey serum/PBS and
washed three times in PBS at room temperature. The cells
were then incubated for 60 min at 37 °C with PLA probes
(Sigma-Aldrich, catalog no. DU0O92002 and DUO92004)
and washed twice for 5 min with buffer A (Sigma-Aldrich,
catalog no. DUO82046). Ligation and amplification were
performed according to the manufacturer’s protocol using
DuoLink In Situ Detection Reagents Brightfield (Sigma-
Aldrich, catalog no. DU0O92012). After the PLA reaction,
the cells were additionally fixed with 2.5% glutaraldehyde
in PBS for 2 h at 4 °C and washed twice with PBS and once
with deionized water. Next, the cells were incubated with 3%
hexamethylenetetramine, 5% silver nitrate, and 2.5% diso-
dium tetraborate for 10 min at 60 °C, washed three times
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with water, once with 0.05% tetrachloroauric acid, once
with 2.5% sodium thiosulfate, and finally three times with
water (all at room temperature). As the last step, the cells
were postfixed with 1% osmium tetroxide for 1 h at room
temperature, washed with water, incubated in 1% aqueous
uranyl acetate for 1 h, dehydrated with increasing dilutions
of ethanol, and infiltrated with epoxy resin (Sigma-Aldrich,
catalog no. 45-359-1EA-F). After resin polymerization at
60 °C, fragments of coverslips with embedded cells were cut
out with scissors and glued to the resin blocks. The blocks
were then trimmed and cut with a Leica ultramicrotome
(Ultracut R) to obtain ultrathin Sects. (70 nm thick) and
collected on 100 mesh copper grids (Agar Scientific, cata-
log no. AGS138-1). Specimen grids were examined with a
Tecnai T12 BioT'win transmission electron microscope (FEI)
that was equipped with a 16 megapixel TemCam-F416 (R)
camera (Tietz Video and Imaging Processing Systems).

Immunofluorescence and fixed cell image
acquisition and analysis

Procedures used for immunofluorescence and fixed cell
image acquisition and analysis are described in detail in
Supplementary Information.

Live imaging of microtubule dynamics

Procedures used for live imaging and analysis of micro-
tubule dynamics are described in detail in Supplementary
Information.

Live imaging of Lamp-1-GFP objects

For the lysosomal-associated membrane protein 1 (Lamp-1)
object motility analysis, Rat2 cells were electroporated with
Lamp-1-GFP plasmid and imaged approximately 22 h later
with an Andor Revolutions XD spinning disc microscope,
with the same setup and settings as described above. Time-
lapse movies were collected over 3 min at 0.3 s intervals,
resulting in 600 frames. Movies were analyzed using the
ImageJ “TrackMate” plugin [66]. Only objects that were
visible for more than 4 consecutive frames were considered.
Objects with movement lengths shorter than 6.8 um were
considered not motile. The number of motile and non-motile
objects divided by cell area and their ratio were measured.
Other calculated values that were used for the analysis
included the following: length of the Lamp-1 object run
(Track Displacement), time during which the objects were
visible (Track Duration), and speed with which the object
moved (Track Mean Speed). For the analysis of Lamp-1-
GFP objects in the cell center and in the periphery, Lamp-1-
GFP objects were assigned manually to these compartments
based on maximum projections.

Live imaging of neurons

An Andor Revolutions XD confocal spinning disc microscope
and a Chamlide magnetic chamber were used for the in vivo
imaging of cells. Cell recording was performed at 37 °C with
5% CO, in a thermostat-controlled incubator. Series of images
were acquired at 502 501 pixel resolution, with 1 s inter-
val between frames. The total imaging time was 3 min. The
images were collected using the 63 X objective and 1 X optovar.
Neuronal processes were manually tracked with ImageJ. Based
on these tracks, kymographs were created in ImageJ with the
“Kymograph Clear” plugin [67]. By tracing lines on the kymo-
graphs, the number of particles that moved at a given time and
distance was determined, and their velocity was calculated by
determining the difference between the height of the starting
point and end point of a given particle.

Biochemical procedures

All standard biochemical procedures including protein pro-
duction, pull-down assays, immunoprecipitation, Western blot,
kinase assays and RNA isolation and Quantitative Real-Time
PCR are described in details in Supplementary Information.

Statistical analysis

The exact numbers of cells (n) that were examined for the
respective experiments and number of repetitions of each
experiment (V) are provided in the figure legends. The statis-
tical analyses were performed using GraphPad Prism 9 soft-
ware or Rstudio. The Shapiro—Wilk test was used to assess
whether the data distribution met the assumptions of a normal
distribution. For comparisons between two groups, the #-test
(in the case of a normal distribution) or Mann—Whitney test
(in the case of a non-normal distribution) was used to verify
statistical significance. For comparisons between more than
two groups, the data were analyzed using one-way analysis
of variance (ANOVA), followed by the Bonferroni multiple-
comparison post hoc test (in the case of a normal distribution)
or Kruskal-Wallis test and Dunn’s multiple-comparison post
hoc test (in the case of a non-normal distribution). For com-
parisons between two factors, the data were analyzed using
two-way ANOVA, followed by Tukey’s multiple-comparison
post hoc test. The statistical significance of qRT-PCR data was
assessed with the one-sample Student’s 7-test.
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Results

mTORC1 inhibition increases p150°""*?-AP-2p
interaction in neurons and non-neuronal cells

Recent work shows that mTOR inhibition increases the
biosynthesis of RILP and enhances its recruitment to
autophagosomes, potentiating their transport in different cell
types, including neurons [39]. This finding prompted us to
investigate whether rapamycin, an inhibitor of mTORCI,
also affects the AP-2—dynactin interaction that is responsible
for the axonal transport of amphisomes [24]. We performed
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the IP of endogenous AP-2f from brain lysates from control
rats and rats that were treated with rapamycin for 8 days.
Rapamycin treatment effectively decreased the phosphoryla-
tion of ribosomal protein S6 (P-S6) at Ser235/236, confirm-
ing efficient mTORCI inhibition, and increased the co-IP
of p150°"ed with AP-2p. We observed no noticeable differ-
ence in overall levels of p150°"d or AP-2f in corresponding
input fractions (Fig. 1A).

mTORCI1 inhibition potentiates the AP-2—dynactin inter-
action in the brain. Therefore, we next tested effects of rapa-
mycin on the AP-2p and p1509""*? interaction in axons of
hippocampal neurons, in which its functional significance
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«Fig.1 mTORCI1 inhibition increases p150"“_AP-2p interaction.
A Western blot analysis of levels of endogenous p1505'd, AP-2p,
and P-S6 (Ser235/236) and co-immunoprecipitation of endog-
enous AP-2f with p150%™ from brain lysates from rats that were
treated with rapamycin (RAPA +) or vehicle (RAPA-). INPUT, 10%
of lysate used for immunoprecipitation. Shown is a representative
example from N=3 independent experiments. B-E Dynamics of
p1509d_tdTomato and AP-2B-GFP co-transport in axons of neu-
rons that were treated for 2 h with 0.1% DMSO or 100 nM rapamycin
(RAPA). B Representative snapshots of 60 pm segment of axon and
C corresponding kymographs of p150°"_tdTomato- and AP-2p-
GFP-positive objects. See also Supplementary Fig. S1 and Mov-
ies 1-2. Scale bar=10 pm. D Number of all p150%d_tdTomato/
AP-2B-GFP objects in axons per 60 pm. The data are expressed
as the mean+SEM. N=4 independent experiments. n=15 cells
per variant. *p<0.05 (Mann—Whitney test). E Number of mobile
p1509ed_tdTomato/AP-2B-GFP-positive objects in axons per 60 pm.
The data are expressed as the mean + SEM. N=4 independent experi-
ments. n=15 cells per variant. ns nonsignificant (Mann—Whitney
test). F Western blot analysis of levels of endogenous p150S™ed,
AP-2p, and P-S6 (Ser235/236) and co-immunoprecipitation of endog-
enous pl150°d with AP-2p from HEK293T cells that were treated
for 2 h with 0.1% DMSO (RAPA-) or 100 nM rapamycin (RAPA +).
Input, 10% of lysate used for immunoprecipitation. Shown is a rep-
resentative example from N=5 independent experiments. G Rep-
resentative images of Rat2 fibroblasts that were treated for 2 h with
0.1% DMSO or 100 nM rapamycin (RAPA) with p150SMd_AP-2p
PLA signals (magenta), immunofluorescently labeled tubulin (green),
and DAPI-stained nuclei (blue). Scale bar=10 pm. H Quantifica-
tion of the number of p150™°®_AP-28 PLA puncta in cells that were
treated as in G. The data are expressed as the mean number of PLA
puncta per cell, normalized to the control variant (DMSO)+SEM.
N=5 independent experiments. n=201 cells for each experimental
variant. ***p <0.001 (Student’s r-test). (I) Representative images of
Rat?2 fibroblasts that were treated for 2 h with 0.1% DMSO or 100 nM
AZD-8055 with p150°"™9-AP-2p PLA signals (magenta), immuno-
fluorescently labeled tubulin (green), and DAPI-stained nuclei (blue).
Scale bar=10 pm. J Quantification of the number of p1505"**!_AP-2p
PLA puncta in cells that were treated as in 1. The data are expressed
as the mean number of PLA puncta per cell, normalized to the control
variant (DMSO) + SEM. N=5 independent experiments. n=211 cells
(DMSO), 188 cells (AZD-8055). *p <0.05 (Student’s t-test)

was demonstrated [24]. However, in view of the above-
mentioned studies on mTOR-dependent RILP recruitment
to autophagosomes performed on week-old neurons in cul-
ture [39] we decided to use less mature cells than in our
previous work on the interaction of AP-2p and p150°™ed,
Of note, however, is that in such young neurons axonal and
synaptic developmental processes are very active [62], while
in DIV 14 neurons, used by Kononenko et al. [24] these pro-
cesses are already completed and transport was studied in
more mature axons, which already formed synapses. There-
fore, it should be kept in mind that results presented below
cannot be directly compared to our previous work. We
transfected neurons that were cultured in vitro (DIV5) with
plasmids that encoded tdTomato-tagged p150©*d and green
fluorescent protein (GFP)-tagged AP-2p. Two days later,
we imaged the behavior of fluorescently tagged proteins in
axons in DMSO-treated (control) cells and cells that were
treated with 100 nM rapamycin for 2 h (Fig. I1B-E, Movie

1-4, Fig. S1A [Supplementary Figures in Supplementary
Information]). Similar to brain tissues, rapamycin decreased
P-S6 levels (Fig. S1B, C). At the same time total S6 lev-
els remained unchanged (Fig. S1D, E). We also observed
a significant increase in the number of p1509"¢_AP-2p-
positive objects (Fig. 1D), suggesting that mTORCI inhibi-
tion boosted the p150€!“*“_AP-2p interaction in neurons, but
these objects were largely immobile. The difference between
fractions of mobile AP-2p/p150%"*_positive objects was
also statistically nonsignificant under the tested condi-
tions (Fig. 1E). To further test whether mMTORCI1 inhibition
would similarly affect the behavior of cargo transported by
p15061d_AP_28, we checked whether the colocalization of
TrkB with AP-2p also changes after rapamycin treatment.
To this end, we repeated the experiment as described above,
but this time using neurons cotransfected with plasmids
encoding TrkB-GFP and mCherry-AP-2p. In the rapamycin-
treated neurons, the number of TrkB/AP-2p positive objects
in the axons indeed increased, but the observed difference
did not reach statistical significance (Fig. SIF-I, Movies
5-8). However, these results confirm that TrkB coexists with
the AP2 complex in axons as in mature neurons [24]. In
summary, we concluded that mTORC1 inhibition in neu-
rons enhanced the p150€!“*“_AP-2p interaction in axons and
that this carrier likely also transports TrkB as previously
described [24].

We next investigated whether mTORCT1 inhibition has a
similar effect on the co-occurrence of p150°!“*d and AP-2p
in non-neuronal cells using HEK293T and Rat2 cell lines.
HEK?293T cells were selected because they are frequently
used for biochemical experiments that require large amounts
of material. On the other hand, Rat2 cells were used because
they originate from the same species as our neurons to
avoid potential species-specific differences in molecular
mechanisms. Furthermore, Rat2 cells are not cancer cells,
which in our opinion makes them suitable for the study of
physiological mechanisms. Under basal culture conditions,
there was some evidence of an AP-2—dynactin interaction,
demonstrated by IP (HEK293T), immunofluorescence co-
localization (Rat2), and the PLA (Rat2; Fig. 1F-J; Fig. S2).
The treatment of HEK293T cells with 100 nM rapamycin
for 2 h decreased P-S6 levels and increased AP-2p—p15061ued
co-IP (Fig. 1F). In Rat2 cells, rapamycin decreased S6 phos-
phorylation without changing abundance of S6 (Fig. S2A-C)
and enhanced the p150%""*'_AP-2p interaction, measured
by immunofluorescence signal co-localization analysis
and PLA using antibodies against endogenous proteins
(Figs. 1G, H, S2D-I). Co-localization analysis showed rel-
atively low co-localization under basal conditions and an
increase in rapamycin-treated cells (Fig. S2D-H). The PLA
results additionally confirmed the biochemical and immu-
nofluorescence evidence that is described above (Figs. 1G,
H, S2I). AZD-8055, an ATP-competitive inhibitor of mTOR
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«Fig.2 AP-2f interaction with p150% is indirect and requires
intact dynactin-dynein complex. A Diagram of the full p150¢Med
and N, C, and C2 fragments that were used in the study. B Western
blot analysis of E. coli-produced His-AP-2f-ear binding to in vivo
biotinylated AviHA-tagged p150¢¢ N or C fragments or AviGFP-
tagged p1509™°d or AviGFP-tagged B-galactosidase that was pulled
down from HEK293T cells using Avi-tag pull down. Input, 10%
of lysate added to the assay. Shown is a representative example
from N=3 independent experiments. C Western blot analysis of
E. coli-produced His-AP-2f-ear binding to in vivo biotinylated
AviHA-tagged p150%"® C or C2 fragments or AviGFP-tagged
p150°1d or AviGFP-tagged p-galactosidase that was pulled down
from HEK293T cells using Avi-tag pull down. Input, 10% of lysate
added to the assay. Shown is a representative example from N=2
independent experiments. D, E Western blot analysis of pull down
of E. coli-purified recombinant GST- p150°d C, GST- p150©1ued
C2, GST-Epsl5, or GST (negative control) with recombinant His-
AP-2p ear. Shown is a representative example from N=2 independ-
ent experiments. F Western blot analysis of endogenous p62 and
Arpl binding to in vivo biotinylated AviHA-tagged p150%"! N or
C2 fragments or full AviGFP-tagged p150°™°® or AviGFP-tagged
B-galactosidase that was pulled down from HEK293T cells using
Avi-tag pull down. Shown is a representative example from N=3
independent experiments. G Western blot analysis of the co-immu-
noprecipitation of endogenous p150™d with other subunits of dyn-
actin-dynein complex (DIC1/2, p62, and Arpl) from HEK293T cells
that were transfected with pEGFPC1 or pEGFPCI1-p50 plasmids.
Shown is a representative example from N=3 independent experi-
ments. H Representative images of Rat2 fibroblasts that were trans-
fected with pEGFPC1 or pEGFPC1-p50 (green) and treated for 2 h
with 0.1% DMSO or 100 nM rapamycin (RAPA) with p150©ted_
AP-2p PLA signals (magenta) and DAPI-stained nuclei (blue). Scale
bar=10 pm. I Quantification of the number of p150°""**_AP-2p PLA
puncta in cells that were treated as in H. The data are expressed as
the mean number of PLA puncta per cell, normalized to the con-
trol variant (GFP+DMSO)+SEM. N=4 independent experiments.
n=96 cells (GFP+DMSO), 81 cells (GFP+RAPA), 91 cells (GFP-
p50+DMSO), 92 cells (GFP-p50+RAPA). *#p <0.01, **¥%p <0.001,
ns, nonsignificant (two-way ANOVA followed by Tukey’s multiple-
comparison post hoc test)

(2 h, 100 nM), also effectively decreased P-S6 immunofluo-
rescence (Fig. S2A—C) and increased the p150°"*\_AP-2p
PLA signal in Rat2 cells (Fig. 11, J), supporting our hypoth-
esis that mTOR inhibition enhances the studied interaction.
The best-known function of mTORCI is the positive
regulation of protein synthesis. Therefore, we treated Rat2
cells for 2 h with cycloheximide (CHX) (35 uM), a widely
used protein synthesis inhibitor, to test whether the increase
in the PLA signal was attributable to a decrease in transla-
tion. However, we did not detect a significant difference in
the PLA signal in CHX-treated cells compared with control
cells (Fig. S3). Overall, our results suggest that mTORC1
inhibition enhances the interaction between p150%1°d and
AP-2f in different cell types but not because of the canonical
function of mMTORCT as a translational enhancer.
Excluding the possibility that protein synthesis inhibition
was a main driver of an increase in the p150°"*¢_AP-2p
interaction prompted us to test whether p150°"*® or AP-2p
are substrates of mTOR. In vitro kinase assays, using

GFP-AP-2p or GFP-p1509"*d and the mTOR active frag-
ment, excluded such a possibility (Fig. S4A). Furthermore,
inspection of the available datasets of mTOR-dependent
phosphoproteomes ([e.g., 68, 69]) did not support the
mTOR-dependent phosphorylation of other dynactin or
AP-2 subunits. mTOR inhibition in HEK293T cells also did
not affect the connection between the dynactin sidearm and
its Arpl rod, indicated by the lack of differences in the co-IP
of p150%"*d with p62 and Arp1 between analyzed conditions
(Fig. S4B). Thus, we concluded that the observed effects
of mTORCI inhibition on the p150¢"*d_AP-2 interaction
were not driven by direct actions of mTOR on the dynactin
complex or AP-2f.

p150%"“ed interaction with AP-2 is indirect
and requires dynactin integrity

Our previous study [24] and the data described above
show that AP-2 and p1509"¢d can form a complex, but
further characterization is needed. Therefore, in the fol-
lowing experiments, we first focused on the biochemi-
cal characterization of this interaction. Using an Avi-tag
pull-down assay, we previously demonstrated that full-
length p150°¢d that is produced in HEK293T cells can
effectively bind the E. coli-produced P2 ear of AP-2p
[24]. Therefore, we used this system to characterize the
p15061ed_p2_ear interaction further and clarified which
p150€d domains are required. We first compared the
ability of the N-terminal (1-490 aa; N) and C-terminal
(490-end; C) parts of p150%"d and the full-length pro-
tein (Fig. 2A) that is produced in HEK293T cells to bind
the His-tagged B2 ear. The C-terminal part of p150©™ed
was as effective as the full-length protein, whereas its
N-terminus did not bind the AP-2 fragment, exactly
like B-galactosidase that served as the negative control
(Fig. 2B). Moreover, a shorter fragment of the C-terminus
(1049-end; C2; Fig. 2A), which is known for its contri-
bution to the dynactin interaction with cargo adaptors
[13, 70, 71], also bound the B2 ear (Fig. 2C). Notably,
however, the newest structural and biochemical data raise
the issue of whether the C-terminus of p1509"“¢? binds
cargo adaptors directly [10, 11]. Indeed, when both C-ter-
minal fragments of p1509"" were produced in E. coli,
no interaction with the AP-2f fragment was observed
(Fig. 2D, E). But, the B2 ear interacted with Eps15 pro-
tein (541-790 aa fragment fused to GST; [63, 72]), which
was used as a positive control. The most C-terminal part
of p15091¢d is known for its role in connecting the dyn-
actin sidearm with the Arp-1 rod that binds cargo [73].
Indeed, Western blot indicated that during the p150¢!ed
Avi-tag pull-down, regardless of the harsh washing con-
ditions, the dynactin Arpl-rod proteins (Arpl and p62)
also co-purified from HEK293T cells (Fig. 2F). This
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suggests that intact dynactin might be involved in forma-
tion of the multi-protein complex that contains p15061u¢d
and AP-2f. Indeed, overexpression of the p50 subunit of
dynactin, which is routinely used to disrupt dynactin com-
plex integrity by dissociation of the sidearm and Arpl
rod [74, 75]; Fig. 2G), completely blocked the rapamycin-
driven increase in the p150%""*d-AP-2p PLA signal in Rat2
cells (Fig. 2H, I). Thus, although p150%""*d and AP-2 are
unlikely to bind each other directly, their interaction (evi-
dent upon mTORCI inhibition) requires the C-terminus
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of p1509"¢d and an undisturbed interaction between the
dynactin sidearm and Arp-1 rod.

CLIP-170 is needed for p150°"“®*—AP-2 interaction

p150Glued is a+ TIP. Therefore, we tested whether the
p15061ed_AP-28 interaction requires its ability to target
dynamic microtubules. p150°"*d microtubule plus-end tar-
geting requires the presence of CLIP-170, which is also an
mTOR substrate [17, 18, 58]. Thus, we tested whether CLIP-
170 knockdown impacts the p150"*_AP-2p interaction.
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«Fig.3 CLIP-170 but not microtubule dynamics is needed for
p1506°_AP-2p interaction. A Western blot analysis of endog-
enous CLIP-170, p150°ed AP-2B, S6, and P-S6 (Ser235/236) lev-
els and co-immunoprecipitation of endogenous AP-2p with p150©ed
in HEK293T cells that were transfected with control siRNA (siCtrl)
or siRNA against human CLIP-170 (siCLIP-170) and treated for
2 h with 0.1% DMSO or 100 nM rapamycin (RAPA). Input, 10%
of lysate added for immunoprecipitation. Shown is a representative
example from N=3 independent experiments. B Western blot analy-
sis of endogenous CLIP-170 and CLIP-115 levels in non-transfected
(NT) Rat2 cells or Rat2 cells that were transfected with siCtrl or rat
siCLIP-170. C Representative images of Rat2 cells that were trans-
fected with siCtrl or rat siCLIP-170, with immunofluorescently
labeled endogenous CLIP-170 (green) and nucleus stained with
Hoechst 33258 (blue). Scale bar=10 pm. D Quantitative analysis
of CLIP-170 immunofluorescence in Rat2 cells that were treated as
in C. The results are presented as the average intensity of CLIP-170
immunofluorescence in the cell+SEM. N=35 independent experi-
ments. **p<0.01 (Student’s t-test). E Representative images of
Rat2 fibroblasts that were transfected with siCtrl or rat siCLIP-170,
and treated for 2 h with 0.1% DMSO or 100 nM rapamycin (RAPA),
with pl150°¢_AP-23 PLA signals (magenta), immunofluores-
cently labeled tubulin (green), and DAPI-stained nuclei (blue). Scale
bar=10 pm. F Quantification of the number of p150°""*?_AP-2p PLA
puncta in cells that were treated as in E. The data are expressed as
the mean number of PLA puncta per cell, normalized to the control
variant (siCtrl+ DMSO)+SEM. N=4 independent experiments.
n=149 cells (siCtrl+ DMSO), 130 cells (siCtrl+RAPA), 161 cells
(siCLIP-170+DMSO), 142 cells (siCLIP-170+RAPA). *#p<0.01,
ns, nonsignificant (two-way ANOVA followed by Tukey’s multiple-
comparison post hoc test). G Representative images of Rat2 fibro-
blasts with p1505""®¢_AP-28 PLA signals (magenta), immunofluores-
cently labeled tubulin (green), and DAPI-stained nuclei (blue). Cells
were treated for 2 h with 0.1% DMSO or 100 nM rapamycin (RAPA)
or treated for 2 h 15 min with 100 nM nocodazole alone or in combi-
nation with 100 nM rapamycin that was added 15 min after nocoda-
zole (PRIOR nocodazole + RAPA). Scale bar=10 pm. H Quantifica-
tion of the number of p150¢"*_AP-2f PLA puncta in cells that were
treated as in G. The data are expressed as the mean number of PLA
puncta per cell, normalized to the control variant (DMSO)+SEM.
N=3 independent experiments. n=126 cells (DMSO), 125 cells
(RAPA), 133 cells (nocodazole), 139 cells (PRIOR nocoda-
zole+RAPA). *p<0.05, **p<0.01, ns, nonsignificant (one-way
ANOVA followed by Bonferroni multiple-comparison post hoc
test). I Representative images of Rat2 fibroblasts with p150CMued—
AP-2p PLA signals (magenta), immunofluorescently labeled tubu-
lin (green), and DAPI-stained nuclei (blue). Cells were treated for
2 h with 0.1% DMSO or 100 nM rapamycin (RAPA) or treated for
1 h with 100 nM nocodazole alone or added in the middle of 2 h of
100 nM rapamycin incubation (RAPA+POST nocodazole). Scale
bar=10 pm. J Quantification of the number of p150°™"*_AP-2p PLA
puncta in cells that were treated as in I. The data are expressed as
the mean number of PLA puncta per cell, normalized to the control
variant (DMSO)+SEM. N=3 independent experiments. n=128
cells (DMSO), 118 cells (RAPA), 136 cells (nocodazole), 121 cells
(RAPA +POST nocodazole). **p <0.01, ***p <0.001, ns, nonsignif-
icant (one-way ANOVA followed by Bonferroni multiple-comparison
post hoc test)

We knocked down CLIP-170 in Rat2 and HEK293T cells
using rat- and human-specific siRNAs, respectively,
and performed the PLA and IP 72 h later. Both siRNAs
against CLIP-170 effectively reduced CLIP-170 levels
compared with cells that were transfected with control

siRNAs (Fig. 3A-D). The loss of CLIP-170 also potently
prevented the rapamycin-induced p150°"*¢_AP-2p interac-
tion (Fig. 3A, E, F). Notably, CLIP-170 knockdown did not
affect the overall distribution of AP-2f in either control or
rapamycin-treated cells (Fig. S5A).

CLIP-170 knockdown may result, in addition to p1506ed
displacement, in substantial changes in microtubule dynam-
ics, especially in cells that do not express CLIP-115 [17].
CLIP-115 is highly homologous to CLIP-170 but its
C-terminus is shorter and lacks some residues potentially
responsible for binding metal ions [65, 76]. Nevertheless,
CLIP-170 and CLIP-115 shares several microtubule-related
functions [65]. Although Rat2 cells express both CLIPs
and our siRNAs did not target CLIP-115 (Fig. 3B), we
directly tested effects of CLIP-170 knockdown on micro-
tubule dynamics and the role of microtubule dynamics in
the AP-2—dynactin interaction. Indeed, CLIP-170 knock-
down had no effect on EB3-GFP mobility that highlights
dynamic plus ends of microtubules (Fig. SSB-F, Movies
9-10). Next, we performed a p150°""**_AP-2f PLA in Rat2
cells that were treated with 100 nM nocodazole that was
added either 15 min before or 1 h after rapamycin treat-
ment. At such low concentrations, nocodazole blocks
plus-end microtubule dynamics instead of depolymerizing
microtubules [59]. Indeed, 1 h of the nocodazole treatment
of Rat2 cells resulted in the loss of EB3-GFP and CLIP-170
comets, confirming the inhibition of microtubule dynamics
(Fig. S6, Movies 11-14). Such treatment did not affect the
p1506d_AP_28 PLA signal under basal conditions or in
response to rapamycin treatment (Fig. 3G-J). In contrast to
nocodazole, rapamycin treatment did not affect EB3-GFP
microtubule plus-end tracking behavior (Fig. S7TA-D, Movie
15, 16). Notably, rapamycin did not change the plus-end
tracking behavior of CLIP-170-GFP that was overexpressed
in Rat2 cells (Fig. STE-H, Movie 17, 18). This observation
is consistent with our previous data on the lack of effect of
rapamycin on endogenous CLIP-170 microtubule binding in
neurons and Hel a cells [58].

Overall, the data suggest that microtubule dynamics, at least
in the short term, is not needed for the p150°"**_AP-2p inter-
action. Low-dose nocodazole treatment should also result in
p1506¢d displacement from dynamic microtubule plus ends,
like CLIP-170, but we did not observe any impact of nocoda-
zole on p1509M°_AP-2p complex formation. Thus, p150°1ed
displacement from microtubules unlikely explains the effects
of CLIP-170 knockdown on the p150°"*_AP-2p PLA interac-
tion. We confirmed this hypothesis using a dominant-negative
CLIP-170 mutant that lacked the N-terminal part of the pro-
tein and was previously shown to severely affect microtubule
dynamics and displace p150°"**? from microtubule plus ends
[60]. The 48 h overexpression of this protein in Rat2 cells
did not prevent p150€"*“_AP-2p interaction measured with
PLA in the rapamycin-treated cells (Fig. S8). In summary,
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SBI-0206965

a-tubulin

CLIP-170 is needed for the p1 SOGI“ed—AP—Zﬁ interaction, but
two of its canonical functions (i.e., the regulation of micro-
tubule dynamics and targeting p150%""*d to microtubule plus
ends) do not appear to be directly or immediately involved.

mTORC1-dependent autophagy triggers p1506!'ed—
AP-2p interaction

Like mTOR, AP-2 was postulated to be essential for
autophagy initiation [25]. Thus, we investigated whether
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mTORCI1-controlled autophagy under the conditions that
were used in the present study is induced and required for
the rapamycin-driven p150""*\_AP-2p interaction. Treat-
ment with rapamycin decreased P-S6 level, demonstrating
mTORCI inhibition and resulting in an increase in beclin-1
phosphorylation at Ser30, which is an Ulk-1 target and con-
sidered an early marker of autophagy (Fig. S9A). Further-
more, after 2 h, rapamycin also increased the ratio of the
lipidated form of LC3 (LC3B II) to non-lipidated LC3B
I, which is routinely used to assess autophagy (Fig. S9A,
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«Fig. 4 Autophagy induction upon mTORCI inhibition is needed for
p1506M°_AP-28 interaction. A Western blot analysis of endogenous
p15061ed  AP-2p, S6, and P-S6 (Ser235/236) levels and co-immu-
noprecipitation of endogenous AP-2p with p150°"¢ in HEK293T
cells that were treated with 0.1% DMSO for 2 h, 100 nM rapamycin
(RAPA) for 2 h, 25 pM SBI-0206965 for 2 h 30 min, or 25 pM SBI-
0206965 for 30 min and 100 nM rapamycin for 2 h (RAPA 4+ SBI-
0206965). Input, 10% of lysate used for immunoprecipitation.
Shown is a representative example from N=2 independent experi-
ments. B Results of quantitative analysis of co-immunoprecipita-
tion of experiments performed is as in A. C Representative images
of Rat2 fibroblasts with p150°"_AP-28 PLA signals (magenta),
immunofluorescently labeled tubulin (green), and DAPI-stained
nuclei (blue). Cells were treated with 0.1% DMSO for 2 h, 100 nM
rapamycin (RAPA) for 2 h, 25 pM SBI-0206965 for 2 h 30 min,
or 25 pM SBI-0206965 for 30 min and 100 nM rapamycin for 2 h
(RAPA + SBI-0206965). Scale bar=10 pm. D Quantification of the
number of p150°™4-AP-2p PLA puncta in cells that were treated as
in B. The data are expressed as the mean number of PLA puncta per
cell, normalized to the control variant (DMSO)+SEM. N=5 inde-
pendent experiments. n=184 cells (DMSO), 189 cells (RAPA), 169
cells (SBI-0206965), 174 cells (RAPA+ SBI-0206965). *p<0.05,
ns, nonsignificant (one-way ANOVA followed by Bonferroni mul-
tiple-comparison post hoc test). E Representative images of Rat2
fibroblasts that were transfected with siCtrl or rat siAtg5 for 72 h and
then treated for 2 h with 0.1% DMSO or 100 nM rapamycin (RAPA),
with PLA pl1509"9_AP-2p signals (magenta), immunofluores-
cently labeled tubulin (green), and DAPI-stained nuclei (blue). Scale
bar=10 pm. F Quantification of the number of p150°""*_AP-2p PLA
puncta in cells that were treated as in D. The data are expressed as
the mean number of PLA puncta per cell, normalized to the con-
trol variant (siCtrl+DMSO)+SEM. N=4 independent experi-
ments. n=199 cells (siCtrl + DMSO), 178 cells (siCtrl+ RAPA), 195
cells (siAtg5 +DMSO), 211 cells (siAtg5+RAPA). ***p<0.001,
**p <0.01, ns, nonsignificant (two-way ANOVA followed by Tukey’s
multiple-comparison post hoc test)

B). Furthermore, rapamycin also increased the formation
of large LC3B foci, further confirming autophagy induc-
tion (Fig. S9C). To verify whether autophagy induction is
required for the mTORC1 inhibition-driven AP-2—dynactin
interaction, we investigated whether pretreatment with the
autophagy initiation inhibitor SBI-0206965 (25 pM; 30 min
before rapamycin administration) counteracts the effects of
rapamycin. As expected, pretreatment with SBI-0206965
was sufficient to decrease rapamycin-induced beclin-1 phos-
phorylation at Ser30, LC3 lipidation, and the formation of
endogenous large LC3 foci (Fig. SOA-C). Notably, blocking
autophagy initiation completely abolished the rapamycin-
induced increase in the AP-2p- p1509"? interaction, meas-
ured by IP and the PLA in HEK293T and Rat2 cells, respec-
tively (Figs. 4A-D, S9D). To further confirm that early
steps of autophagy are required for the rapamycin-induced
interaction of AP-2p and p150°"%, we tested whether the
knockdown of Atg5, a key protein for this process, exerts an
identical effect as SBI-0206965. Rat2 cells were transfected
with siAtg5 and siCtrl for 72 h. Western blot showed that
siAtg5 effectively reduced Atg5 levels in transfected cells
compared with the control and simultaneously inhibited the

autophagy process, indicated by a decrease in the LC3B II/
LC3B I ratio (Fig. SOE-G). The silencing of Atg5 also effec-
tively counteracted the rapamycin-induced increase in the
p150C1ued_AP-28 PLA signal (Fig. 4E, F). Thus, the induc-
tion of autophagy is needed for p150!"*d_AP-2 protein
complex formation upon mTORCI inhibition.

Autophagy initiation is sufficient for p150°""*?-Ap-2p
interaction

Our results above show that the initiation of autophagy
is essential for effects of mTORCI1 inhibition on
p15061d_AP-2B complex formation. However, a key issue is
whether autophagy initiation, even when mTORCI is active,
is sufficient to induce a similar effect. To investigate this pos-
sibility, we treated Rat2 cells with L-690330, an inhibitor of
inositol monophosphatase and mTOR-independent activator
of autophagy [77], and performed an p1509"**‘_AP-2f PLA.
After 3 h of L-690330 (100 pM) treatment, autophagy levels
increased, indicated by the LC3B II/LC3B I ratio and forma-
tion of large LC3B foci, whereas the level of phosphorylated
S6 at Ser235/236 did not decrease as expected (Fig. SA-C).
This treatment also increased the p150%1"*“_AP-28 PLA
signal similarly to rapamycin treatment (Fig. 5D, E). Alto-
gether, our results show that autophagy induction alone
is sufficient to induce AP-2—dynactin complex formation.
Additionally, as in the case of rapamycin treatment, CLIP-
170 knockdown blocked the L-690330-induced increase in
the p15091"d_AP-2p interaction (Fig. SF—H). This observa-
tion suggests potential novel autophagy-related activities of
CLIP-170. Thus, we tested whether CLIP-170 knockdown
affects autophagy that is induced by rapamycin or L-690330.
The loss of CLIP-170 prevented the increase in the LC3B
II/LC3B I ratio and LC3 foci formation that were caused by
both autophagy inducers (Fig. 5I-K). These findings suggest
that the dynactin interaction with the AP-2 adaptor complex
requires autophagy initiation, which depends on the presence
of CLIP-170.

ABMA and chloroquine prevent rapamycin-induced
p150°"¢d_Ap-2B interaction

Based on the data that were obtained, the initiation of
autophagy appears to play a key role in the p150°""*4_AP-2p-
protein interaction, but unknown is whether undisturbed
autophagic flux is also required. Therefore, we treated
cells with rapamycin in the presence of chloroquine (CQ)
and ABMA, two compounds that affect this process via
different mechanisms [78, 79]. ABMA stimulates the for-
mation of amphisomes, which however are unable to fuse
with lysosomes to finish the autophagy [71]. Chloroquine
appears to have pleiotropic effects that include direct block-
ade of the fusion of autophagosomes with lysosomes by
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«Fig.5 p1509"°_AP-2p interaction is induced by autophagy even
when mTOR activity is preserved. A Western blot analysis of endog-
enous actin, LC3B 1, LC3B 1II, P-S6 (Ser235/236), and S6 levels in
Rat?2 fibroblasts that were treated for 3 h with 0.1% DMSO or 100 pM
L-690330. Shown is a representative example from N=3 independent
experiments. B Densitometry analysis of normalized LC3B II/LCB 1
ratio in Rat2 cells that were treated as in A. The data are presented
as mean of the normalized ratio of LC3B II to LC3B I levels + SEM.
N=3 independent experiments. *p <0.05 (one-tailed Mann—Whitney
test). C Representative images of Rat2 cells that were treated for 3 h
with 0.1% DMSO or 100 pM L-690330 with immunofluorescently
labeled endogenous LC3B (green) and nuclei stained with Hoechst
33,258 (blue). Scale bar=10 um. D Representative images of Rat2
fibroblasts that were treated for 3 h with 0.1% DMSO or 100 pM
L-690330 with p150°"™4_AP-2p PLA signals (magenta), immuno-
fluorescently labeled tubulin (green), and DAPI-stained nuclei (blue).
Scale bar=10 pm. E Quantification of the number of pl1509ed_
AP-2p PLA puncta in cells that were treated as in D. The data are
expressed as the mean number of PLA puncta per cell, normalized to
the control variant (DMSO)+SEM. N=5 independent experiments.
n=200 cells (DMSO), 181 cells (L-690330). **p<0.01 (Student’s
t-test). F Western blot analysis of endogenous CLIP-170, p15051ed,
and AP-2p levels and co-immunoprecipitation of endogenous AP-2f3
with p1509"°d in HEK293T cells that were transfected with control
siRNA (siCtrl) or siRNA against human CLIP-170 (siCLIP-170)
and treated for 3 h with 0.1% DMSO or 100 pM L-69330. Input,
10% of lysate used for immunoprecipitation. Shown is a representa-
tive example from N=2 independent experiments. G Representa-
tive images of Rat2 fibroblasts that were transfected with siCtrl
or rat siCLIP-170 and treated for 3 h with 0.1% DMSO or 100 pM
L-690330 with PLA p150%M¢4_AP-2p signals (magenta), immuno-
fluorescently labeled tubulin (green), and DAPI-stained nuclei (blue).
Scale bar=10 pm. H Quantification of the number of p1509™ed_
AP-28 PLA puncta in cells that were treated as in G. The data are
expressed as the mean number of PLA puncta per cell, normalized to
the control variant (siCtrl+ DMSO) + SEM. N=4 independent exper-
iments. n=167 cells (siCtrl + DMSO), 163 cells (siCtrl +L-690330),
146 cells (siCLIP-170+DMSO), 164 cells (siCLIP-170+L-690330).
*##p <0.01, ns, nonsignificant (two-way ANOVA followed by Tukey’s
multiple-comparison post hoc test). I Western blot analysis of endog-
enous CLIP-170, P-S6 (Ser235/236), S6, tubulin, LC3B I, and LC3B
II levels in Rat2 fibroblasts that were transfected with siCtrl or rat
siCLIP-170 and treated for 2 h with 0.1% DMSO or 100 nM rapa-
mycin (RAPA) or treated for 3 h with 100 pM L-690330. Shown is a
representative example from N=6 independent experiments. J Den-
sitometry analysis of normalized LC3B II/LCB I ratio in Rat2 cells
that were treated as in 1. The data are presented as mean of the nor-
malized ratio of LC3B II to LC3B I levels + SEM. N=6 independent
experiments. *p <0.05, **p<0.01, ***p<0.001, ns, nonsignificant
(two-way ANOVA followed by Tukey’s multiple-comparison post
hoc test). K Representative images of Rat2 cells that were transfected
with siCtrl or rat siCLIP-170 and treated for 2 h with 0.1% DMSO or
100 nM rapamycin (RAPA) or treated for 3 h with 100 pM L-690330
with immunofluorescently labeled endogenous LC3B (green) and
nuclei stained with Hoechst 33258 (blue). Scale bar=10 pym

preventing the recruitment of SNAP29 to the fusion site,
slowing the acidification of lysosomes or disturbing endo-
somal flow [79, 80]. Rat2 cells were treated with rapamy-
cin in the presence of ABMA (60 uM) or CQ (50 uM) for
2 h. Cells that were treated with DMSO, ABMA, or CQ
alone served as controls. Although fluorescence analysis did
not show a profound enhancement of LC3B protein cluster

formation after treatment with ABMA (Fig. S10A), Western
blot confirmed that it increased the LC3B II/LC3B I ratio
as expected (Fig. S10B, C) [78]. Treatment with CQ also
resulted in autophagic flux inhibition as described previ-
ously (Fig. S10D-F) [79]. Both ABMA and CQ blocked
the increase in the p150%""*“_AP-2p PLA signal that was
caused by rapamycin (Fig. 6A-D). ABMA and CQ prevent
the fusion of autolysosome-preceding compartments with
lysosomes but may also have additional effects on the endo-
membrane system. Therefore, we tested whether the knock-
down of SNAP29, which plays a key role in autophago-
some-lysosome fusion [81], affects the rapamycin-induced
p150619¢d_AP-2p interaction. Rat2 cells were transfected
with control siRNA or siRNA against Snap29 (siSnap29) for
72 h. The gRT-PCR analysis of RNA that were isolated from
siRNA-transfected cells showed a significant decrease in
Snap29 mRNA levels compared with controls (Fig. S10G).
Additionally, immunofluorescent staining and Western
blot analysis showed an increase in p62/SQSTMI1 protein
(Fig. S10H-J), which is expected to accumulate in the cell
in the absence of Snap29 and with autophagosome-lysosome
fusion inhibition. However, Snap29 knockdown did not pre-
vent the enhancement of the p150°"*‘_AP-2p PLA signal
by rapamycin (Fig. 6E, F). Thus, we concluded that both
ABMA and CQ effectively prevented the rapamycin-induced
p1506Me_AP-2p interaction, but SNAP29-dependent fusion
unexpectedly did not appear to be required.

Because CQ can alkalize the lysosome environment [80]
and because ABMA was not tested for it in Rat2 cells, we
used lysotracker staining to investigate effects of rapamycin,
CQ, ABMA, and their combination on lysosomal acidification
in our experimental model. As a control, we treated cells for
2 h with the vATPase inhibitor Baf A1. Two hours of treat-
ment with rapamycin significantly increased the intensity of
lysotracker staining and the number of positive lysotracker
structures (Fig. S11). In contrast, both ABMA and CQ alone
and in the presence of rapamycin significantly decreased both
parameters (Fig. S11). However, effects of CQ and ABMA
were different. Chloroquine had a stronger effect that was com-
parable to treatment with Baf A1, while influence of ABMA
was much milder (Fig. S11). Thus, we concluded that although
autophagosome fusion with the endolysosomal pathway did
not affect the p150%"*_AP-2p interaction, ABMA and CQ
might affect it, leading to improper lysosome acidification or
disruption of the endolysosomal pathway as previously shown
[78,79]. To test the hypothesis that the correct pH in the cell is
necessary for the rapamycin-induced interaction of p150°1*4
and AP-2p, we repeated the experiment, this time treat-
ing the cells with 20 mM NH,(CI to alkalize the cells before
administering rapamycin and running PLA (Fig. 6G, H). As
in the previous experiments, rapamycin caused an increase
in p15061*d_AP-28 PLA. At the same time, administration
of NH,CI under basal conditions had no significant effect on
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«Fig.6 ABMA and chloroquine prevent rapamycin-induced
p1506M°_AP-2p interaction. A Representative images of Rat2 fibro-
blasts that were treated for 2 h with 0.1% DMSO, 100 nM rapamy-
cin (RAPA), 60 pM ABMA (ABMA), or 60 pM ABMA and 100 nM
rapamycin (ABMA+RAPA) with pl150%"_AP-2B PLA signals
(magenta), immunofluorescently labeled tubulin (green), and DAPI-
stained nuclei (blue Scale bar=10 pm. B Quantification of the num-
ber of p1505"*_AP-28 PLA puncta in cells that were treated as in
A. The data are expressed as the mean number of PLA puncta per
cell, normalized to the control variant (DMSO)+SEM. N=4 inde-
pendent experiments. n= 140 cells (DMSO), 144 cells (RAPA), 148
cells (ABMA), 134 cells (ABMA +RAPA). *p <0.05, ns nonsignifi-
cant (one-way ANOVA followed by Bonferroni multiple-comparison
post hoc test). C Representative images of Rat2 fibroblasts that were
treated for 2 h with 0.1% DMSO, 100 nM rapamycin (RAPA), 50 pM
chloroquine (CQ), or 50 pM chloroquine and 100 nM rapamycin for
2 h (CQ+RAPA) with PLA p150°M_AP-28 signals (magenta),
immunofluorescently labeled tubulin (green), and DAPI-stained
nuclei (blue). Scale bar=10 pm. D Quantification of the number of
p1506°_AP-28 PLA puncta in cells that were treated as in C. The
data are expressed as the mean number of PLA puncta per cell, nor-
malized to the control variant (DMSO)+SEM. N=3 independent
experiments. n=142 cells (DMSO), 143 cells (RAPA), 135 cells
(CQ), 154 cells (CQ+RAPA). **p<0.01, ns nonsignificant (one-way
ANOVA followed by Bonferroni multiple-comparison post hoc test).
E Representative images of Rat2 fibroblasts that were transfected
with siCtrl or rat siSnap29 for 72 h and then treated for 2 h with 0.1%
DMSO or 100 nM rapamycin (RAPA), with p150%"\_AP-2p PLA
signals (magenta), immunofluorescently labeled tubulin (green), and
DAPI-stained nuclei (blue). Scale bar=10 pm. F Quantification of
the number of p150%"*\_AP-2p PLA puncta in cells that were treated
as in E. The data are expressed as the mean number of PLA puncta
per cell, normalized to the control variant (siCtrl + DMSO) + SEM.
N=4 independent experiments. n=172 cells (siCtrl+DMSO), 161
cells (siCtrl+RAPA), 172 cells (siSnap29+DMSO), 179 cells (siS-
nap+RAPA). *p<0.05, ns nonsignificant (two-way ANOVA fol-
lowed by Tukey’s multiple-comparison post hoc test). G Representa-
tive images of Rat2 fibroblasts that were treated with 0.1% DMSO for
2 h, 100 nM rapamycin (RAPA) for 2 h, 20 mM NH,CI (NH,Cl) for
3 h, or pretreated with 20 mM NH,Cl for 1 h and treated with 100 nM
rapamycin for 2 h (NH,Cl+RAPA) with p150°*AP-2p PLA sig-
nals (magenta), immunofluorescently labelled tubulin (green), and
DAPI-stained nuclei (blue). Scale bar=10 pm. H Quantification of
the number of p150°™_AP-2 PLA puncta in cells that were treated
as in G. The data are expressed as the mean number of PLA puncta
per cell, normalized to the control variant (DMSO)+SEM. N=3
independent experiments, n=122 cells (DMSO), 109 cells (RAPA),
125 cells (NH,CI), 114 cells (NH,C1+RAPA). *p <0.05, ns nonsig-
nificant (one-way ANOVA followed by Bonferroni multiple-compar-
ison post hoc test)

PLA signal. However, incubation with NH,CI counteracted
the increase in p150°"*“_AP-2p PLA in response to rapamy-
cin administration, supporting the hypothesis that appropriate
acidification of the endolysosomal pathway is critical for the
interaction of p150°"d and AP-2p.

Rapamycin enhances the lysosomal p150°"“¢?_AP-28
interaction and affects Lamp-1 mobility

Based on the above observations, we investigated where in
Rat2 cells p150©"°d and AP-2p interact. We used the PLA

that was adjusted for EM, revealing that the p150°""*‘-AP-2p
PLA signal in rapamycin-treated Rat2 cells localized primar-
ily to organelles that contained electron dense material that
is characteristic for lysosomes (43% of cells with PLA-EM
signal) and in double-membrane organelles, which we clas-
sified as autophagosomes (57% of cells with PLA-EM sig-
nal). In control, in DMSO-treated cells, the PLA-EM signal
was also spotted but less frequently and rarely on lysosome-
like structures (Fig. 7A; 14% vs. 43% of cells with PLA-EM
signal; see also Fig. S12). Because the PLA procedure did
not allow the preservation of a high-quality ultrastructure,
we additionally analyzed in rapamycin-treated Rat2 cells
the co-occurrence of the p1505"*_AP-2p PLA signal with
the LC3B or lysosomal marker Lamp-1, either endogenous
or overexpressed as a GFP fusion, using AiryScan high-
resolution light microscopy. For LC3B, some co-occurrence
was detected but not frequently (Fig. S13). For Lamp-1, we
noticed an apparent, although still partial, localization of
the PLA signal in proximity of lysosomes (19.86% +2.76%
of PLA signals in proximity of Lamp1-GFP objects, N=2
independent experiments, number of cells n=26 [DMSO]
and 22 [RAPA]) (Fig. 7B, C). Thus, the combined observa-
tions from PLA-EM and Airyscan images indicated that lys-
osomes are the primary localization of the p150°"*¢—AP-2p
interaction under rapamycin treatment, raising the issue of
whether rapamycin affects the mobility of Lamp-1-positive
compartments.

We found that rapamycin significantly increased lyso-
some acidification (Fig. S11), and lysosome acidification
was previously related to their position in the cell [82].
Therefore, we re-analyzed the data from the experiments
with lysotracker staining described in the previous section,
but this time in the context of the cellular distribution of the
signal. For this purpose, we defined the perinuclear region
(2.5 um from the nuclear edge) and the peripheral region
(2.5 or 7.5 pm from the plasma membrane). In the case of
the restricted peripheral zone (2.5 um from the PM), the
intensity of the lysotracker spots was lower in the peripheral
zone than in the perinuclear zone (Fig. S14; see also https://
iimcb-lmen-2024.shinyapps.io/shiny/ for more depth explo-
ration of these data in R Shiny application for interactive
data visualization). This was probably due to differences
in the size of the spots at these two sites (Fig. S14). When
we increased the area of the peripheral zone to 7.5 pum, the
average size in the perinuclear and peripheral zones became
comparable and the intensity was similar in both zones
(Fig. S14). However, treatment with rapamycin increased
the lysotracker intensity in both zones, regardless of the
area of the peripheral zone. The number of lysotracker spots
also increased in the peripheral zone after rapamycin treat-
ment, although the spot size remained virtually unchanged
(Fig. S14). From this analysis, we concluded that rapamycin
treatment increases the pool of acidified organelles in the
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«Fig.7 Rapamycin induces p150°"*-AP-24 interaction on lysosomes
and regulates lysosomal mobility. A Representative electron micros-
copy images of Rat2 fibroblasts after 2 h treatment with 0.1% DMSO
or 100 nM rapamycin (RAPA) and PLA analysis of pl150©ted_
AP-23 with and without (negative control) primary antibodies.
White arrows point to PLA signals that co-occurred with organelles
that resembled lysosomes or autophagosomes. Black boxes indicate
the regions shown in higher magnification. n=30 cells per variant.
N=3 independent experiments. Scale bar=500 nm. B Representa-
tive images of Rat2 cells treated with 100 nM rapamycin (RAPA)
with p1509"_AP-28 PLA signals (magenta) immunofluorescently
labeled endogenous Lampl (green) and DAPI-stained nuclei (blue).
Images were acquired using the AiryScan module. Scale bar=10 pm.
(Upper panel) Representative photograph of a single cell. (Lower
panel) Close-up of a site with a high intensity of PLA-Lampl co-
localization. C Representative images of Rat2 cells transfected with
Lampl-GFP (green) for 24 h and then treated with 100 nM rapa-
mycin (RAPA) with p150°™_AP-2p PLA signals (magenta), and
DAPI-stained nuclei (blue). Images were acquired using the AiryScan
module. Scale bar= 10 pm. (Top) Representative photograph of a sin-
gle cell. (Bottom) Close-up of a site with a high intensity of PLA-
Lamp1-GFP co-localization. D Representative images of cells that
expressed Lampl-GFP. The upper row shows the first frames from
the time-lapse movies. The area inside the golden circle is consid-
ered the “center” compartment, and all movements outside this area
are “peripheries.” The lower row shows trajectories (tracks) that were
identified by the Imagel] “TrackMate” plugin that were longer than
6.8 mm (100 pixels). Trajectories were color-coded based on their
directions, which were established using Pearson correlation coeffi-
cient (PCC) calculated by change in the distance from the cell center
in time. If the distance was increasing with consecutive frames (PCC:
0.5 to 1) tracks were considered to move to the cell membrane. If dis-
tance was decreasing (PCC: —1 to—0.5), direction was described as
moving to the center. Values in between were marked as oscillating.
E Difference in speed of Lamp1-GFP vesicles' movements between
rapamycin-treated (RAPA) and control (DMSO) cells. The values
are mean trajectories that were identified by the ImageJ “TrackMate”
plugin that were at least 6.8 um (100 pixels) long, divided accord-
ing to their initial location (center or periphery) and direction (center
or cell membrane) as indicated above the graphs. The single dot rep-
resents the mean value from one measured cell. N=4 independent
experiments. n=25 cells for both RAPA and DMSO. *p <0.05, ns,
nonsignificant (Mann—Whitney test)

call also at the cell periphery. Therefore, we next investi-
gated whether the rapamycin-induced p150°"*¢_AP-2
interaction could contribute to the mobility of lysosomes.
We performed the live imaging of Rat2 cells that were
transfected with Lamp-1-GFP and treated with 100 nM
rapamycin for 2 h. Two distinct populations of Lamp-1-GFP
objects were spotted. One aggregated near the cell center,
and the other was more motile around the peripheries. When
we focused on the latter one, we observed that rapamycin
increased the speed of long-distance movements (> 6 pm)
toward the cell center. Movement from the central Lamp-
1-positive organelle pool toward the cell periphery was
unaffected (Fig. 7D, E, Movies 19, 20). In the last series
of experiments, we investigated whether the prevention of
autophagy initiation, lysosome acidification or dynein func-
tion will result in decrease of long-distance Lamp-1-GFP
movement velocity induced by rapamycin. To this end,

we treated the cells with rapamycin in combination with
SBI-0206965, BafA or ciliobrevin D (30 um, 30 min before
imaging and 1.5 h after addition of rapamycin). In all three
cases, we did not observe any effects of the drugs on veloc-
ity of long-distance movement of Lamp-1 vesicles towards
the cell center. However, all three drugs reduced the num-
ber of Lamp-1-GFP objects moving towards the cell center.
In the case of BafA and ciliobrevin, the effect was statis-
tically significant (Rapa vs. BafA: 35.41 +3.112 [RAPA],
23.08+2.706 [BafA], p<0.01 in Student’s t-test; Rapa
vs. ciliobrevin: 35.41 +£3.112 [RAPA], 26.44 +3.085 [cili-
obrevin]), p <0.05 in Mann—Whitney test; N=3 independent
experiments; n=27 cells [RAPA], 26 cells [BafA], 25 cells
[ciliobrevin]), while in the case of SBI-0206965 the differ-
ence did not reach statistical significance (30.16+2.902,
N=3 independent experiments; n=25).

Discussion

Recent work demonstrated that AP-2 is an adaptor protein
for the dynein-dynactin transport of amphisomes along
neuronal axons [22, 24]. To date, however, important ques-
tions about mechanistic details of the regulation of the
dynactin—AP-2 interaction have not been answered. Here,
we demonstrate that AP-2 and dynactin cooperate in neu-
rons and non-neuronal cells under autophagy-permissive
conditions, including, but not limited to, mTOR inacti-
vation. Furthermore, we show that the co-occurrence of
AP-2p with p150°!¢d does not require binding the latter to
microtubule plus ends or microtubule dynamics. However,
this interaction requires the presence of CLIP-170, which
contributes to autophagy initiation. Finally, we show that
the autophagy-induced p150%"**“_AP-2p interaction likely
occurs on lysosomes, possibly increasing their mobility
toward autophagosomes in the perinuclear area (Fig. 8).

Autophagy induction and a properly functioning
endolysosomal pathway are essential
for the p150%""*9_AP-2p interaction

The initial finding that stimulated our research was the
observation that rapamycin enhanced AP-2-dynactin
complex formation in neurons. This discovery raised the
issue of how mTORCI] inhibition stimulates this interac-
tion. The present findings show that AP-2f or p15091"¢ is
not an mTORCI1 substrate, instead supporting the scenario
that mTORC] inhibition promotes p150%""*_AP-2p com-
plex formation via autophagy initiation (Fig. 4). Moreover,
the pharmacological induction of autophagy that does not
involve mTORCI] inhibition was sufficient to induce this
interaction (Fig. 5), indicating that the direct trigger for the
p150619¢d_AP_2 interaction is autophagy. Furthermore, it
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Fig.8 Postulated mechanism

of autophagy initiation-induced
recruitment of p150¢™d and
AP-2 to lysosomes. Adminis-
tration of rapamycin or L-69030
initiates autophagosome forma-
tion (AP), which depends on the
presence of CLIP-170. Simul-
taneously, autophagy inducers
lead to a decrease in lysosomal
pH (LY pH) and recruitment

of the dynatin-AP2 complex

to the lysosome (LY), presum-
ably leading to intensification
of LY retrograde transport

to the perinuclear region and
subsequent LY fusion with the
mature AP. knd knockdown,
SBI-0206965 - Ulk inhibitor

L-690330 /

autophagy
initiation

explains why the coexistence of AP-2p and p150°"*? is read-

ily visible in axons, whereas it is barely detectable in non-
neuronal cells under basal conditions. In cultured neurons,
axonal autophagy is relatively high and stable at a steady-
state level. Autophagosomes are continuously formed at the
axonal growth cone or at presynaptic sites and likely fuse
with late endosomes, forming amphisomes, and are trans-
ported toward the cell soma [24, 28, 45, 83—85]. Thus, there
is a continual need for AP-2-dynactin complexes in axons
to transport amphisomes [24]. However, if axonal autophagy
is constitutive and if autophagy is sufficient to drive the
p1506d_AP-28 interaction, then how does mTORC1
inhibition potentiate it? Although some studies show that
mTORCI inhibition does not increase autophagy in neurons
[41, 42], other studies reported that it is nevertheless pos-
sible [43, 44]. Such observations show that this process can
still be upregulated, despite its relatively high basal level.
However, we cannot exclude the possibility that the effects
of rapamycin we observed are due to enhanced autophagy
in the neuronal perikaryon and not in the axon, which is
transferred to axonal amphisomes, although the mechanism
(e.g. cytoplasmic or vesicle pH change, see further discus-
sion) remains to be defined. In contrast to neuronal axons,
autophagy in many cultured non-neuronal cells is at a low
level under basal conditions, and its induction requires addi-
tional stimuli (e.g., mMTORCI inactivation). Consequently,
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the degree of the p150°""*"_AP-2p interaction in such cells is
likely to be adjusted to the current level of autophagy in the
cell. In the context of requiring the initiation of autophagy
for the p15091%_AP-2p interaction, it is also an interest-
ing observation that this interaction requires the presence of
CLIP-170. However, its important canonical functions (e.g.,
the regulation of microtubule dynamics) seem unnecessary.
In contrast, we have shown that CLIP-170 is required for
proper autophagy, but unclear is how CLIP-170 regulates
this process. Thus, determining precisely how CLIP-170
regulates autophagy will require further studies.

Our previous experiments showed that AP-2f interacts
with p1509"d in neurons to transport amphisomes. Thus,
we investigated whether unperturbed autophagosomal flux
and the fusion of autophagosomes with organelles of the
endolysosomal pathway are also required for this interac-
tion in non-neuronal cells. Both inhibitors of these processes
that we used (CQ and ABMA) significantly prevented the
increase in the p150°"*d_AP-2p PLA signal. This result
may suggest that unperturbed autophagic flux is indeed
crucial. Because both ABMA and CQ counteract the fusion
of autophagosomes and amphisomes with lysosomes,
this could suggest that this step is critical. Indeed, previ-
ous studies showed that AP-2 attaches to autolysosomes
when autophagic lysosome reformation (ALR) is initiated.
Autophagic lysosome reformation is a process that links
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autophagy, lysosomes, and AP-2 [86]. During ALR, protol-
ysosomes emerge from autolysosomes and mature into lys-
osomes. Protolysosome formation requires clathrin and AP-2
[26]. Because ALR requires the merging of autophagosomes
with the endolysosomal pathway, this would support the
importance of this event for the p150°""*‘_AP-2f interaction.
However, the lack of an effect of SNAP29 knockdown on the
p15061d_AP_2 interaction likely excludes this possibil-
ity. Thus, a question arises about how ABMA and CQ can
block the p150°!“*“_AP-2 interaction. A common feature of
these two compounds is their negative effect on the normal
ultrastructure of the endolysosomal pathway [78, 79]. Our
results clearly demonstrate that in Rat2 cells both ABMA
and CQ lead to a significant decrease in lysotracker-positive
organelles and a decrease in its intensity in the remaining
ones. A similar effect of CQ on the pH of acidic organelles
has been reported [80], although its absence has also been
reported [79], suggesting that this effect may depend on the
cell type. ABMA is a relatively recently described com-
pound [78, 87], and its effect may also depend on the cell
line and should always be tested experimentally. Thus, our
results suggest that formation of the p150%"**_AP-2p com-
plex requires proper function of the endocytic pathway and/
or lysosome acidification. The latter possibility is further
supported by the results of experiments with NH,Cl, which
directly indicate that alkalinization of the cell prevents the
increase in the p150°"*“_AP-2 interaction upon rapamycin
administration that initiates autophagy.

Autophagy-induced p150%"“¢d-AP-2p interaction
occurs on lysosomes

Our results indicate that autophagy is a critical cellular
process for the interaction of AP-2p with p1509""*d, Never-
theless, our results did not identify autophagosomes as the
primary p150%1"*“_AP-2 interaction site in non-neuronal
cells. An important question is where the p150°!"*\_AP-2p
interaction occurs upon autophagy induction. As mentioned
above, the AP-2—dynactin complex in neurons is involved
in the transport of signaling amphisomes in axons [24].
However, in non-neuronal cells, amphisomes are consid-
ered temporary structures [32, 88]. Moreover, ABMA,
which potentiates their formation [78], did not enhance
the p15061"d_AP-2p interaction. Finally, our PLA-EM
and PLA-AiryScan confocal microcopy findings in Rat2
cells revealed a p150°"*“_AP-2p PLA signal that often co-
occurred with lysosomes. Notably, the presence of lysosomal
AP-2 was previously reported and not only in the context
of ALR, which corroborates our observation [89]. Thus,
another issue emerges about the purpose of p150°"*‘_AP-2p
complex formation on lysosomes.

Korolchuk et al. [82] showed that the dynein-dynactin-
dependent transport of lysosomes toward the cell nucleus

under cell starvation conditions is crucial for their pH regu-
lation and fusion with autophagosomes. Hence, recruitment
of the p15091**d_AP-2B complex to lysosomes at the onset
of autophagy may be designed to ensure the proper fusion
of these two organelles at the end of the process. A similar
mechanism was previously reported for another microtubu-
lar transport lysosomal adaptor, ALG2 [51]. Under amino
acid starvation or mTOR inhibition conditions, ALG2 and
dynein are recruited to lysosomes in a Ca*>*-dependent man-
ner for their retrograde transport. Previous studies showed
that RILP protein is responsible for lysosome transport by
dynein-dynactin in response to changes in cholesterol lev-
els [90]. This suggests that non-neuronal cells use several
transport systems for one organelle, depending on the cel-
lular conditions. This raises the question about what could
trigger p150°""*4_AP-2p complex binding to lysosomes upon
mTOR inhibition. Based on our findings that rapamycin
increased and CQ and ABMA decreased lysotracker fluo-
rescence intensity, a tempting speculation is that changes in
pH could serve as one such mechanism (Fig. 8), but further
research is needed to confirm this possibility.

Our results suggest that the sequence of events in non-
neuronal cells provides a coherent mechanism to support
the processivity of autophagy. In contrast, it is unclear
how and to what end mTOR inhibition via upregula-
tion of autophagy would support the autophagosome/
amphisome trafficking in axons that we have previously
described. The current model suggests that autophago-
somes, which are formed constitutively in axon terminals
and mature by fusion with late endosomes, are transported
as amphisomes toward the cell body, lowering their pH as
they approach the cell body, where they eventually fuse
with lysosomes [91-93]. In this model, axonal transport
of lysosomes, which is crucial for autophagosome matu-
ration, depends mainly on kinesins. However, our previ-
ous data indicated that AP2-dynactin colocalizes with
amphisomes in axons and not with lysosomes as in non-
neuronal cells [24]. This could be related, for example,
to the fact that amphisomes are very volatile structures
in the latter, whereas they have an important transport
function in neuronal axons. It is therefore possible that
the interaction we investigated takes place in different
cell types at different organelles that are critical for the
correct autophagy flux. However, why autophagy would
lead to an increase in the presence of motors that transport
TrkB-containing vesicles towards the cell body is difficult
to explain given the available and often conflicting data on
axonal autophagosome transport, particularly in the con-
text of TrkB transport [24, 28, 83, 94, 95]). Interestingly,
data of Sidibe et al. and our unpublished observations sug-
gest that retrograde transport of autophagosomes [94] or
structures positive for AP2-p150* or TrkB (Tempes,
unpublished data) is enhanced by BDNF administration.
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It is therefore possible that when autophagy is increased
in a cell, the transport of autophagosomes/amphisomes
and TrkB into the cell body is prioritized to utilize their
contents more efficiently or to block the signaling of TrkB.
At the same time, this could prevent signaling amphisomes
from remaining at the en passant synapses [28] under con-
ditions that are unfavorable for their intensive function.
Further studies are certainly needed to understand how the
mechanism we have described in detail in non-neuronal
cells is transferable to the development and proper func-
tioning of neurons.

In summary, our study provides new insights
into the mechanisms that regulate formation of the
p1506"ed_AP-2B complex, which is essential for cargo
transport along microtubules. Importantly, we showed that
autophagy initiation is necessary and sufficient to trigger
the formation of this complex. This finding exemplifies a
basic mechanism that allows the coordination of various
elements that are involved in a vital cellular process.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00018-024-05256-6.
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