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Abstract

The early secretory pathway and autophagy are two essential and
evolutionarily conserved endomembrane processes that are finely
interlinked. Although growing evidence suggests that intracellular
trafficking is important for autophagosome biogenesis, the molec-
ular regulatory network involved is still not fully defined. In this
study, we demonstrate a crucial effect of the COPII vesicle-related
protein TFG (Trk-fused gene) on ULK1 puncta number and local-
ization during autophagy induction. This, in turn, affects forma-
tion of the isolation membrane, as well as the correct dynamics
of association between LC3B and early ATG proteins, leading to
the proper formation of both omegasomes and autophagosomes.
Consistently, fibroblasts derived from a hereditary spastic para-
paresis (HSP) patient carrying mutated TFG (R106C) show defects
in both autophagy and ULK1 puncta accumulation. In addition,
we demonstrate that TFG activity in autophagy depends on its
interaction with the ATG8 protein LC3C through a canonical LIR
motif, thereby favouring LC3C-ULK1 binding. Altogether, our
results uncover a link between TFG and autophagy and identify
TFG as a molecular scaffold linking the early secretion pathway to
autophagy.
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Introduction

Macroautophagy (hereafter autophagy) is an evolutionarily conserved
catabolic process, by which double-membrane vesicles deliver intra-
cellular macromolecules and organelles to lysosomes for degradation.
Upon induction of autophagy by different stimuli, autophagosomes
form de novo and initially appear as small membrane structures
referred to as isolation membrane (IM) or phagophores. IM expands,
gradually engulfing portions of the cytoplasm, and gives rise to
autophagosomes. The formation of an autophagosome requires the
action of autophagy-related (ATG) proteins that are organized into
functional complexes (Mizushima et al, 2011), which localize to the
IM at some stage of autophagosome formation. The Unc-51-like kinase
1 (ULK1) complex and the [(phosphatidylinositol (3)] kinase complex
III (PIK3C3), together with the activation of localized phosphatidyli-
nositol (PI) synthase (Nishimura et al, 2017), lead to the production of
PI3P, which acts as a platform for the recruitment of effector proteins,
including the double FYVE domain-containing factor DFCP1 (Axe et al,
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2008) and WIPI proteins (Funderburk et al, 2010). This phase is
followed by the recruitment of the remaining autophagy core machin-
ery involved in phagophore expansion, including ATG9, and two ubig-
uitin-like conjugation systems, ATG12 ~ ATG5 and ATGI16L1
(Mizushima et al, 2003). These complexes process small ATG8 ubiqui-
tin-like proteins [microtubule-associated protein 1A/1B-light chain 3
(LC3) and GABARAP family members)] (Slobodkin & Elazar, 2013), to
membrane-associated PE. LC3 incorporation represents the maturation
step of autophagosomes, which in the end fuse with lysosomes, where
their content is digested by lysosomal hydrolases and released into the
cytosol for recycling.

Over the years, a strict connection between autophagy and vesic-
ular transport processes is emerging. In particular, the coat protein
complex II (COPII), the first component involved in the transport
pathway that leads out of the cell, has been linked to autophago-
some formation. COPII transport carriers are composed of two
distinct layers: an inner coat characterized by SEC23/SEC24 and an
outer coat formed by SEC13/SEC31. They originate at the ER exit
sites (ERES) and are essential for cellular cargo transport to the ER-
Golgi intermediate compartment (ERGIC). ERES, ERGIC and COPII
vesicles have been shown to co-localize with sites of autophago-
some biogenesis (Karanasios et al, 2016; Stadel et al, 2015; Ge et al,
2013; Ge et al, 2014; Jeong et al, 2018), whereas a number of
proteins involved in this early secretory pathway are found to
directly contribute to autophagy regulation (Moyer et al, 2001;
Zoppino et al, 2010). Indeed, in both yeast (secl2, secl6, sec23,
sec24) (Ishihara et al, 2001; Davis et al, 2016) and mammals
(SEC23A) (Ge et al, 2014), deficiency of SEC proteins was found to
impair autophagy (Ishihara et al, 2001). Furthermore, COPII compo-
nents physically interact with core proteins required for autophagy
(Lord et al, 2011; Wang et al, 2014; Davis et al, 2016; Gan et al,
2017). However, how the regulators of COPII vesicle transport are
controlled in response to nutrient deprivation, and to allow their
impact to autophagosome formation, is largely unknown.

TFG (TRK-fused gene) is a SECl6-interacting protein ubiqui-
tously expressed in human cells (Witte et al, 2011). TFG appears to
coordinate the distribution of COPII transport carriers, promoting
their uncoating < and retaining these vesicles at the region between
the ER and the ERGIC, in order to facilitate their fusion with the
latter compartment (Witte et al, 2011; Johnson et al, 2015; Hanna
et al, 2017). In humans, TFG mutations cause sensory axon degen-
eration, hereditary spastic paraplegia and Charcot-Marie-Tooth
disease type 2 (Takashima et al, 1997; Beetz et al, 2013; Tsai et al,
2014). In these neuronal disorders, the defects appear related to
structural changes in the ER-associated processes, such as ER archi-
tecture maintenance and ER export. Besides these, autophagy
impairment is also emerging as a central process in the pathogenesis
of such complicated forms of neuropathy (Colecchia et al, 2018).

Although very recently, and in a specific immune system model,
a link between TFG and autophagy has been found (Steinmetz et al,
2020), no details are known about the molecular mechanisms of this
interplay and its control. In the present study, we identify the mech-
anisms of TFG-autophagy interplay. By using a combination of
biochemical, morphological and functional analyses, we clearly
demonstrate the interaction between TFG and the autophagy kinase
ULK1 and, in particular, the crucial role of TFG in ULK1 proper
localization during nutrient deprivation. Moreover, TFG-deficient
cells exhibit decreased LC3B-II levels and a delay in the association
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of LC3B to the isolation membrane components, defining a primary
role for TFG in autophagosome formation. Consistently, fibroblasts
derived from a HSP patient carrying mutated TFG (R106C) show
defects in both autophagy and ULK1 puncta accumulation. Last, our
report reveals that, via a canonical LC3-interacting region (LIR)
motif, TFG interacts with LC3C; hence, this binding is required
for regulating the proper distribution of ULK1 and the formation
of autophagosomes. This implies the need for a LIR-dependent
TFG-LC3C interaction as a positive regulatory step in autophago-
some formation.

Results

TFG interacts with ULK1 and regulates its stability and
localization, independently of the COPII pathway

By an unbiased proteomics-based approach to identify ULK1-interacting
proteins, performed in a previous study (Nazio et al, 2016), we identi-
fied TFG as a putative ULK1-interacting protein. The recent discovery of
a link between COPII and autophagy (Ge et al, 2014; Jeong et al, 2018)
and the fact that TFG is known to be involved in facilitating COPII vesi-
cle export (Johnson et al, 2015) and to prime autophagy in specific
experimental immune system models (Steinmetz, et al, 2020) prompted
us to investigate the mechanisms of TFG-ULK1 interaction in autophagy
regulation. First, to characterize the interaction at endogenous levels,
we isolated endogenous TFG by co-immunoprecipitation and analysed
ULK1-complex members (ULK1, ATG13 and FIP200). Each member
analysed shows interaction with TFG (Fig 1A), as also confirmed by
immunofluorescence (IF): further, we detected a tight association
between TFG, ULK1 and ATG13 during autophagy induction by starva-
tion (Figs 1B and EV1A). Second, to investigate the functional signifi-
cance of the TFG-ULK1 interaction, we examined the effects of TFG
depletion on both ULK1 protein levels and activity. Since long periods of
TFG depletion result in an inhibition of cellular proliferation and in an
increase in cell death (Johnson et al, 2015), we chose the 48-60 h time-
point of siRNA treatment for all subsequent experiments. In Fig 1C-E,
we observed, in TFG-silenced cells, an increase in the steady-state levels
of ULK1, but no changes in the phosphorylation levels of ULK1
substrates ATG13 and ATG14 (Fig EV1B). Of note, such an effect on
protein stability is specific for ULK1, since TFG depletion does not
impact at all ATG13 and FIP200 levels (Fig EV1C).

Third, since once activated, the ULK1 complex translocates to
puncta to prime autophagosome biogenesis (Karanasios et al,
2013), we assessed whether TFG could influence ULK1 puncta
formation and, to this aim, measured ULK1 puncta number after
TFG downregulation. Indeed, there is a significant increase in
ULK1 puncta number in fed conditions, and this effect is exacer-
bated during autophagy induction by starvation (Figs 1F and
EV1D). Also, since ATG13 puncta may often recapitulate ULK1
puncta localization during starvation (Karanasios et al, 2013 and
Fig EV1E), we evaluated whether or not TFG also affected ATG13
puncta formation in our system. As shown in Figs 1G and EV1F,
ATG13 puncta also increase in TFG-depleted cells with a significant
spread upon starvation, and TFG overexpression is able per se to
rescue this phenotype.

Last, since it is well established that TFG has a direct role in
COPII vesicle localization (Johnson et al, 2015), we decided to

© 2021 The Authors
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Figure 1. TFG interacts with ULK1 and regulates its stability and localization.

A Hela cells were cultured in complete growth or starvation (STV) media for 30’. Cell lysates were immunoprecipitated (IP) with anti-TFG antibody or IgG as a
negative control. Immunoprecipitated complexes were analysed by WB to detect TFG, ULK1, ATG13 and FIP200 as indicated.

B Hela cells were cultured in complete growth (FED) or starvation (STV) media for 1 h. Cells were fixed, permeabilized and labelled with anti-TFG (red) and anti-ULK1
(green) antibodies, respectively. Hoechst was used to stain nuclei. Co-localization analysis was performed by Image] plugin Jacop and reported in the graph (right).
Values of Mander’s coefficient for ULK1 are expressed as mean & SEM. Significance was assigned by unpaired Student’s t-test. **P < 0.01 (n = 3 independent
experiments, n = 12 fields analysed). Scale bar 5 um.

C Hela cells were transfected with specific RNAi oligonucleotides (siTFG) or unrelated oligonucleotides as a negative control (siCTR) for 48 h. Protein extracts were
analysed by WB to detect ULK1, TFG and ACTIN as indicated. Densitometry analysis of ULK1 over ACTIN is shown (right). All values are mean + SEM. Statistical
analyses were performed by two-tailed Student’s t-test. ***P < 0.001 (n = 3 independent experiments).

D Hela cells were co-transfected with control siRNA and an empty vector (EV), or 3UTR TFG siRNA together with an EV or HA-TFG plasmids. Protein extracts were
analysed by WB to detect ULK1, TFG and ACTIN as indicated. Densitometry analysis of ULK1 protein levels normalized over ACTIN is also reported (right). All values
are expressed as the mean + SEM. Statistical analyses were performed by one-way ANOVA followed by Tukey’s multiple comparison test. *P < 0.05 and **P < 0.01
(n = 3 independent experiments).

E Hela cells were transfected as in C), grown in the presence or not of cycloheximide (CHX) for indicated time periods. Protein extracts were analysed by WB to
detect ULK1, TFG and ACTIN as indicated. Densitometry analysis of ULK1 normalized over ACTIN is also shown (right). Values are mean + SEM Statistical analyses
were performed by multiple t-test. *P < 0.05 (n = 3 independent experiments).

F, G HelLa cells were treated as in B) and then fixed and stained with ULK1 (green) (F) or ATG13 (red) antibodies (G), respectively. Hoechst was used to stain nuclei.
Graphs (right) show the average of both ULK1 (F) (n = 3 independent experiments, n = 11 fields analysed) and ATG13 (n = 3 independent experiments, n > 16 fields
analysed) (G) puncta number per cell and both ULK1 (n = 3 independent experiments) (F) and ATG13 (n = 3 independent experiments) (G) fold of increase of the
average size, respectively. White arrows indicate most representative puncta of analysed conditions. All data are reported as the mean value £ SEM. Statistical
analyses were performed by two-way ANOVA followed by Tukey’s multiple comparison test. *P < 0.05 and ****P < 0.0001 or by unpaired Student’s t-test when two
groups were compared. **P < 0.01 and ****P < 0.0001. Scale bar 5 um.

Source data are available online for this figure.
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investigate whether TFG-dependent effect on ULKI could be
related to TFG role in the COPII pathway. To this aim, we anal-
ysed ULK1 puncta number formation upon depletion of both
SEC23A and SEC16, two important components of the COPII path-
way. As shown in Fig EV1G and H, there are no significant
differences in ULK1 puncta number in the conditions analysed,
when compared to the control. To support this result, we analysed
ULK1 protein levels in both SEC23A- and SEC16-depleted cells,
respectively, and found no relevant changes when compared to
TFG-depleted cells, at variance with the effect of SEC23A downreg-
ulation on autophagy flux (Fig EV1I-J) (Ge et al, 2014). In order
to exclude that such an effect of TFG on ULKI1 could be a conse-
quence of TFG deficiency on COPII vesicles, we analysed both
ULK1 puncta formation and protein levels after TFG-SEC23A or
TFG-SEC16 depletion. As shown in Fig EVIK and L, ULK1 puncta
number and protein levels are still increased in both conditions
analysed, indicating that the increment of ULK1 does not depend
on the presence of COPII vesicles.

Altogether, these results show that TFG i) controls ULK1 protein
levels at a steady state, ii) regulates ULK1-ATG13 puncta number
and size, and iii) acts on ULK1 puncta formation independently of
its function in the COPII pathway.

TFG is essential for proper ULK1 complex distribution
during autophagy

Based on these data, we set up experiments in order to verify ULK1
puncta distribution upon TFG depletion. To this aim, we evaluated
ULK1 puncta co-localization by IF with several intracellular struc-
tures: ER, ATG9-positive vesicles, Golgi complex, COPII vesicles and
ERGIC, respectively. In control conditions, upon autophagy induc-
tion, there is an increase in ULK1 puncta that co-localize with both
ER and ATGY (Figs 2A and EV2A); this increase does not occur
when TFG is depleted and autophagy is induced. About ULK1-Golgi
complex association, we observed no differences in all conditions
analysed (Fig 2B). Of note, the ERGIC compartment has been
proposed as an important membrane source for autophagosome
formation, and it was suggested that upon autophagy induction,
ERGIC-derived COPII vesicles act as template for LC3 lipidation (Ge
et al, 2014). Therefore, we investigated whether TFG depletion
could affect or not ULK1 puncta localization to both COPII vesicles
and ERGIC compartments, by analysing the percentage of ULK1
puncta co-localizing with SEC31A and ERGICS3, respectively. Strik-
ingly, while TFG depletion upon autophagy induction does not
induce significant variation in the association between ULK1 and
COPII (Fig 2C), the percentage of ULK1 puncta juxtaposed to the
ERGIC structures significantly increased in the same condition
(Fig 2D). Moreover, we evaluated the association between ULKI1-
ERGIC upon TFG depletion and autophagy induction through a
super-resolution analysis by structured illumination microscopy
(SIM). As shown in Fig 2E, we found that, upon TFG downregula-
tion, a portion of ULK1 puncta is ERGIC-associated, with this defin-
ing TFG as an important factor for a close juxtaposition between
ULK1 and ERGIC. Indeed, we also succeeded to restore canonical
ULK1-ERGIC co-localization by simply re-expressing TFG in a classi-
cal rescue experiment (Fig 2F).

In sum, this set of results highlights a role for TFG in controlling
ULK1 puncta subcellular distribution during autophagy induction.
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Inhibition of TFG results in impaired autophagy flux as a
consequence of stalled omegasomes

In order to evaluate whether or not TFG knockdown had an impact on
the autophagy flux, we analysed the LC3B status by different
approaches. First, a significant reduction in the number of LC3B
puncta, which measure early LC3B-II recruitment to autophagosomes
(Itakura & Mizushima, 2010), is visible only upon starvation (+STV/
+CLQ), when comparing control with TFG-depleted cells (Fig 3A).
Second, Western Blot (WB) analyses reveal a significant decrease in
LC3B-II protein levels after both starvation and TFG depletion, in the
presence of CLQ, when compared with controls (Fig EV3A). Third,
the co-localization between LC3B-II puncta and LAMP1, an endoso-
mal and lysosomal marker, shows that TFG depletion impacts on
autophagosome clearance, when compared with control cells
(Fig 3B). Altogether, these results support the concept of a global
impairment of the autophagy process after TFG depletion.

Next, given the impact of TFG on the ULK1 complex, we decided
to evaluate whether loss of TFG also affected the number and size of
other early autophagy proteins: ATG16L1, a FIP200-interacting
protein (Gammoh et al, 2013; Nishimura et al, 2013), belonging to
the ATG12-5/16 complex, and DFCP1, a marker of omegasomes
(Karanasios et al, 2013). As shown in Fig 3C, we found a significant
increase in ATG16L1 puncta formation after TFG downregulation
upon starvation. Omegasome structures were then analysed by using
an HEK293 cell line stably expressing green fluorescence protein
(GFP)-DFCP1 (Axe et al, 2008). Interestingly, DFCP1-labelled struc-
tures are significantly increased in both number and size upon TFG
depletion, as shown in Fig 3D. Our data thus suggest that depletion
of TFG causes a significant increase of early pro-autophagy
complexes, most likely by inducing omegasome stalling. This is due
to the effect of TFG on ULK1 since, as shown in Fig EV3B, the incre-
ment of ATG16L1 puncta is overturned by ULK1 depletion.

Further, we evaluated the association and the dynamics between
IM components (ULK1 complex, DFCP1) and LC3B, since DFCP1
marks a transient omegasome, whereas LC3B is recruited shortly
after DFCP1 at the omegasome and becomes then trapped on the
inner membrane of a complete autophagosome until its degradation.
Thus, we proved that starvation is able to promote a significant
reduction in endogenous ULK1-LC3B association after TFG depletion
in HeLa cells (Fig 4A). Moreover, by a co-IP assay, we found a
decrease in ULKI1-LC3B-II interaction in the same conditions
(Fig EV4A). Next, we overexpressed ATG13, a reliable marker (and
less cytotoxic than ULK1 itself) of the ULK1 complex, and DFCP1, as
a marker of the omegasome, to examine in depth the dynamics of
their association with LC3B by means of a live imaging-based
approach. To this aim, we employed HEK293 cells stably expressing
GFP-ATG13 or GFP-DFCP1, respectively, in which we co-transfected
a plasmid encoding for cyan fluorescence protein (CFP)-LC3B, in the
presence or absence of TFG. In Fig 4B-C (and Fig EV4B-C; Movies
EV1-EV4) is shown that, upon TFG downregulation, the lifespan of
both ATG13 (340 s vs. 200 s in control conditions) and DFCP1 (580 s
vs. 400 s in control conditions) is significantly extended. Also, in the
same condition, i.e. upon TFG depletion, the appearance of LC3B on
ATG13 particles (70 s vs. 40 s in control conditions) or DFCP1 struc-
tures (140 s vs. 90 s in control conditions) shows a significant delay.
In sum, these results indicate that depletion of TFG perturbs the
correct dynamic relationships between pro-autophagic proteins.

© 2021 The Authors
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Next, to monitor at an ultrastructural level the appearance
of disturbed autophagosomes in TFG-depleted conditions, we
performed a detailed transmission electron microscopy (TEM) anal-
ysis (Fig 4D). Indeed, upon TFG depletion and autophagy induction,
we observed the occurrence of what we termed "Abnormal structures”
(As), containing multiple smaller compartments, multilamellar struc-
tures and single-membrane vesicles including electron-dense intralumi-
nal material; by contrast, in control starved cells no significant
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accumulation of waste materials, a sign of proper execution of autop-
hagy, was detectable. Indeed, a cytosolic accumulation of such As is
compatible with an impairment of autophagy, and these structures
were in fact positive for ATG13, ATG16L and RAB7, as shown by
correlative EM (CLEM) experiments (Fig 4E).

Of the highest interest in biomedicine, mutations within the TFG
coiled-coil domain (amino acids 97-124) have been proposed to
impair its function and underlie early-onset forms of HSP (Beetz
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Figure 2. TFG is essential for proper ULK1 complex distribution during autophagy.

A-D Hela cells were transfected with specific RNAi oligonucleotides (siTFG) or unrelated oligonucleotides as a negative control (siCTR) and grown in fed or starved
conditions for 1 h. Cells were fixed and co-labelled with ULK1 (red) antibody and (A) anti-CALNEXIN (green) antibody to highlight ER structures (n = 3 independent
experiments, n > 16 fields analysed), (B) GOLGIN-97 (green) antibody to label GOLGI complex (n = 3 independent experiments, n = 12 fields analysed), (C) SEC31A
(green) to point out COPII vesicles (n = 3 independent experiments, n > 16 fields analysed) and (D) ERGIC53 (green) to mark ERGIC compartment (n = 3
independent experiments, n > 14 fields analysed). Analysis of ULK1 localization with each compartment is reported in each graph. Co-localization analyses were
performed by Image] plugin Jacop. Values of Mander’s coefficient for ULK1 are expressed in percentage as mean + SEM. Statistical analyses were performed by
two-way ANOVA followed by Tukey’s multiple comparison test. **P < 0.01; ***P < 0.001; ****P < 0.0001; and ns, not significant. Scale bars 5 um. White

arrowheads point at ULK1 puncta associated with the analysed markers.

E Hela cells were transfected as in A), labelled with the indicated antibodies and imaged by SIM microscope. Scale bar in large panels, 5 um; in small panels, 1 pum.

N, nucleus.

F Hela cells were co-transfected with control siRNA and an empty vector (EV), or 3UTR TFG siRNA together with an EV or HA-TFG plasmids. Cells grown for 1 h in
starvation medium then fixed, permeabilized and labelled with anti-ULK1 (green) and anti-ERGIC53 (red) antibodies, respectively. Hoechst was used to stain nuclei.
Co-localization analysis was performed as in (D). Values of Mander’s coefficient for ULK1, expressed as percentage, are mean £ SEM. Statistical analyses were
performed by one-way ANOVA followed by Dunnett’s multiple comparison test. *P < 0.05; ns, not significant (n = 3) (n = 3 independent experiments, n > 9 fields

analysed). Scale bar 5 um.

Source data are available online for this figure.

et al, 2013; Harlalka et al, 2016). Thus, we tested fibroblasts from a
patient with homozygous variant p.R106C in TFG (Catania et al,
2018) and observed a reduction in autophagy flux (Figs 4F and
EV4D and F), a significant accumulation of ULK1 puncta when
compared with controls (Fig 4G), together with a massive presence
of As (Fig EV4E). Additionally, decreased autophagy flux was
observed by exogenously expressing an HA-TFGR'°® mutant
construct in HeLa cells (Fig EV4G).

Altogether, these results clearly indicate that TFG is important
for a proper autophagy progression and more precisely in the transi-
tion phase between autophagosome initiation and elongation. Also,
this role may be relevant in HSP.

The role of TFG in autophagy requires its LIR-dependent
association with LC3C

Given that TFG is necessary for the recruitment of LC3B to IM
components, and since ERGIC/ERES compartments represent a
primary membrane source necessary to trigger LC3B lipidation (Ge
et al, 2013; Ge et al, 2014), we investigated TFG interaction with
individual members of the LC3 family. First, we performed a GST
pulldown assay by using human LC3 isoforms (LC3A, LC3B and
LC3C) and found that TFG is able to bind all LC3 members with dif-
ferent strength and with a clear preference for LC3C (Fig 5A). Also,
LC3C, at variance with LC3A-B, clearly co-immunoprecipitates with
TFG (Fig EV5A). Of note, since most proteins that interact with LC3
members are themselves degraded by autophagy, we induced autop-
hagy by starvation and treated cells with ammonium chloride
(NH4Cl), a well-known lysosome inhibitor, in a time course. As
shown in Fig EV5B, no changes in TFG protein levels are detected,
suggesting that TFG is not merely an autophagy substrate but may
act as a regulatory ATGS8-interacting protein. Indeed, ATG8-interact-
ing proteins bind non-covalently both LC3 and GABARAP proteins
via a short linear sequence named LIR (Rogov et al, 2014). We iden-
tified three possible LIR motifs of TFG with similar position-specific
scoring matrix (PSSM) (Fig EV5C) located in the regions 31-36
(LIR1), 166-171 (LIR2) and 361-366 (LIR3), respectively. We then
analysed their propensity to disorder or their capability to be located
in folded protein domains. We thus noticed that the LIR 31-36 is
located within a predicted PB1 domain for TFG, a domain also found
in another LIR-containing protein, p62, and known to be involved in
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protein—protein interactions (Kirkham, 1974). The region 166-171,
which has the lowest PSSM score, is not predicted to be fully disor-
dered according to the consensus in MobiDB, and it has small
propensity for helical structures according to an analysis with
FELLS. The LIR in the region 361-366 thus seems, in principle, to be
the most suitable candidate due to its localization in a disordered
region of the protein with also “anchor” motifs, which are common
to LIRs (Jacomin, et al, 2016). Moreover, we obtained a model of
the TFG PB1 domain (residues 10-91) by using as a template the
PB1 domain from protein kinase C (Fig 5B and Table EV1) and used
this model to rule out that the LIR residues 31-36 could in fact be
accessible for interaction with the LC3s. The two key residues for
interaction with the hydrophobic grooves of LC3 proteins, Y33 and
L36, featured a solvent accessibility of their side chain atoms of 26
and 6.2 %, respectively (Birgisdottir, et al, 2013; Johansen & Lamark,
2020). This confirms that the region 31-36, despite containing a
sequence similar to a LIR motif, is almost buried in the PB1 domain
and not available for interaction with LC3 proteins. Our analyses
thus point to LIR3, located in the C-terminal region 361-366 (361-
PGFTSL-366), as a bona fide functional LIR for interaction between
TFG and the LC3s, with 363F and 366L occupying the hydrophobic
HP1 and HP2 pockets, respectively. To next verify whether TFG
binds human ATGS proteins in a LIR-dependent manner, we gener-
ated two HA-tagged TFG LIR mutant constructs (HA-TFG™ R and
HA-TFG™R3) "In particular, the aromatic residue phenylalanine
(F) at position 1 and the hydrophobic residue leucine (L) at position
4 were changed into alanine (A) in both mutant constructs
(Fig EV5D). By GST pulldown assay, we next tested whether each
TFG-LIR3 mutant construct was able or not to abrogate the capabil-
ity of TFG to interact with LC3 and GABARAP family members. As
shown in Figs 5C and EVSE, mutations of the LIR3 motif decrease
significantly the affinity of TFG for both LC3B and LC3C, but not for
LC3A or any GABARAP family members. Taking into consideration
that i) LC3C recruits the secretion-autophagy co-regulating protein
TECPR2 to ERES (Stadel et al, 2015), ii) LC3C is required for recruit-
ing other ATGS orthologues to the site of autophagosome formation
(Von Muhlinen et al, 2012), iii) LC3C shows the strongest affinity
for TFG and iv) no obvious co-immunoprecipitation of LC3A and
LC3B with TFG was detected (Fig EV5A), we analysed more in
depth the involvement of LIR3 in the TFG-LC3C binding. First, we
confirmed the expression of endogenous LC3C in HeLa cells, by
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analysing its mRNA levels (Fig EV5F); next, we took advantage
from a HeLa cell line harbouring endogenously expressed HA-tagged
LC3C. As shown in Fig 5D, we confirmed by co-IP that the
LC3C-TFG interaction is dramatically decreased in the presence of
TEG™MIRS 4t variance with HA-TFG™™R? (Fig EVSG and H).

Next, to assess the functional importance of the TFG-LC3C
interaction in autophagy, we evaluated the autophagy flux after
complementing TFG-deficient cells with TFG¥"™R® or TFGM™UMR3,
respectively. As shown in Fig S5E, LC3B-II levels are reduced by the
TFG mutant construct, when compared with the WT form. Consis-
tent with this observation, ULK1 canonical protein levels are

The EMBO Journal

recovered upon complementation with TFGY™® but not with
TFG™ ™R3 (Fig 5F). Next, we performed an IF analysis to test the
importance of TFG-LC3C interaction in both ULK1 puncta forma-
tion and intracellular localization. As shown in Fig 5G and H, the
integrity of the LIR motif is critical for both formation and distribu-
tion of ULK1 complex puncta. Indeed, in live imaging experiments,
by analysing co-tracking percentage of ATG13 puncta with both
ERES/ERGIC (labelled by SEC16, Figs 5I and EVSI) and TFGY™®
or TEG™HR3 " respectively (Figs 5J and EV5J), we found that the
TFG-LC3C interaction is functional to ULK1 complex distribution
and to the TFG-ULKI1 association. In line with this, we were able
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Figure 3. Inhibition of TFG results in impaired autophagy flux.

Marianna Carinci et al

A Hela cells were transfected with specific RNAi oligonucleotides (siTFG) or unrelated oligonucleotides as a negative control (siCTR) and grown in fed (FED) or

starvation conditions (STV) in the presence or absence of CLQ for 1 h. Cells were then fixed and stained using LC3B-II (red) antibody. Analysis of LC3B-II puncta
number is reported (bottom). All data are expressed as the mean value + SEM. Statistical analysis were performed by two-way ANOVA followed by Tukey’s multiple
comparison test. ****P < 0.0001 (n = 4 independent experiments, n > 25 fields analysed). Scale bar 5 um.

Hela cells were transfected as in A) and cultured in starvation conditions (STV) in the presence or absence of bafilomycin A1 (Baf A1) for 1 h. Cells were then fixed
and stained using LC3B-II (green) and LAMP1 (red) antibodies. Hoechst was used to mark nuclei. Co-localization analyses were performed by Image] plugin Jacop.
Values of Mander’s coefficient for LC3B-II are expressed as mean £ SEM. Statistical analysis were performed by two-way ANOVA followed by Tukey’s multiple
comparison test. *P < 0.05 (n = 3 independent experiments, n > 13 fields analysed). Scale bar 5 pm.

Hela cells were transfected as in A) and grown in fed (FED) or starvation conditions (STV) for 1 h. Cells were then fixed and stained using ATG16L1 (yellow) antibody.
ATG16L1 puncta number (upper right) and the average size of ATG16L1 as fold increase (bottom right) were reported. All values are expressed as mean + SEM.
Statistical analyses were performed by two-way ANOVA followed by Tukey’s multiple comparison test. **P < 0.01 and ****P < 0.0001 or by unpaired Student’s t-test
when two groups were compared. ns, not significant (n = 3 independent experiments, n > 9 fields analysed). Scale bar 5 pm.

HEK293 cells stably expressing GFP-DFCP1 were transfected as in A) and cultured in starved conditions for 40’. Cells were visualized with cellSens microscope for live-
cell imaging. Pictures show the images taken at the same number of frames for each video. Analyses of the number of DFCP1 structures per cell (upper right) and the

mean of omegasomes structures diameter (um) (bottom right) were reported. N, nucleus. All values are expressed as mean + SEM. Statistical analyses were
performed by unpaired Student’s t-test. *P < 0.05 and ***P < 0.001 (n = 3 independent experiments). Scale bar 5 pm.

Source data are available online for this figure.

to detect both ULK1 and TFG in complex with LC3C at an endoge-
nous level (Fig EV5K).

Next, we asked whether or not depletion of ATGS8 proteins
resulted in a similar phenotype as that detected upon TFG™ULIRS
expression. Intriguingly, only knockdown of LC3C (Figs 5K and
EVSL-O) significantly increases ULK1 protein levels. Importantly,
siLC3C is sufficient per se to impair the autophagy flux (Fig EVSP).

Finally, since ULK1 function in autophagy depends on its interac-
tion with ATGS8 proteins (Alemu et al, 2012; Kraft et al, 2012; Wirth
et al, 2019), we investigated whether TFG could favour ULKI1-
ATGSs interaction. By co-IP experiments, we found that knockdown
of TFG strongly decreases ULK1 complex association with both
LC3C and GABARAP during starvation (Figs SL and EV5Q). This
function also depends on the TFG LIR motif, since TFG™UR3
induces a similar effect (Fig SM).

Altogether, these findings indicate that the TFG-LC3C interaction
is crucial for autophagy progression by regulating ULK1 accumula-
tion, ULK1 puncta localization and ULK1-LC3C/GABARAP binding.

Discussion

Emerging evidence highlights the important crosstalk existing
between autophagy and the early secretory pathway, thus empha-
sizing the multitasking role that proteins involved in a specific
process could play in the other one, in response to cellular condi-
tions. In recent years, it became quite apparent that COPII vesicles
are important for autophagosome biogenesis (Ge et al, 2014). At the
interface between ER(ES) and ERGIC, TFG promotes uncoating of
COPII vesicles after their release from the ER, with this providing a
platform that facilitates fusion between these vesicles and the ERGIC
compartment (Johnson et al, 2015; Hanna et al, 2017). In this study,
we identified TFG as a positive regulator of autophagosome forma-
tion during autophagy induction by nutrient deprivation. Indeed,
depletion of TFG leads to several consequences for functional autop-
hagy. First, we found TFG as an ULKl-interacting protein and that
its absence promotes higher levels of ULK1, ATG13 and DFCP1
proteins, suggesting a role for this factor in the transition phase
between autophagosome initiation and elongation. In line with the
increase of early autophagy markers, ULK1 activity is not impaired
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upon TFG depletion, and it is still able to recruit proteins that may
act at the early steps of autophagosome formation. Of the highest
importance, here we show that the effect of TFG depletion on ULK1
is not accounted for by the COPII pathway. In fact, under starvation
conditions, at variance with depletion of SEC23 and SECI16, the
absence of TFG revealed an increase in puncta number and size of
ULK1, ATG13 and DFCP1.

It is well known that ULK1 protein levels are finely regulated
upon autophagy induction. In particular, ULK1 is targeted by several
E3 ubiquitin ligases, such as NEDD4L (Nazio et al, 2016) and CUL3-
KLHL20 (Liu et al, 2016), which lead to ULK1 degradation by the
ubiquitin—proteasome system. Interestingly, ultrastructural data
show that, at variance with control conditions, the absence of TFG
triggers accumulation of abnormal structures (As) containing multi-
ple smaller compartments and membranes that are compatible with
immature and aborted autophagosomes. These structures, positive
for the autophagosome markers ATG13 and ATG16L, are quite large
in size, possibly because they recruit membranes that are not pre-
loaded with mATGS8 orthologs, generating as a consequence an
expanded isolation membrane that cannot progress into a complete
and fully functional autophagosome. Of note, the structures we
found by EM analyses are reminiscent of characteristic multilamel-
lar vesicles called MVBs (multivesicular bodies), and they are also
labelled by the MVB marker Rab7. However, since TFG has been
identified as a potential interactor of some proteins involved in sort-
ing and formation of MVB (Schlundt, et al, 2009; Hein, et al, 2015),
we cannot exclude that the absence of TFG could also have an effect
on this pathway.

In addition, loss of TFG reduces the association between LC3B
and the IM components, leading to a delay of dissociation of early
autophagy proteins from membranes and an impairment in the
autophagosome transition phase between initiation and elongation.

Interestingly, by dissecting the molecular details of the TFG role
in autophagy, we identified TFG as novel and unexplored LC3C-
binding protein. Indeed, our data argue for a direct close interaction
between LC3C and TFG, through a canonical LIR motif that we have
mapped in a P/Q rich TFG region. At variance with the established
importance of LC3B in autophagy, only a few studies have focused
on LC3C in terms of its subcellular localization and regulation
(Muhlinen et al, 2012; Stadel et al, 2015; Liu et al, 2017; Le

© 2021 The Authors
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Figure 4. Inhibition of TFG results in stalled omegasomes and accumulation of abnormal structures.

A Hela cells were transfected with specific RNAi oligonucleotides (siTFG) or unrelated oligonucleotides as a negative control (siCTR); after culturing cells in fed (FED)
or starvation conditions (STV) for 1 h, cells were fixed and labelled with the indicated antibodies. Co-localization analysis was performed by using Image] Jacop
plugin and mean + SEM of Mander’s coefficients of ULK1, expressed as percentage, is reported (bottom). White arrowheads point at co-localization events
between ULK1 and LC3B-II; white arrows track puncta not co-localizing; N, nucleus. Statistical analyses were performed by two-way ANOVA followed by Tukey’s
multiple comparison test. *P < 0.05; **P < 0.01; and ****P < 0.0001 (n = 3 independent experiments, n > 16 fields analysed). Scale bar 5 pm.

B, C HEK293 cells stably expressing either GFP-ATG13 (B) or GFP-DFCP1 (C) were transiently transfected with specific RNAi oligonucleotides (siTFG) or unrelated
oligonucleotides as a negative control (siCTR), together with CFP-LC3B plasmid (visualized in red) and cultured in starved conditions for 40’. Wide-field live-cell
imaging of starved cells was taken by cellSens microscope. Representative images of lifespan of both ATG13 (B) and (C) are reported. Images of both ATG13 (B) and
DFCP1 (C) forming association with LC3B are also shown. The appearance of LC3B on ATG13 (B) (bottom right) and on DFCP1 (bottom right) (C) puncta was
quantified and reported. All values are expressed in seconds (s) as mean + SEM. Yellow arrowheads point at the DFCP1 and LC3B particles in the first frame from
their onset, and white arrowheads and white arrows show omegasomes and autophagosomes as indicated. Statistical analyses were performed by unpaired
Student’s t-test. *P < 0.05 and **P < 0.01 (n = 3 independent experiments, n = 50 events/condition analysed). Scale bar 1 um.

D Hela cells were transfected as in A). Cells were imaged by TEM. Representative electron micrographs (x26500) are reported. The average number of
abnormal structures per cell is shown (bottom graph). N, nucleus; M, mitochondria; and ER, endoplasmic reticulum. The average number of abnormal
vacuoles per cell was evaluated (upper right). Statistical analysis was performed by unpaired Student’s t-test. ***P < 0.001. A minimum of 50 cells were
observed. Cell count was performed (n = 3 independent experiments, n > 51 cells analysed). Data are presented as mean + SEM. Scale bar 500 nm as

indicated.

E Hela cells stably expressing GFP-ATG13 and CFP-ATG16 were transiently co-transfected with DsRed-Rab7 and TFG siRNA (siTFG). Cells were cultured in starved
conditions for 1 h. Representative electron micrographs (x3900) and merge of the three fluorophores CLEM are shown. Micrographs at higher magnification
(x13500) of a region showing the three fluorophores split and merged are reported. Scale bars: 5 um upper panels, 1 pm bottom panels.

F Control (TFG-WT) and patient’s (TFG-R106C) fibroblasts were grown in fed or starvation conditions in the presence or absence of CLQ for 1 h and then lysed.
Protein extracts were analysed by WB to detect ACTIN and LC3B-II as indicated. Densitometry analysis of LC3B-II over ACTIN is shown (right). All data are expressed
as the mean + SEM. Statistical analysis was performed by two-way ANOVA followed by Tukey’s multiple comparison test. *P < 0.05 and ***P < 0.001 (n = 3

independent experiments).

G Control (TFG-WT) and patient’s (TFG-R106C) fibroblasts were grown in fed or starvation conditions for 1 h. Cells were fixed, permeabilized and labelled with anti-
ULK (red) antibody. Hoechst was used to stain nuclei. The average of ULK1 puncta number per cell is shown (right). All data are expressed as the mean
value &+ SEM. Statistical analysis was performed by two-way ANOVA followed by Tukey’s multiple comparison test. *P < 0.05; ***P < 0.001; and ****P < 0.0001

(n = 3 independent experiments, n > 14 fields analysed). Scale bar 5 um.

Source data are available online for this figure.

Guerroué et al, 2017; Wetzel et al, 2020). LC3C is described in such
reports as a key factor in regulating various selective autophagy
processes. Here we demonstrate a role for the axis TFG-LC3C in
regulating starvation-dependent autophagy. Indeed, disruption of
the TFG-LC3C interaction influences ULK1 protein levels, puncta
formation and distribution and consequently autophagy progres-
sion, similarly to TFG depletion. Most likely, this interaction is also
functional for a proper localization of early autophagy proteins and
for the correct recruitment of LC3B to the IM. Another interesting
finding is that TFG favours both ULK1-LC3C and ULK1-GABARAP
interaction. ULK1 complex members (ULK1, ATG13 and FIP200)
bind strongly GABARAP, GABARAP-L1, GABARAP-L2 and LC3C,
and weakly LC3A and LC3B (Alemu et al, 2012). We could thus
speculate that LC3C may cooperate with TFG as a recruiting anchor
at the omegasome sites for autophagosome formation and that the
TFG-LC3C interaction could be crucial in globally regulating ULK1
during autophagy.

Interestingly, from a biomedical viewpoint, emerging evidence
shows a tight correlation between inherited neuropathy-associated
genes and autophagy alteration. In particular, mutations in RAB7
(protein required for autophagosome and lysosome fusion) cause
CMT2B neuropathy (Verhoeven et al, 2003), and CMT2B patients
carrying the V162M RAB7A mutation show alteration in autophagy
flux. In addition, the function of TECPR2 in maintaining ER export
and the formation of early autophagosome intermediates is
disrupted by HSP-causing mutations and this, in turn, causes an
autophagy impairment (Stadel et al, 2015). Of note, several muta-
tions in TFG (such as R106C, G269V and P285L) have been demon-
strated to cause different neuropathologies (HSP, CMT2 and HMSN-
P). The R106C TFG mutant induces defects in the octamer assembly,
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impairing the TFG structure; the G269V TFG mutant produces cyto-
plasmic aggregates, which would trap wild-type TFG. Last, Ishiura
and colleagues demonstrated that motor neurons in HSMN-P of
patients show TFG/ubiquitin- and/or TDP-43 (TAR DNA-binding
protein 43 kDa) immunopositive cytoplasmic inclusions (Ishiura
et al, 2012). The finding that HSP patient fibroblasts carrying
mutated TFG display reduced autophagy levels, defective ULK1
puncta turnover and abnormal structures in the cytoplasm high-
lights the importance of our discovery in biomedicine. In the case
investigated, defective autophagy could be postulated as a possible
contributor to ontogenesis or progression of the HSP disease; in
particular, neurons are sensitive to accumulation of protein aggre-
gates or damaged organelles and altered autophagy is now recog-
nized as an important cause of neuronal degeneration in both
central and peripheral nervous system. In sum, the role of TFG in
autophagy could thus be key in a novel pathogenic mechanism for
neuropathy associated with its mutation, and our study supports the
idea that targeting autophagy may represent a potential approach to
improve patients conditions.

Finally, TFG has been found to play a role in oncogenesis, espe-
cially as a fusion protein; moreover, several reports suggest that
TFG alone could act both as a tumour suppressor and an oncogene,
although its role in this context remains unclear (Chen & Tseng,
2014). The fusion partners of TFG include NTRK1 or ALK, and this
results in the generation of an oncogene. Interestingly, in both
instances, a role for TFG in targeting kinase activities of NTRK1 and
ALK to ER exit sites has been found and this, in turn, causes tumour
transformation. It would be thus of the highest interest to study a
role for TFG-fusion proteins in autophagy mis-regulation, a condi-
tion well known to affect cancer cell survival.

© 2021 The Authors
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Figure 5. The role of TFG in autophagy requires its LIR-dependent association with LC3C.

A

Pulldown assay was performed incubating purified GST-tagged LC3 (A, B and C) isoforms and HA-TFG-transfected Hela cell lysates. HA-TFG protein levels were
analysed by WB; LC3 isoforms and GFP are shown in the Ponceau staining. Densitometry analysis of TFG over GST-tagged LC3 isoforms is reported in the graph
(right). Data are expressed as mean + SEM. Statistical analysis was performed by one-way ANOVA followed by Tukey’s multiple comparison test. ***P < 0.001

(n = 3 independent experiments).

The model illustrates the domain composition of TFG, including a PB1 domain (residues 10-91), a coiled-coil motif (CC, residues 97-124) and a C-terminal region
including a proline—glutamine-rich mostly disordered region. The location of the predicted LIR motifs is also reported, along with the associated PSSM scores from
iLIR. The model of the 3D structure of the PB1 domain is coloured according to the solvent accessibility of each residue as derived by Chimera, and the residues for
the predicted LIR motif 31-36 for HP1 and HP2 hydrophobic pockets of LC3 proteins are highlighted as sticks.

Pulldown assays were performed by using purified GST-LC3 (A, B and C) isoforms, each incubated together with empty vector (EV) or HA-TFG"V*R- or HA-
TFGMU™HR3_transfected Hela cell lysates, respectively. Ponceau staining reports GST-LC3 isoforms and GST-GFP used as a negative control. WB analyses show HA-
TFG"™® or HA-TFG™ ™R3 in the pulldown and in total extracts (Input). Densitometry analyses of HA-tagged TFG normalized over GST-tagged LC3 isoforms
(Ponceau) were performed and reported (right). Data are mean value £ SEM. Statistical analysis was performed by multiple t-test. *P < 0.05 and ns, not significant
(n = 3 independent experiments).

Hela cells were co-transfected with HA-LC3C together with HA-TFG"™® or HA-TFG™"™'®® plasmids. After 30’ of starvation, protein extracts were
immunoprecipitated using an anti-TFG antibody or 1gG as a negative control. LC3C and TFG were analysed by WB.

Hela cells were co-transfected with 3'UTR TFG siRNA together with HA-TFG"“'® or an empty vector (EV) or TFG™™*'®3 plasmids, expressed at near endogenous
levels. Cells were cultured with complete or starvation (STV) media and grown in the presence or absence of CLQ for 1 h. ACTIN and LC3B-II protein levels are
shown. Densitometry analysis of LC3B-II over actin for indicated conditions is shown in the graph (right). Data are mean value + SEM. Statistical analysis was
performed one-way ANOVA followed by Dunnett’s multiple comparison test. *P < 0.05 (n = 3 independent experiments).

Hela cells were co-transfected with unrelated oligonucleotides as a negative control (siCTR) and empty vector (EV) or 3UTR SiRNA TFG SiRNA

together with EV or HA-TFGY™R or TFG™™"'®3 plasmids, expressed at near endogenous levels. Protein extracts were analysed by WB to detect ULK1,

TFG and ACTIN as indicated. Densitometry analysis of ULK1 over ACTIN is shown (right). Data are mean value £+ SEM. Statistical analysis was

performed by one-way ANOVA followed by Dunnett's multiple comparison test. *P < 0.05; **P < 0.01; and ns, not significant (n = 4 independent
experiments).

Hela cells stably expressing untagged TFGV™'R or TFG™!'R? were transfected with 3UTR TFG siRNA, starved for 1 h, fixed, permeabilized and immunolabelled with
ULK1 (red) alone or ULK1 (red) and ERGICS3 (green) (H). Hoechst was used to stain nuclei. ULK1 puncta number (G) was analysed and reported as mean £ SEM in
the graph (right) (n = 3 independent experiments, n = 24 fields analysed). Co-localization analyses between ULK1 (red) and ERGIC53 (green) (H) were performed by
Jacop plugin. Values of Mander’s coefficient for ULK1, expressed as percentage, are reported as mean £ SEM (bottom graph) (n = 3 independent experiments,

n = 19 fields analysed). White arrowheads point at co-localization events between ULK1 and ERGICS3. Statistical analyses were performed by unpaired Student’s t-
test. **P < 0.01 and ***P < 0.001. Scale bar 5 pm.

Hela cells stably expressing GFP-ATG13 together with BFP-TFG"™'® or BFP-TFG™ "3 were co-transfected with a SiRNA targeting endogenous TFG (SiTFG
3UTR) and mCherry-SEC16 plasmid and then cultured for 40’ with starvation medium. Cells were visualized with cellSens microscope for live-cell imaging.
Analysis of the percentage of GFP-ATG13 lifetime co-localizing with mCherry-SEC16 in the presence of TFG"*'® or TFG™ "' is reported in the cumulative
relative frequency plot. Statistical analysis was performed by Kolmogorov—Smirnov test. P < 0.0001 (n = 3 independent experiments, n > 995 number of co-
localization events analysed).

Hela cells stably expressing GFP-ATG13 together with BFP-TFGV™'R or BFP-TFG™"™R® were transfected with 3UTR TFG siRNA to downregulate endogenous TFG.
Cells were cultured for 40’ with starvation medium and visualized with cellSens microscope for live-cell imaging. Analysis of the percentage of GFP-ATG13 lifetime
co-localizing with BFP-TFG"'™"'® or BFP-TFG™ '3 is reported in the cumulative relative frequency plot. Statistical analysis was performed by Kolmogorov—Smirnov
test. P = 0.0268 (n = 3 independent experiments, n > 379 number of co-localization events analysed).

HeLa cells harbouring endogenously HA-tagged LC3C were transfected with specific RNAi oligonucleotides (siLC3C) or unrelated oligonucleotides as a negative
control (siCTR) and cultured in starvation medium for 30’. Protein extracts were analysed by WB to detect ULK1, ACTIN and HA-LC3C as indicated. Densitometry
analysis of ULK1 over ACTIN is reported (right). Data are expressed as mean + SEM. Statistical analysis was performed by unpaired Student’s t-test. *P < 0.05

(n = 3 independent experiments).

Hela cells harbouring endogenously HA-tagged LC3C were transfected with a siRNA targeting TFG (siTFG) or with a non-targeting control (siCTR). After 30" of
starvation, cells were lysed, and protein extracts were immunoprecipitated by using an anti-HA antibody or IgG as negative control. Protein extracts were analysed
by WB to detect ULK1 and HA-LC3C as indicated.

Hela cells stably expressing untagged TFG“™R or TFG™*®® were co-transfected with HA-LC3C and Myc-ULK1 plasmids as indicated. Cells were starved for 30’,
and protein extracts were immunoprecipitated using an anti-HA antibody or IgG as negative control. Protein extracts were analysed by WB to detect ULK1, HA-
LC3C, TFG and ACTIN as indicated.

Source data are available online for this figure.

Materials and Methods
Human subjects

All procedures performed in studies involving human partici-
pants were in accordance with the ethical standards of the
institutional and/or national research committee and with the
1964 Helsinki declaration and its later amendments or comparable
ethical standards.

Skin biopsies were performed after obtaining informed consent
approved by the Ethics Committee of Fondazione IRCCS Istituto
Neurologico Carlo Besta.
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Cell culture and treatments

HeLa and HEK293 cells were cultured in DMEM (EuroClone,
ECB7501L) supplemented with 10% foetal bovine serum (FBS)
(GIBCO, 10270106), 2 mM L-glutamine (EuroClone, ECB3000D) and
1% penicillin/streptomycin  (EuroClone, ECB3001B) solution.
HEK293 cells stably expressing GFP-ATG13 or GFP-DFCP1 were also
selected in 800 mg/ml Geneticin (GIBCO, 11811031). HeLa cells
harbouring endogenously HA-tagged LC3C, GABARAP, GABARAPL1
and GABARAPL2 were cultured in DMEM with 10% FBS, 5% gluta-
mine and selected in 4 pg/ml of blasticidin (GIBCO, A1113903). Cells
were maintained in a humidified atmosphere containing 5% CO, at
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Table 1. Oligonucleotides related to the experimental procedures
Thermo Fisher TFG 5'-ACAGCAGUACCAGGCGAGCAAUUAU-3

SELmHIE 5'-AUAAUUGCUCGCCUGGUACUGCUGU-3'
Sigma-Aldrich  TFG-3UTR  5'-CCAAAAGACUCCAGUACUA-3'
5'-UAGUACUGGAGUCUUUUGG-3'
Thermo Fisher ~ SEC23A 5'-GGGUGAUUCUUUCAAUACU-3'
Sz 5/-AGUAUUGAAAGAAUCACCC-3'
Sigma-Aldrich  SEC16 5/-CCCAAGACUGCAGAACCCAGCUAUU-3'

5'-GCAGCUCUGGAACUUAGUA-3'

5'-GAGAACGUCACCAAGUGCAAGCUGU-3
5/-ACAGCUUGCACUUGGUGACGUUCUC-3'

Sigma-Aldrich ULK1

Thermo Fisher ~ MAPILC3C  5'-GCUUGGCAAUCAGACAAGAGGAAGU-3'
SEEmiE 5'-ACUUCCUCUUGUCUGAUUGCCAAGC-3'
Sigma-Aldrich  MAPLLC3B  5'-CUCCCUAAGAGGAUCUUUAUU-3'
5/-AAUAAAGAUCCUCUUAGGGAG-3'
Sigma-Aldrich  GABARAP 5-GGUCAGUUCUACUUCUUGA-3'
5/-UCAAGAAGUAGAACUGACC-3'
Horizon/ GABARAPL1  5'-CUAGUGCCCUCUGACCUUA-3'
DlEIEAEoN 5'-UAAGGUCAGAGGGCACUAG-3'
Sigma-Aldrich ~ GABARAPL2  5'-UGGGCUAGGUGCACCGUAA-3'

5'-UUACGGUGCACCUAGCCCA-3,

37°C. The induction of autophagy by nutrients starvation was
obtained washing the cells with phosphate-buffered saline (PBS)
(EuroClone, ECB4053) and incubating with Earle’s balanced salt solu-
tion (EBSS; Sigma-Aldrich, 254134) for the indicated time periods.
Autophagy induction of HEK293 or HeLa cells for live imaging experi-
ments was accomplished washing three times with pre-warmed star-
vation medium (140 mM NaCl, 1 mM CaCl,, 1 mM MgCl,, 5 mM
glucose, 1% bovine serum albumin (BSA; Sigma-Aldrich A9647) and
20 mM Hepes pH 7.4) and incubating at 37°C under 5% CO, for
40 min. Lysosome activity was inhibited for 1 h with 20 pM CQ
(Sigma-Aldrich, C6628) or with 10 mM NH4Cl (Sigma-Aldrich,
254134) or with 100 nM of bafilomycin A1 (Baf A1) (Selleck chemi-
cals, S1413) for the indicated time periods. Protein translation was
inhibited wusing 50 pg/pl cycloheximide (CHX; Sigma-Aldrich,
C4859). All used cell lines were transiently transfected with Lipofec-
tamine 2000 (Thermo Fisher Scientific, 11668-019) according to the
manufacturer’s instructions. Patient fibroblasts and control were
obtained from skin biopsy as previously reported (Catania et al,
2018). All experiments were performed on cells at the same passage
number. Cell lines were regularly tested and verified to be myco-
plasma negative by PCR; all cell lines tested negative for mycoplasma.

Plasmids and retroviral transduction

Plasmid encoding for wild-type Myc-ULK1 was provided by S.A.
Tooze (The Francis Crick Institute, Lincoln’s Inn Fields Laboratories,
London, England, UK). DsRed-rab7WT plasmid was by Addgene
(#12661). Vectors encoding for GST-GFP, GST-LC3A, GST-LC3B,
GST-LC3C, HA-LC3A, HA-LC3B and HA-LC3C were a kind gift from
C. Behrends. HeLa cell lines harbouring endogenously HA-tagged
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LC3C, or GABARAP, or GABARAPLI1, or GABARAPL2 were obtained
as previously described (Le Guerroué et al,2017). GST-GABARAP,
GST-GABARAPLI and GST-GABARAPL2 were a gift from I. Dikic
(Institute of Biochemistry II, Goethe University, Frankfurt Germany).
Plasmid encoding for CFP-LC3B, mCerry-SEC16 together with
HEK293 cells stably transfected with GFP-ATG13 or GFP-DFCP1
vectors were provided by N.T. Ktistakis (Babraham Institute,
Cambridge, UK). To obtain pCI-HA-TFG plasmid, TFG was cleaved
from pcDNA3-TFG by Kpnl/Notl and was sub-cloned to the pCI-HA
vector purchased from Addgene. TFG mutant constructs were gener-
ated by using the site-directed mutagenesis kit (Agilent Technolo-
gies, 200518). The sequences used are as follows: pCI HA-TFGR!°C
R to C: 5 CAAGTCAGGTGAAATATCTC TGT CGAGAACTGATAG
AACT 3°. pCI HA-TFG™"'MR2: F to A, 5-GGCAGCAAGTATGTCTG
CTGCTGATCCTTTAAAAAACCAAG-3; L to A, 5-GGCAGCAAGTA
TGTCTGCTGCTGATCCTGCAAAAAACCAAG-3'. pCl HA-TFG™ULIRS,
Fto A, 5-ATCAACCAAGACCAGGTGCTACTTCACTTCCTGGAAG-3';
L to A, 5-CCAGGTGCTACTTCAGCTCCTGGAAGTACCATG-3'. To
obtain stable cell lines, TFG*"™® and TFG™™®* were sub-cloned
into the SFG (Quintarelli et al, 2018) retrovirus vector in frame with
the 2A sequence and the truncated cell-surface CD19 selectable
marker. Then, the retroviral supernatants were produced in 293T
cells, as previously described (Caruana et al, 2015). For live-cell
imaging or CLEM analysis, stable cell lines were obtained using
the following vectors: TFG¥'™® and TFG™'®* sub-cloned into
PMSCV-IRES-Blue FP (Addgene #52115), pMRX-IP/SECFP-ATG16A1
(Addgene #58994) and pMXs-IP-EGFP-ATG13 (Addgene #38191), as
described in the figure legends.

RNA Interference (RNAi)

RNAIi was achieved by RNA oligonucleotide duplex listed in Table 1.

2.5 x 10° cells per well were transfected with 100 pmol siRNA
oligos in six-well plates using Lipofectamine 2000 following the
manufacturer’s instructions

Western blot analysis

Cells were rinsed in PBS on ice and lysed in RIPA buffer (50 mM
Tris—HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 5 mM MgCl, 1%
Triton X-100, 0,25% sodium deoxycholate and 0,1% SDS) plus
protease inhibitor cocktail (Sigma-Aldrich, P8340), Na,VO; 0.1 mM
(Sigma-Aldrich, S6508), NaF 1 mM (Sigma-Aldrich 201154) and B-
glycerophosphate 5 mM (Sigma-Aldrich G9422).

Cell extracts were centrifuged at 13,000 rpm for 10 min at 4°C.
Protein concentrations were determined with the Bio-Rad Protein
Assay Kit (Bio-Rad, 5000113 and 5000114). Cell extracts or immuno-
precipitates were denatured by adding 1 volume of 4 x Laemmli SDS
sample loading buffer with B-mercaptoethanol and boiled at 95°C for
10 min. Then, proteins were separated by SDS-PAGE. PVDF (Merck
Millipore, IPVH00010) membranes were incubated with primary
antibodies followed by horseradish peroxidase-conjugated secondary
antibody (Bio-Rad, rabbit 1706515, mouse 1706516) and visualized
with ECL (Merck Millipore, WPKLS0500). Densitometry analysis
was performed using ImageJ software. Comparison between control
and sample in the WB intensity measurement was made from the
same WB. Of note, in some cases, WB was captured using digital
cameras (Alpha Innotech FluorChem SP, or iBright FL1500), whereas
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others were captured on film (Aurogene, AU1102). Backgrounds in
WB images from different experimental approaches were then equal-
ized by changing their exposition post-acquisition.

Antibodies

The primary antibodies used in this study were as follows: mouse
anti-HA tag (Santa Cruz Biotechnology, sc-7392) and rabbit anti-HA
tag antibody (Santa Cruz Biotechnology, sc-805), rabbit anti-HA
(Cell Signaling Technology, #3724), mouse anti-TFG (Santa Cruz
Biotechnology, sc-515054) and rabbit anti-TFG (Santa Cruz Biotech-
nology, sc-98969), rabbit anti-TFG (Abcam, ab156866), mouse anti-
TFG (Novus Biological, NBP2-62212), mouse anti-Myc (9E10)
(Santa Cruz Biotechnology, sc-40), rabbit anti-LC3-XP (D11) (Cell
Signaling Technology, #3868), mouse LC3B (5F10) (Nanotools,
0231-100), rabbit anti-ULK1 (D8HS) (Cell Signaling Technology,
#8054), rabbit anti-ULK1 (N-17) (Santa Cruz Biotechnology, sc-
10900), mouse anti-GOLGIN-97 (CDF4) (Thermo Fisher Scientific,
A-21270), rabbit anti-ATG16L1 (D6D5) (Cell Signaling Technology,
#8089), rabbit ATG9A (D409D) (Cell Signaling Technology, #13509)
rabbit anti-ATG13 (E1Y9V) (Cell Signaling Technology, #13468),
mouse anti-ATG13 (2H4.2) (Merck Millipore, MABC46), rabbit anti-
pS318-ATG13 (Rockland, 600-401-C49), rabbit anti-ATG14 (Cell
Signaling Technology, #5504) rabbit pS29-ATG14 (Cell Signaling
Technology, #13155), rabbit anti-Actin (Sigma-Aldrich, A2066),
rabbit anti-GADPH (Sigma-Aldrich, G9545), mouse anti-Calnexin
(AF18) (Santa Cruz Biotechnology, sc-23954), mouse anti-SEC31A
(BD, 612350) rabbit anti-SEC23A (Cell Signaling Technology, #8162)
and mouse anti-ERGIC53 (Enzo Life Science, ABS300-0100). All
antibodies are listed in Table EV2.

Immunoprecipitation assay

HeLa cells were rinsed with ice PBS and lysed in NP-40 lysis buffer
(50 mM Tris—HCI pH 7.4, 150 mM NaCl, 0.5% NP-40 and protease
inhibitor cocktail (Sigma-Aldrich, P8340)) or with a buffer used for
co-IP with ATGS8 proteins (10 mM Tris-HCI pH 7.4, 100 mM NacCl,
2 mM EDTA, 1% NP-40). For endogenous co-IP, was used a buffer
containing 40 mM Hepes pH 7.4, 2 mM EDTA and 0,3% chaps, and
for IP washes was added 150 mM of NaCl. IP assays were performed
with 0.5 mg of lysates for co-IP in overexpression, 1.5 mg of lysates
for co-IP in semi-endogenous conditions and 2 mg of lysate in
endogenous conditions. Lysates were then incubated with 1 pg,
1.5 pg or 2 pg, respectively, of indicated primary antibody at 4°C
with rotation overnight (O/N) before addiction of 15 ul dynabeads
protein G (Invitrogen, 10003D) and then incubated at 4°C for 1 h.
Immunoprecipitates were then washed 5 x 5 min with its own lysis
buffer or wash buffer and then denatured by adding 1 volume of
4 x Laemmli SDS sample buffer (Thermo Fisher Scientific, NP0007)
with B-mercaptoethanol and incubated at 95° for 10 min.

Pulldown assay

Recombinant GST-fusion proteins were expressed in E. coli BL21
(DE3) (Promega, L1195) using 0.5 mM IPTG at 25°C O/N. Bacteria
were lysed in NET-N buffer (20 mM Tris—HCI, pH 8.0, 100 mM NacCl,
1 mM EDTA, 0.5% Nonidet P-40) containing EDTA-free protease inhi-
bitor mixture (Sigma-Aldrich, P8465) and subjected to sonication. GST
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proteins were purified and immobilized on glutathione agarose
(Thermo Scientific, 16100). HA-TFG"™® or HA-TFG™""®? or positive
control (supplementary Fig SE and F) vectors were transiently trans-
fected in HeLa cells as indicated. Then, cells were lysed with NET-N
buffer. GST pulldown assays were performed by incubating immobi-
lized GST-fusion proteins with protein extract derived from HeLa cells
for 2 h at 4°C with gentle agitation. Unbound proteins were removed
by washing the resins five times with NET-N buffer. GST proteins were
eluted from the beads with 10 mM reduced glutathione in 50 mM
Tris—HCI (pH 8.0), for 30 min with gentle agitation at room tempera-
ture. The eluted samples were boiled for 5 min in sample loading
buffer and separated by SDS-PAGE.

Immunofluorescence analysis

Cells were washed in PBS and fixed with 4% paraformaldehyde in
PBS for 10 min. After permeabilization with 0.4% Triton X-100
(Sigma-Aldrich, X-100, T9284) in PBS for 5 min. For LC3 staining,
cells were fixed and permeabilized with cold methanol for 10’ at
—20°. Coverslips were incubated for 1 h with 3% normal goat serum
(Sigma-Aldrich, NSO2L) for blocking non-specific signals. Cells were
incubated (O/N) at 4°C with primary antibodies and 1% normal goat
serum. Cells were then washed with PBS and incubated for 1 h and
labelled with anti-mouse (Thermo Fisher Scientific, A11017,
A21425) or anti-rabbit (Thermo Fisher Scientific A21430, A11070)
secondary antibodies. Nuclei were stained with 1 pg/ml Hoechst for
5 min at room temperature. Images were obtained by several confo-
cal microscopes, depending of hosting laboratory: Olympus FV1000
laser-scanning confocal microscope, equipped with a 60x (NA 1.35)
oil immersion objective (Tor Vergata University, Rome), Leica TCS-
SP8X laser-scanning confocal microscope equipped with a 60x (NA
1.4) oil immersion objective (Bambino Gesu Pediatric Hospital,
Rome) and Carl Zeiss LSM 780 Confocal 60x (NA 1.4) oil immersion
objective and N-Nikon Structured Illumination Microscopy (N-SIM)
with 100x (NA 1.49) oil immersion objective with lateral resolution
of 120 nm (Babraham Institute, Cambridge). Image analysis has
been performed using “Fiji” (Fiji Is Just ImageJ) open-source soft-
ware. Co-localization analysis was performed by using “Jacop
plugin”. For all co-localization analyses, to evaluate the percentage
of ULK1 puncta localized to several intracellular structures or parti-
cles, Mander’s coefficient was used. Images were processed to
equally remove the background without affecting the original signal.
Co-localization values were represented as a percentage of pixels of
a channel overlapping with the other channel. All acquisitions were
performed in non-saturated single focal central planes, and images
were captured from randomly selected fields of view.

Live-cell imaging and analysis of live-cell imaging movies

Olympus cellSens, a wide-field imaging system, with a 100x oil
immersion objective and a sCMOS camera was used to capture
images of live cells in Babraham Institute, Cambridge, for Fig 4B
and C. Olympus cellSens with a 100x oil immersion objective and a
CCD camera was used to capture images of live cells in the Univer-
sity of Ferrara, Italy, for the analysis in Fig 5I and J. HEK293 cells
stably expressing GFP-ATG13 or GFP-DFCP1, or HeLa cells stably
expressing GFP-ATG13 and BFP-TFG*™® or GFP-ATG13 and BFP-
TFG™ ™R3 wwere plated onto 60-mm dishes and transiently co-
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transfected with the indicated plasmids together with indicated
siRNAs. Transfected cells were transferred onto 22-mm-diameter
glass coverslips (BDH) and on the third day, the individual cover-
slips were secured in an imaging chamber with 2 ml of starvation
medium. The assembled imaging chamber was secured onto the
microscope stage, and cells were maintained at 37°C in the incuba-
tion system of cellSens microscope. Each movie is composed of 240
pictures (frames) each taken every 10 s. Live-cell imaging movies
were analysed by Fiji, a Java-based image processing program.

Autophagy dynamics analysis

Analysis of dynamics between autophagy proteins was performed
by the examination of 50 events deriving from three independent
experiments. The events analysed are characterized by the number
of frames, expressed in seconds, from the moment at which the
analysed particles (GFP-ATG13 and GFP-DFCP1) are clearly emerg-
ing to the collapse. Events corresponding to particles moving out of
focus and then back in were excluded from the analysis. Same type
of analysis was performed for the CFP-LC3 (visualized in red); in
this case, we analysed just the moment in which CFP-LC3 structures
appeared on GFP-ATG13 or GFP-DFCP1 particles taking advantage
of coordinates of these particles.

ATG13 tracking and particles-proximity analysis

Time-lapse images of GFP-ATP13 and BFP-TFG or mCherry-SEC16
were processed and quantified using open-source software Fiji (Fiji —
ImageJ). Images were first corrected for noise suppression and back-
ground subtraction using a median filter (kernel size 2 pixels) and a
rolling ball algorithm (kernel size 150 pixels), respectively. As no
significant changes in total fluorescence intensity per field of view
were expect apart from fluorescence degradation, time-lapse stacks
were corrected for photobleaching using the simple-ratio method.
Eventual lateral shifts were corrected using the MultiStackReg
plugin, and the shift was detected as translation of the GFP-ATP13
channel and then re-applied to the other channels. Finally, dot-
shaped structures were emphasized using a 2D top-hat algorithm
(kernel size 7x7). After image processing, GFP-ATP13 puncta were
tracked using the TrackMate plugin. LoG detector and simple LAP
tracer were used for spot detection and tracking, respectively. Of all
detected tracks, those starting at timepoint <2 or > 238 were
discarded to ensure that all particles were tracked in the entirety of
their lifetime. All tracks with lifetime shorter than nine frames were
considered non-specific or partial detection then discarded. At the
end of the detection, gaps were filled with spots and spot size was
automatically re-calculated. Fluorescence intensity for each fluores-
cence channel on each track was exported and analysed with Excel.
To identify frames were GFP-ATP13 co-localized with BFP-TFG or
mCherry-Secl16, maximum fluorescence intensity of the non-GFP
channel from all the timepoints of all the tracks was summarized.
Then considering that pixel size was set below optical resolution, a
timepoint where the maximum fluorescence intensity doubled the
median of the distribution was considered as co-localized.

Correlative Light Electron Microscopy (CLEM) and Transmission
Electron Microscopy (TEM)

Cells stably expressing CFP-ATG16L1 and GFP-ATG13 were trans-
fected as indicated. Cells were plated in 30-pm Grid-500 glass
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bottom dish (ibidi #81168) (18 x 10® cells / dish) and after 24 h
were starved (EBSS) or not for 1 h. After treatment, cells were fixed
with 3,7% paraformaldehyde (PFA) in PBS for 1 h at RT. Cell orien-
tation and position in the 30-um Grid-500 glass bottom dish (ibidi
#81168) were identified and images acquired by using a confocal
inverted microscope (Leica) TCS SP5 II, HC PL FLUOTAR 20X NA
0.50 or 63X NA 0.80 oil objective. After image acquisition, cells for
CLEM and TEM were processed in parallel by fixation with 2.5%
glutaraldehyde in 0.1 M sodium cacodylate buffer pH 7.4, 1 h at RT.
After washing with 0.1 M cacodylate buffer, cells were treated with
1% osmium tetroxide plus potassium ferrocyanide 1% in 0.1 M
sodium cacodylate buffer for 1 h at 4°C. The samples were then
rinsed, dehydrated in a series of graded ethanol and embedded in
an epoxy resin (Sigma). Ultrathin sections of the embedded samples
(60-70 nm) were obtained by using an Ultrotome V (LKB) ultrami-
crotome and were counterstained with uranyl acetate and lead
citrate. The sections were finally analysed using a Tecnai G2 (FEI)
transmission electron microscope operated at 100 kV. The images
were captured with a Veleta (Olympus Soft Imaging System) using
2.800X, 3.900X or 13.500X magnification of the sections.

The images obtained by fluorescence and electron microscopy
were aligned using ImageJ. For overlapping, the nucleus and refer-
ence structures were taken as reference and different magnifications
adapted to the scale bars.

qPCR

Total RNA was isolated by using RNeasy mini kit (QIAGEN,
217004). One pug RNA was retrotranscribed using M-MLV enzyme
and oligodT (Promega, C1101). qPCR was performed using SYBR
Green PCR Master Mix Applied Biosystems (Thermo Fisher Scien-
tific, 4309155) with the QuantStudio 12K Flex Applied Biosystems.
The following oligonucleotide primers were used for LC3C:
(LC3C#1: 5-TGCCGGTGATAGTAGAAA-3’; 5-GGTGTTCCTGGTAC
AGCT-3" and LC3C#2: 5-TGACCATGACCCAGTTCC-3’; 5’-TCCT
CATCCTTGTAGTCTCT-3’), and for P2m: (5-CTCCGTGGCCTTA
GCTGTC-3’; 5-TCTCTGCTGGATGACGTGAG-3’). The mRNA
expression of the gene of interest was normalized to f2m expres-
sion, and the AACt method was used; mRNA levels were then
normalized to the control conditions.

LIR prediction

We predicted the possible LIRs of TFG with iLIR and associated
PSSM scores (Jacomin et al, 2016). For each LIR, we assessed the
propensity to be located in disordered regions with MobiDB
(Piovesan et al, 2018) and other structural properties with FELLS
(Piovesan et al, 2017).

Modelling of PB1 domain of TFG

We used HHPred (Soding, et al, 2005) to search for templates and
the optimal alignment, along with Modeller (Webb, & Sali, 2017) to
obtain a three-dimensional (3D) model for the TFG PB1 domain. We
identified only templates with a sequence identity lower than 20%
with respect to the PB1 domain of TFG, which indicates a remote
homology with known structures. Among the matches identified by
HHPRED, we focused our attention on the PB1 domains from the
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protein kinase C (PDB entry 1WMH, chain B, Hirano et al, 2005) for
which we obtained a sequence identity of 19% according to the
HHPRED alignment (Table S1). The predicted secondary structures
for the PB1 domain of TFG using the DSSP algorithm (Zacharias &
Knapp, 2014), which is based on intra backbone hydrogen bond
networks, matched properly with the known secondary structures
of the templates and the gaps in the alignment where less than three
residues long and located in disordered regions of the PB1 fold. The
quality of the model was evaluated with VADAR (Volume Area
Dihedral Angle Reporter) (Willard et al, 2003) with particular atten-
tion to the region where the first predicted LIR motif is located. We
estimated the relative solvent accessible surface area of the residues
31-36 using NACESS (http://wolf.bms.umist.ac.uk/naccess/).

Statistical analysis

Densitometry analysis was performed using ImageJ software. All
statistical calculations were performed and graphed using GraphPad
Prism. Each point value represents the mean + SEM (as reported in
the figure legends). Number of independent experiments and number
of replicates used to perform statistics are reported in the figure
legends. Statistical significance was measured using an unpaired
Student’s t-test, assuming a two-tailed distribution, one-way and two-
way analysis of variance (ANOVA) followed by Tukey’s post hoc test
or followed by Dunnett’s multiple comparison test, or multiple t-test,
or Kolmogorov—-Smirnov test using GraphPad Prism program as
reported in the figure legends. Significance is defined as *P < 0.05;
*¥*P < 0.01; ***P < (0.001; ****P < (0.0001; and ns, not significant.
The source data are available in the supplementary information page.

Data availability

All the data on models and predictions are freely available in the
GitHub repository https://github.com/ELELAB/LIR_TFG. All other
data required to evaluate the conclusions here presented are in the
paper or in Supplementary Materials.

Expanded View for this article is available online.
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