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Abstract

Autophagy is a lysosomal degradation pathway that mediates protein and organelle turnover
and maintains cellular homeostasis. Autophagosomes transport cargo to lysosomes and their
formation is dependent on an appropriate lipid supply. Here, we show that the knockout of
the RAB GTPase RAB18 interferes with lipid droplet (LD) metabolism, resulting in an impaired
fatty acid mobilization. The reduced LD-derived lipid availability influences autophagy and
provokes adaptive modifications of the autophagy network, which include increased ATG2B
expression and ATG12-ATG5 conjugate formation as well as enhanced ATG2B and ATG9A
phosphorylation. Phosphorylation of ATG9A directs this transmembrane protein to the site of
autophagosome formation and this particular modification is sufficient to rescue autophagic
activity under basal conditions in the absence of RAB18. However, it is incapable of enabling
an increased autophagy under inductive conditions. Thus, we illustrate the role of RAB18 in
connecting LDs and autophagy, further emphasize the importance of LD-derived lipids for the
degradative pathway, and characterize an ATG9A phosphorylation-dependent autophagy
rescue mechanism as an adaptive response that maintains autophagy under conditions of

reduced LD-derived lipid availability.
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Introduction

Macroautophagy (hereafter referred to as autophagy) is a eukaryotic lysosomal degradation
pathway that mediates protein and organelle turnover and maintains cellular homeostasis [1].
Autophagic cargo is transported in vesicles, so-called autophagosomes, to lysosomes for
degradation and recycling of building blocks. The generation of autophagosomes is dynamic
and increases within minutes upon autophagy induction. Several conditions, including
nutrient deprivation or rapamycin treatment, stimulate autophagy and result in activation of
the AMP-activated kinase PRKAA1 and/or inhibition of the kinase MTOR [2]. Subsequently,
ULK1 kinase is activated by phosphorylation, which is a pre-requisite for the generation of
autophagosomes [3].

The synthesis of double-membraned autophagosomes starts with a precursor membrane, the
phagophore, which originates from specific omega-shaped domains (omegasomes) in the ER
membrane [4-6]. The phagophore elongates by the addition of lipids or membranes until it
finally closes to form an autophagosome, which completely incorporates the autophagic
cargo. This process involves a cascade of proteins, including two ubiquitin-like conjugations
systems, that mediate the formation of the ATG12-ATG5/ATG16L1 protein complex as well as
the lipidation of Atg8 family members, such as MAP1LC3B (shortly LC3) [7]. Indeed, the ATG12-
ATG5/ATG16L1 complex localizes to the phagophore membrane and shows E3 ligase-like
activity that promotes the final step of Atg8 lipidation [8-10]. Lipid-conjugated Atg8 proteins
associate with the growing phagophore membrane and are essential for autophagosome
formation [11]. The proteins stay (partially) attached to autophagic vesicles, which results in
their subsequent lysosomal degradation.

Besides complex protein processing, phagophore elongation is highly dependent on sufficient
lipid and membrane supply [3,12]. Several cellular organelles or compartments, including ER,
plasma membrane, mitochondria, Golgi complex, the ER-Golgi intermediate compartment,
recycling endosomes [3,13] as well as lipid droplets [14-16], have been suggested as potent
sources, donating lipids via vesicles or membrane contact sites. However, the exact process
and regulation of autophagic lipid acquisition remains unresolved. A key factor is the multipass
transmembrane protein ATG9A that connects the peripheral cellular compartments to
autophagosome formation [17-20]. ATG9A directs vesicles from the cellular periphery to the
site of phagophore maturation, where they serve as membrane sources for the buildup of

autophagosomes. Additionally, these vesicles deliver essential autophagy proteins such as
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ATG16L1 [21,22]. Under basal autophagy conditions, the majority of ATG9A is located at the
Golgi complex and switches to a dispersed vesicular localization upon autophagy induction,
resulting in the enhanced shuttling of vesicles to the site of autophagosome biogenesis.
Indeed, upon increased autophagy rates the specific phosphorylation of ATG9A, mediated by
ULK1 and SRC kinase [23,24], is enhanced, which fosters its trafficking activity and facilitates
autophagosome formation.
A further lipid source for phagophore elongation that acts independently of ATG9A, but in
close functional association with the ER, are lipid droplets (LDs) [14-16]. These cytoplasmic
lipid stores are found in virtually all eukaryotic cells and are composed of an organic phase of
neutral lipids, mainly triacylglycerides (TAGs) and sterol esters, which are separated from the
cytosol by a phospholipid monolayer and coated by a distinct network of proteins [25]. Under
lypolytic conditions, TAGs are hydrolyzed by the activity of various lipases and the generated
fatty acids are employed for energy metabolism or modified to appropriate lipids within the
ER [26]. Importantly, recent studies, employing yeast or human cell lines, have demonstrated
that specific LD-associated lipases, including PNPLA2/ATGL and PNPLA5, modulate autophagy
and that LD-derived lipids support the efficient formation of autophagosomes [14-16,27].
The RAB GTPase RAB18 has functionally been associated with LD metabolism [28] and
is a positive modulator of autophagy [29]. RAB18 localizes to LDs in adipocytes, fibroblasts,
epithelial cells, and several clonal cell lines. This association has been connected to a function
in LD homeostasis and the release of stored fatty acids [28,30,31]. The interaction of RAB18
with ER-linked tethering factors mediates the connection of LDs with the ER membrane and
facilitates LD homeostasis [32,33]. In a human mammary carcinoma cell line, however, a
RAB18 function in LD biogenesis or turnover has not been observed [34]. Importantly, loss-of-
function mutations in RAB18 cause Warburg Micro syndrome (WARBM) [35,36], a severe
human autosomal recessive (neuro-)developmental disorder. The molecular mechanisms
responsible for the pathology remain unclear, yet, WARBM patient cells are characterized by
an altered appearance of LDs [37].
In this study, we examined the impact of the stable RAB18 knockout on LD metabolism and
autophagy in Hela cells. The permanent loss of the RAB GTPase provoked a LD phenotype that
strongly resembled WARBM patient cells. In depth analysis revealed, that LDs were enlarged
in size and reduced in number and the release of fatty acids was impaired in the absence of

RAB18. We observed that insufficient LD-derived lipid availability influenced autophagy,
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resulting in adaptive adjustments of the autophagy network, which included an increased
expression and altered phosphorylation of ATG2B and the enhanced generation of ATG12-
ATGS5 conjugates. Most strikingly, the phosphorylation of ATG9A at amino acid residues Y8
and S14, which direct the protein to the autophagic pathway, were enhanced in RAB18 KO
cells. This modification rescued autophagy under basal autophagy conditions. Thus, this study
strengthens the function of RAB18 in LD metabolism and further demonstrates the
importance of LD-derived lipids for autophagy. Moreover, we characterize an ATG9A
phosphorylation-dependent rescue mechanism as a potent adaptive response to maintain

basal autophagic activity under conditions of deficient LD-derived lipid availability.

Results and Discussion

In previous studies, using transient genetic manipulations, we have characterized RAB18 as a
positive modulator of autophagy [29]; reduced protein levels of the RAB GTPase decreased
autophagic activity while increased levels enhanced the degradative pathway. To conduct a
more detailed analysis of RAB18 function in autophagy, we generated stable RAB18 KO Hela
cells, employing the CRISPR/CAS9 technology, and selected two independent clonal cell lines
(Fig. S1).

Initially, we focused on LDs since RAB18 has functionally been linked to their metabolism and
an altered LD phenotype has been described for WARBM patient cells [30,37]. Fluorescence
imaging of LDs revealed a striking LD appearance in the absence of RAB18 (Fig. 1A), similar to
WARBM patient cells [37]. LDs accumulated in the perinuclear region and their detailed
analyses demonstrated that they were enlarged in size and reduced in number per cell, when
compared to Hela wild type (WT) cells (Fig. 1B+C). This finding was confirmed by transmission
electron microscopy showing fewer but enlarged LDs, which are mostly localized close to the
nucleus (Fig. 1D).

Importantly, we observed an identical LD phenotype in CRISPR/CAS9-mediated stable
RAB3GAP1 KO cells (Fig. 1A). RAB3GAP1 acts as an upstream regulator of RAB18 activity
[29,33,38] and loss-of-function mutations in RAB3GAP1 have likewise been associated with
WARBM [39]. Thus, we detected an altered LD appearance in cell lines with a KO in different
- but functionally associated - genes, which emphasizes the relevance of RAB18 and

RAB3GAP1 for LD homeostasis.
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Presuming that the LD phenotype in KO cells originates from an altered LD metabolism, we
investigated the consumption of the lipid stores under nutrient-deprived conditions. Nutrient
deprivation results in the rapid hydrolysis of TAGs and the use of released fatty acids for
mitochondrial energy metabolism [40]. Indeed, starvation triggered a time-dependent
reduction in LD numbers in WT cells, while this process was repressed in RAB18 KO cells (Fig.
1E). The number of LDs per cell showed only a marginal decline during the starvation period.
Hence, the absence of RAB18 interfered with the turnover of LDs.
In order to directly investigate the mobilization of fatty acids from LDs upon starvation, we
monitored their release, employing the dye-conjugated fatty acid BODIPY 558/568 C;, and life
cell imaging (Fig. 1F). As expected, in WT cells, BODIPY 558/568 C;, efficiently migrated out of
LDs under nutrient-deprived conditions; the LD-located fluorescence signal decreased and the
area of single LDs progressively shrunk during the starvation period. In contrast, the dye-
conjugated fatty acid was mainly immobile in RAB18 KO cells and remained within LDs during
the starvation period, confirming that fatty acid mobilization in RAB18 KO cells is indeed
disturbed and is responsible for the LD phenotype.
We further examined the role of RAB18 in the formation of LDs and monitored their numbers
after the supplementation with oleic acid. Fatty acid treatment results in the rapid buildup of
LDs and, noteworthy, we observed no differences comparing RAB18 KO and WT cells (Fig. S2).
This indicates that the induced generation of LDs was not affected by the stable loss of RAB18.
Another key component of LD metabolism is the lipase PNPLA2/ATGL, which is
responsible for the hydrolysis of TAGs [41,42]. Under lypolytic conditions, the enzyme localizes
to LDs via its membrane-embedded target sequence and mediates the rapid release of fatty
acids [41]. Excitingly, the TAG lipase has also been characterized as a modulator of autophagy
[27]. We analyzed the localization of PNPLA2/ATGL at LDs in RAB18 KO and WT cells,
employing immunocytochemistry (Fig. 1G). Interestingly, the lipase accumulated at LDs in
RAB18 KO cells, demonstrating that the loss of RAB18 did not modulate its transfer to the
surface of the lipid stores. However, the enhanced LD-localization was not associated with an
efficient fatty acid release, emphasizing that LD turnover is impaired in the absence of RAB18.
In summary, so far we found that the loss of RAB18 function caused a defect in the
consumption of LDs, producing the prominent LD phenotype; a clear indication that cellular
lipid metabolism and, in particular, LD-derived lipid availability is disturbed in the absence of

the RAB GTPase.
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Next, we analyzed the influence of the observed alterations in LD metabolism on autophagy,
considering that the degradative pathway is strongly dependent on an adequate lipid supply.
Intriguingly, immunoblot analyses of autophagic activity in stable RAB18 KO cells showed that
the loss of RAB18 did not affect basal autophagy (Fig. 2A). Flux analyses of the lipidated form
of LC3, LC3Ill, showed no differences comparing the cell lines under basal, uninduced,
autophagy conditions. This result was supported by fluorescence microscopic investigations
that examined the total number of LC3- and SQSTM1-positive autophagosomes (Fig. 2B). The
amount of autophagosomal structures was comparable in RAB18 KO and WT cells under basal
conditions.

Subsequent starvation experiments induced autophagy in WT cells, however, excitingly, had
no effect on autophagic activity in RAB18 KO cells: the cells did not respond to nutrient
deprivation with the usually observed increased autophagic flux (Fig. 2A+B). Importantly, we
confirmed this particular finding in RAB3GAP1 KO cells (Fig. S3); the stable KO of RAB3GAP1
had no impact on basal autophagy, but impeded the induction-mediated increased autophagic
activity.

These results obtained in stable Hela knockout cells actually opposed our findings gained by
transient knockdown of RAB18 as well as RAB3GAP1 [29,43]; siRNA-mediated reduction of
protein levels caused a decline in autophagic activity, both, under basal as well as induced
autophagy conditions. The novel findings presented here indicate that the stable RAB18 (as
well as RAB3GAP1) KO lead to an adaptation of the autophagy network, which maintains basal
autophagic activity and compensates the permanent loss of RAB18 function. However, this
adaptive response is incapable of allowing enhanced autophagy upon induction.

The prominent defect in RAB18 KO cells is the reduced fatty acid transfer from LDs, which
results in an insufficient lipid supply to support autophagosome formation. Several
publications have emphasized the link between LD-derived lipids and autophagy [14-16]. A
recent study has reported that the increased accessibility of fatty acids from LDs enhances
autophagic capacity by facilitating autophagosome formation and, importantly, that this
process is dependent on LD-located lipases [14]. To analyze the significance of LD-derived
lipids for autophagy in our system, we investigated autophagic activity after pre-treatment
with oleic acid. The resulting enhanced availability of LD-derived lipids stimulated autophagy
in WT cells and facilitated the flux of LC3Il (Fig. 2C), confirming the previous study [14].

Strikingly, these conditions did not affect autophagic capacity in RAB18 KO cells. The pre-
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treatment with oleic acid did not result in an increased autophagic activity. This data strongly
indicates that the transfer of fatty acids from LDs to the autophagic pathway is disturbed in
the absence of RAB18 and further emphasizes the importance of LD-derived lipids for
autophagy.

Considering that basal autophagy was not affected by the loss of RAB18, the results obtained
so far pointed towards an adaptation of the autophagy network to conditions of reduced LD-
derived lipid availability. In order to analyze potential adaptive adjustments, we investigated
the status of the canonical autophagy induction pathway and analyzed phosphorylation of
MTOR and ULK1 (Fig. 3). MTOR phosphorylation at amino acid residue S2448 regulates the
kinase [44]. Indeed, we observed that S2448 phosphorylation levels were decreased under
autophagy-induced conditions and, interestingly, we found no difference in total levels of this
specific MTOR modification comparing RAB18 KO and WT cells (Fig. 3A, Fig. S4). The kinase
ULK1 is phosphorylated at multiple sites to regulate its activity, therefore, we examined the
MTOR-mediated, inactivating, phosphorylation at S758 as well as the PRKAA1-mediated,
activating, phosphorylation at S555 [45,46]. Interestingly, total levels of both post-
translational modifications were comparable in both cell lines, which emphasizes that ULK1
activity is not altered by the loss of RAB18 (Fig. 3A, Fig. S4). Additionally, we conducted a SILAC-
based quantitative phosphoproteomics approach that did not identify alterations in MTOR
and ULK1 phosphorylation at these residues (data not shown). These findings indicate, that
possible adjustments of the autophagy network, which functionally compensate the loss of
RAB18, are not related to alterations in the activity of the canonical autophagy induction
system.

Moreover, we investigated expression levels of key autophagy proteins, employing a qPCR
array and found that mRNA levels of a discrete number of autophagy factors were up-
regulated in RAB18 KO cells (Fig. 3B; Table S1). Remarkably, all these proteins can be allocated
to early steps of the autophagy pathway, suggesting that the network responded to the stable
protein loss with adaptations that facilitate autophagosome formation. Here, the increased
expression of ATG2B is of particular interest. Mammalian cells possess two functionally
redundant ATG2 proteins, ATG2A and ATG2B, which are suggested to regulate phagophore
growth and support the closure of autophagosomes [47,48]. Noteworthy, ATG2A/B have been
described to localize to phagophores as well as LDs and their knockdown also results in the

accumulation of enlarged LDs [47,49], indicating that ATG2 proteins might be involved in
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linking LD metabolism and autophagy. Thus, we presume that the up-regulation of ATG2B is a
direct adaptation to a disturbed LD-derived lipid transfer. Furthermore, the quantitative
phosphoproteomics approach detected several phosphorylation sites of ATG2B and revealed
that solely phosphorylation of the amino acid residue S493 was considerably enhanced in the
absence of RAB18 (Fig. 3C). This phosphorylation site has not been functionally characterized
yet, but the increased ATG2B expression in conjunction with the altered phosphorylation
suggests that ATG2B function is relevant for the adaptive response of the autophagy network.
Within the autophagy system, ATG9A is well-acknowledged to function in the transfer
of vesicles from the cellular periphery to the site of autophagosome formation to supply
required membranes [17,20,22]. Notably, mRNA and protein levels of ATG9A were not altered
in RAB18 KO compared to WT cells (Fig. 4B, Fig. S5). However, it has recently been shown that
the autophagic activity of ATG9A is actually regulated by phosphorylation at amino acid
residues S14 and Y8 [23,24]. In consequence, we analyzed the ULK1-mediated
phosphorylation of ATG9A at S14, employing the quantitative phosphoproteomics approach.
Indeed, the level of this particular phosphorylation of ATG9A was slightly but reproducibly
enhanced in RAB18 KO cells (Fig. 4A). Thus, even though we did not find any clear indication
of an altered ULK1 activity (Fig. 3A), the ULK1-mediated phosphorylation of ATG9A was
enhanced in the absence of RAB18.
Since the quantitative phosphoproteomics approach solely detected the serine residues on
ATGY9A, we investigated phosphorylation of the Y8 residue of ATG9A (referred to as p-Y8
ATG9A) by immunoblotting. Consistent with a recent study [24], we found that p-Y8 ATG9A
levels were increased upon autophagy induction in WT cells (Fig. 4B+C). This correlated with
the expected enhanced autophagic activity. The use of a specific SRC kinase inhibitor (SU6656)
efficiently prevented Y8-phosphorylation and impeded the enhanced autophagic activity. This
confirms the functional link between this particular SRC kinase-dependent phosphorylation of
ATGY9A and autophagic activity. Most strikingly, p-Y8 ATG9A levels were already enhanced
under basal conditions in RAB18 KO cells, which, importantly, did not correspond to an
increased autophagic activity in this case (Fig. 4 B+C). Remarkably, the inhibition of Y8-
phosphorylation significantly decreased basal autophagic activity in RAB18 KO cells. This
strongly argues that increased p-Y8 ATG9A levels are indeed causative for the maintenance of

basal autophagy in the absence of RAB18.
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ATGOYA is prominently located at the Golgi complex and changes its cellular localization to a
dispersed vesicular distribution upon autophagy induction [18,20,21]. This leads to enhanced
vesicle trafficking to the site of autophagosome formation and is directly linked to increased
numbers of perinuclear ATG16L1-positive pre-autophagosomal structures [21,22]. Employing
confocal fluorescence microscopy, we analyzed the localization of ATG9A in RAB18 KO and
WT cells under basal and induced autophagy conditions (Fig. 4D). As expected, the majority of
ATGY9A was located at the Golgi complex in WT cells, but changed its localization to a dispersed
vesicular distribution upon starvation-mediated autophagy induction. This altered localization
of ATG9A was indeed accompanied by increased numbers of ATG16L1 punctae, which were
mostly ATG9A positive. Importantly, RAB18 KO cells showed the same dispersed vesicular
distribution of ATG9A, which was also associated with enhanced numbers of ATG16L1-positive
structures, already under basal autophagy conditions. In accordance with this observation,
transmission electron microscopy revealed an increased number of perinuclear pre-
autophagosomal structures, such as omegasomes and phagophores (Fig. 4E), which are not
seen in WT cells.

Summing up, the analyses of ATG9A phosphorylation and localization clearly illustrate that the
autophagic activity of ATG9A is enhanced in the absence of RAB18, which is an essential
alteration to maintain basal autophagy under conditions of deficient LD-derived lipid
availability.

Since RAB18 KO cells are characterized by basal autophagy network adaptations that resemble
induced autophagy conditions and, in addition, we found that expression levels of ATG12 and
ATG5 were increased (Fig. 3B), we consequently also analyzed the ATG12-ATG5 conjugate
formation. Both proteins are covalently linked by an ubiquitin-like conjugation process
[10,50], which is a pre-requisite for the formation of the ATG12-ATG5/ATG16L1 complex that
is essential for the lipidation of Atg8 family members [10]. Employing immunoblotting, we
observed that total ATG12-ATG5 conjugate levels were increased in RAB18 KO cells under
basal autophagy conditions and resembled ATG12-ATGS5 levels of WT cells after induction (Fig.
4F). Thus, the increased trafficking of ATG9A to the site of autophagosome formation is
associated with an enhanced (autophagy induction-like) generation of ATG12-ATG5
conjugates in RAB18 KO cells already under basal autophagy conditions. We additionally
observed that the formation of the ATG12-ATG5 conjugate is dependent on SRC kinase

activity, since the treatment with the SRC kinase inhibitor potently reduced total conjugate
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levels (Fig. 4F). It is tempting to speculate, that ATG12-ATG5 conjugate levels are indeed
directly dependent on ATGYA activity.

The loss of RAB18 and the associated insufficient lipid supply for autophagosome formation
result in adaptive adjustments of the autophagy network, which resemble alterations that are
typically observed in WT cells upon autophagy induction. These adaptations are sufficient to
maintain basal autophagy, but incapable of enabling a further increase in autophagic activity
upon nutrient deprivation. We conclude that the SRC kinase-dependent phosphorylation of
ATGOA at Y8 is the critical rescue mechanism to maintain basal autophagy under conditions of
deficient LD-derived lipid availability (Fig. 5). In summary, this emphasizes the importance of
LD-derived lipids for autophagy and further illustrates a detailed molecular function of RAB18,
which connects LD metabolism and autophagy. Furthermore, these findings may reflect on a

potential pathogenetic process for the development of WARBM.

Material and Methods

Cell culture

Hela cells were cultured in DMEM, supplemented with 10 % fetal bovine serum, 1 mM sodium
pyruvate, and 1 x antibiotic-antimycotic solution at 37 °Cin a 5 % CO,-humidified atmosphere.
Stock solutions of Bafilomycin A; (Biozol, TRC-B110000) and Rapamycin (Enzo, BML-A275-
0025) were prepared in DMSO and employed as described before [43]. Stock solutions of
SU6656 SRC Inhibitor (Selleck Chemicals, S7774) were prepared in DMSO and cells were
treated with 10 uM for 12 h. Expression plasmid encoding mCherry-ATG9A was kindly
provided by Ivan Dikic (Frankfurt, Germany). Cells were transfected with 10 pg of plasmid. All

transfections were carried out by electroporation as described previously [43].

CRISPR/CAS9 nuclease RNA-guide target deletions

Gene specific CRISPR/CAS9 vectors targeting RAB18 and RAB3GAP1 were obtained from Sigma
Aldrich. Vectors: pLV-U6g-EPCG-RAB18-1 gRNA: AATAGTCCAATCCTGAAGTGGG; pLV-Ubg-
EPCG-RAB18-1l gRNA: GTGCACCTCTATAATAGCTGGG; pLV-U6g-EPCG-RAB3GAP1-l gRNA:
TCCGAGGTATTTGAGATCACGG; pLV-U6g-EPCG-RAB3GAP-II gRNA: TATGGGCTACGTGAGTTCG
TGG. Wild type Hela cells were transfected with 15 pg of plasmids and selection of positive
clones was performed using culture medium containing 1 pg/ml puromycin. Positive knockout

clones were identified via immunoblotting and qPCR.
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Immunoblotting

Immunoblot analyses were performed as previously described [29]. Usually 15 pg of total
protein were subjected to hand-cast 12 % Bis-Tris or 4-12 % NuPage Novex Bis-Tris gels
(Thermo Scientific, MP0335) and transferred onto nitrocellulose membranes. Membranes
were blocked with 5 % (w/v) milk powder in TBS containing 0.05 % Tween 20 for 1.5 h at RT
and afterwards probed with the appropriate primary (1:500; 4 °C o.N.) and secondary
antibodies (1,5 h at RT). Proteins were detected by chemiluminescence and developed using
the Amersham Imager 600 (GE Healthcare Life Science). Primary antibodies used in this study:
MAP1LC3B (Sigma, L7543), SQSTM1 (Progen, GP62-C), RAB18 (Proteintech, 11304-1-AP),
RAB18 (Santa Cruz Biotechnology, sc-393168), RAB3GAP1 (Sigma, SAB4500914), RAB3GAP2
(Sigma, HPA026273), Tubulin (Sigma, T9026), ATGL/PNPLA2 (Cell Signaling, 2138), ATG5
(Novus Biologicals, NB110-53818), ATG9A (Cell Signaling, 135095), p-Y8 AT9A (kindly provided
by Yushan Zhu and Quan Chen, Nankai, China), ULK1 (Cell Signaling, 8054), p-ULK1 Ser555 (Cell
Signaling, 5869), p-ULK1 Ser757 (Cell Signaling, 6888), mTOR (Cell Signaling, 2972S), p-mTOR
$2448 (Cell Signaling, 2971).

Immunocytochemistry

Cells were grown on glass cover slips, washed with PBS and fixed with 4 % (w/v) PFA for 20
min at RT. Cells were permeabilized in 90 % ice-cold methanol for 6 minutes or 0.02 % Triton
X-100 for 20 minutes at RT. Unspecific binding sites were blocked with 3 % (w/v) BSA in PBS
for 1 h at RT. Subsequently, cells were incubated with primary antibodies (1:200 in 1 % (w/v)
BSA in PBS) for 1 h at RT, and thereafter with fluorophore-conjugated secondary antibodies
(1:200in PBS) followed by DAPI. Primary antibodies used: ATGL/PNPLA2 (Cell Signaling, 2138),
ATG16L1 (MBL, PM040), GM130 (BD biosciences, 610823), MAP1LC3B (nano Tools, 0260-100),
SQSTML1 (Progen, GP62-C), Tubulin (Sigma-Aldrich, T9026). Stock solution of BODIPY 493/503
(Thermo Scientific, D3922) was prepared in ethanol according to the supplier and LDs were
stained at a dilution of 1:1000. BODIPY 558/568 C1, (Thermo Scientific, D3835) stock solution
was prepared according to the supplier; cells were probed at 5 nM for 24 h and incubated in
fresh medium for 1 h before microscopy. Cells were imaged using the laser scanning
microscope LSM710 (Zeiss). Imaging for quantification of autophagosomal structures was

performed via the Opera Phenix High-Content Screening System (Perkin-Elmer) and the
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number of LC3- and SQSTM1-positive structures was quantified using Harmony High Content

Imaging and Analysis software (Perkin-Elmer).

Lipid droplet analysis

For LD analyses, control and EBSS treated cells were stained with Tubulin, DAPI and BODIPY
493/503 as described above. Cells were imaged via the Opera Phenix High-Content Screening
System (Perkin-Elmer). 2650 or 1350 single cells per cell line or treatment were used for
statistical analyses. Single cells and cell volume were defined via DAPI and tubulin staining,
respectively. Thereafter, LD number and size were quantified by BODIPY 493/503
fluorescence, employing Harmony High Content Imaging and Analysis software (Perkin-

Elmer).

Autophagic activity analysis
Autophagic activity was analyzed in accordance with [51]. Cells were treated with Bafilomycin
A; for 2 - 4 h or DMSO for control and the fluxes of autophagic substrates were calculated by

the subtraction of accumulated levels upon Bafilomycin A; treatment and DMSO control.

Quantitative real-time PCR
RNA extraction, reverse transcription and quantitative real time PCR were performed as
described previously [43]. Primer sequences for the autophagy array are listed in

Supplemental Table S1.

Electron microscopy

For transmission electron microscopy (TEM) analysis cells were grown on 7.8 mm thick Aclar
discs (Ted Pella Inc.) and fixed by immersion in 2.5 % glutaraldehyde in 0.1 M sodium
cacodylate buffer pH 7.4 for 1 h at RT. After the fixation, discs were washed in 0.1 M cacodylate
buffer. After treatment with 1 % OsQ,4, the sections were stained with uranyl acetate,
dehydrated and flat-embedded in epon resin (Araldite 502). 35 nm ultrathin cross sections
were cut using an Ultracut S ultramicrotome (Reichert) and analyzed using a CM12 TEM
(Philips) operated at 80 kV and equipped with an ES500W Erlangshen (782) CCD camera

(Gatan).
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Quantitative phosphoproteome analysis

Quantitative phosphoproteome analysis was performed as described previously [52]. Briefly,
cells were cultured in SILAC media containing either L-arginine and L-lysine, L-arginine [*3Cg]
and L-Lysine [*H4], or L-arginine [*3Ce-°N4] and L-lysine [*3Cs-1°N;] (Cambridge Isotope
Laboratories). Cells were lysed in modified RIPA buffer (50 mM Tris pH 7.5, 650 mM NacCl, 1
mM EDTA, 1 % NP-40, 0.1 % sodium deoxycholate) supplemented with protease and
phosphatase inhibitors. Proteins were precipitated in ice-cold acetone and re-dissolved in
denaturation buffer (6 M urea, 2 M thiourea in 10 mM HEPES pH 8.0). Cysteines were reduced
with 1 mM dithiothreitol and alkylated with 5.5 mM chloroacetamide. Proteins were digested
with endoproteinase Lys-C (Wako Chemicals) and sequencing grade-modified trypsin and
thereafter purified using reversed-phase Sep-Pak C18 cartridges (Waters). Phosphorylated
peptides were enriched and fractionated using micro-column-based strong-cation exchange
chromatography and desalted on reversed-phase C18 StageTips. Peptide fractions were
analyzed on a quadrupole Orbitrap mass spectrometer (QExactive Plus, Thermo Scientific)
equipped with a UHPLC system (EASY-nLC 1000, Thermo Scientific). Survey full-scan MS
spectra were acquired in the Orbitrap. The ten most intense ions were sequentially isolated
and fragmented by higher energy C-trap dissociation (HCD). Fragment spectra were acquired
in the Orbitrap mass analyzer. Raw data files were analyzed using MaxQuant (dev. version
1.5.2.8). Parent ion and MS2 spectra were searched against a database containing 95,057
human protein sequences obtained from the UniProtkKB released in May 2018 using
Andromeda search engine. Site localization probabilities were determined by MaxQuant using
the PTM scoring algorithm as described previously [53]. The dataset was filtered based on
posterior error probability to arrive at a false discovery rate below 1 % estimated using a
target-decoy approach [54]. Only phosphorylated peptides with a score 240, delta score 28,
score difference =5 and localization probability 20.75 were considered for downstream

analysis.

Statistics

Statistical significance was determined by Student's t-test or Mann-Whitney U-test in
dependence of the normal distribution or variance differences of the samples using SIGMA
STAT (SPSS Science). Statistical significance was accepted at a level of P < 0.05. The results are

expressed as mean + standard deviation (SD) or standard error of the mean (SEM).

14


https://doi.org/10.1101/421677

bioRxiv preprint doi: https://doi.org/10.1101/421677; this version posted September 19, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Acknowledgements

We would like to thank Yushan Zhu and Quan Chen (Nankai, China) for kindly supplying the
ATG9A phospho-specific antibody and Sandra Ritz (IMB, Mainz, Germany) for her support with
the life cell imaging. We also thank Marion Basoglu from the Electron Microscopy Facility of
the Biology department for her help with the TEM sample preparation and imaging. This work
is supported by the Collaborative Research Center CRC1177 of the DFG (to CB and PB), the
Heller foundation (to CB) and the Emmy Noether Program BE 5342/1-1 of the DFG (to PB).

Author contributions
FB, DS, AF, HH carried out the experiments. SE conducted the electron microscopy. TJ and PB
performed the phosphoproteomics analysis. FB, DS, PB, CB and AK analyzed data. CB and AK

designed the study and wrote the manuscript with contribution from FB and DS.

Conflict of interest

The authors declare no conflict of interest.

References

1. Kawabata T, Yoshimori T (2016) Beyond starvation: An update on the autophagic
machinery and its functions. J Mol Cell Cardiol 95: 2-10

2. He C, Klionsky DJ (2009) Regulation mechanisms and signaling pathways of autophagy.
Annu Rev Genet 43: 67-93

3. Mercer TJ, Gubas A, Tooze SA (2018) A molecular perspective of mammalian
autophagosome biogenesis. J Biol Chem 293: 5386-5395

4, Axe EL, Walker SA, Manifava M, Chandra P, Roderick HL, Habermann A, Griffiths G,
Ktistakis NT (2008) Autophagosome formation from membrane compartments
enriched in phosphatidylinositol 3-phosphate and dynamically connected to the
endoplasmic reticulum. J Cell Biol 182: 685-701

5. Hayashi-Nishino M, Fujita N, Noda T, Yamaguchi A, Yoshimori T, Yamamoto A (2009) A
subdomain of the endoplasmic reticulum forms a cradle for autophagosome

formation. Nat Cell Biol 11: 1433-7

15


https://doi.org/10.1101/421677

bioRxiv preprint doi: https://doi.org/10.1101/421677; this version posted September 19, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

6. Karanasios E, Stapleton E, Manifava M, Kaizuka T, Mizushima N, Walker SA, Ktistakis
NT (2013) Dynamic association of the ULK1 complex with omegasomes during
autophagy induction. J Cell Sci 126: 5224-38

7. Klionsky DJ, Schulman BA (2014) Dynamic regulation of macroautophagy by distinctive
ubiquitin-like proteins. Nat Struct Mol Biol 21: 336-45

8. Fujita N, Itoh T, Omori H, Fukuda M, Noda T, Yoshimori T (2008) The Atgl6L complex
specifies the site of LC3 lipidation for membrane biogenesis in autophagy. Mol Biol Cell
19: 2092-100

9. Geng J, Klionsky DJ (2008) The Atg8 and Atgl2 ubiquitin-like conjugation systems in
macroautophagy. 'Protein modifications: beyond the usual suspects' review series.
EMBO Rep 9: 859-64

10. Hanada T, Noda NN, Satomi Y, IchimuraY, Fujioka Y, Takao T, Inagaki F, OhsumiY (2007)
The Atgl2-Atg5 conjugate has a novel E3-like activity for protein lipidation in
autophagy. J Biol Chem 282: 37298-302

11. Weidberg H, Shvets E, Shpilka T, Shimron F, Shinder V, Elazar Z (2010) LC3 and GATE-
16/GABARAP subfamilies are both essential yet act differently in autophagosome
biogenesis. EMBO J 29: 1792-802

12. Kern A, Dikic I, Behl C (2015) The integration of autophagy and cellular trafficking
pathways via RAB GAPs. Autophagy 11: 2393-7

13. Rubinsztein DC, Shpilka T, Elazar Z (2012) Mechanisms of autophagosome biogenesis.
Curr Biol 22: R29-34

14. Dupont N, Chauhan S, Arko-Mensah J, Castillo EF, Masedunskas A, Weigert R, Robenek
H, Proikas-Cezanne T, Deretic V (2014) Neutral lipid stores and lipase PNPLAS
contribute to autophagosome biogenesis. Curr Biol 24: 609-20

15. Moretti F, Bergman P, Dodgson S, Marcellin D, Claerr |, Goodwin JM, Delesus R, Kang
Z, Antczak C, Begue D, et al. (2018) TMEMA41B is a novel regulator of autophagy and
lipid mobilization. EMBO Rep

16. Shpilka T, Welter E, Borovsky N, Amar N, Mari M, Reggiori F, Elazar Z (2015) Lipid
droplets and their component triglycerides and steryl esters regulate autophagosome

biogenesis. EMBO J 34:2117-31

16


https://doi.org/10.1101/421677

bioRxiv preprint doi: https://doi.org/10.1101/421677; this version posted September 19, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

17. Mari M, Griffith J, Rieter E, Krishnappa L, Klionsky DJ, Reggiori F (2010) An Atg9-
containing compartment that functions in the early steps of autophagosome
biogenesis. J Cell Biol 190: 1005-22

18. Orsi A, Razi M, Dooley HC, Robinson D, Weston AE, Collinson LM, Tooze SA (2012)
Dynamic and transient interactions of Atg9 with autophagosomes, but not membrane
integration, are required for autophagy. Mol Biol Cell 23: 1860-73

19. Young AR, Chan EY, Hu XW, Kochl R, Crawshaw SG, High S, Hailey DW, Lippincott-
Schwartz J, Tooze SA (2006) Starvation and ULK1-dependent cycling of mammalian
Atg9 between the TGN and endosomes. J Cell Sci 119: 3888-900

20. Imai K, Hao F, Fujita N, Tsuji Y, Oe Y, Araki Y, Hamasaki M, Noda T, Yoshimori T (2016)
Atg9A trafficking through the recycling endosomes is required for autophagosome
formation. J Cell Sci 129: 3781-3791

21. Soreng K, Munson MJ, Lamb CA, Bjorndal GT, Pankiv S, Carlsson SR, Tooze SA, Simonsen
A (2018) SNX18 regulates ATG9A trafficking from recycling endosomes by recruiting
Dynamin-2. EMBO Rep 19

22. Zavodszky E, Vicinanza M, Rubinsztein DC (2013) Biology and trafficking of ATG9 and
ATG16L1, two proteins that regulate autophagosome formation. FEBS Lett 587: 1988-
96

23. Papinski D, Schuschnig M, Reiter W, Wilhelm L, Barnes CA, Maiolica A, Hansmann |,
Pfaffenwimmer T, Kijanska M, Stoffel |, et al. (2014) Early steps in autophagy depend
on direct phosphorylation of Atg9 by the Atgl kinase. Mol Cell 53: 471-83

24. Zhou C, Ma K, Gao R, Mu C, Chen L, Liu Q, Luo Q, Feng D, Zhu Y, Chen Q (2017)
Regulation of mATG9 trafficking by Src- and ULK1-mediated phosphorylation in basal
and starvation-induced autophagy. Cell Res 27: 184-201

25. Pol A, Gross SP, Parton RG (2014) Review: biogenesis of the multifunctional lipid
droplet: lipids, proteins, and sites. J Cell Biol 204: 635-46

26. Hashemi HF, Goodman JM (2015) The life cycle of lipid droplets. Curr Opin Cell Biol 33:
119-24

27. Sathyanarayan A, Mashek MT, Mashek DG (2017) ATGL Promotes
Autophagy/Lipophagy via SIRT1 to Control Hepatic Lipid Droplet Catabolism. Cell Rep
19:1-9

17


https://doi.org/10.1101/421677

bioRxiv preprint doi: https://doi.org/10.1101/421677; this version posted September 19, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

28. Martin S, Driessen K, Nixon SJ, Zerial M, Parton RG (2005) Regulated localization of
Rab18 to lipid droplets: effects of lipolytic stimulation and inhibition of lipid droplet
catabolism. J Biol Chem 280: 42325-35

29. Feldmann A, Bekbulat F, Huesmann H, Ulbrich S, Tatzelt J, Behl C, Kern A (2017) The
RAB GTPase RAB18 modulates macroautophagy and proteostasis. Biochem Biophys
Res Commun 486: 738-743

30. Ozeki S, Cheng J, Tauchi-Sato K, Hatano N, Taniguchi H, Fujimoto T (2005) Rab18
localizes to lipid droplets and induces their close apposition to the endoplasmic
reticulum-derived membrane. J Cell Sci 118: 2601-11

31. Pulido MR, Diaz-Ruiz A, Jimenez-Gomez Y, Garcia-Navarro S, Gracia-Navarro F,
Tinahones F, Lopez-Miranda J, Fruhbeck G, Vazquez-Martinez R, Malagon MM (2011)
Rab18 dynamics in adipocytes in relation to lipogenesis, lipolysis and obesity. PLoS One
6:e22931

32.  Li C, Luo X, Zhao S, Siu GK, Liang Y, Chan HC, Satoh A, Yu SS (2017) COPI-TRAPPII
activates Rab18 and regulates its lipid droplet association. EMBO J 36: 441-457

33. XuD,LiY,Wul,lLiY,ZhaoD, YuJ, Huang T, Ferguson C, Parton RG, Yang H, et al. (2018)
Rab18 promotes lipid droplet (LD) growth by tethering the ER to LDs through SNARE
and NRZ interactions. J Cell Biol 217: 975-995

34. Jayson CBK, Arlt H, Fischer AW, Lai ZW, Farese RV, Jr., Walther TC (2018) Rab18 is not
necessary for lipid droplet biogenesis or turnover in human mammary carcinoma cells.
Mol Biol Cell 29: 2045-2054

35. Carpanini SM, McKie L, Thomson D, Wright AK, Gordon SL, Roche SL, Handley MT,
Morrison H, Brownstein D, Wishart TM, et al. (2014) A novel mouse model of Warburg
Micro syndrome reveals roles for RAB18 in eye development and organisation of the
neuronal cytoskeleton. Dis Model Mech 7: 711-22

36. Handley MT, Carpanini SM, Mali GR, Sidjanin DJ, Aligianis IA, Jackson 1J, FitzPatrick DR
(2015) Warburg Micro syndrome is caused by RAB18 deficiency or dysregulation. Open
Biol 5: 150047

37. Liegel RP, Handley MT, Ronchetti A, Brown S, Langemeyer L, Linford A, Chang B, Morris-
Rosendahl DJ, Carpanini S, Posmyk R, et al. (2013) Loss-of-function mutations in
TBC1D20 cause cataracts and male infertility in blind sterile mice and Warburg micro

syndrome in humans. Am J Hum Genet 93: 1001-14

18


https://doi.org/10.1101/421677

bioRxiv preprint doi: https://doi.org/10.1101/421677; this version posted September 19, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

38. Gerondopoulos A, Bastos RN, Yoshimura S, Anderson R, Carpanini S, Aligianis |, Handley
MT, Barr FA (2014) Rab18 and a Rab18 GEF complex are required for normal ER
structure. J Cell Biol 205: 707-20

39. Handley MT, Aligianis IA (2012) RAB3GAP1, RAB3GAP2 and RAB18: disease genes in
Micro and Martsolf syndromes. Biochem Soc Trans 40: 1394-7

40. Rambold AS, Cohen S, Lippincott-Schwartz J (2015) Fatty acid trafficking in starved
cells: regulation by lipid droplet lipolysis, autophagy, and mitochondrial fusion
dynamics. Dev Cell 32: 678-92

41. Schweiger M, Schoiswohl G, Lass A, Radner FP, Haemmerle G, Malli R, Graier W,
Cornaciu |, Oberer M, Salvayre R, et al. (2008) The C-terminal region of human adipose
triglyceride lipase affects enzyme activity and lipid droplet binding. J Biol Chem 283:
17211-20

42. Zimmermann R, Strauss JG, Haemmerle G, Schoiswohl G, Birner-Gruenberger R,
Riederer M, Lass A, Neuberger G, Eisenhaber F, Hermetter A, et al. (2004) Fat
mobilization in adipose tissue is promoted by adipose triglyceride lipase. Science 306:
1383-6

43. Spang N, Feldmann A, Huesmann H, Bekbulat F, Schmitt V, Hiebel C, Koziollek-
Drechsler |, Clement AM, Moosmann B, Jung J, et al. (2014) RAB3GAP1 and RAB3GAP2
modulate basal and rapamycin-induced autophagy. Autophagy 10: 2297-309

44, Rosner M, Siegel N, Valli A, Fuchs C, Hengstschlager M (2010) mTOR phosphorylated
at S2448 binds to raptor and rictor. Amino Acids 38: 223-8

45, Egan DF, Shackelford DB, Mihaylova MM, Gelino S, Kohnz RA, Mair W, Vasquez DS,
Joshi A, Gwinn DM, Taylor R, et al. (2011) Phosphorylation of ULK1 (hATG1) by AMP-
activated protein kinase connects energy sensing to mitophagy. Science 331: 456-61

46. Kim J, Kundu M, Viollet B, Guan KL (2011) AMPK and mTOR regulate autophagy through
direct phosphorylation of Ulk1. Nat Cell Biol 13: 132-41

47. Velikkakath AK, Nishimura T, Oita E, Ishihara N, Mizushima N (2012) Mammalian Atg2
proteins are essential for autophagosome formation and important for regulation of
size and distribution of lipid droplets. Mol Biol Cell 23: 896-909

48. Bakula D, Muller AJ, Zuleger T, Takacs Z, Franz-Wachtel M, Thost AK, Brigger D, Tschan
MP, Frickey T, Robenek H, et al. (2017) WIPI3 and WIPI4 beta-propellers are scaffolds

19


https://doi.org/10.1101/421677

bioRxiv preprint doi: https://doi.org/10.1101/421677; this version posted September 19, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

for LKB1-AMPK-TSC signalling circuits in the control of autophagy. Nat Commun 8:
15637

49, Tamura N, Nishimura T, Sakamaki Y, Koyama-Honda |, Yamamoto H, Mizushima N
(2017) Differential requirement for ATG2A domains for localization to autophagic
membranes and lipid droplets. FEBS Lett 591: 3819-3830

50. Mizushima N, Sugita H, Yoshimori T, Ohsumi Y (1998) A new protein conjugation
system in human. The counterpart of the yeast Apgl2p conjugation system essential
for autophagy. J Biol Chem 273: 33889-92

51. Klionsky DJ, Abdelmohsen K, Abe A, Abedin MJ, Abeliovich H, Acevedo Arozena A,
Adachi H, Adams CM, Adams PD, Adeli K, et al. (2016) Guidelines for the use and
interpretation of assays for monitoring autophagy (3rd edition). Autophagy 12: 1-222

52. Borisova ME, Wagner SA, Beli P (2017) Mass Spectrometry-Based Proteomics for
Quantifying DNA Damage-Induced Phosphorylation. Methods Mol Biol 1599: 215-227

53. Cox J, Mann M (2008) MaxQuant enables high peptide identification rates,
individualized p.p.b.-range mass accuracies and proteome-wide protein quantification.
Nat Biotechnol 26: 1367-72

54. Elias JE, Gygi SP (2007) Target-decoy search strategy for increased confidence in large-

scale protein identifications by mass spectrometry. Nat Methods 4: 207-14

Figure legends

Figure 1. The loss of RAB18 interferes with LD homeostasis and mobilization of fatty acids.
A Representative confocal fluorescence images of LDs in wild type, RAB18 KO and
RAB3GAP1 KO cells stained with BODIPY 493/505. Scale bar: 50 and 100 pm.

B Analyses of LD area in approx. 2500 single wild type and RAB18 K.O cells. Statistics are
depicted as mean * SD. n = 3, t-test, ***P < 0.001.

C Analyses of LD number in approx. 2500 single wild type and RAB18 KO cells. Statistics
are depicted as mean + SEM. n = 3, t-test, ***P <0.001.

D Transmission electron microscopic image of LDs in wild type and RAB18 KO cells.

E LD consumption upon starvation in wild type (grey) and RAB18 KO cells (blue). At each

indicated time point during the starvation period, the number of LDs per cell was evaluated in
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approx. 1350 wild type and RAB18 KO cells. Statistics are depicted as mean £+ SEM. n = 3, t-
test, **P < 0.01.

F Confocal fluorescence life cell images of wild type and RAB18 KO cells pre-treated with
BODIPY 558/568 Ci; and imaged during EBSS treatment. The depicted cells are representative
for 3 independent approaches. Scale bar: 20 um.

G Representative confocal fluorescence images of wild type and RAB18 KO cells stained
with PNPLA2/ATGL (red) and BODIPY 493/505 (green). Cell nuclei are stained with DAPI (blue).
Wild type cells are shown under basal and starvation conditions (2 h EBSS treatment). Scale

bar: 20 um.

Figure 2. The effect of reduced LD-derived lipid availability on autophagy in RAB18 KO cells
A Immunoblot analyses of autophagic activity in wild type and RAB18 KO cells under
basal and induced autophagy conditions (2 h EBSS treatment). Cells were treated with DMSO
(control) or Bafilomycin A; for 2 h to allow LC3II flux evaluation. Statistics are depicted as mean
+ SD. n =4, t-test, *P < 0.05.

B Immunocytochemical stainings of LC3 (red) and SQSTM1 (green) in wild type and
RAB18 KO cells. Cell nuclei are stained with DAPI (blue). Cells were treated with DMSO
(control) or Bafilomycin A; under control conditions or EBSS treatment. For statistics
autophagosomal structures were quantified in 60 - 80 single cells per cell line and treatment
from 3 independent experiments, t-test, ***P < 0.001.

C Immunoblot analyses of autophagic activity after oleic acid pre-treatment. Wild type
and RAB18 KO cells were pre-treated with BSA (control) or BSA-conjugated oleic acid (14 h)
and thereafter with DMSO (control) or Bafilomycin A; for 3 h to allow LC3II flux evaluation.

Statistics are depicted as mean + SD, t-test, **P < 0.01.

Figure 3. Analysis of the autophagy network in RAB18 KO cells.

A Immunoblot analyses of MTOR and ULK1 phosphorylation in wild type and RAB18 KO
cells under basal and induced conditions (2 h EBSS treatment).

B Representation of genes showing increased expression levels in RAB18 KO compared
to wild type cells as evaluated using the gPCR array in 3 independent approaches. The

threshold for upregulation was set to a 1.5-fold increase mRNA levels.
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C Phosphorylation levels of ATG2B (Q96BY7) serine residues in RAB18 KO compared to
wild type cells, determined by SILAC-based mass spectrometry and depicted as mean values

of 2 replicates.

Figure 4. RAB18 KO-mediated adaptations of the autophagy network.

A Phosphorylation levels of ATG9A (Q7Z3C6) serine residues in RAB18 KO compared to
wild type cells, determined by SILAC-based mass spectrometry and depicted as mean values
of 2 replicates.

B Immunoblot analyses of p-Y8 ATG9A levels and autophagic activity in wild type and
RAB18 KO cells. Inhibition of SRC kinase was mediated by pre-treatment with SU6656 for 12
h. Wild type cells were maintained in full medium (basal) or transferred into EBSS (2h) for
autophagy induction. Cells were treated with DMSO (control) or Bafilomycin A; for 2 h to allow

LC3II flux evaluation. *indicates Tubulin loading control only corresponding to parallel ATG9A

blot.
C Statistical analyses of B depicted as mean + SD. n =5, t-test, **P <0.01, ***P < 0.001.
D Representative confocal fluorescence images of mCherry-ATG9A (red), ATG16L1

(green), GM130 (Golgi, turquois), and DAPI (nuclei, blue) of wild type and RAB18 KO cells. Wild
type cells were treated for 3 h with EBSS (starvation). Scale bar: 20 um.

E Transmission electron microscopic image of pre-autophagosomal structures in RAB18
KO cells under basal autophagy conditions. Open arrowhead: omegasome; filled arrowhead:
phagophore; N: nucleus.

F Immunoblot analyses of ATG12-ATG5 conjugate levels in wild type and RAB18 KO cells.
Inhibition of SRC kinase was mediated by pre-treatment with SU6656 for 12 h. Wild type cells
were maintained in full medium (basal) or transferred into EBSS (2h) for autophagy induction.

Statistics are depicted as mean + SD. n =4, t-test, *P <0.05, **P < 0.01.

Figure 5. Schematic synopsis

The loss of RAB18 function impedes the mobilization of fatty acids form LDs to the ER, which
results in an insufficient transfer of lipids to the site of autophagosome formation. This
provokes an adaptive response of the autophagy network, including the enhanced

phosphorylation of ATG9A. The resulting augmented ATG9A-mediated vesicle transport
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rescues basal autophagy, but is incapable of enabling a further increase in autophagic activity

under induced conditions.
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Supplemental Figures

Fig. S1
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Figure S1. Characterization of knockout.
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Immunoblot and gPCR analyses of RAB18 protein and mRNA levels as well as RAB3GAP1
proteinlevelsinthe selected knockout clonesin comparison to HeLa wild type cells.

Fig. S2
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Figure S2. Buildup of LDs upon oleic acid treatment

Representative confocal fluorescence images of wild type and RAB18 KO cells after treatment
with BSA-conjugated oleic acid or BSA alone (control). LDs are stained via BODIPY 493/503
(green) and cell nuclei by DAPI. Scale bar: 25 um.
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Figure S3. Autophagic activity in RAB3GAP1 KO cells.

Immunoblot analyses of autophagic activity in wild type and RAB3GAP1 KO cells under basal and induced
autophagy conditions (Rapamycin treatment). Cells were treated with DMSO (control) or Bafilomycin A,for 2 h to
allow LC3II flux evaluation. Statistics are depicted as mean +/-SD. n =4, t-test, *P <0.05.
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Figure S4. Statistical analyses of Fig. 2A
Statistics are depicted as mean +/- SD. n = 3, t-test. No significant differences were evaluated comparing 52448
MTOR /MTOR, S758 ULK1/ ULK1 and S555 ULK1 / ULK1 levels in wild type and RAB18 KO cells.
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Figure S5. ATG9A mRNA levels are not altered in RAB18 KO cells.
gPCR analyses revealed no alterations in relative ATG9A mRNA levels in comparison to wild type cells.
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Table S1. Target genes and oligo sequences of qPCR array
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