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endosomes and Salmonella vacuoles via FIP200

and ATG16L1
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Abstract

Selective autophagy of damaged organelles is important to main-
tain cellular homeostasis. The mechanisms how autophagy selects
specific targets is often poorly understood. Rabaptin5 was previ-
ously known as a major regulator of early endosome identity and
maturation. Here, we identify two novel Rabaptin5 interactors:
FIP200, a subunit of the ULK1 autophagy initiator complex, and
ATG16L1, a central component of the E3-like enzyme in LC3 lipida-
tion. Autophagy of early endosomes damaged by chloroquine or
monensin treatment requires Rabaptin5 and particularly a short
sequence motif that binds to the WD domain of ATG16L1. Rabapt-
in5 and its interaction with ATG16L1 further contributes to the
autophagic elimination of Salmonella enterica early after infection,
when it resides in phagosomes with early endosomal characteris-
tics. Our results demonstrate a novel function of Rabaptin5 in
quality control of early endosomes in the selective targeting of
autophagy to damaged early endosomes and phagosomes.
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Introduction

Endosomes are dynamic organelles that receive endocytic cargo
from the plasma membrane and exocytic material from the trans-
Golgi for sorting to late endosomes and lysosomes, to the cell
surface via recycling endosomes, or back to the Golgi (Naslavsky &
Caplan, 2018). Endosomal identities are defined by specific Rab
GTPases, their effectors, and characteristic phosphoinositides. At
early endosomes, Rab5 is the hallmark GTPase that activates
VPS34/p150 to produce phosphatidylinositol-3-phosphate (PI3P)
and recruits early endosome antigen 1 (EEA1) and Rabenosyn-5,
two multivalent PI3P-binding proteins that act as membrane tethers
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to mediate homotypic endosome fusion. Rab5-GTP and PI3P are also
responsible for recruitment of the Monl/Cczl complex to activate
Rab7 and deactivate Rab5 in the process of Rab conversion during
maturation from early to late endosomes (Poteryaev et al, 2010;
Huotari & Helenius, 2011).

Rab5 activity is regulated by a complex of Rabaptin5 and Rabex5,
the GDP/GTP exchange factor of Rab5. Rabaptin5 binds to
Rab4-GTP and Rab5-GTP, and Rabex5 binds to ubiquitin to mediate
membrane recruitment and to activate Rab5 on early endosomes
(Mattera et al, 2006; Mattera & Bonifacino, 2008; Kalin et al, 2015,
2016).

Searching for new interactors of Rabaptin5, we performed a yeast
two-hybrid screen and discovered as a novel binding partner
FIP200, a component of the ULK1-FIP200-ATG13-ATG101 autop-
hagy initiator complex. Autophagy is a self-degradative survival
mechanism of eukaryotic cells important to preserve cellular home-
ostasis in response to stress conditions such as lack of nutrients,
accumulation of misfolded or aggregated proteins, damaged orga-
nelles, and pathogen infection (Bento et al, 2016; Dikic & Elazar,
2018; Mercer et al, 2018; Morishita & Mizushima, 2019). Clearance
of damaged organelles is an important process to preserve overall
organelle function. Defects in its mechanisms have been shown to
contribute to some forms of cancer, to neurodegeneration, and
inflammatory diseases (Anding & Baehrecke, 2017; Leidal et al,
2018). Selective autophagy has been described for many organelles
including mitochondria, peroxisomes, endoplasmic reticulum, and
lysosomes (mitophagy, pexophagy, ER-phagy, and lysophagy;
Kirkin & Rogov, 2019).

Typically, autophagy is set in motion by the activation of the ULK1-
FIP200 complex under the control of mTOR. The ULK complex initiates
a dynamic interactome of autophagy components by recruiting and acti-
vating the class III PI-3-kinase complex VPS34-VPS15-Beclinl-ATG14
to produce PI3P, further recruiting PI3P-binding proteins, such as WIPI
(WD-repeat phosphoinositide-interacting protein) family members.
Together, these complexes and PI3P bind ATG16L1 with its partners
ATG12-ATGS acting as an E3-ubiquitin ligase-like enzyme for the lipi-
dation of LC3 family proteins for elongation and closure of the phago-
phore membrane and fusion with lysosomes.

Selective autophagy of organelles destined for degradation differs
from starvation-induced autophagy in its mechanism of initiation,
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which is independent of the nutrient situation, and in its targeting to
specific cargo (Kirkin & Rogov, 2019). Autophagy is often targeted
to damaged organelles after they are marked for degradation by
ubiquitination of lumenal proteins or by galectins binding to
exposed glycans (Randow & Youle, 2014). Galectins 3, 8, and 9 have
been implicated in the recognition of damaged lysosomes, endo-
somes, or salmonella-containing vacuoles together with galectin-
interacting autophagy receptors NDP52 or TRIM16 (Thurston et al,
2012; Chauhan et al, 2016; Jia et al, 2018, 2020; Fraser et al, 2019).

ATG16L1 emerges as an important hub for specific cargo to
connect to the autophagy machinery (reviewed by Gammoh, 2020).
Besides its role in LC3 lipidation, it has binding sites for ubiquitin,
FIP200 and WIPI2, phosphoinositides, and generally for
membranes. It was further shown to interact with TRIM16 on
damaged lysosomes (Chauhan et al, 2016) and with TMEMS59
involved in autophagic degradation of late endosomes/lysosomes
and Staphylococcus aureus-containing phagosomes (Boada-Romero
et al, 2013).

ATG16L1 is also involved in LC3-associated phagocytosis (LAP),
where the LC3 conjugation system is recruited directly to a single-
membrane phagosome for fusion with lysosomes (Martinez et al,
2011, 2015; Heckmann et al, 2017). LAP has been described mainly
in phagocytes such as macrophages, microglia, and dendritic cells
that actively take up bacteria, opsonized particles, or dead cells by
specific cargo receptors (such as Toll-like receptors, immunoglobu-
lin receptors, and the phosphatidylserine receptor TIM4, respec-
tively). LAP is independent of the ULK-FIP200-ATG13-ATG101
complex and of WIPI proteins.

So far, little is known about selective autophagy of damaged
early endosomes. Autophagy of endosomes disrupted upon uptake
of transfection reagent-coated latex beads showed a requirement for
ubiquitination and ATG16L1 binding to ubiquitin (Fujita et al,
2013). As an alternative method of damaging endosomes, lysoso-
motropic agents such as chloroquine and monensin have been used,
which cause swelling of acidic compartments due to osmotic imbal-
ance (Florey et al, 2015; Jacquin et al, 2017; Mauthe et al, 2018).
They induce autophagy of endosomal compartments, while simulta-
neously blocking autophagic flux by inhibiting fusion of autophago-
somes with lysosomes (Mauthe et al, 2018). Monensin treatment
induced localization of Gal8, ATG16L1, and LC3 at early endosomes
in an ATG13-dependent manner (Fraser et al, 2019), suggesting
similarities to lysophagy.

As a morphologically distinctive model of an endosomal
compartment, entotic phagosomes or latex bead-containing phago-
somes had been analyzed (Florey et al, 2015; Jacquin et al, 2017).
Treatment with chloroquine or monensin was found to induce an
LAP-like process of direct LC3 recruitment to the intact single
phagosomal membrane, without ubiquitination, PI3P production, or
WIPI involvement, and independent of ATG13 and of the FIP200-
binding domain of ATG16L1.

In the present study, we analyzed the connection between
Rabaptin5 and autophagy. We found Rabaptin5 to interact with
FIP200 and with the WD domain of ATG16L1 to selectively target
autophagy to early endosomes damaged by chloroquine or
monensin treatment. In addition, we show that Rabaptin5 initiates
autophagy of early Salmonella-containing vacuoles and is thus
responsible for killing a significant fraction of bacteria early upon
infection.
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Results
FIP200 is a novel interactor of Rabaptin5 on early endosomes

To identify new interaction partners of Rabaptin5, we used human
Rabaptin5 as a bait for a yeast two-hybrid screen with a HeLa cell
prey library. The screen reproduced the known interactions of
Rabaptin5 with itself and with Rabex5, but also revealed new candi-
dates (Appendix Table S1). Very interestingly, the screen detected
FIP200 (Fig 1A and B), a component of the ULK1-ATG13 autophagy
initiator complex, as a high confidence interactor of Rabaptin5. The
smallest isolated interacting fragment encompassed residues 281—
439 of FIP200, a segment outside the coiled-coil regions of the
protein (Fig 1C). Importantly, an interaction of FIP200 with Rabapt-
in5 could be confirmed in HeLa and HEK293A cells by co-
immunoprecipitation from cell lysates (Fig 1D).

By yeast two-hybrid testing of different protein fragments, the
interacting segment in Rabaptin5 was identified to be the coiled-coil
domain CC2-1 (Fig 1A and B), where also Rabex5 and the GAT
domain of GGA proteins have been shown to bind (Zhu et al, 2004;
Zhang et al, 2014). Since this domain and binding of Rabex5 are
important for Rabaptin5 recruitment to early endosomes (Kalin
et al, 2015), specific disruption of FIP200-binding by its deletion is
not possible. Deletion of the segment 280-440 of FIP200 that is suffi-
cient for interaction with Rabaptin5 in the two-hybrid assay was
found to be necessary for co-immunoprecipitation of Rabaptin5 (Fig
1E). Unfortunately, deletion of this segment also strongly reduced
co-immunoprecipitation of ATG13 (Fig 1F) and to a lesser extent of
ULK1 with FIP200 (Fig 1G and H), indicating that it did not specifi-
cally abrogate binding to Rabaptin5, but also destabilized the incor-
poration of FIP200 into the ULK1 initiator complex. This is in line
with recent structural data indicating that overlapping residues 435—
442 are important for protein stability and that residues 443-450 of
FIP200, right next to the Rabaptin5-binding region, binds ATG13
(Shi et al, 2020). The FIP200A280-440 mutant thus cannot help to
define the role of Rabaptin5 in autophagy.

FIP200 transfected alone in HeLa cells localized to small intracel-
lular puncta throughout the cell (Fig EV1A), corresponding to
steady-state autophagosomes (Hara et al, 2008). When expressed
together with wild-type Rabaptin5, they colocalized in slightly larger
structures (Fig EV1B). Similarly, FIP200 colocalized with the co-
transfected early endosomal markers Rab4 and Rab5, but not with
the late endosomal marker Rab7 (Fig EVIC-E). This observation is
consistent with an interaction of FIP200 with early Rabaptin5-
positive endosomes.

Chloroquine treatment induces autophagy of Rabaptin5-positive
early endosomes

To assess a potential involvement of Rabaptin5 in autophagy at
early endosomes, we employed chloroquine treatment as in previ-
ous studies (e.g., Mauthe et al, 2018). To be able to easily detect
Rabaptin5-positive early endosomes by immunofluorescence with-
out transient transfection, we generated a stable HEK293A cell line
moderately overexpressing Rabaptin5 approximately 5 times
(HEK™RPP; Fig 2A and B). Incubation of these cells with 60 uM
chloroquine for 30 min indeed produced swollen structures appear-
ing as small rings positive for Rabaptin5 and transferrin receptor

© 2021 The Authors
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Figure 1. Interaction of Rabaptin5 with FIP200 as identified by two-hybrid analysis in yeast and by co-immunoprecipitation in HeLa and HEK293A cells.

A Schematic representation of the sequence of Rabaptin5. Coiled-coil (CC) segments are shown in yellow. Colored backgrounds highlight the segments shown to
interact with Rab4, Rab5, Rabex5, and the GAE and GAT domains of GGAs (Golgi-localizing, y-adaptin ear homology domain, ARF-binding proteins). Below, the
segments used to test yeast two-hybrid interaction with residues 257-444 of FIP200 are shown with their number (#) and the observed interaction (+ or -).

B Yeast two-hybrid analysis for interaction between the above-shown Rabaptin5 segments (Rbpt5#, fused to LexA on the bait plasmid) and residues 257444 of
FIP200 (FIP, fused to the Gal4 activation domain on the prey plasmid) to drive HIS3 expression. Three different clones each were replica-plated on medium with
His or without His, but containing 3-amino-1,2,4-triazole (3AT; an inhibitor of His synthesis to increase stringency) and grown in the absence of Trp and leucine as
a control. As negative controls, empty bait or prey plasmids were used. The asterisk indicates a clone invalidated by recombination.

C Schematic representation of the sequence of FIP200 with its coiled-coil segments in yellow. Residues 281439 (gray) indicate the minimal sequence identified to

interact with Rabaptin5 in the yeast two-hybrid screen.

D FIP200 was immunoprecipitated (IP) from lysates of HelLa or HEK293A cells and probed for FIP200, Rabaptin5 (Rbpt5), and EEAL (early endosome antigen 1) by
immunoblotting. Input lysate (10%) was immunoblotted blotted parallel. As a negative control, the immunoprecipitation was performed using an anti-GAPDH

antibody.

E-H Lysates of Hela cells transiently transfected with full-length FIP200-mCherry (FIP200-mCh) or a deletion mutant lacking the segment interacting with Rabaptin5
(A280-440) were immunoprecipitated with anti-mCherry (IP FIP200-mCh) or, as a control, with anti-FLAG antibodies (IP FLAG). Immunoprecipitates and input
lysates (10%) were immunoblotted for mCherry and Rabaptin5 (E), ATG13 (F), or ULK1 (G). Co-immunoprecipitation of Rabaptin5, ATG13, and ULK1 with
FIP200A280-440 (FIPA) was quantified in comparison with that with wild-type FIP200 (H; signals normalized to that of the immunoprecipitated protein; mean +

SD of three independent experiments each).

and thus identifiable as early endosomes (Fig 2A’). In transfected
cells expressing moderate levels of mCherry-galectin 3 or mRuby3-
galectin 8, these lectins were found to be recruited to the Rabaptin5-
positive endosomes at high frequency (Fig 2C, quantified in C’),
indicating membrane rupture. The endosomal identity of Rabaptin5-
and galectin 3-positive enlarged ring-like structures was further con-
firmed by triple-labeling with transferrin receptor (Fig EV2A and B).
The structures also stained positive for ubiquitin (Fig 2D) and p62
(Fig 2E), a selective autophagy receptor connecting ubiquitin to
LC3, consistent with exposure of lumenal protein domains to the
cytosol. Membrane damage of Rabaptin5-positive endosomes is
distinct from the effect of chloroquine on phagophores or entotic
vacuoles where the membranes remain intact and LAP-like autop-
hagy is initiated (Florey et al, 2015).

The rings further stained positive for early autophagy compo-
nents. Transfected mCherry-FIP200 strongly colocalized with
Rabaptin5-positive structures (Fig 2F), which appeared enlarged
most likely due to the overexpression of FIP200. WIPI2 and
ATGI16L1 (Fig 2G and H) also localized to swollen early endosomes.
At this early time point of 30 min, the late component LC3B had not
accumulated yet (Fig 2I).

Colocalization of WIPI2 and ATG16L1 was not only observed
qualitatively on large Rabaptin5-positive rings, but also globally as
quantified using Manders’ colocalization coefficients (Fig 2J and K):
The fraction of Rabaptin5 on WIPI2- or ATG16L1-positive structures
(M1) and the fractions of these two proteins on Rabaptin5-positive
structures (M2) were significantly increased already after 15-min
chloroquine treatment and similarly after 30 min.

A rapid effect of endomembrane damage has been reported to be
membrane repair by an ESCRT-mediated mechanism involving ALIX
and the ESCRT-III effector CHMP4B on damaged lysosomes (Radu-
lovic et al, 2018; Skowyra et al, 2018; Jia et al, 2020). Lysosome
disruption and subsequent lysophagy can be specifically induced by
L-leucyl-i-leucine methyl ester (LLOMe) that is condensed into a
membranolytic polymer by cathepsin C in lysosomes (Maejima
et al, 2013; Chauhan et al, 2016). While 30-min incubation with
LLOMe strongly recruited CHMP4B and ALIX to damaged lyso-
somes, chloroquine treatment caused hardly any activation of
CHMP4B or ALIX (Fig EV2C and D). No recruitment of either ESCRT
protein was observed to enlarged Rabaptin5-positive endosomes.
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Chloroquine-induced autophagy, but not Torinl-induced
autophagy or lysophagy, depends on Rabaptin5

Upon longer exposure of 150 min to chloroquine or to Torinl, an
inhibitor of mTOR to induce autophagy mimicking starvation,
control cells showed a strong increase in the numbers of both early
WIPI2-positive and late LC3B-positive autophagosomal puncta (Fig
3A and B). Silencing of FIP200 expression by RNA interference
blocked this increase in WIPI2 autophagosomes completely and of
LC3B autophagosomes to a large extent for both treatments. Silenc-
ing of Rabaptin5 similarly inhibited specifically the formation of
chloroquine-induced WIPI2 and LC3B structures, but did not affect
autophagy induction by Torinl. This result indicates that Rabaptin5
is specifically involved in autophagy triggered by chloroquine, but
not in starvation-induced autophagy regulated by mTOR, while
FIP200 is required for both. The observation that knockdown of
Rabaptin5 as well as of FIP200 appears less effective in reducing
LC3B structures with chloroquine than WIPI2 puncta is likely due to
stabilization of late autophagosomes by inhibition of autophagic
flux (e.g., Mauthe et al, 2018).

Since chloroquine more generally affects acidified organelles, we
attempted to differentiate between autophagy of lysosomes (lyso-
phagy) and of endosomes. Incubation with LLOMe for 150 min
induced the formation of WIPI2 and LC3B puncta that was not
affected by silencing of Rabaptin5 (Fig 3C and D), indicating a speci-
fic role of Rabaptin5 in autophagy of damaged endosomes.

Chloroquine-induced autophagy requires the FIP200 complex
and ATG16L1

We further tested for an involvement of ATG13 and ULK1 and 2, the
main partners of FIP200 in the classical autophagy initiation
complex, in chloroquine-induced autophagy. Silencing of ATG13
essentially blocked an increase in WIPI2 puncta and strongly
reduced LC3B structures, just like silencing of FIP200 or Rabaptin5
did (Fig 4A and B). In contrast, silencing of ULK1 did not signifi-
cantly reduce chloroquine induction of WIPI2- or LC3B-positive
autophagosomes (Fig 4C and D), even though it inhibited
starvation- and Torinl-induced autophagy (Appendix Fig S1A and
B). Knockdown of its homolog ULK2 showed a significant reduction

© 2021 The Authors



Valentina Millarte et al

of chloroquine-induced WIPI2 and LC3B puncta, while silencing of
both ULKs was even more effective (Fig 4C and D). Incubation of
cells with the general ULK inhibitor MRT68921 (Petherick et al,
2015; Chaikuad et al, 2019) entirely blocked induction of WIPI2 or
LC3B autophagosomes by chloroquine (Fig 4E and F). The results
suggest that mainly ULK2 is required for this function. Upon knock-
down of ATG13 or inhibition of ULK1 and ULK2 by MRTG68921,

EMBO reports

recruitment of mCherry-ATG16L1 to chloroquine-induced swollen
endosomes and colocalization with Rabaptin5 was blocked
(Appendix Fig S2A and B). FIP200 thus acts in chloroquine induc-
tion of autophagy together with its complex partners.

Silencing of ATG16L1, which recruits the ATGS5/12 E3-like
enzyme complex for LC3 lipidation, not only reduced LC3B
autophagosomes induced by chloroquine as expected, but also
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Figure 2. Autophagy proteins are targeted to Rabaptin5-positive endosomes upon chloroquine treatment.

A-l To more easily visualize Rabaptin, a stable HEK293A cell line overexpressing Rabaptin5 (HEK*R°P*) was generated. Immunofluorescence microscopy of Rabaptins
and transferrin receptor (TfR) showed swelling of early endosomes upon treatment with 60 uM chloroquine for 30 min (+CQ, panel A) compared with untreated

cells (-CQ, A’). Rabaptin5 levels were analyzed by immunoblotting in comparison with parental HEK293A cells (panel B). HEK

FROPES cells, untransfected or 24 h after

transfection with mCherry-galectin 3 (mCh-Gal3), mRuby3-galectin 8 (mRuby-Gal8), mCherry-FIP200, or mCherry-ATG16L1 were analyzed upon chloroquine
treatment by immunofluorescence microscopy for Rabaptin5 and mCherry-galectin 3 or mRuby3-galectin 8 (C), ubiquitin (Ub; D), p62 (E), mCherry-FIP200 (F), WIPI2
(G), mCherry-ATG16L1 (H), or LC3B (1). Scale bar, 10 um. In the enlarged insets, arrowheads point out chloroquine-induced enlarged, ring-like early endosomes.
Rabaptin5-positive enlarged endosomes positive for mCherry-galectin 3 (Gal3) or mRuby3-galectin 8 (Gal8) were quantified (C’; mean + SD and individual values of

three independent experiments counting > 45 structures each).

J, K HEK*R®P™ cells, untransfected or 24 h after transfection with mCherry-ATG16L1, were treated with 60 pM chloroquine for 0, 15, and 30 min and stained for
Rabaptin5 and either WIPI2 or mCherry-ATG16L1. Manders’ colocalization coefficients were determined, M1 showing the fraction of Rabaptin5-positive structures
also positive for WIPI2 (J) or mCherry-ATG16L1 (K), and M2 showing the respective inverse (mean + SD of three independent experiments; ANOVA: *P < 0.05, **P <

0.01, ***P < 0.001).

blocked formation of WIPI2 puncta (Fig EV3A and B). ATG16L1
thus appears to be required to recruit or stabilize WIPI2. It has
already been reported that WIPI2 puncta were reduced in cells lack-
ing ATG16L1 or expressing ATG16L1 mutated in its PI3P-binding
motif (Dudley et al, 2019). But as observed in previous studies
(Dooley et al, 2014; Bakula et al, 2017; Dudley et al, 2019), the
opposite was also the case: Recruitment of mCherry-ATG16L1 to
chloroquine-induced enlarged Rabaptin5-positive endosomes as well
as colocalization in general was inhibited upon siRNA silencing of
WIPI2 (Fig EV3C and D). This indicates mutual stabilization of
WIPI2 and ATG16L1 on early endosomes.

In addition to the involvement of the FIP200 complex and WIPI2
in chloroquine-induced autophagy of endosomes, also the recruit-
ment of galectins and p62, indicating membrane rupture, suggested
canonical autophagy rather than an LAP-like process. Silencing
galectin 3 or p62 confirmed this notion, since chloroquine-induced
WIPI2-positive autophagosomes were clearly reduced, while—as
expected—Torinl-induced autophagy was not affected (Appendix Fig
S3A and B). LC3B structures were not significantly reduced. Since
chloroquine inhibits autophagic flux, accumulating LC3B-positive
structures are likely less sensitive to incomplete inhibition by knock-
downs.

A further distinction between canonical and LAP-like autophagy is
sensitivity to bafilomycin Al (BafAl) (Florey et al, 2015; Jacquin
et al, 2017), an inhibitor of the V-type H'-ATPase that acidifies endo-
somes and lysosomes. Resulting neutralization of lysosomes also
blocks autophagic flux. In contrast, chloroquine was shown not to
neutralize acidic compartments and instead to inhibit autophago-
some-lysosome fusion (Mauthe et al, 2018). We found chloroquine
to induce LC3B lipidation, formation of WIPI2 and LC3B puncta, and
enhancement of LC3B-Rabaptin5 colocalization independently of
BafAl (Appendix Fig S3C-E), consistent with induction of canonical
autophagy.

Rabaptin5 binds to the WD domain of ATG16L1 via a conserved
interaction motif

To test whether Rabaptin5 interacts with ATG16L1 on early endo-
somes, similar to TRIM16 or TMEMS59 in autophagy of lysosomes or
bacteria-containing phagosomes (Boada-Romero et al, 2013; Chauhan
et al, 2016; Jia et al, 2020), we performed co-immunoprecipitation
experiments. Indeed, ATG16L1 was co-immunoprecipitated with Rabapt-
in5 at low levels already from untreated HeLa cells and more extensively
after 30 min of chloroquine treatment (Fig 5A). The interaction decreased
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after 2 h with chloroquine. Co-immunoprecipitation was also observed
in HEK293A cells after a 30-min incubation with chloroquine (Fig 5B).
However, in a cell line lacking FIP200 generated by CRISPR/Cas9 gene
inactivation, no specific co-isolation with immunoprecipitated Rabapt-
in5 was detected (Fig 5B). In FIP200-knockout cells, mCherry-ATG16L1
recruitment to chloroquine-induced enlarged Rabaptin5-positive
endosomes and colocalization between Rabaptin5 and mCherry-
ATG16L1 were inhibited (Appendix Fig S4A and B). Endosomal
autophagy and interaction of Rabaptin5 with ATG16L1 thus depend
on FIP200.

Co-immunoprecipitation of ATG16L1 with Rabaptin5 was lost
upon deletion of the WD-repeat domain (residues 320-607) in
ATGI16L1 (Fig 5C) and not rescued by treatment with chloroquine
(Fig 5D). As expected, the interaction of ATG16L1AWD with FIP200
was retained (Fig SE). Rabaptin5 thus interacts differently with
ATGI16L1 than TRIM16, which was shown to bind to the coiled-coil
domain (Chauhan et al, 2016). In contrast, the membrane protein
TMEMS9, a promoter of selective autophagy of Staphylococcus
aureus-containing phagosomes, had previously been shown to bind
to the WD domain (Boada-Romero et al, 2013). A 19-amino acid
peptide motif containing four essential residues had been identified
to mediate this interaction. Similar largely conserved motifs were
also found in NOD2, a protein known to recruit ATG16L1 at bacte-
rial entry sites, and in TLR2 that promotes LC3 lipidation at phago-
somes. Rabaptin5 also contains a sequence (residues 507-518) that
complies with this consensus motif (Fig 5F). Mutation of the three
most important residues of this motif to alanines (Y507A/W515A/
L518A in Rabaptin5-AAA), which in TMEMS59 completely inacti-
vated ATG16L1 binding, also eliminated co-immunoprecipitation of
ATG16L1 with mutant Rabaptin5 (Fig 5G). The mutant Rabaptin5-
AAA was also co-immunoprecipitated with FIP200 confirming that
the mutations did not interfere with FIP200 binding (Fig 5H).

Binding of Rabaptin5 to ATG16L1 is essential for
endosomal autophagy

To assess the importance of the interaction between Rabaptin5 and
ATGI16L1, we produced a Rabaptin5-knockout HEK293A cell line
(Rbpt5-KO) by CRISPR/Cas9 gene inactivation. By transfecting wild-
type Rabaptin5 or the triple mutant Rabaptin5-AAA, we produced
the stable cell lines Rbpt5-KO+wt and Rbpt5-KO+AAA that produced
similar Rabaptin5 levels as the original HEK293A cell line (Fig 6A).
Again, we analyzed WIPI2- and LC3-positive autophagosomes
before and after chloroquine treatment for 150 min (Fig 6B and C).

© 2021 The Authors
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Figure 3. Chloroquine- but not Torinl- or LLOMe-induced autophagy depends on Rabaptin5.
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A HEK293A cells were transfected with nontargeting siRNA (siCtr) or siRNAs silencing Rabaptin5 (siRbpt5) or FIP200 (siFIP200) for 72 h and treated without (-) or with
60 uM chloroquine (+CQ) or 250 nM Torin1 for 150 min. Scale bar, 10 um. Below, the efficiency of Rabaptin5 and FIP200 knockdown was assayed by immunoblotting
using tubulin (Tub) as a loading control.

B WIPI2 or LC3B puncta per cell were quantified for each condition (mean =+ SD of three independent experiments; ANOVA: *P < 0.05, **P < 0.01).

HEK293A cells were transfected with siCtr or siRbpt5 as in A and incubated without or with 280 pM LLOMe for 150 min to induce lysophagy. Cells were fixed and
immunostained for endogenous WIPI2 and LC3B. Scale bar, 10 um.

D WIPI2 or LC3B puncta per cell were quantified (mean =+ SD of three independent experiments).
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While overexpression of Rabaptin5 resulted in a slight increase in
steady-state and chloroquine-induced WIPI2 puncta, Rabaptin5
knockout left the steady-state levels unchanged and eliminated
chloroquine-induced formation of WIPI2 autophagosomes (Fig 6C,
left). Re-expression of wild-type Rabaptin5 rescued WIPI2 autophago-
some induction by chloroquine, while Rabaptin5-AAA did not. This
result suggests that the interaction of Rabaptin5 with ATG16L1 is
essential for early endosomal autophagy upon chloroquine damage.

Valentina Millarte et al

Rabaptin5 knockout also reduced the chloroquine-dependent
increase in LC3B-positive puncta (Fig 6C, right), consistent with
inhibition of endosomal autophagy, but did not block it. Again, re-
expression of wild-type Rabaptin5, but not Rabaptin5-AAA, rescued
formation of LC3B-positive structures. FIP200 knockout strongly
reduced both steady-state and chloroquine-induced autophago-
somes positive for either WIPI2 or LC3B, consistent with an essen-
tial role for both steady-state autophagy and endosomal autophagy.
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Figure 4. Chloroquine-induced autophagy requires the FIP200-ULK1/2-ATG13 complex.

A HEK293A cells were transfected with nontargeting siRNA (siCtr) or siRNAs silencing ATG13 (siATG13) for 72 h, treated without (-) or with 60 pM chloroquine (+CQ)
for 150 min, and fixed, and immunostained for endogenous WIPI2 and LC3B. Scale bar, 10 um. Efficiency of ATG13 knockdown was assayed by immunoblotting

below on the right using GAPDH as loading controls.

B WIPI2 of LC3B puncta per cell was quantified for each condition (mean =+ SD of three independent experiments; ANOVA: **P < 0.01).

C, C' HEK293A cells were transfected with nontargeting siRNA (siCtr) or siRNAs silencing ULK1 (siULK1), ULK2 (siULK2), or both (siULK1+2) for 72 h, treated without (-) or
with 60 uM chloroquine (+CQ) for 150 min, and fixed and immunostained for endogenous WIPI2 and LC3B. Scale bar, 10 um. Efficiency of ULK1 knockdown was
assayed by immunoblotting on the left and its effect on autophagy induced by starvation and Torinl treatment in Appendix Fig S1. The efficiency of ULK2
knockdown was assayed by quantitative RT-PCR, and the result is shown in panel C'.

D WIPI2 of LC3B puncta per cell was quantified for each condition (mean =+ SD of three independent experiments; ANOVA: *P < 0.05, **P < 0.01, ***P < 0.001).

E HEK293A cells were incubated without (-), with 60 uM chloroquine (+CQ), or with chloroquine and 5 pM MRT68921 (+CQ +MRT) for 150 min and fixed and stained

for WIPI2 and LC3B. Scale bar, 10 um.

F WIPI2 of LC3B puncta per cell was quantified for each condition as in panel B (mean + SD of three independent experiments).

These results with stable cell lines confirm those with siRNA
knockdown of Rabaptin5 or FIP200 of Fig 3. (It should be noted that
the numbers of WIPI2 and LC3B puncta were consistently higher
under knockdown conditions even at steady state, which is
nonspecifically caused by siRNA transfection.)

Immunoblot analysis of LC3B lipidation upon chloroquine treat-
ment (Fig 6D and E) showed the expected increase in LC3B-II in
wild-type and Rabaptin5-overexpressing cells already after 30 min,
which was reduced in Rabaptin5-knockout cells and rescued by re-
expression of wild-type Rabaptin5, but not of the AAA mutant.

We furthermore quantified colocalization of Rabaptin5 and
ATG16L1 or WIPI2 upon chloroquine treatment for 0, 15, or 30 min
in Rabaptin5-overexpressing cells and in knockout cells re-
expressing wild-type or AAA mutant Rabaptin5 (Figs 6F and G, and
EV4A). Colocalization with either autophagy protein was lower and
hardly induced in knockout cells expressing the Rabaptin5-AAA
mutant unable to bind ATG16L1, demonstrating that this interaction
is required to induce endosomal autophagy.

ATGI16L1 exists in two isoforms, the full-length B isoform and the
o isoform lacking residues 266-284. This B-isoform-specific segment
was shown by Lystad et al (2019) to be part of a membrane-binding
region that is dispensable for canonical autophagy, but is required for
membrane recruitment of ATG16L1 and LC3B lipidation upon
monensin treatment when canonical autophagy was blocked by inhi-
bition of VPS34 and/or ULK1/2. To test the requirement of the
segment for the recruitment of ATG16L1 to chloroquine-damaged
early endosomes, we expressed the o form of mCherry-ATG16L1 in
HEK293A cells (Fig EV4B). In cells containing wild-type Rabaptin5,
but not in cells expressing the AAA mutant, ATG16L1a was recruited
to chloroquine-enlarged transferrin receptor-positive endosomes
resulting in increased localization of ATG16L1a to early endosomes
(Fig EVAC and D), just like the B isoform did (Figs EV4A and 2H and
K), in support of canonical autophagy at endosomes.

There are a number of interconnections between autophagy and
endosomes (Birgisdottir & Johansen, 2020). To address the possibil-
ity that absence or mutation of Rabaptin5 might alter endosome
properties in a way that indirectly affects chloroquine-induced
autophagy, we confirmed that chloroquine induces early endosome
swelling also in Rabaptin5-KO cells by immunofluorescence micro-
scopy of EEA1 (Appendix Fig S5A). Rabaptin5 deletion did not affect
autophagic flux, since the expression of tandem fluorescent-tagged
RFP-GFP-LC3 containing an acid-sensitive GFP and a pH-insensitive
RFP (Kimura et al, 2007) showed an indistinguishable fraction of

© 2021 The Authors

autophagosomes (red/green double-positive LC3 puncta) and
autolysosomes (red-only LC3 puncta) in HEK293A and Rabaptin5-
KO cells, without treatment or upon induction of autophagy by star-
vation or Torinl treatment (Appendix Fig S5B and C).

To further exclude the possibility that the triple AAA mutation
inactivated the function of Rabaptin5 in endosomal maturation
and thus perhaps affected endosomal autophagy indirectly, we
analyzed the number of lysosomal structures in the different HEK
cell lines by LysoTracker staining (Fig 6H). The marked reduction
of lysosomes upon Rabaptin5 knockout was completely rescued by
re-expression of wild-type Rabaptin5 and also by Rabaptin5-AAA,
demonstrating that the endosomal function of the mutant protein
was intact (Fig 6]).

To test for degradation of damaged endosomes, transferrin recep-
tor levels were analyzed with and without chloroquine treatment.
We found a significant reduction of ~15 and ~30% after overnight
incubation with chloroquine in parental HEK293A cells and in
Rabaptin5-KO cells re-expressing wild-type Rabaptin5, resp., but no
reduction in Rabaptin5-KO cells expressing the Rabaptin5-AAA
mutant defective in binding to ATG16L1 (Appendix Fig SSD and E).

Monensin-induced endosomal autophagy also depends on
Rabaptin5 and its interaction with ATG16L1

Chloroquine is protonated and trapped within acidified endosomes
and lysosomes, osmotically promoting compartment swelling by
water influx. Monensin promotes the exchange of protons for
osmotically active monovalent cations such as Na* and thus results
in osmotic swelling of acidified compartments in a different way.
Monensin treatment of HEK'RPP® cells rapidly produced swollen
Rabaptin5-positive early endosomes that stained positive for
ATG16L1 and WIPI2 (Fig EVSA), just like chloroquine treatment
(Fig 2F and G). Similarly, overall colocalization of ATG16L1 and
WIPI2 with Rabaptin5-positive structures increased in Rabaptin5-
overexpressing HEK™®PP® cells and in Rabaptin5-knockout cells re-
expressing wild-type Rabaptin5, but not in knockout cells express-
ing the Rabaptin5-AAA mutant that is unable to bind to ATG16L1
(Fig EV5B and C). The same was observed for the o isoform of
ATG16L1 upon monensin treatment (Fig EV4C and D). The increase
in total WIPI2-positive structures upon longer monensin treatment
of 150 min was also dependent on Rabaptin5, since it was abolished
upon knockout of Rabaptin5 and recovered upon re-expression of
wild-type Rabaptin5, but not by the AAA mutant (Fig EV5D). The
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effect on the induction of LC3B-positive structures was less clearly
dependent on Rabaptin5 (Fig EV5SE).

Rabaptin5 targets Salmonella-containing vacuoles to autophagy
As Salmonella enterica enters host cells such as fibroblasts or

epithelial cells, its surrounding phagosomal membrane quickly
acquires the characteristics of early endosomes through fusion with

Valentina Millarte et al

Rab5-positive endosomes (Steele-Mortimer et al, 1999; LaRock et al,
2015; Levin et al, 2016). The Salmonella-containing vacuole (SCV)
is thus positive for Rab5, Rabaptin5/Rabex5, EEAI, transferrin
receptor (TfR), and the PI-3-kinase VPS34. Perforation of the early
SCV membrane by the type III secretion system 1 (T3SS-1) results in
binding of cytosolic galectins and ubiquitination to activate antibac-
terial autophagy to the SCV membrane (LaRock et al, 2015).
Because of this similarity of the early SCV with damaged early
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Figure 5. Rabaptin5 binds to the WD domain of ATG16L1 via a conserved interaction motif."

A Hela cells transiently transfected with full-length mCherry-ATG16L1 were treated with 60 uM chloroquine (CQ) for 0, 30, or 120 min, lysed, and
immunoprecipitated with anti-Rabaptin5 (IP: Rbpt5) or, as a control, with anti-FLAG antibodies (IP FLAG). Immunoprecipitates and input lysates (10%) were
immunoblotted for Rabaptin5 and ATG16L1. Signals were quantified and the ratios of mCherry-ATG16L1/Rabaptin5 normalized to that without (O min) chloroquine
treatment (mean =+ S of six independent experiments; two-tailed Student’s t-test: *P < 0.05, **P < 0.001).

B Co-immunoprecipitation was performed as in panel A using parental HEK293A cells and CRISPR/Cas9 knockout cells lacking FIP200 (FIP-KO). Anti-HA antibodies
were used as a control (IP HA). On the right, HEK293A- and FIP200-knockout cells were immunoblotted for FIP200 and as a loading control of tubulin (Tub). Signals
were quantified and the ratios of mCherry-ATG16L1/Rabaptin5 normalized to that of HEK293A cells without chloroquine treatment (mean = SD of four

independent experiments; two-tailed Student’s t-test: *P < 0.05, **P < 0.001).

C, D Lysates of HEK293A or Hela cells transiently transfected with full-length mCherry-ATG16L1 (wt) or a mutant lacking the WD domain (AWD; residues 1-319 of
ATG16L1, precisely deleting only the WD40 repeats residues 320-607) were immunoprecipitated with anti-Rabaptin5 or anti-FLAG antibodies, and immunoblotted
for Rabaptin5 and mCherry-ATG16L1 (C), or immunoprecipitated with anti-Rabaptin5 or anti-HA antibodies, and immunoblotted for Rabaptin5 and mCherry-
ATG16L1 (D). In panel D, cells were incubated with or without 60 uM chloroquine for 30 min before analysis. Co-immunoprecipitation of ATGI6LIAWD with
Rabaptin5 (C) was reduced to 6.6 + 2.1 and 3.4 & 2.1% in HEK293A and Hela cells, respectively, relative to that of full-length ATG16L1 (signals normalized to the
immunoprecipitated protein; mean =+ SD deviation of three independent experiments each).

E The consensus sequence of the ATG16L1 interaction motifs of TMEM59, NOD2, and TLR2 (above; Boada-Romero et al, 2013) is shown together with the matching
sequence in Rabaptin5 (below). The three point mutations to alanine to produce the AAA mutant of Rabaptin5 are indicated.

F Lysates of Hela cells transiently transfected with myc-tagged wild-type Rabaptin5 (wt) or triple-alanine mutant (AAA) were immunoprecipitated with anti-myc (IP
myc) or anti-FLAG antibodies (IP FLAG), and immunoblotted for myc and ATG16L1. Co-immunoprecipitation of ATG16L1 with Rabaptin5-AAA triple mutant was
reduced to 1.5 + 1.2% relative to that with wild-type Rabaptin5 (signals normalized to that of the immunoprecipitated protein; mean + SD of three independent

experiments).

TCorrection added on 5 January 2022, after first online publication: The legend has been corrected according to the displayed figure: Panel group C-E has been
corrected to C, D and FIP200 has been corrected to Rabaptin5. Panels F and G have been corrected to E and F, respectively. The text for panel H has been deleted.

endosomes, we tested the role of Rabaptin5 in autophagy of Salmo-
nella early after infection.

We first infected HelLa cells with Salmonella enterica serovar
Typhimurium with or without siRNA-mediated silencing of Rabapt-
in5 or FIP200 and determined the number of phagocytosed live
bacteria after 0, 1, 3, and 6 h (Fig 7A, left). For this, bacteria were
gently centrifuged onto the cell layer for 5 min at 37°C and further
incubated for 10 min. Bacteria that had not entered the cells were
thoroughly washed away. For further incubation, the medium was
supplemented with gentamycin to eliminate any remaining extracel-
lular bacteria. Yet, even immediately after infection, confocal
immunofluorescence microscopy confirmed that essentially all cell-
associated bacteria were internalized. The infection efficiency was
not affected by silencing Rabaptin5 or FIP200 (~14% of cells
infected; Fig 7A, right). At different time points, cells were lysed and
plated out to determine the number of live bacteria.

Within the first hour of infection, ~80% of initially internalized
bacteria were killed, after which live cell numbers increased again.
Part of the observed initial killing is due to autophagy, since knock-
down of FIP200 almost doubled the number of live cells 1 h after
infection (Fig 7A, middle). Silencing of Rabaptin5 expression was at
least as effective, indicating a contribution of Rabaptin5 to early
bacterial killing. These findings were confirmed by experiments
using our stable HEK293A cell lines (Fig 7B). Only 25% of internal-
ized Salmonella survived the first hour in parental HEK293A cells,
whereas overexpression of Rabaptin5 in HEK™X"P*° cells reduced this
fraction by half and knockout of Rabaptin5 doubled it. Re-
expression of the wild-type protein in knockout cells recovered
wild-type levels of survival, while the expression of the mutant
Rabaptin5-AAA that is unable to bind ATG16L1 did not.

These results suggest that Rabaptin5 targets autophagy to the
damaged membrane of SCVs and contributes to killing of phagocy-
tosed Salmonella. To confirm this concept, bacteria infecting the dif-
ferent HEK293A cell lines were analyzed by immunofluorescence
microscopy for colocalization with TfR as a marker for early endoso-
mal membrane identity and for LC3B as an autophagy marker (Fig

© 2021 The Authors

7C). Right after infection, while virtually all bacteria were intracellu-
lar, more than half of them were negative for both markers. This
fraction rapidly declined for the next 15 min and the fraction in a
TfR-positive environment with or without LC3B increased signifi-
cantly, consistent with increasing acquisition of endosomal markers
of the SCVs by fusion with early endosomes.

In wild-type HEK293A cells and Rabaptin5-overexpressing HEK
cells, the predominant population 5-30 min after infection was that of
Salmonella in double-positive (TfR+/LC3B+) SCV-autophagosomes (Fig
7C). In Rabaptin5-knockout cells, this population was reduced in favor
of a majority of TfR single-positive SCVs as a result of reduced autop-
hagy initiation. The expression of Rabaptin5-AAA did not change this
situation, confirming that the interaction with ATG16L1 is required to
initiate autophagy of SCVs. At the same time, it shows that the pheno-
type of the knockout cells is not just the result of reduced endosome
maturation in the absence of Rabaptin5, since the AAA mutant is func-
tional for its other endosomal functions. In FIP200-knockout cells,
TfR+/LC3B+ SCVs were also reduced, as expected.

In summary, Rabaptin5, in addition to its function as a regulator
of early endosome identity and endosomal maturation, plays an
unexpected role in initiating autophagy of damaged early endo-
somes and bacteria-containing phagosomes via interaction with
FIP200 and ATGI16L1.

+Rbpt5

Discussion

Previously, Rabaptin5 had been characterized as a regulator of Rab5
activity by complex formation with Rabex5, the GDP/GTP exchange
factor of Rab5. In addition, it had been shown to bind to Rab4-GTP
and Rab5-GTP, the hallmark Rab proteins of early endosomes (Hori-
uchi et al, 1997; Lippé et al, 2001; Mattera et al, 2006; Kalin et al,
2015, 2016). Rabaptin5 thus was known to contribute to endosome
identity and maturation (Huotari & Helenius, 2011). Silencing of
Rabaptin5 has no effect on cell viability, most likely because Rabex5
can recruit independently in the absence of Rabaptin5 to endosomes
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Figure 6. Chloroquine-induced endosomal autophagy depends on Rabaptin5 and its ATG16L1-binding motif.

A

F, G

By immunoblot analysis, the levels of Rabaptin5 and as a loading control of tubulin (Tub) were assessed in wild-type HEK293A cells, HEK*°P® cells stably

overexpressing Rabaptin5, and Rabaptin5-knockout cells without (Rbpt5-KO) or with stable re-expression of wild-type (Rbpt5-KO+wt) or AAA mutant Rabaptin5
(Rbpt5-KO+AAA).

The same stable HEK293A-derived cell lines were treated without (-CQ) or with 60 pM chloroquine for 150 min (+CQ) and analyzed by immunofluorescence
microscopy for WIPI2 or LC3B. Scale bar, 10 um.

WIPI2 and LC3B puncta per cell were quantified for each condition (mean + SD of three independent experiments; ANOVA: *P < 0.05, ***P < 0.001, ****P < 0.0001).
The HEK293A-derived cell lines were treated with 60 uM chloroquine for 30 min, and non-lipidated and lipidated LC3B (I and I, resp.) were assayed by immunoblot
analysis (D). The increase in the LC3B-II fraction of total LC3B upon chloroquine treatment was quantified (mean + SD of three independent experiments; ANOVA:
*P < 0.05, **P < 0.01).

HEK"RP™ cells and Rabaptin5-knockout cells stably re-expressing wild-type (Rbpt5-KO+wt) or AAA mutant Rabaptin5 (Rbpt5-KO+AAA) were transfected with
mCherry-ATG16L1, treated with 60 uM chloroquine (CQ) for 0, 15, and 30 min, and analyzed by immunofluorescence microscopy for Rabaptin5, mCherry-ATG16L1,
and WIPI2. Manders’ colocalization coefficients were determined, M1 showing the fraction of Rabaptin5-positive structures also positive for mCherry-ATG16L1

(F) or WIPI2 (G) and M2 showing the inverse (mean = SD of three independent experiments; ANOVA for Rbpt5-KO+wt or +AAA versus HEKRPP™ cells: *P < 0,05,

**p < 0.01, ***P < 0.001).

Wild-type HEK293A cells, HEK"R°P® cells, Rabaptin5-knockout cells without (Rbpt5-KO) or with stable re-expression of wild-type (Rbpt5-KO+wt) or AAA mutant
Rabaptin5 (Rbpt5-KO+AAA) were stained with LysoTracker and with DAPI for nuclei. Scale bar, 10 um.

The number of lysosomes (LysoTracker-positive structures) per cell was quantified from cells as in panel C (mean =+ SD of three independent experiments). Images

for at least 15 cells per sample were quantified. The value for HEK™R°P
as separate structures. ANOVA: *P < 0.05, ****P < 0.0001.

and activate Rab5 (Mattera & Bonifacino, 2008). However, silencing
Rabaptin5 or reduced expression of Rabaptin5 due to hypoxia-
activated hypoxia-inducible factor (HIF) or overexpressed histone
deacetylase 6 (HDAC6) in gastric cancer has been found to delay
early endosome fusion, reduce EGF receptor degradation, and thereby
prolong receptor signaling (Wang et al, 2009; Park et al, 2014).
Consistent with these functions, we found here that the number of
lysosomes, the endpoint organelles of the endosomal pathway, was
increased by overexpression and reduced upon knockout of Rabapt-
in5. This phenotype was rescued by re-expression of wild-type as
well as of Rabaptin5-AAA that is unable to bind ATG16L1, indicating
that the mutant protein performs its endosomal functions normally.

In this study, we identified FIP200 and ATG16L1 as novel inter-
actors of Rabaptin5 and thus an additional unexpected role for
Rabaptin5 in autophagy. Endosomes—specifically recycling endo-
somes—were previously implicated as a source of membranes and of
ATG9 and ATGI16L1 for growing phagophores (Knaevelsrud et al,
2013; Puri et al, 2013; Popovic & Dikic, 2014; Sgreng et al, 2018).
Rab11A-positive recycling endosomes were found to act as a platform
for autophagosome assembly mediated by the interaction of WIPI2
with PI3P and Rab11A (Puri et al, 2018). These recycling endosomes
were demonstrated to be distinct from Rab5- and thus also from
Rabaptin5-positive early sorting endosomes. While Rabll1A was
shown to be broadly important for starvation-induced autophagy as
well as mitophagy (Puri et al, 2018), silencing of Rabaptin5 did not
affect Torinl-induced autophagy or lysophagy, but specifically inhib-
ited autophagy induced by chloroquine or monensin and of SCVs.
This specificity argues against a defect in sorting endosomes due to
silencing Rabaptin5 to generally inhibit autophagy.

On the contrary, there is evidence that defects in autophagy affect
sorting endosome function: Cells lacking ATG7 or ATGI6L1 were
shown to perturb EGF receptor endocytic trafficking and to abrogate
EGF receptor signaling (Fraser et al, 2019). Damaged, galectin 8-
positive early endosomes accumulated in the absence of autophagy,
like during chemical disruption with monensin. These findings
suggested autophagy of early endosomes (“endosome-phagy”) to be a
housekeeping activity to keep sorting endosomes functional. Rabapt-
in5 is a good candidate to target autophagy to this compartment.

© 2021 The Authors

cells is an underestimate, because the density of puncta makes them difficult to distinguish

We found Rabaptin5 to be essential to target the autophagy
machinery to damaged endosomes by binding to FIP200 and
ATG16L1. Rabaptin5 binds to the WD domain of ATG16L1 via an
interaction motif °”YRLVSETEWNLL®'® based on a conserved
consensus initially identified in TMEMS59, NOD2, and TLR2 to
promote autophagy in the context of bacterial phagosomes (Boada-
Romero et al, 2013). Rabaptin5 with three of the key residues in this
sequence mutated to alanines could not rescue chloroquine-induced
WIPI2 and LC3B puncta beyond the level of the Rabaptin5 knockout
and did not induce colocalization with WIPI2 or ATG16L1. This
suggests that, in the context of damaged early endosomes, Rabapt-
in5 makes an essential contribution to recruit ATG16L1. The impor-
tance of the interaction with FIP200 could not be assessed, since
deletion of the interacting segment in Rabaptin5 (residues 547-666;
CC2-1) abolishes Rabex5-binding and membrane recruitment (Kalin
et al, 2015) and in FIP200 destabilized complex formation with
ATG13 and ULK1.

Chloroquine treatment caused Rabaptin5-positive endosomes to
swell and break, recruiting galectins 3 and 8, ubiquitination, p62,
FIP200, WIPI2, and ATG16L1 within 30 min. At longer time points,
also LC3B-positive autophagosomes accumulated. Induction of
WIPI2 puncta was strongly reduced by silencing of Rabaptin5,
FIP200, ATG13, or by inhibition of ULK1/2. LC3B autophagosomes/
autolysosomes were also reduced, but in most cases to a lesser
extent. The involvement of the ULK-FIP200 initiator complex and of
WIPI2 and the insensitivity to BafAl is in agreement with canonical
selective autophagy upon chloroquine treatment, similar to lyso-
phagy induced by LLOMe treatment (Maejima et al, 2013; Chauhan
et al, 2016). However, it differs from a noncanonical LAP-like mech-
anism that was observed for entotic vacuoles or latex bead-
containing phagosomes as model organelles (Florey et al, 2015;
Jacquin et al, 2017; Fletcher et al, 2018). Upon chloroquine or
monensin treatment, LC3 was recruited directly to the single-
membrane vacuoles without PI3P production or WIPI involvement,
without ubiquitination, and independently of ATG13 and of the
FIP200-binding domain of ATG16L1. Chloroquine and monensin
appear to trigger a different response on large phagosomal struc-
tures and entotic vacuoles than on regular early endosomes.
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The relative insensitivity of chloroquine-induced LC3B puncta to
knockdown of FIP200, ATG13, and Rabaptin5—compared to the
strong and robust reduction of WIPI2 puncta—suggests the possibility
of LAP-like autophagy occurring in parallel, perhaps on endosomes
that were not damaged. Alternatively, inhibition of autophagic flux
specifically causes LC3 puncta to accumulate over time. In support of
the latter interpretation, complete ULK inhibition by MRT68921 (Fig
4E and F) or FIP200 knockout (Fig 6B and C) abolished chloroquine-
induced LC3 structures, suggesting that—unlike on phagosomes or
entotic vacuoles—there is little LAP-like autophagy on damaged early

Valentina Millarte et al

lipidation upon monensin treatment in the presence of ULK and
VPS34 inhibitors to block canonical autophagy. This lipidation was
partially dependent on the B segment of full-length ATG16L1 provid-
ing membrane-binding affinity. Yet, in the absence of these inhibitors,
we found both ATG16L1a and ATG16L1 f to be equally recruited to
chloroquine- or monensin-treated early endosomes dependent on the
WD domain interaction motif in Rabaptin5 (Fig EV4C and D).
Salmonella that are phagocytosed by professional phagocytes
such as macrophages are the target of LAP (Masud et al, 2019).
However, Salmonella also has the ability to actively infect other cell

endosomes. Nevertheless, Lystad et al (2019) detected LC3B types such as epithelial cells and fibroblasts, triggering uptake into
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4 Figure 7. Rabaptin5-mediated autophagy contributes to early killing of Salmonella.

A Hela cells were transfected with nontargeting siRNA (siCtr) or siRNAs silencing Rabaptin5 (siRbpt5) or FIP200 (siFIP200) for 72 h. The cells were infected with
Salmonella by centrifugation at 500 x g for 5 min at 37°C and incubation for 10 min at 37°C, washed three times, and incubated in fresh culture medium containing
gentamicin to prevent growth of extracellular bacteria for 0, 1, 3, or 6 h before lysis of the host cells and plating of the bacteria on LB agar plates at various dilutions
to determine the number of live bacteria at the different time points, shown as a percentage of internalized cells after infection (mean + SD of three independent
experiments). The fractions of internalized bacteria alive 1 h after infection are shown separately in the middle (mean =+ SD of three independent experiments;
ANOVA: *P < 0.05). On the right, the fraction of infected cells was determined for Hela cells transfected with siRNAs and infected as above with Salmonella expressing
GFP, washed, and immediately fixed for fluorescence microscopy and stained with anti-transferrin receptor and anti-LC3B as cellular markers. Z-stacks for > 5,000
cells/sample were acquired and analyzed in Fiji to determine the fraction of infected cells (mean + SD of three independent experiments). The average number of
bacteria per infected cell was identical (2.16, 2.11, and 2.12 bacteria per cell transfected with siCtr, siRbpt5, and siFIP200, respectively).

B Wild-type HEK293A, HEKRP® Rbpt5-KO, Rbpt5-KO+wt, Rbpt5-KO+AAA, and FIP200-KO cells were infected with Salmonella and treated and analyzed as in panels A
(mean = SD of three independent experiments; ANOVA: *P < 0.05, ****p < 0.0001).

C Wild-type HEK293A, HEK'RPP Rbpt5-KO, Rbpt5-KO+AAA, and FIP200-KO cells were infected with Salmonella expressing GFP as in panel B, incubated in fresh culture
medium containing gentamicin for 0, 5, 15, 30, and 60 min, fixed with methanol, and immunostained for transferrin receptor (TfR) as a marker of early endosomes
and for LC3B as a marker of autophagy. Salmonella were classified according to their association with a TfR- and/or LC3B-positive compartment—as illustrated on the
top left (scale bar, 2 pm)—during the first hour after infection. In the absence of Rabaptin5, LC3-positive SCVs with early endosomal characteristics (containing TfR)

were strongly reduced. (mean =+ SD of three independent experiments, analyzing >50 bacteria for each time point.)

SCVs that are the target of canonical autophagy (LaRock et al,
2015). Salmonella manipulates its host by injecting effectors into
the host cytosol via two type III secretion systems (T3SS). T3SS-1 is
required for internalization into SCVs. As SCVs are further acidified,
T3SS-2 is induced and its effectors mediate maturation to
Salmonella-induced filaments, where bacteria proliferate. However,
T3SS-1 also damages the SCV membrane. This may result in
complete release of bacteria into the cytosol where they hyperprolif-
erate and become direct targets of ubiquitination and autophagy. In
contrast, damaged SCVs are recognized by selective autophagy in a
similar manner as damaged endosomes or lysosomes: Exposure of
lumenal protein domains and glycans triggers the binding of galectin
3 and galectin 8 (Thurston et al, 2012; Fujita et al, 2013), poly-
ubiquitination, and p62 and NDP52 recruitment (Zheng et al, 2009;
Thurston et al, 2012). SCVs are surrounded by phagophores in a
process requiring FIP200 and ATG9L1 (Kageyama et al, 2011; Fujita
et al, 2013; Huang & Brumell, 2014; Kishi-Itakura et al, 2020).

Because of the similarities between autophagy of SCVs and of
damaged endosomes, we tested a potential role of Rabaptin5 in the
early phase of Salmonella infection. We found that autophagic elim-
ination of Salmonella during the first hour postinfection, when the
SCVs most resemble early endosomes, strongly depended on
Rabaptin5 and its ability to bind ATG16L1. In wild-type HeLa and
HEK293A cells, 70-80% of internalized bacteria were Killed within
the first hour. Knockdown or knockout of Rabaptin5 reduced this
number to approximately 50%, i.e., to the same extent as silencing
of FIP200 did. The same effect was observed, when wild-type
Rabaptin5 was replaced by a triple mutant defective in its interac-
tion with ATG16L1.

Interestingly, Kageyama et al (2011) observed that LC3 recruit-
ment to SVCs was not blocked in the absence of the ULK1/FIP200
complex, ATGIL1, or ATG14L, or in the presence of wortmannin,
suggesting a noncanonical mechanism of recruiting ATG16L1 to
SCVs in the absence of the canonical machinery. This alternative
mechanism may be responsible for the residual killing of bacteria
we observed in the absence of Rabaptin5 or FIP200.

Our study shows that Rabaptin5 has dual functions: In addition
to its role as a regulator of early endosome identity and endosome
maturation, it contributes to initiate and promote autophagy, when
endosomes are damaged spontaneously, by chemical agents, or by
pathogens.

© 2021 The Authors

Materials and Methods
Antibodies and reagents

Mouse anti-transferrin receptor (OKT8 monoclonal hybridoma, kind
gift of Dr. H. Farhan, 1:1,000), mouse anti-Rabaptin5 (610676, BD
Transduction Laboratories, 1:1,000), rabbit anti-Rabaptin5 antibod-
ies (NBP1-47285, Novus Biologicals, 1:500), mouse anti-WIPI2
(ab105459, Abcam, 1:500), and rabbit anti-LC3B (3868S, Cell Signal-
ing, 1:1,000 and 1:400) were used for immunofluorescence micro-
scopy and immunoblotting; mouse anti-tubulin (kind gift of Dr. H.
Farhan, 1:1,000) and rabbit anti-ATG13 (#13468S, Cell Signaling,
1:1,000) for immunoblotting; rabbit anti-FIP200 (12436S, Cell
Signaling, 1:1,000) for immunoblotting and immunoprecipitation;
rabbit anti-Galectin 3 (Abcam ab31707, 1:1,000), rabbit anti-
ATG16L1 (8089, Cell Signaling, 1:1,000), rabbit anti-myc
(GTX29106, GeneTEX, 1:5,000), rabbit anti-mCherry (PAS5-34974,
Invitrogen, 1:1,000), and rabbit anti-EEA1(Abcam Ab2900, 1:1,000)
for immunoprecipitation; mouse anti-ubiquitin (SC-8017, Santa
Cruz, 1:500), mouse anti-ALIX (634502, BioLegend, 1:400), and
mouse anti-p62/SQSTM1 antibody (2C11) (H00008878-M01, Novus
Biologicals, 1:400) for immunofluorescence microscopy.

Alexa-Fluor-488- or Alexa-Fluor-568-tagged donkey anti-mouse-
or anti-rabbit-immunoglobulin antibodies (A32766, A32790,
A10042, A10037, Molecular Probes, 1:200) and Alexa-Fluor-633 goat
anti-mouse immunoglobulin antibodies (A-21050, Molecular Probes,
1:200) were used as secondary antibodies for immunofluorescence,
and horseradish-peroxidase-coupled goat anti-mouse- or anti-rabbit-
immunoglobulin antibodies (A0168, A0545, Sigma Immunochemi-
cals, 1:5,000) in combination with the enhanced chemiluminescence
reaction kit (Amersham Pharmacia Biotech).

Monensin, MRT68921, and LLOME were purchased from Sigma-
Aldrich (M5273, SML1644, and L7393, respectively), and chloro-
quine was purchased from Serva (16919).

Plasmids and mutagenesis

Plasmids of human Rabaptin5, RFP-Rab5 (pSI-AAR6_Rab5), and
GFP-Rab7 (pSI-AAL6_Rab7) were described in Kalin et al (2015).
The cDNA of human FIP200 was purchased from OriGene
(5C114884), pmCherry_Gal3 was a gift from Hemmo Meyer
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(Addgene plasmid #85662) (Papadopoulos et al, 2017), mRuby3-Gal8
(PB-CAG-mRuby3-Gal8-P2A-Zeo) was obtained from Addgene
(#150815), pSpCas9(BB)-2A-GFP (PX458) was a gift from Feng Zhang
(Addgene plasmid #48138) (Ran et al, 2013), and mCherry-ATG16L1
was a kind gift from Sharon Tooze (Francis Crick Institute). Muta-
tions were introduced by PCR mutagenesis. HeLa cells stably express-
ing GFP-CHMP4B were a kind gift by A. Hyman (MPI Dresden).

Cell culture and transfection

HeLaa (from ATCC) and HEK293A cells (a gift by Sharon Tooze,
Crick Institute) were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal calf serum (FCS), 100 units/
ml penicillin, 100 units/ml streptomycin, and 2 mM L-glutamine at
37°Cat7.5% CO,.

To generate Rabaptin5- and FIP200-knockout cell lines in
HEK293A cells, the gRNA sequences AGAGTGTGTACCTACAGTGC
(Rabaptin5) and TGGGCGCCTCACCGTCAGGC (FIP200) extended
with Bpi I overhangs were cloned into pSpCas9 (BB)-2A-GFP, digested
with Bpi I (Thermo Scientific, FD1014). 24 h after transfection, the
plasmid containing cells were selected by fluorescence-activated cell
sorting based on GFP expression. After 10 days of culture, single cells
were sorted again for loss of GFP expression and expanded. Gene
inactivation was confirmed by immunoblotting.

Transient transfections were performed using Fugene (Promega)
or JetPRIME (Polyplus) and cells analyzed after 2 days. For stable
expression, cells were transfected with the respective pcDNA3
constructs and subsequently selected with 2 mg/ml G418 (Geneticin
from Thermo Fisher Scientific; 3 mg/ml for 10 days). Surviving cells
were expanded in culture medium containing G418.

For knockdown experiments, siRNAs were purchased from Dhar-
macon Thermo Fisher Scientific (nontargeting siControl, D-001810-
10-05; Rabaptin5 siRABEP1, L-017645-01; FIP200 siRB1ICCl, M-
021117-01-0005; siATG16L1, J-021033-11-0010; siATG13, L-020765-
01; siULK1, L-005049-00; siULK2, J005396-07-0005; siWIPI2, J-
020521-09-0005). Cells were transfected with 20 nM siRNA and
HiPerFect (Qiagen) and used after 3 days.

Immunofluorescence microscopy and quantitation

Cells on coverslips were fixed with 3% paraformaldehyde (PFA) for
10 min at room temperature, quenched for 5 min with 50 mM NH,CI,
washed with PBS, permeabilized with 0.1% Triton X-100 for 10 min,
blocked with 3% BSA in PBS for 15 min, incubated for 1 h with
primary antibodies in PBS with BSA, washed, and stained for 30 min
with fluorescently tagged secondary antibodies in PBS with BSA.
Coverslips were mounted in Fluoromount-G (Southern Biotech).

For LC3B and WIPI2 staining, fixation was performed with
methanol or, when costaining for Rabaptin5, with PFA/methanol. In
the first case, cells were fixed for 15 min in —20°C methanol, perme-
abilized for 10 min with 0.3% Triton X-100, blocked for 30 min with
3% BSA in PBS, and incubated overnight with the primary antibody
at 4°C. In the second case, cells were first fixed in 3% PFA for 1 min
and then for 15 min in 100% —20°C methanol, permeabilized for 10
min with 0.1% Triton X-100, blocked for 15 min with 3% BSA in
PBS, and incubated overnight with the primary antibody at 4°C.
Secondary antibody was incubated in 3% BSA for 30 min at room
temperature. PFA/methanol fixation was also used to co-stain
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Rabaptin5 and ALIX in HEK293A cells, HEK293A-FIP200-KO cells,
and GFP-CHMP4B HelLa cells.

Images were acquired using an LSM700 confocal microscope or
an API Delta Vision Core microscope with a 63x lens. All experiments
were repeated at least three times. Images were analyzed with Fiji,
using the JACoP plug-in to determine Manders’ colocalization coeffi-
cients. Quantitations were based on images of 11 fields typically
containing 3-8 cells. To quantify colocalization between Rabaptin5
and mCherry-ATG16L1, transfected cells were fixed with PFA/
methanol as above and stained for Rabaptin5. Images of at least 20
mCherry-ATG16L-expressing cells were analyzed per experiment.

To estimate the number of lysosomes, cells were loaded over-
night with 450 nM LysoTracker Green (from Molecular Probes),
fixed in 3% PFA, and imaged. Images for at least 15 cells per sample
were quantified using Fiji.

To evaluate autophagic flux, HEK293A and Rabaptin5-KO cells
were transduced with the Premo Autophagy Tandem Sensor RFP-
GFP-LC3B Kit (Thermo Fisher Scientific) for 48 h and incubated
with or without HBSS starvation media or with 250 nM Torin1 for 3
h before fixation. GFP/RFP double-positive autophagosomes and
GFP-negative/RFP-positive autolysosomes were quantified by fluo-
rescence microscopy.

Statistical analysis

Student’s t-test (two-tailed, unpaired) was used to compare data of
two groups, while one-way ANOVA was the test used to compare
three or more groups.

Co-immunoprecipitation

Cells were lysed with lysis buffer (0.5% Na-deoxycholate, 1%
Triton X-100, 2 mM PMSF, protease inhibitor cocktail). Post-nuclear
supernatants were incubated with antibody overnight at 4°C. Anti-
gen—antibody complexes were collected with protein A-Sepharose
for 2 h at 4°C, washed three times with lysis buffer, and subjected
to immunoblot analyses.

Salmonella infection and immunofluorescence analysis

Wild-type Salmonella enterica serovar Typhimurium strain SL1344
was cultured in Luria broth (LB) overnight at 37°C with shaking,
followed by dilution into 10 ml of fresh LB (1:33), and continued to
grow under the same conditions for 3 h. One milliliter of bacteria was
then centrifuged at 8,000 g for 2 min and resuspended in 1 ml of PBS.
This suspension was diluted into DMEM + 10% FCS (no antibiotics)
and added directly to HeLa or HEK293A cell lines to a multiplicity of
infection of 100. The infected cell monolayers were centrifuged at 500
g for 5 min at 37°C to synchronize the infection and incubated 10
min at 37°C. The monolayers were then washed three times in PBS
and then incubated in fresh culture medium with 100 pg/ml genta-
mycin. At 1 h postinfection, the gentamycin concentration was
reduced to 10 pg/ml. At designated time points, cells were washed
three times with PBS and lysed in 500 pl of lysis buffer (PBS with 1%
Triton X-100). Serial dilutions were plated onto LB agar plates (with
90 pg/ml streptomycin) to determine bacterial live cell count.

For microscopy, cells were infected with GFP-expressing Salmo-
nella SL1344 as above, fixed after different times by the methanol
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fixation protocol, and incubated with anti-TfR and anti-LC3B
antibodies in PBS with 3% BSA overnight at 4°C, followed by
fluorescent secondary antibodies for 30 min at room tempera-
ture. Images were acquired using a Zeiss LSM700 confocal
microscope and analyzed in Fiji. To determine the infection rate,
HeLa cells infected with GFP-expressing Salmonella SL1344 as
above were fixed in methanol and stained for TfR and LC3B. Z-
stacks if images were acquired on an API Delta Vision Core
microscope using the 20x lens and a spacing of 0.13 pm. A range
of 5,000-18,000 cells/sample were imaged on 5-7 different areas
on the coverslip, deconvoluted, and stitched together on a Soft-
WoRx Imaging Workstastion. The final 3D pictures were
analyzed with Fiji.

Yeast two-hybrid screen and interaction domain identification

The pB29-Rbpt5(1-862)-LexA bait plasmid was used to screen a
random-primed HeLa cells_RP1 cDNA library cloned into the pP6-
Gal4-AD plasmid using a high-throughput proprietary yeast two-
hybrid-based technology (ULTImate Y2H Screen; Hybrigenics, Paris,
France). To identify the FIP200 interaction segment in Rabaptin5,
interaction domain mapping analysis of different fragments in pB29-
Rbpt5(#)-LexA was performed with pP6-Gal4AD-FIP200(257-444)
(Hybrigenics).

qPCR
Total RNA was isolated from HEK293A cells using RNeasy Mini Kit
(QIAGEN). cDNA synthesis was performed with 50 ng RNA in
GoScript Reverse Transcription Mix (Promega Corporation, A2790)
and thermocycler settings as indicated by the manufacturer. Real-
time quantitative PCR was performed using the GoTaq DNA Poly-
merase Kit (Promega, M3001) and the qTower qPCR System. Two
pairs of primers were used for ULK2 (TTTAAATACAGAACGAC
CAATGGA with GGAGGTGCCAGAACACCA and CTCCTCAGGT
TCTCCAGT with TTGGTGGGAGAAGTTCCAAG). Amplifications for
actin and GAPDH were performed for normalization.

Data availability
This study includes no data deposited in external repositories.
Expanded View for this article is available online.
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