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GABARAPs and LC3s have opposite roles in regulating ULK1 for autophagy
induction
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ABSTRACT
ULK1 (unc-51 like autophagy activating kinase 1) is the key mediator of MTORC1 signaling to macroauto-
phagy/autophagy. ULK1 functions as a protein complex by interacting with ATG13, RB1CC1/FIP200, and
ATG101. How the ULK1 complex is regulated to trigger autophagy induction remains unclear. In this study,
we have determined roles of Atg8-family proteins (ATG8s) in regulating ULK1 activity and autophagy. Using
human cells depleted of each subfamily of ATG8, we found that the GABARAP subfamily positively regulates
ULK1 activity and phagophore and autophagosome formation in response to starvation. In contrast, the LC3
subfamily negatively regulates ULK1 activity and phagophore formation. By reconstituting ATG8-depleted
cells with individual ATG8members, we identified GABARAP and GABARAPL1 as positive and LC3B and LC3C
as negative regulators of ULK1 activity. To address the role of ATG8 binding to ULK1, we mutated the LIR of
endogenous ULK1 to disrupt the ATG8-ULK1 interaction by genome editing. The mutation drastically
reduced the activity of ULK1, autophagic degradation of SQSTM1, and phagophore formation in response
to starvation. The mutation also suppressed the formation and turnover of autophagosomes in response to
starvation. Similar to the mutation of the ULK1 LIR, disruption of the ATG13-ATG8 interaction suppressed
ULK1 activity and autophagosome formation. In contrast, RB1CC1 did not show any specific binding to
ATG8s, and mutation of its LIR did not affect ULK1 activity. Together, this study demonstrates differential
binding and opposite regulation of the ULK1 complex by GABARAPs and LC3s, and an important role of the
ULK1- and ATG13-ATG8 interactions in autophagy induction.
Abbreviations: ATG5: autophagy related 5; ATG7: autophagy related 7; ATG8: autophagy related 8;
ATG13: autophagy related 13; ATG14: autophagy related 14; ATG16L1: autophagy related 16 like 1;
ATG101: autophagy related 101; BAFA1: bafilomycin A1; BECN1: beclin 1; Cas9: CRISPR associated protein
9; CRISPR: clustered regularly interspaced short palindromic repeats; EBSS: earle’s balanced salt solution;
DAPI: 4ʹ-6-diamidino-2-phenylindole; GABARAP: GABA type A receptor-associated protein; GABARAPL1:
GABA type A receptor-associated protein like 1; GABARAPL2: GABA type A receptor-associated protein
like 2; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; GFP: green fluorescence protein; gRNA:
guide RNA; KI: kinase inactive mutant; KO: knockout; LC3A: microtubule associated protein 1 light chain
3 alpha; LC3B: microtubule associated protein 1 light chain 3 beta; LC3C: microtubule associated protein
1 light chain 3 gamma; LIR: LC3-interacting region; MTORC1: mechanistic target of rapamycin kinase
complex 1; PBS: phosphate buffered saline; PCR: polymerase chain reaction; PE: phosphatidylethanola-
mine; PtdIns3P: phosphatidylinositol-3-phosphate; qPCR: quantitative PCR; RB1CC1/FIP200: RB1 induci-
ble coiled-coil 1; RPS6KB1: ribosomal protein S6 kinase B1; SEM: standard error of the mean; SQSTM1/
p62: sequestosome 1; TALEN: transcription activator-like effector nuclease; TUBA: tubulin alpha; ULK1:
unc-51 like autophagy activating kinase 1; WB: western blotting; WIPI2: WD repeat domain phosphoi-
nositide interacting 2; WT: wild type.
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Introduction

Autophagy is an evolutionarily conserved process where intra-
cellular components are sequestered in double-membrane vesi-
cles and degraded by lysosomes. Autophagy is induced in
response to diverse cellular stresses, such as nutrient starvation,
accumulation of damaged mitochondria, and misfolded protein
aggregates. Despite recent progress in our understanding, the
molecular mechanism underlying autophagy induction remains
elusive. The main theme in the field is that MTORC1 (mechan-
istic target of rapamycin kinase complex 1) regulates autophagy
initiation via ULK1 (unc-51 like autophagy activating kinase 1),
a serine/threonine protein kinase. ULK1 interacts with ATG13,

RB1CC1/FIP200, and ATG101 to form a complex that plays
the central role in triggering the molecular events required for
initiation of autophagosome formation [1–5]. Under nutrient-
enriched conditions, MTORC1 phosphorylates ULK1 to sup-
press the activity of ULK1. The suppression is released under
nutrient starvation or MTORC1 inhibition, the condition that
is minimally required to trigger autophagosome formation.
When active, ULK1 phosphorylates PI3KR4-associated
BECN1/Beclin 1 and ATG14 to stimulate the class III phos-
phatidylinositol 3-kinase (PtdIns3K) [6–8]. PtdIns3K catalyzes
the conversion of phosphatidylinositol to phosphatidylinositol-
3-phosphate (PtdIns3P). PtdIns3P recruits ZFYVE1/DFCP1
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and WIPI2 to mediate the formation of the phagophore, the
early membrane structure that develops into an autophago-
some [9,10].

One of the key molecular events of autophagosome forma-
tion is the conjugation of ATG8 family proteins with phos-
phatidylethanolamine (PE) [11,12]. Mammals express 2
subfamilies of ATG8 proteins defined by amino acid sequence
similarity: the LC3 subfamily consisting of LC3A, LC3B,
LC3B2, and LC3C (referred to as LC3 proteins or simply
LC3s); the GABARAP subfamily consisting of GABARAP,
GABARAPL1, and GABARAPL2 (referred to as GABARAP
proteins or GABARAPs) [13]. ATG8 interacts with the LC3-
interacting region (LIR) motif-containing proteins and
recruits them to the autophagic machinery for degradation.
However, the interactions do not appear to always function
for cargo degradation. Recent studies have shown that recom-
binant or overexpressed ULK1, ATG13 and RB1CC1 bind
ATG8 proteins through their LIRs [14–17]. Kraft et al.
(2012) showed that the ULK1 LIR is important for ULK1 to
associate with autophagosomes, implying that the ULK1-ATG
8 interaction might play a role in autophagosome formation
[15]. Joachim et al. (2015) showed that the ULK1 LIR is
important for the ULK1-mediated phosphorylation of
ATG13 Ser318, a phosphorylation important for mitophagy
[18], in a full medium condition using overexpressed ULK1
and ATG13 [16]. Although those studies have provided
important insights, the role of ATG8 proteins in regulating
ULK1 and autophagy has remained largely unknown.

In this study, we used genome editing techniques to
manipulate expression of ATG8 proteins or disrupt the inter-
actions between the ULK1 complex and ATG8s. Through the
analysis, we determined that GABARAPs play crucial roles in
activating ULK1 and phagophore formation in response to
starvation. Interestingly, those roles of GABARAPs were
opposed by LC3s. Furthermore, we determined that the
ULK1-ATG8 interaction is crucial for ULK1 activation, pha-
gophore formation, and autophagosome turnover in response
to starvation.

Results

GABARAPs and LC3s differentially bind to the ULK1
complex proteins

Previous studies have shown that recombinant or overexpressed
ULK1, ATG13, and RB1CC1 bind ATG8 proteins via their LIR
motifs [14–17]. To characterize the interactions at endogenous
levels, we attempted to isolate endogenous ATG8 proteins by
immunoprecipitation using anti-ATG8 antibodies or by co-
immunoprecipitation using anti-ULK1 or anti-ATG13 antibodies.
This approach was not successful in enriching or co-
immunoprecipitating ATG8 proteins, probably due to hindrance
of antibody binding by protein-protein interactions or weak affi-
nities of the association between ATG8 and the ULK1 complex in
our experimental condition. As an alternative approach, we
expressed MYC-tagged ATG8 proteins in HEK293T cells
and analyzed endogenous ULK1 and its associated proteins
co-immunoprecipitated with MYC-ATG8s. Each of the 3
GABARAPs showed interaction with ULK1 (Figure 1A), a result

consistent with the previous studies using overexpressed
and recombinant proteins [14,15]. Among GABARAPs,
GABARAPL1 showed the strongest binding affinity towards
ULK1 and ATG13. We could not detect a specific interaction
between endogenous ATG13 andMYC-GABARAPL2, indicating
that GABARAPL2 might selectively bind to ULK1. In contrast,
RB1CC1 did not specifically interact with any ATG8 protein.
Among the LC3 subfamily members, only LC3C showed specific
interactions with the ULK1 complex proteins (Figure 1A). The
immunoprecipitation enriched GABARAP and LC3C more effi-
ciently than other ATG8s probably due to difference in accessi-
bility to antibody binding for immunoprecipitation.

To further clarify the differential binding of ATG8 proteins
towards the ULK1 complex proteins, we tested individual com-
ponents of the ULK1 complex for their interactions with ATG8s.
Consistent with the previous reports [14,15], HA-ULK1 was co-
immunoprecipitated with GABARAPs. However, ULK1 did not
show substantial interaction with any of the tested LC3 proteins
(Figure 1B). This result is different from that of Alemu et al. [14],
where ULK1 was shown to interact with LC3C and GABARAPs
at high levels, with LC3A moderately, and with LC3B weakly.
HA-ATG13 was co-immunoprecipitated with all 3 GABARAPs.
When accounting for the total amounts of immunoprecipitated
GABARAPs, stronger binding affinities of ATG13 were
observed for GABARAPL1 and GABARAPL2 (Figure 1C).
Since no interaction was detected between endogenous ATG13
and MYC-GABARAPL2 (Figure 1A), the interaction between
overexpressed ATG13 and MYC-GABARAPL2 might indicate
a special state of ATG13 manifested in its overexpressed form.
Unlike ULK1, ATG13 in overexpression interacted with LC3C
and relatively weakly with LC3A (Figure 1C). RB1CC1 did not
show specific binding to any of the tested ATG8 proteins
(Figure 1D).

GABARAPs and LC3s have opposite effects on ULK1
activity

The finding that ATG8s have differential binding affinities
toward the ULK1 complex proteins has raised a question of
whether the ATG8 members might have distinct functions
in regulating the ULK1 complex. To address this question,
we analyzed the effects of depletion of ATG8s on the activ-
ity of ULK1 toward the phosphorylation of ATG14 at Ser29
(p-ATG14), which we recently identified as a key event for
phagophore and autophagosome formation [7]. First, we
used HeLa cells where 3 LC3s, 3 GABARAPs, or 6 ATG8s
were depleted, which were generously provided by
Dr. Lazarou [19]. Hereafter, these cells are referred to as
LC3 TKO, GABARAP TKO, and hexa KO cells, respec-
tively. The cells were incubated in full medium or amino
acid-deprived medium for 1 h, and the amount of p-ATG14
was analyzed by western blotting. Interestingly, LC3 TKO
cells, deficient of LC3A, LC3B, and LC3C, showed a robust
increase of p-ATG14 in both full and starvation medium
conditions compared to wild-type (WT) cells (Figure 2A,B).
We observed similar changes with BECN1 phosphorylation
at Ser30 (p-BECN1), another key event for phagophore
formation that is a direct target of ULK1 [8] (Figure 2A).
This result suggests that at least one of those 3 LC3
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members might negatively regulate the activity of ULK1.
The LC3 subfamily includes LC3B2 that was not knocked
out in the LC3 TKO cells. Therefore, we do not exclude the
possibility that LC3B2 might also have a negative effect on
ULK1 activity.

In contrast, GABARAP TKO cells, deficient of GABARAP,
GABARAPL1, and GABARAPL2, showed almost complete sup-
pressions of p-ATG14 and p-BECN1 (Figure 2A,B), indicating
that GABARAPs might be critical for the activity of ULK1. The
hexa KO cells, depleted of 3 GABARAPs and 3 LC3s, showed
a similar result as GABARAP TKO cells, indicating that the
effect of GABARAP depletion is dominant over that of LC3
depletion in regulating ULK1. Because hexa KO cells were
shown to have a slowed rate of autophagosome formation [19],
we examined whether the activity of ULK1 might be recovered

in the hexa KO cells after prolonged starvation. However,
p-ATG14 remained suppressed for up to 6 h of amino acid
starvation without showing any recovery in the hexa KO cells
(Figure S1A). Depletion of ATG8s did not cause any noticeable
difference in the phosphorylations of ULK1 Ser758 (Ser757 for
mouse) and RPS6KB1 Thr389, that are target sites of MTORC1
[5] (Figure 2A). This indicates that the changes caused by ATG8
depletion are unlikely due to alteration of MTORC1 activity.

GABARAP and GABARAPL1 positively regulate
starvation-induced ULK1 activation

To determine which member of the GABARAP subfamily regu-
lates ULK1 activity, we reintroduced individual GABARAPs in
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Figure 1. GABARAPs and LC3s interact with endogenous ULK1 and ATG13 with differential binding affinities. (A) GABARAP, GABARAPL1, GABARAPL2 and LC3C, but
not LC3A or LC3B, interact with endogenously expressed ULK1 complex proteins. MYC-tagged ATG8 proteins were transiently expressed in HEK293T cells.
Endogenous ULK1, ATG13, and RB1CC1 co-immunoprecipitated with MYC-ATG8 were analyzed by western blotting (WB). (B–D) ATG8 proteins interact with ULK1
and ATG13 with varying affinities. MYC-tagged ATG8 proteins were co-expressed with HA-tagged ATG13, ULK1, or RB1CC1 in HEK293T cells. The amounts of HA-
tagged proteins co-immunoprecipitated with MYC-ATG8 were analyzed by WB. LE, long exposure; SE, short exposure.
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GABARAPTKO cells and analyzed p-ATG14 bywestern blotting.
The level of p-ATG14 was restored by re-expression of either
GABARAP or GABARAPL1, and partially by re-expression of
GABARAPL2 (Figure 2C and Figure S1B). This result suggests
that either GABARAP or GABARAPL1 is sufficient for the activ-
ity of ULK1. In support of the redundant function of GABARAPs,
depletion of GABARAP, GABARAPL1, or GABARAPL2 indivi-
dually inHCT116 cells did not reduce p-ATG14 (Figure S1C).We
noted that GABARAP TKO cells and hexa KO cells showed
reduction of the expression levels of ULK1, ATG13, and
RB1CC1 (Figure 2A). This indicates that GABARAPs are

important for maintaining the expression or stability of the
ULK1 complex proteins. Supporting this notion, reconstitution
of GABARAP TKO cells with GABARAP, GABARAPL1, or
GABARAPL2 restored the expression levels of ULK1 and
RB1CC1 (Figure 2C). Interestingly, ATG13 level was drastically
increased by re-introducing GABARAPL2 but moderately by
GABARAPL1 and barely by GABARAP (Figure 2C and Figure
S1B), implying a specific relation between ATG13 and
GABARAPL2. Although the re-introduction of any GABARAP
protein was sufficient to restore ULK1 expression, p-ATG14 was
fully restored only by re-expressing GABARAP or GABARAPL1.

Figure 2. GABARAPs and LC3s have opposite effects on ULK1 activity. (A) GABARAPs are necessary for basal and starvation-induced activation of ULK1, whereas LC3s
have negative effects on ULK1 activity. Wild-type (WT) or ATG8-depleted HeLa cells were cultured in full medium (fed) or EBSS (starv) for 1 h. ULK1 activity was
assessed by WB using polyclonal antibodies specific to ATG14 phosphorylation at Ser29 and BECN1 phosphorylation at Ser30. (B) Quantitative analysis of ATG14
Ser29 phosphorylation in (A). Bar values are mean ± SEM (*p < 0.05; **p < 0.01; Student t-test, n = 3). (C) GABARAP and GABARAPL1 have positive roles for ULK1
activity. Individual GABARAPs without any tag at either N- or C-terminus were stably expressed in GABARAP TKO HeLa cells and treated as described in (A).
GABARAPL1 marked by * indicates cross-reactivity with anti-GABARAP antibody. (D) LC3B and LC3C have negative effects on ULK1 activity. Individual members of
LC3s without any tag were stably expressed in LC3 TKO HeLa cells and treated as described in (A). The bands marked by * are LC3B that cross-reacted with anti-LC3A
antibody and a protein that is non-specifically recognized by anti-GABARAPL2. (E) Quantitative analysis of ATG14 Ser29 phosphorylation in (D). Bar values are mean ±
SEM (*p < 0.05; **p < 0.01 relative to starved WT cells; Student t-test, n = 3). (F) The negative effect of LC3B on ULK1 activity does not require downregulation of
GABARAP expression. LC3 TKO HeLa cells stably reconstituted with an empty vector or untagged LC3B were transiently transfected to express untagged GABARAP.
The fed and starvation conditions were as described in (A).
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This indicates that the role of GABARAP and GABARAPL1 in
promoting ULK1 activity might not simply be due to their role in
maintaining the expression levels of the ULK1 complex proteins.
We found that GABARAP TKO cells did not show any drastic
alteration of the expression level of LC3B, whereas the reconstitu-
tion of GABARAPs in the TKO cells deprived the expression level
of LC3B (Figure 2C). This result indicates that overexpressed
GABARAPs can have negative effects on the expression level of
LC3B.

LC3B and LC3C negatively regulate the activity of ULK1

We also analyzed the roles of LC3s in regulating ULK1 activ-
ity by re-introducing individual LC3s in LC3 TKO cells. Re-
expression of LC3A did not have any drastic effect on
p-ATG14 (Figure 2D,E and Figure S1D). In contrast, re-
expression of LC3B or LC3C in LC3 TKO cells reduced
p-ATG14 for both basal and starvation conditions. These
results suggest a negative role of LC3B and LC3C in regulat-
ing ULK1 activity. To further examine the negative effect of
LC3B and LC3C, we generated HCT116 cells where LC3B or
LC3C was depleted by CRISPR-Cas9-mediated gene targeting.
Depletion of either LC3B or LC3C did not increase ULK1
activity (Figure S1E-G), suggesting their complementary func-
tion in regulation of ULK1.

Since the effect of GABARAP depletion on the activity of
ULK1 was dominant over that of LC3 depletion (Figure 2A,B),
we considered that the negative effects of LC3s might depend on
GABARAPs. Related to this notion, we found that the cells
depleted of LC3s showed higher levels of GABARAPs (Figure
2A,D). Conversely, reconstitution of LC3B or LC3C in LC3 TKO
cells almost completely deprived the expression levels of
GABARAPs (Figure 2D). This effect of LC3s on GABARAP
expression levels was not due to changes in mRNA levels
(Figure S1H). Therefore, we considered a possibility that LC3B
and LC3C might negatively regulate ULK1 by reducing the
expression or stability of GABARAPs. However, restoring the
expression level of GABARAP in LC3B-reconstituted LC3 TKO
cells failed to recover p-ATG14 (Figure 2F). This result indicates
that LC3B might negatively regulate ULK1 independently of
GABARAP.

LC3B negatively regulates GABARAPL1 lipidation

Interestingly, depletion of the 3 LC3 members largely
increased the lipidated form of GABARAPL1 (Figure 2D).
We could not find such an effect on GABARAP and
GABARAPL2 in our experimental condition with HeLa and
HCT116 cells. Consistent with our result, only a very little
amount of the lipidated forms of GABARAP and
GABARAPL2 were detected in animal cells [12]. The pattern
of GABARAPL1 lipidation correlated with the activity of
ULK1 (Figure 2D). The lipidation of GABARAPL1 was largely
increased by depletion of LC3B but not LC3C (Figure S1E and
S1F). Supporting the negative role of LC3B on the
GABARAPL1 lipidation, reconstitution of LC3 TKO cells
with LC3B suppressed the GABARAPL1 lipidation (Figure
2F). The increase of GABARAPL1 lipidation by LC3B deple-
tion was not accompanied with upregulation of ULK1 activity

(Figure S1E), indicating that GABARAPL1 lipidation is not
sufficient to activate ULK1.

GABARAPs are required for proper control of autophagy
initiation and progression in response to starvation

The finding that GABARAPs and LC3s differentially regulate
the activity of ULK1 led us to test whether the differential
effects are corroborated by changes in the formation of pha-
gophores. In WT cells, amino acid starvation for 1 h increased
the number of WIPI2-positive puncta, which represent pha-
gophores [10] (Figure 3A,B). In full medium, LC3 TKO cells
showed fewer WIPI2 puncta than WT cells. However, in
response to starvation, LC3 TKO cells showed a greater
increase in the number of WIPI2 puncta relative to WT cells
(Figure 3B). In contrast, GABARAP TKO cells showed higher
numbers of WIPI2 puncta relative to WT cells in full medium
(Figure 3A,B). This observation is consistent with the recent
report showing that GABARAP deficiency increased GFP-
WIPI1 puncta [20]. However, GABARAP TKO cells did not
show a further increase in WIPI2 puncta formation in
response to starvation. This result suggests that GABARAPs
might play a role in suppressing phagophore formation in
nutrient-enriched conditions to sensitize the autophagy
induction machinery to respond to starvation. Relative to
GABARAP TKO cells, the hexa KO cells showed lower num-
bers of WIPI2 puncta in full medium (Figure 3A,B). The
difference between GABARAP TKO cells and the hexa KO
cells suggests that LC3s might play a role in phagophore
formation in nutrient rich conditions when GABARAPs are
deficient.

It is unclear how the number of WIPI2 puncta is increased
in GABARAP TKO cells and how GABARAP depletion
decouples phagophore formation from ULK1 activity. One
possibility is that GABARAP depletion might lead to accu-
mulation of phagophores due to blockage of the phagophore-
to-autophagosome progression. We found that the majority of
WIPI2 puncta colocalized with ATG16L1 puncta in
GABARAP TKO cells and hexa KO cells (Figure 3C–E),
a result consistent with the previous finding that depletion
of GABARAPs induced accumulation of ATG5-ATG16L1
puncta [21]. In contrast, WIPI2 puncta barely colocalized
with ATG16L1 in WT and LC3 TKO cells. A previous study
showed that ATG16L1, which localizes to phagophores, is
absent from mature autophagosomes [22]. Therefore, our
result suggests that most of the WIPI2-ATG16L1 puncta in
cells depleted of GABARAPs might represent incomplete
autophagosomes. Supporting this notion, GABARAP TKO
cells showed reduced formation of LC3B puncta, which reflect
autophagosomes and autolysosomes, in response to starvation
(Figure 3F,G). The reduction of LC3B puncta in GABARAP
TKO cells in response to starvation might be due to autopha-
gosomal breakdown in the lysosome, which occurs in the
TKO cells even though the rate is slower compared to WT
cells, with reduced de novo biogenesis of phagophore and
autophagosome.

Upon starvation, ULK1 forms puncta that mark sites of
autophagosome nucleation at a step prior to WIPI2 recruit-
ment [23–25]. The ULK1 complex is only transiently
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associated with phagophores [24], forming puncta structures
that are detectable much less in the number than that of
WIPI2 puncta. WT cells and LC3 TKO cells showed similar
levels of ULK1 puncta during starvation (Figure S2A-S2D).

Relative to those cells, GABARAP TKO cells and hexa KO
cells displayed reduced ULK1 puncta during starvation. This
result suggests that GABARAPs play a role in ULK1 puncta
formation in response to starvation. Since WIPI2 puncta

Figure 3. GABARAPs are required for proper control of autophagy initiation and flux. (A)Wild-type (WT) or ATG8-depleted HeLa cells were cultured in fullmediumor EBSS for 1 h.
Endogenous WIPI2 (red) was detected by immunostaining using anti-WIPI2 antibody (EMD-Millipore, MABC91). Nuclei were stained with DAPI (blue). Scale bar: 10 μm. (B)
Quantitative analysis of (A). Redbars aremean±SEM (*p<0.05; ****p<0.0001; N.S., not significant; Student t-test, n > 30). (C) EndogenousWIPI2 (red) andATG16L1 (green)were
detected in HeLa cells described in (A) by immunostaining cells cultured in full medium. Scale bar: 10 μm. (D) Quantitative analysis of (C). Red bars aremean ± SEM. The statistical
significance (****p< 0.0001; Student t-test, n > 30) is relative toWIPI2 and ATG16L1 puncta inWT cells. (E) Percent of WIPI2 puncta that colocalize with ATG16L1 puncta per cell.
The values were obtained from the quantitative analysis of (D). (F) WT or GABARAP TKO HeLa cells were cultured in full medium or EBSS for 3 h. Endogenous LC3B (green) was
detected by immunostaining using anti-LC3B antibody (MBL, PM036). Nuclei were stainedwith DAPI (blue). Scale bar: 10 μm. (G) Quantitative analysis of (F). Red bars aremean ±
SEM (***p< 0.001; Student t-test, n > 30) (H) GABARAPs are important for autophagic flux of LC3B and autophagic degradation of SQSTM1.WT, LC3 TKO, or GABARAP TKO HeLa
cells were cultured in full medium or EBSS for 3 h in the presence or absence of 100 nM bafilomycin A1 (BAFA1). (I) Quantitative analysis of SQSTM1 levels in (H) (*p < 0.05;
**p < 0.01; N.S., not significant; Student t-test).
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occurred in the absence of GABARAPs (Figure 3A,B), we
predict that GABARAPs might function to coordinate phago-
phore formation to occur at a site designated by ULK1
puncta. Without GABARAPs, WIPI2 puncta might form but
in discordance with ULK1 resulting in phagophores that are
defective in progression into autophagosomes. One of the
defects might be the lack of GABARAP-dependent release of
ATG16L1 from WIPI2 puncta as described above.

GABARAPs and LC3s are important for autophagic
degradation of SQSTM1

To further clarify the roles of ATG8s in regulating autophagy, we
assessed the autophagic degradation of ATG8 and SQSTM1 in
ATG8-depleted cells. Compared to WT cells, LC3 TKO cells
showed higher levels of the lipidated form of GABARAPL1
(Figure 3H), as also shown above in Figure 2D. LC3 TKO cells
showed autophagic degradation of GABARAPL1 in response to
3 h of starvation, which was comparable to the degradation of
LC3B in WT cells. However, autophagic degradation of
SQSTM1 was suppressed in LC3 TKO cells compared to WT
cells (Figure 3H,I and Figure S2E). This result suggests that LC3s
are important for starvation-induced autophagic degradation of
SQSTM1. Although LC3 TKO cells did not show any significant
reduction of SQSTM1 during 3 h starvation, Nguyen et al. (2016)
showed reduction of SQSTM1 during 8 h starvation [19]. This
indicates that LC3s might play roles to facilitate the autophagic
degradation of SQSTM1, but it might not be essential for the
degradation. Since LC3 depletion did not suppress the formation
of ULK1 puncta and phagophore, LC3s might play a role at later
stages of autophagy, such as autophagosome maturation, or
sequestration of autophagic substrates, such as SQSTM1.
GABARAP TKO cells displayed a complete suppression of
autophagic degradation of SQSTM1 and a reduced autophagic
degradation of LC3B in response to starvation. This result is
consistent with the positive roles of GABARAPs in regulation of
ULK1 activity and autophagosome formation during starvation.

ATG8 binding to ULK1 is important for ULK1 activity

We next asked whether ATG8s regulate ULK1 activity by binding
to ULK1. To test this, we introduced point mutations, D356A/
F357A, into the LIR of endogenous ULK1 using CRISPR-cas9-
assisted genome editing technique to disrupt the ULK1-ATG8
interaction (Figure S3A).We used diploidicHCT116 colon cancer
cells that showed a high efficiency of genome editing in our
previous studies [7,8]. The phosphorylation of ATG14 at Ser29
was drastically diminished in ULK1 LIR mutant cells relative to
WT cells (Figure 4A,B). Similar to the phosphorylation of ATG14,
the starvation-dependent phosphorylation of BECN1 Ser30 was
reduced in ULK1 LIR mutant cells (Figure 4C). The ULK1 LIR
mutations did not show any correlative changes in the phosphor-
ylations of ULK1 at Ser758 and Ser556 (Figure 4A), indicating that
the inhibitory effects of the mutations might not be due to
MTORC1 and AMP-activated protein kinase (AMPK). We also
generated HEK293T cells harboring the ULK1 LIR mutations by
the CRISPR-Cas9-based method (Figure S3B), obtaining a similar
result for ATG14 phosphorylation as with HCT116 cells
(Figure S3C).

The LIR mutation did not alter the interaction of ULK1
with ATG13, RB1CC1, and ATG101, indicating that the
integrity of the ULK1 complex was unlikely disturbed by the
mutation (Figure S3D). This result is in agreement with the
previous report showing that the LIR of Atg1 (yeast homolog
of ULK1) is dispensable for the interaction between Atg1 and
Atg13 in yeast [15]. The ULK1 LIR mutation did not alter the
binding of ATG13 to ATG14, an interaction required for
ULK1 to phosphorylate ATG14 [7] (Figure S3E). However,
the mutation reduced the interactions of ATG8s with ATG13
and RB1CC1 (Figure 4D), indicating that the ATG8-ULK1
interaction stabilizes the interactions between ATG8s and the
whole ULK1 complex.

ATG8 binding to ULK1 is important for phagophore and
autophagosome formation

We next analyzed the effects of the ULK1 LIR mutation on
autophagic degradation of SQSTM1 and LC3B. The LIR
mutant cells had higher levels of SQSTM1 and LC3B-II
relative to WT cells, and showed suppressed autophagic
degradation of SQSTM1 and LC3B-II in response to star-
vation (Figure 5A–C). We also analyzed autophagosome
formation in ULK1 LIR mutant cells by immunostaining
endogenous LC3B. The steady state number of autophago-
somes in full medium was higher in the mutant cells
relative to WT cells (Figure 5D,E). However, unlike WT
cells, the mutant cells did not show a significant increase in
LC3B puncta number upon starvation. BAFA1, which inhi-
bits autophagosome-lysosomal fusion, largely increased the
number of LC3B puncta in both basal and starvation con-
ditions for WT cells. Such increases were suppressed in the
mutant cells, suggesting that ATG8 binding to ULK1 is
important for the turnover of autophagosomes. A more
striking effect of the mutation was observed with WIPI2
puncta formation. Starvation-induced WIPI2 puncta for-
mation was almost completely suppressed by the LIR muta-
tion (Figure 5F,G). The mutation also almost completely
suppressed ULK1 puncta formation (Figure S4A and S4B),
suggesting that ATG8 binding to ULK1 might play a role
in facilitating ULK1-mediated nucleation events that trig-
ger autophagosome formation during amino acid
starvation.

Interestingly, the LIR mutation increased the lipidated
form of GABARAPL1 (Figure S4C). Since the level of LC3B,
which negatively regulates GABARAPL1 lipidation, was
increased in the mutant cells (Figure 5A), the higher level of
the lipidated GABARAPL1 may not be related to LC3B.
Rather, we interpret the increase of the lipidated form as
being due to reduction of autophagic degradation of
GABARAPL1 in the mutant cells. Alternatively, there might
be some unknown mechanism through which the ULK1-ATG
8 interaction negatively regulates GABARAPL1 lipidation.

ATG8 binding to ATG13, but not to RB1CC1, is important
for ULK1 activity

We wondered whether the binding of ATG8 to RB1CC1 or
ATG13 has a similar role as the binding to ULK1. We
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generated HCT116 cells where point mutations D701A/
F702A/I705A were introduced into the LIR of endogenous
RB1CC1 by CRISPR-Cas9-assisted genome editing technique
(Figure S5A). Unlike ULK1 LIR mutant cells, RB1CC1 LIR
mutant cells did not show a reduction of p-ATG14 (Figure
6A). RB1CC1 LIR mutation also did not affect starvation
induced ULK1 puncta formation (Figure S5B and S5C) and
autophagic degradation of SQSTM1 and LC3B (Figure S5D).
These results suggest that the binding of ATG8 to RB1CC1,
even if it exists, is not important for the activation of ULK1
and autophagy induction.

Our attempt to introduce a mutation into the endogen-
ous ATG13 LIR by genome editing was not successful. As
an alternative approach, we reconstituted ATG13 KO
HCT116 cells with a WT or a LIR mutant ATG13 construct
harboring point mutations I447A/D448A that disrupt the
binding of ATG8 to ATG13 (Figure S5E). As with ULK1
LIR mutant cells, ATG13 LIR mutant cells showed reduc-
tion of p-ATG14 (Figure 6B) and LC3B puncta formation
(Figure 6C and Figure S5F) in response to starvation. The
mutational effects occurred without disruption of the inter-
action of ATG13 with ULK1 or ATG14 (Figure S5G and

Figure 4. ATG8 binding to ULK1 is important for ULK1 activity. (A) ATG8 binding to ULK1 is important for the phosphorylation of ATG14 Ser29 by ULK1 in response to
starvation. HCT116 cells whose genome was modified to express LIR-mutated ULK1 (LIRmut) and unmodified HCT116 cells (WT) were cultured in EBSS for the
indicated periods of time. (B) Quantitative analysis of ATG14 Ser29 phosphorylation at 60 min of starvation in (A). Bar values are mean ± SEM (**p < 0.01; Student
t-test, n = 3). (C) ATG8 binding to ULK1 is important for the phosphorylation of BECN1 Ser30 by ULK1 in response to starvation. WT or ULK1 LIR mutant HCT116 cells
were cultured in full medium or EBSS for 1 h. (D) ATG8 binding to ULK1 stabilizes the interactions of ATG13 and RB1CC1 with ATG8. MYC-ATG8s were transiently
expressed in WT or ULK1 LIR mutant HEK293T cells and immunoprecipitated using anti-MYC antibody.
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S5H), suggesting that the reduced p-ATG14 in the mutant
cells is not due to ATG13 dissociation from ULK1 or
ATG14. Together, these results demonstrate that ATG8
binding to both ULK1 and ATG13 is important for the
activity of ULK1 and autophagosome formation. The 2
interactions might play a cooperative role to achieve an
optimal activation of ULK1.

One question arose about whether the RB1CC1-ATG8
interaction, albeit barely detectable, might play a role in
regulating ULK1 when the ULK1-ATG8 interaction was dis-
rupted. To address this question, we introduced the ULK1

LIR mutation into the RB1CC1 LIR mutant cells. The dual
LIR mutated cells did not show any additional suppressive
effect on p-ATG14 in response to starvation compared to
ULK1 LIR mutant cells (Figure 6D). This result further con-
firms that the RB1CC1-ATG8 interaction, even if it occurs,
might not contribute to the activity of ULK1. Since the ULK1
complex in the dual LIR mutant cells retains only the ATG13
LIR, the remaining ATG8-dependent activity of ULK1 might
be due to the contribution from ATG13-mediated interaction
with ATG8. Interestingly, the dual mutation, unlike the ULK1
LIR mutation alone, reduced the expression level of ULK1,

Figure 5. ATG8 binding to ULK1 is important for autophagy. (A) ATG8 binding to ULK1 is important for autophagic degradation of SQSTM1 and autophagic flux of
LC3B. WT or ULK1 LIR mutant HCT116 cells were cultured in full media or EBSS for 2 h in the presence or absence of 100 nM BAFA1. Blots from 2 independent
experiments are shown. (B-C) Quantitative analysis of SQSTM1 and LC3B-II from (A). The protein levels were normalized based on the levels of GAPDH. Bar values are
mean ± SEM (*p < 0.05; **p < 0.01; Student t-test, n = 3). (D) ATG8 binding to ULK1 is important for starvation induced LC3B puncta formation. WT or ULK1 LIR
mutant HCT116 cells were cultured in full medium or EBSS for 2 h in the presence or absence of 100 nM BAFA1. LC3B (green) was detected by immunostaining of
endogenous LC3B using anti-LC3B antibody (MBL, PM036). Nuclei were stained with DAPI (blue). Scale bar: 10 μm. (E) Quantitative analysis of (D). Red bars are mean
± SEM (**p < 0.01; ****p < 0.0001; Student t-test, n > 25). (F) ATG8 binding to ULK1 is important for starvation induced WIPI2 puncta formation. WT or ULK1 LIR
mutant HCT116 cells were cultured in full medium or EBSS for 1 h. WIPI2 (red) was detected by immunostaining endogenous WIPI2 using anti-WIPI2 antibody (EMD-
Millipore, MABC91). Scale bar: 10 μm. (G) Quantitative analysis of (F). Red bars are mean ± SEM (****p < 0.0001; Student t-test, n > 20).
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indicating that the RB1CC1-ATG8 interaction might contri-
bute to the stability of ULK1.

GABARAPL1 binding to ULK1 and ATG13 is regulated by
starvation and PE conjugation

As the activity of ULK1 is regulated by cellular nutritional
conditions [1,3,4], we tested whether the ULK1-ATG8 inter-
action is regulated by amino acid starvation. Greater amounts
of ULK1 and ATG13 were co-immunoprecipitated with
GABARAPL1 from starved cells compared to nutrient-
enriched cells (Figure 7A). Such a change of interaction was
not obviously seen with GABARAP and GABARAPL2.
Knowing the regulatory interaction, we tested whether the

interaction of ULK1 with GABARAPs depends on ULK1
kinase activity. To test this, we transiently expressed
GABARAPs with WT or kinase inactive mutant (KI) ULK1
in HEK293T cells, and analyzed the ULK1- and ATG13-
GABARAP interactions by co-immunoprecipitation assay.
The binding of GABARAPs to ULK1 and ATG13 was drasti-
cally suppressed when KI ULK1 was expressed compared to
WT ULK1 (Figure 7B). KI ULK1 was co-immunoprecipitated
with recombinant ATG13 and RB1CC1 with a similar effi-
ciency as WT ULK1 (Figure 7C), indicating that the reduced
binding of GABARAPs to KI ULK1 is not due to dissociation
of ULK1 from ATG13 or RB1CC1.

Our previous study has shown that ATG5 or ATG7 depletion
suppresses the activity of ULK1 [7]. Therefore, we wondered

Figure 6. ATG8 binding to ATG13, but not RB1CC1, is important for ULK1 activity. (A) RB1CC1 LIR mutation does not affect ULK1 activity. WT or RB1CC1 LIR mutant
HCT116 cells were cultured in full medium or EBSS for 1 h. Two LIR mutant clones (mut1 and mut2) were analyzed. (B) ATG8 binding to ATG13 is important for ULK1
activity. ATG13-depleted HCT116 cells stably reconstituted with ATG13 WT, ATG13 LIR mutant (I447A/D448A) or empty vector were cultured in full medium or EBSS
for 1 h. (C) ATG8 binding to ATG13 is important for starvation-induced formation of LC3B puncta. Red bars are mean ± SEM (****p < 0.0001; Student t-test, n > 25).
(D) Disruption of both the ULK1-ATG8 interaction and the RB1CC1-ATG8 interaction does not completely suppress ULK1 activity. The ULK1 LIR mutation was
introduced in RB1CC1 LIR mutant cells by CRISPR-Cas9-assisted genome editing. Cells were cultured in full medium or EBSS for 1 h.
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whether the PE conjugation of ATG8s regulates their interaction
with the ULK1 complex thereby altering the activity of ULK1. To
test this, we depleted ATG7 in HEK293T cells by CRISPR-Cas9
genome targeting and analyzed the interaction between the ULK1
complex and ATG8s by co-immunoprecipitation assay.
GABARAP and GABARAPL1 were tested because of their high
affinity of interaction with the ULK1 complex. In the absence of

ATG7, less ULK1 was co-immunoprecipitated with GABARAPs
(Figure 7D). This result suggests that the PE conjugation of
GABARAPs might stabilize the interaction between ULK1 and
GABARAPs. Interestingly, the depletion of ATG7 increased the
amount of ATG13 co-immunoprecipitated with GABARAPs.
Thus, the PE conjugation likely has opposite effects on the bind-
ings of ATG8s to ULK1 and ATG13. ATG7 depletion in

L1 -

fe
d

st
ar

v

fe
d

st
ar

v

fe
d

st
ar

v

L2

fe
d

st
ar

v

ULK1

ATG13

MYC-ATG8

ULK1

ATG13

MYC-ATG8

TUBA

IP: MYC

cell
lysate

MYC tagged:

G
A

B
A

R
A

P

G
A

B
A

R
A

P
L

1

- G
A

B
A

R
A

P

G
A

B
A

R
A

P
L

1

-

ATG7 WT ATG7 KO

ULK1

ULK1

GABARAPs

MYC tagged:

cell
lysate

ATG13

ATG13

A B

WTKIHA-ULK1: WTKIWTKI

IP: MYC

HA-Atg13: + + + + + +

MYC tagged:

HA-ULK1

HA-Atg13

cell
lysate

HA-ULK1

HA-Atg13

GABARAPs

D

IP: MYC

L1 L2

E

p-S29 ATG14

ATG14

p-S758 ULK1

ULK1

starv (min): 0 15 60 0 15 60

WT KO

GAPDH

HEK293T ATG7

ATG7

LC3B

fold: 1 1.4 1.9 0.4 0.4 0.5

C

HA-ULK1

HA-ULK1:

MYC-ATG13

MYC-ATG13:

HA-ULK1

MYC-ATG13

KI W
T

IP: HA

cell
lysate

+ +

+ +
GABARAP

GABARAP GABARAP

GABARAP
GABARAP GABARAP

F

MYC-RB1CC1:

MYC-RB1CC1

MYC-RB1CC1

Figure 7. GABARAP bindings to ULK1 and ATG13 are regulated by starvation and PE conjugation. (A) Amino acid starvation enhances the interaction of GABARAPL1
with ULK1 and ATG13. MYC-GABARAPs were transiently expressed in HEK293T cells. Cells were cultured in full medium or EBSS for 1 h. The amounts of endogenous
ULK1 and ATG13 interacting with MYC-GABARAPs were analyzed by co-immunoprecipitation and WB. (B) The interactions of GABARAPs with ULK1 and ATG13
depend on the kinase activity of ULK1. MYC-tagged GABARAPs were transiently expressed in HEK293T cells together with HA-tagged ATG13 and HA-tagged WT or
kinase inactive (KI) ULK1. The amounts of HA-ULK1 and HA-ATG13 co-immunoprecipitated with MYC-GABARAPs were analyzed by WB. (C) ULK1 kinase activity is not
required for the interaction between ULK1, ATG13, and RB1CC1. HEK293T cells were transiently transfected to express the indicated proteins. (D) ATG7 depletion
suppresses the interaction of GABARAPs with ULK1 and enhances the interaction with ATG13. MYC-GABARAPs were transiently expressed in ATG7 WT and ATG7-
depleted (KO) HEK293T cells. Cells were cultured in full medium or EBSS for 1 h before co-immunoprecipitation was conducted as described in (A). (E) ATG7 is
important for starvation-induced activation of ULK1. ATG7 WT or KO HEK293T cells were treated as described in (A). Numbers below the p-ATG14 blot represent fold
changes of the band intensities relative to the intensity of the first lane band. (F) Diagram showing the interactions and relations between the autophagy initiation
machinery and ATG8s.

610 D. S. GRUNWALD ET AL.



HEK293T cells suppressed the activation of ULK1 in response to
starvation (Figure 7E), a result consistent with our previous report
[7]. This result suggests that the PE conjugationmight regulate the
activity of ULK1 via altering the interactions of ATG8swithULK1
and ATG13.

Discussion

The ATG8 family proteins, despite their relatively small sizes
of 13–16 kDa, show a high versatility of interaction with
diverse groups of proteins containing LIR motifs [26]. While
the main role of the interactions may be to mediate the
recruitment of the autophagy machinery to cargo proteins,
the binding of ATG8 to the ULK1 complex appears to have
a distinct function. Through disrupting the endogenous
ULK1-ATG8 interaction, we determined that the interaction
is important for ULK1 activation and autophagy induction in
response to starvation. We demonstrated that GABARAPs
and LC3s have opposite effects on ULK1 activity and that
ATG8 binding to ULK1 and ATG13, but not binding to
RB1CC1, is important for the activity of ULK1 (Figure 7F).

It is unclear how ATG8 binding to the ULK1 complex reg-
ulates the activity of ULK1. It is possible that, by binding to ULK1,
ATG8s allosterically regulate ULK1 stability and function. In
support of this possibility, depletion of GABARAPs reduced the
expression level and activity of ULK1 (Figure 2A,C). Furthermore,
the dual mutation of ULK1 and RB1CC1 LIRs reduced the
expression level of ULK1 (Figure 6D). These results imply that
GABARAPs play a positive role in regulating the expression level
of ULK1 by binding to the ULK1 complex. However, ULK1
activity, but not the expression level of ULK1, was reduced by
mutation of ULK1 LIR alone (Figure 4A). Thus, it appears that the
role of the ATG8-ULK1 interaction in regulating ULK1 activity is
distinct from the role of GABARAPs in regulating the expression
level of ULK1.

Despite the positive role of GABARAPs in regulating
ULK1 activity, the GABARAP TKO cells showed higher num-
bers of steady-state WIPI2 puncta compared to WT cells
(Figure 3A,B). Most of the WIPI2-positive structures were
also positive for ATG16L1 in GABARAP TKO cells (Figure
3C–E). Given that ATG16L1 is not present on mature autop-
hagosomes [23], it is likely that the WIPI2 puncta represent
immature autophagosomes. GABARAPs might not be sup-
pressing the formation of these WIPI2-positive structures but
rather required for the progression of these structures into
fusion-competent autophagosomes. Perhaps, GABARAPs are
critical for the release of autophagosome nucleation factors
such as ATG16L1 for autophagosome maturation, and the
release of these factors is a prerequisite for autophagosome-
lysosome fusion. In this model, GABARAP-deficient cells
have minimal ULK1 activity and generate autophagic mem-
branes at a low rate, but these autophagic structures accumu-
late because they are not turned over. Due to low ULK1
activity and retention of nucleation factors such as
ATG16L1 on immature autophagosomes, new phagophores
are not formed in response to starvation (Figure 3A,B).

Unlike GABARAP TKO cells, ULK1 LIR mutant cells did
not exhibit a steady state accumulation of WIPI2 puncta
(Figure 5F,G). Thus, the predicted role of GABARAPs in

developing fusion-competent autophagosomes might be inde-
pendent of their binding to ULK1. It is unclear how the ULK1
LIR mutant cells accumulate LC3B puncta despite the sup-
pression of WIPI2 puncta formation. BAFA1 induced the
accumulation of LC3B puncta to a much less extent in
ULK1 LIR mutant cells compared to WT cells (Figure 5D,
E), indicating that the ATG8-ULK1 interaction is important
for autophagosome turnover. With minimal ULK1 activity, it
is possible that autophagosomes form in ULK1 LIR mutant
cells at a low basal rate, but accumulate because the autopha-
gosome-lysosome fusion is impaired (at a step downstream of
WIPI2 release). This might be the reason that the mutant cells
exhibit a higher number of steady-state WIPI2-negative LC3B
puncta and a diminished increase in the number of LC3B
puncta in response to starvation (Figure 5D,E). A recent
report also supports this notion by showing that ULK1 is
involved in autophagosome-lysosome fusion [27]. Nguyen
et al. (2016) showed that ATG8s are essential for autophago-
some-lysosome fusion [19], and we predict that this role of
ATG8s depends on their interaction with ULK1.

It is intriguing that LC3B and LC3C have negative effects on
ULK1 activity (Figure 2). This finding raises the concern that
using LC3B overexpression construct, which is broadly used to
assay autophagy, could potentially suppress ULK1 and autop-
hagy. It is unclear how LC3B can negatively regulate ULK1 as we
could not detect its binding to the ULK1 complex (Figure 1).
One possibility is that the LC3B-ULK1 interaction might occur
in cells but be disrupted in vitro during co-immunoprecipitation.
Perhaps, overexpressed LC3B or LC3Cmight occupy the LIRs of
the ULK complex, thus preventing GABARAPs, the positive
regulators of ULK1, from binding to the complex. All ATG8
proteins contain a series of α-helices at their N-termini [12]. The
residues in the N-terminal α-helical regions are relatively basic in
LC3s and acidic or neutral in GABARAPs [28]. This difference
in the N-terminal charged residues might play roles in their
differential binding and regulation of ULK1.

The opposite effects of GABARAPs and LC3s on the activity
of ULK1 imply that the ATG8 proteins might play roles in
maintaining the cellular balance between autophagy induction
and suppression. The opposite roles of GABARAPs and LC3s in
autophagy are also manifested by the inverse relation between
their expression levels (Figure 2). The inverse relation is unlikely
due to autophagy, since autophagic degradation of
GABARAPL1 occurred in LC3 TKO cells (Figure 3H). The
relation is also unlikely due to gene transcription (Figure S1H).
An additional layer of their inverse relation appears to exist in
the negative role of LC3B for the PE conjugation of
GABARAPL1 (Figure 2 and Figure S1E). Perhaps, LC3B is the
major client for the PE conjugation machinery. GABARAPL1
would be efficiently modified with PE only when the expression
level of LC3B is low. Since the PE conjugation machinery posi-
tively regulates ULK1 activity [7] (Figure 7E), LC3B-mediated
negative regulation of the GABARAPL1 lipidation might con-
tribute to ULK1 suppression. LC3B depletion increased
GABARAPL1 lipidation but not ULK1 activity (Figure S1E).
Thus, the PE conjugation of GABARAPs might be required
but not sufficient to activate ULK1 in response to starvation.

Although the 3 GABARAPs have compensatory roles in
regulation of ULK1 activity, their differential binding affinities
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toward ULK1 and ATG13 suggest that they might have dis-
tinct functions (Figure 1). This notion is supported by our
finding that the prominent level of PE-conjugated form was
detected only with GABARAPL1 but not with GABARAP and
GABARAPL2 (Figure 2). GABARAPL1 was also distinct from
other GABARAPs in its enhanced binding affinity for the
ULK1 complex in response to amino acid starvation (Figure
7A). This could be explained if PE conjugation and ULK1-
mediated phosphorylations do not contribute equally to the
interactions between different GABARAPs and the ULK1
complex. Interestingly, PE conjugation appears to have oppo-
site effects on the binding of GABARAPs to ULK1 and
ATG13 (Figure 7D). ULK1 and ATG13 interact with each
other, and therefore it is technically difficult to tease apart
how each member contributes to the regulation of ATG8-
ULK1 complex interactions. The opposite effects of ATG7
depletion on the interactions of GABARAPs with ULK1 and
ATG13 (Figure 7D) imply that the PE conjugation might
provide a physical constraint on the membrane-anchored
ATG8 thus triggering a conformational rearrangement of
the ULK1 complex inducing differential binding of ULK1
and ATG13 to GABARAPs. The PE conjugation might also
enable ATG8 to couple the kinase activity of ULK1 with
ATG8-mediated tethering and hemifusion of mem-
branes [11].

Our findings give rise to several outstanding questions
about the roles of ATG8s in autophagy. How do GABARAP
binding and the PE conjugation positively regulate ULK1
activity? What is the underlying mechanism for the inverse
relation between LC3s and GABARAPs? How do LC3s exert
their negative effect on the activity of ULK1? What is the
molecular basis for the starvation-dependent interaction
between the ULK1 complex and GABARAPs? Addressing
these questions will bring us closer to a comprehensive under-
standing of the molecular processes of autophagy.

Materials and methods

Reagents and antibodies

The following antibodies were used for this study: antibodies
for ULK1 (sc-10900 for IP, sc-33182 for WB, sc-390904 for
immunostaining), SQSTM1 (sc-28359), BECN1/Beclin 1 (sc-
11427), ATG14 for IP (sc-164767), GAPDH (sc-25778), and
TUB (sc-12462) from Santa Cruz Biotechnology; antibodies
for ATG13 for IP (13,468), phospho-ATG14 Ser29 (13155),
phospho-ULK1 Ser757 (6888), phospho-ULK1 Ser555 (5869),
ATG14 (96752), GABARAPL1 (26632), LC3A (4599), LC3B
(2775), LC3C (14723), ATG16L1 (8089) from Cell Signaling
Technology; antibodies for MYC (9E10; OP10) and WIPI2
(MABC91) from EMD-Millipore; anti-HA antibody (MMS-
101P) from Biolegend; antibodies for GABARAPL2 (PM038)
and LC3B for immunostaining (PM036) from MBL; anti-
GABARAP antibody (AP1821a) from Abgent; anti-ATG13
antibody for WB was generated as described previously [1].
The following reagents were used in this study: DMEM
(11995), Lipofectamine 3000 (L3000015), DSP (dithiobis[suc-
cinimidyl propionate]) (22586), puromycin (A11138-03), and
zeocin (R250-01) from Thermo Fisher Scientific; Earle’s

Balanced Salt Solution (EBSS; 2888) and bafilomycin A1

(B1793-10UG) from Sigma-Aldrich; protein G-agarose
(P9202) from GenDEPOT.

Genome editing to generate KO cells and LIR mutant cells

LC3 TKO, GABARAP TKO, hexa KO, and their parental
control HeLa cells were kindly provided by Dr. Lazarou
(Monash University, Australia). The CRISPR-cas9 assisted
gene knockout method was used to generate HCT116 and
HEK293T cells depleted of LC3B, LC3C, or ATG7. The
TALEN-assisted genome editing method was used to generate
HCT116 cells depleted of GABARAPs and ATG13.
The detailed procedures are described in our recent reports
[7,8], and the target sequences are listed in Table S1 and Table
S2. To introduce LIR mutations into ULK1 and RB1CC1 of
the genome of HCT116 cells, we used the CRISPR-Cas9-
assisted genome editing technique following the procedure
we described in our previous report [8]. The gRNA sequences
listed in Table S1 were cloned into pSpCas9(BB)-2A-GFP
(Addgene, PX458; deposited by Dr. Feng Zhang). Mutant
clones were screened by PCR method using a pair of primers
as listed in Table S3. Candidate mutant clones from the screen
were amplified by PCR using primers listed in Table S4,
cloned into pRK5 vector, and sequenced to confirm the muta-
tions. Due to the lack of LC3C-specific antibodies commer-
cially available, we confirmed LC3C KO mutant clones by
PCR amplification of the mutated region using primers listed
in Table S4 followed by DNA sequencing.

mRNA analysis by qPCR

Total RNA was isolated using TRIzol Reagent
(ThermoFischer Scientific, 15596018) and cDNA was synthe-
sized using a reverse transcriptase kit (GenDEPOT, R5600)
following the manufacturers’ protocols. Quantitative PCR
(qPCR) was performed using iQ SYBR Green Supermix (Bio-
Rad, 170–8885) and the Bio-Rad CFX 96 real-time system.
Primers used in the reaction are listed in Table S5. The CT
value for each GABARAP target mRNA was normalized to
the corresponding GAPDH mRNA.

DNA construction

The cDNA clones for human GABARAP, GABARAPL1,
GABARAPL2, LC3A, LC3B, and LC3C were obtained from
Open Biosystems (Huntsville, AL). The cDNA was amplified
and cloned into pRK5-myc, pRK5-HA, and pCSII-MCS-EF
vectors, the vector systems described in our previous reports
[29,30]. The LIR motif mutant of ATG13 was made by using
the site-directed mutagenesis kit (Stratagene, 200523). The
primers we used are listed in Table S6. The mutant construct
was cloned into the pCSII-MCS-EF lentiviral vector.

Generation of ATG8- and ATG13-reconstituted cells

MYC-tagged WT or LIR mutant ATG13 construct and
untagged ATG8 constructs in pCSII-MCS-EF lentiviral vector
were used to generate reconstituted cells. Lentivirus was
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prepared as we described previously [30]. Target cells were
infected with virus, and transduced cells were selected under
zeocin as we described previously [30].

Cell culture and transfection

HEK293T, HCT116, and HeLa cells were cultured in DMEM
(Thermo Fisher Scientific, 11,995) supplemented with 10% fetal
bovine serum, penicillin and streptomycin at 37°C in 5% CO2.
For transient expression, cells were transfected with recombi-
nant DNA using Lipofectamine 3000 (Thermo Fisher Scientific)
following the manufacturer’s protocol. Cells were harvested
2 days post-transfection for all transient expression experiments.
EBSS was used for amino acid starvation.

Co-immunoprecipitation and western blotting

Whole cell extracts were prepared in lysis buffer containing
40 mM HEPES, pH 7.4, 120 mM NaCl, 1 mM EDTA, 50 mM
NaF, 1.5 mMNa3VO4, 10 mM beta-glycerophosphate, 1% Triton
X-100 (Sigma-Aldrich, X100) supplemented with protease inhibi-
tors (Roche, 05056489001). Immunoprecipitates were obtained
using protein G agarose beads (GenDEPOT, P9202-800) and
appropriate antibodies. Immunoprecipitated proteins were
washed 4 times using lysis buffer, loaded onto Tris-glycine gels
(Thermo Fisher Scientific, XP04125BOX), transferred onto
immunoblot polyvinylidene difluoride (PVDF) membranes (Bio-
Rad, 1,620,177) and detected using ECL reagents (GenDEPOT,
20-300B). For the immunoprecipitation experiment coupled with
crosslinking, cells were washed with cold phosphate-buffered
saline (PBS; VWR Life Science, 0780-50L) twice then treated
with dithiobis(succinimidyl propionate) at the indicated concen-
tration for 10 min in cold PBS on ice. Unreacted DSP was
quenched by incubating cells in 40 mM Tris-HCl, pH 7.4 for
10 min on ice. Cell lysate was prepared and immunoprecipitation
was conducted as described above.

Immunofluorescence microscopy

Cells were cultured on glass coverslips, fixed with 4% formalde-
hyde in PBS for 15 min at room temperature, and permeabilized
with 0.25% Triton X-100 for 5 min at room temperature.
Permeabilized cells were incubated in PBS supplemented with
0.05% Tween 20 (Sigma-Aldrich, 274,348) and 2% BSA (EMD-
Millipore, 2960-500GM) for 60 min and then incubated with
antibodies overnight at 4°C. After the primary antibody labeling,
cells were incubated with Alexa Flour 488-conjugated anti-rabbit
IgG (ThermoFisher Scientific, A-21,441) or Alexa Flour 555-
conjugated anti-mouse IgG (Life Technologies, A-31,570).
Nuclei were stained with DAPI (4ʹ-6-diamidino-2-phenylindole,
ThermoFisher Scientific, D1306). Images from stained cells
were obtained using a Deltavision PersonelDV microscope
(Applied Precision) and analyzed by softWoRx version 6.1.3 (GE
Healthcare).

Statistical analysis

Western blot protein bands were quantitatively analyzed for
their intensities using ImageJ software. Puncta images were

quantitatively analyzed by counting the number in each cell,
setting the same threshold for control and experimental
groups using ImageJ. Outcomes were summarized by using
the mean and the standard error of the mean (SEM) as
indicated in the figure legends. Statistical significance of dif-
ference between groups was analyzed by the Student t test
using Prism 6 (Version 6.0d, GraphPad Software).
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