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ABSTRACT

Autophagy plays a critical role in maintaining cell homeostasis in response to various stressors through
protein conjugation and activation of lysosome-dependent degradation. MAP1LC3B/LC3B (microtubule-
associated protein 1 light chain 3 ) is conjugated with phosphatidylethanolamine (PE) in the membranes
and regulates initiation of autophagy through interaction with many autophagy-related proteins
possessing an LC3-interacting region (LIR) motif, which is composed of 2 hydrophobic amino acids
(tryptophan and leucine) separated by 2 non-conserved amino acids (WXXL). In this study, we identified a
new putative LIR motif in PEBP1/RKIP (phosphatidylethanolamine binding protein 1) that was originally
isolated as a PE-binding protein and also a cellular inhibitor of MAPK/ERK signaling. PEBP1 was specifically
bound to PE-unconjugated LC3 in cells, and mutation (WXXL mutated to AXXA) of this LIR motif disrupted
its interaction with LC3 proteins. Interestingly, overexpression of PEBP1 significantly inhibited starvation-
induced autophagy by activating the AKT and MTORC1 (mechanistic target of rapamycin [serine/
threonine kinase] complex 1) signaling pathway and consequently suppressing the ULK1 (unc-51 like
autophagy activating kinase 1) activity. In contrast, ablation of PEBP1 expression dramatically promoted
the autophagic process under starvation conditions. Furthermore, PEBP1 lacking the LIR motif highly
stimulated starvation-induced autophagy through the AKT-MTORC1-dependent pathway. PEBP1
phosphorylation at Ser153 caused dissociation of LC3 from the PEBP1-LC3 complex for autophagy
induction. PEBP1-dependent suppression of autophagy was not associated with the MAPK pathway. These
findings suggest that PEBP1 can act as a negative mediator in autophagy through stimulation of the AKT-
MTORC1 pathway and direct interaction with LC3.
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Introduction
uctt AKT-MTORCI1 pathway and consequently promotes auto-

When deprived of nutrients or growth factors, cells trigger a
self-eating process called macroautophagy (hereafter referred
to as autophagy) in order to supply the nutrients necessary for
cell survival. Upon signaling, cells initiate the formation of
phagophores (precursors to autophagosomes), which are dou-
ble-membraned structures that engulf intracellular components
such as cytosolic proteins or organelles, and subsequently fuse
with lysosomes, thereby resulting in the formation of autolyso-
somes."* Eventually, intracellular components are degraded by
lysosomal proteases and recycled to support cell growth under
starvation conditions. Several signaling pathways regulate
autophagy during starvation conditions. For example, depriva-
tion of nutrients in the growth environment deactivates the

phagy by stimulating ULK1 and ULK?2 activity.>® Furthermore,
a low level of intracellular ATP activates AMP-dependent pro-
tein kinase (AMPK), which in turn inhibits MTORCI or/and
the direct activation of ULK1 and ULK2.”*

Two ubiquitin-like conjugation processes are required to
initiate autophagosome biogenesis. First, ATG12 is activated by
the consecutive reactions of 2 autophagy-related proteins,
namely ATG7 and ATG10, followed by covalent conjugation
with ATG5.”'° This ATG12-ATG5 conjugate associates with
ATGI16L1 for a second ubiquitin-like reaction of MAP1LC3B/
LC3B (microtubule-associated protein 1 light chain 3 §; called
Atg8 in yeast) with phosphatidylethanolamine (PE) present in
the membranes.'' "> The PE-conjugated LC3 proteins in the
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membranes (called LC3-II) play a critical role in regulating the
formation of autophagosomes and sequestering cellular compo-
nents into the phagophore lumen.'* As a result, cargo mole-
cules are captured into phagophores either by specific
interaction or nonselective engulfment. LC3 lipidation may be
a reversible process, because ATG4B protease can catalyze deli-
pidation of LC3-II, and LC3 proteins on the outer surface of
the autophagosome are released from the membranes and
recycled during autophagy.'>"”

Many proteins selectively regulate autophagy by interact-
ing directly with LC3. These proteins contain a common
binding motif called the LC3-interacting region (LIR) com-
posed of 2 hydrophobic amino acids, typically tryptophan
(W) and leucine (L), separated by 2 nonspecific amino acids
(WXXL)."*2° In particular, PE-conjugated LC3 proteins
bind SQSTM1/p62 via the LIR-dependent interaction."
Because the receptor SQSTM1 is commonly found in inclu-
sion bodies containing ubiquitinated protein aggregates, the
SQSTM1-LC3 interaction facilitates autophagy-induced pro-
tein degradation of cytosolic protein aggregates. In addition,
NBR1 (NBRI1, autophagy cargo receptor), ATG3, Atg32,
and BNIP3L/NIX contain a LIR motif (or the yeast equiva-
lent termed an Atg8-interacting motif) and contribute to
the regulation of autophagy by interacting with LC3/
Atg8.>"** Specifically, Atg32 and BNIP3L/NIX play a critical
role in regulating mitochondria-targeted autophagy.”’

PEBP1/RKIP (phosphatidylethanolamine binding protein
1)*** is highly conserved from yeast to humans, and is
involved in diverse functions via many cellular signaling path-
ways. PEBP1 acts as an endogenous inhibitor of the RAF-
MEK-MAPK/ERK pathway by directly blocking RAF1 activa-
tion.”**” This protein also functions as a cellular controller for
G protein-coupled receptor signaling, as well as NFKB activa-
tion by modulating the IKK complex, MAP3K14/NIK (mito-
gen-activated protein kinase kinase kinase 14), and MAP3K7/
TAK1 (mitogen-activated protein kinase kinase kinase 7).>**°
Moreover, PEBP1 is a precursor for the hippocampal neurosti-
mulating peptide (HCNP), which is involved in neuronal dif-
ferentiation.”>! Despite the knowledge of its diverse functions
in many cellular signaling pathways, there is no direct evidence
yet of PEBPI’s role in autophagy. However, the binding of
PEBP1 to PE, a key component for LC3 lipidation, suggests its
possible role in regulating autophagy. Indeed, we previously
proposed that PEBP1 may control autophagy because this pro-
tein was found localized to autophagosome-like structures
when overexpressed under serum starvation conditions.>

In this study, we investigated the mechanism by which
PEBP1 regulates autophagy under starvation and found that it
binds directly to LC3 via its WXXL motif. In addition, PEBP1
stimulated AKT-MTORCI activity, which consequently sup-
pressed the initiation of autophagy. Therefore, we conclude
that PEBP1 acts as an inhibitor of autophagy.

Results
PEBP1/RKIP interacts directly with LC3 via its LIR motif

Recently, we identified PEBP1 as a cellular inhibitor of the
MAPK/ERK pathway with a possible role in the regulation of

autophagy.” In order to examine the actual role of PEBP1 in
autophagy during starvation we analyzed the amino acid
sequence of PEBP1 and found a putative LIR motif (WDGL;
amino acids 55-58 in human PEBP1). Based on sequence com-
parison between PEBP1 proteins, the LIR motif is very well
conserved among species (Fig. 1A). Next, in order to determine
whether this putative WXXL motif is involved in interacting
directly with LC3 in cells, we transiently overexpressed FLAG-
tagged wild-type PEBP1 (FLAG- PEBP1) or FLAG-tagged LIR
mutant PEBP1 protein (FLAG-PEBP1-AXXA, where we substi-
tuted both the tryptophan [W] and leucine [L] with alanine
[A]) into cells infected with recombinant adenoviruses express-
ing green fluorescent protein (GFP)-tagged LC3B (Ad-GFP-
LC3) and then performed co-immunoprecipitation assays using
anti-FLAG M2-agarose beads. As shown in Figure 1B, wild-
type PEBP1 proteins bound directly to LC3 or GFP-LC3. Spe-
cifically, PEBPI interacted with only LC3-1, a cytosolic uncon-
jugated LC3 form, but not PE-conjugated LC3-II. However,
mutation of the conserved LIR motif (WXXL to AXXA) abol-
ished the ability of PEBPI to bind LC3 (Fig. 1B), suggesting
that PEBP1 interacts directly with nonconjugated LC3 protein
via the WXXL motif in cells. Besides the direct interaction with
LC3, PEBP1 also showed a weak association with ATGI16L1
but not other autophagy-related proteins such as ATG3,
BECN1/Beclinl, or ULK1 although nonspecific interactions
with ATG12-ATGS5 have been observed in immunoprecipita-
tion using anti-FLAG M2-agarose beads and immunocyto-
chemistry (Fig. S1). We will discuss later these possible
interactions during autophagy.

The interaction between PEBP1 and LC3 was also confirmed
using in vitro GST affinity isolation assays. We purified differ-
ent variations of recombinant PEBP1 (GST-PEBP1, GST-
PEBP1-AXXA, Hiss-PEBP1, Hisg-PEBP1-AXXA) and LC3
(GST-LC3, Hiss-LC3) proteins from E. coli, immobilized GST-
fusion proteins (GST-PEBP1 or GST-PEBP1-AXXA and GST-
LC3) to glutathione-sepharose beads, and then examined their
interaction by analyzing proteins by SDS-PAGE using Coomas-
sie Blue staining (Fig. 1C and D) and western blotting (Fig. 1E
and F). Our data demonstrate the direct interaction between
GST-LC3 and Hiss-PEBP1 (Fig. 1C and E) or between GST-
PEBP1 and Hiss-LC3 (Fig. 1D and F). However, neither Hisq-
PEBP1 LIR mutant proteins (Hiss-PEBP1-AXXA) nor GST-
PEBP1 LIR mutant proteins (GST-PEBP1-AXXA) bound to
GST-LC3 or Hiss-LC3 proteins, respectively, in Coomassie
Blue staining or western blotting analyses (Fig. 1C-F). We also
found that PEBPI directly interacts with LC3 through the LIR
motif in vitro, consistent with the results obtained from the
above immunoprecipitation experiments (Fig. 1B).

Cellular localization of PEBP1 and LC3

LC3, a cytosolic protein, can associate with intracellular mem-
branes through PE-dependent conjugation upon induction of
autophagy. Since it ultimately accumulates in autophagosomes,
LC3 appears as fluorescent puncta when autophagy is activated
in cells expressing fluorescence-tagged LC3 proteins. In this
study, we examined the subcellular distribution of PEBP1 and
LC3 in HeLa cells transiently expressing GFP-LC3. Endogenous
PEBP1 was expressed in the cytoplasm under normal and
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Figure 1. PEBP1 binds directly to LC3 in cells and in vitro. (A) Alignment of PEBP1 amino acid sequences across various species as shown. The N-terminal 60 amino acids
of the PEBP1 genes were aligned. The conserved LC3-interacting region (WXXL) of PEBP1 (55™-58'" amino acids) is represented in bold. (B) Hela cells were transiently
transfected with plasmids expressing FLAG-PEBP1 or FLAG-PEBP1-AXXA. The pcDNA plasmid was transfected as a negative control. The mutant PEBP1-AXXA protein has
alanine residues substituted for Trp55 and Leu58. After 24 h, Hela cells were infected with recombinant adenoviruses expressing GFP-LC3 (Ad-GFP-LC3). FLAG-tagged
PEBP1 proteins (1 mg total protein) were immunoprecipitated with beads conjugated to anti-FLAG M2 antibodies. Bound LC3 proteins were analyzed by western blot
using anti-LC3 antibodies. Total PEBP1 proteins (5% input) in whole cell extracts were assessed by western blot using anti- PEBP1 antibody. (C, E) GST-LC3 affinity isolation
with Hiss-tagged PEBP1 in vitro. GST-LC3 protein immobilized to glutathione beads was incubated with either purified Hiss-PEBP1 or Hiss-PEBP1-AXXA protein for 1 h at
4°C. Following extensive washing, the bound proteins were subjected to 10% SDS-PAGE and visualized by Coomassie Blue G-250 staining (C) or western blot using anti-
PEBP1 or anti-GST antibodies (E). Total protein used for GST affinity isolation is represented as input (5%). (D, F) GST-PEBP1 affinity isolation with Hiss-tagged LC3 in vitro.
GST-PEBP1 or GST-PEBP1-AXXA proteins immobilized to glutathione beads were incubated with purified Hise-LC3 proteins for 1 h at 4°C. After washing, bound proteins
were analyzed by 10% SDS-PAGE and visualized by Coomassie Blue G-250 staining (D) or western blot using anti-GST or anti-LC3 antibodies (F).

starved conditions (Fig. 2). However, LC3 proteins were not conditions, LC3 appeared to be diffuse throughout the cyto-
only randomly distributed throughout the cytoplasm, but accu-  plasm and nucleus. Therefore, both PEBP1 and LC3 proteins
mulated as puncta under starvation conditions. Under normal were likely colocalized in cells under normal conditions;

LC3 PEBP1 Nucleus Merged

Merged

CTL

Merged

Starvation 2 h

Figure 2. Cellular localization of GFP-LC3 and PEBP1. Hela cells were transiently transfected with plasmids expressing GFP-tagged LC3 using Lipofectamine 2000. The cel-
lular localization of GFP-LC3 and PEBP1 in control or starved cells was analyzed under a confocal microscope (Olympus FV1000). Endogenous PEBP1 was detected by
immunocytochemistry using anti-PEBP1 and TRITC-conjugated secondary anti-rabbit IgG antibodies. Nuclei were stained with Hoechst 33342. Enlargement is a selected
area of the merged image under starvation conditions.
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however, PEBP1 did not colocalize with GFP-LC3 puncta that
formed during starvation. Nevertheless, GFP-LC3 actually
merged with PEBPI in other cytoplasmic areas where GFP-
LC3 puncta were not observed during starvation (Fig. 2). These
data indicate that PEBP1 could associate with LC3 to regulate
autophagy before inclusion of LC3-II proteins within autopha-
gosomes. Indeed, PEBP1 was preferentially bound to LC3-I but
not LC3-II as shown in Figure 1B.

PEBP1 inhibits autophagy by reducing autophagosome
formation under starvation conditions

Next, we investigated the mechanism of PEBP1-mediated regu-
lation of autophagy. First, we established stable HeLa cell lines
overexpressing FLAG-tagged PEBP1 protein (FLAG-PEBPI)
and examined the levels of LC3-II and SQSTMI proteins in
these cells during starvation. Control cells (pcDNA) exhibited
an increase in LC3-II formation and decrease in SQSTM1

increased PEBP1 expression (clones #2 and #5) significantly
decreased LC3-II production and increased the level of
SQSTM1 in starved cells (Fig. 3A). LC3-II formation in
PEBP1-overexpressing cells was fairly suppressed even under
normal conditions. Furthermore, autophagosome formation
during the autophagic process in living cells can be assessed by
some additional methods: GFP-LC3 puncta formation, acidic
vesicular organelles (AVO) with acridine orange (AO) or
monodansylacadaverine (MDC) staining, and electron micros-
copy analysis. Consistent with the western blotting results
(Fig. 3A), overexpression of PEBP1 in HeLa cells (FLAG-
PEBP1 #2) caused a significant decrease in GFP-LC3 puncta
under starvation conditions compared to control cells (Fig. 3B
and C). Moreover, AVO formation (AO- or MDC-positive
cells) was largely reduced in PEBP1-overexpressing cells during
starvation (Fig. 3D-G). Additionally, LC3 colocalization
with LAMP1, a lysosomal protein, and LAMP1 foci, similar to
GFP-LC3 puncta, were decreased in PEBPI1-overexpressing

under starvation conditions (Fig. 3A), indicating a regular
autophagic response to nutrient deprivation. However, the

HeLa cells (Fig. S2). Last, transmission electron micrograph
analysis showed a decrease in autophagosome formation in

A b B C = pcDNA
pCcDNA ;L; ¢ PE:ZI A Sl FLAG-PEBPT#2
starvation2h - + - o+ - & 2
FLAG-PEBP1 _——_—— ©

100 -
PEBP1 3 80
L3 s e S )
= o
LC3-1| e s o € 40 !
5 k- 3
SQSTM1 S e i — § ’ 0 20 S
ACTE wemm—— :O_g -4 0
LC3-I:ACTB 1 23 0.6 0.7 06 0.3 cTL Starvation
SQSTMT:ACTB 0.9 03 1.3 1.2 16 1.5 2h
m pcDNA
D PcDNA FLAG-PEBP1#2 E ¢ 100 FLAG-PEBP1#2 H I
< 80
2
- )
5 % 60 = pcDNA
2 = FLAG-PEBPT#2
8 40 » I3
g 'L_) E * - *
5 3 20 240 =
5 ® g
kS 0 ©30
Z CTL Starvation g
o £
a ~ g20 -
5 3
2 =10
2 s .
G = pcDNA 8 2 0
F FLAG-PEEPT #2 - FLAG-PBP1#2 @ 8 CTL Starvation
> 100 = 2h
=
a S 80
[
e £ 60
g
S o 40
5 8 20
B =
g 0 ,
& CTL Starvation

Figure 3. Overexpression of PEBP1 suppresses starvation-induced autophagy. (A) HeLa cells stably selected with control plasmid (pcDNA) or FLAG-tagged PEBPT plasmid
(clones #2 and 5) were starved for 2 h. Total cell extracts (30 1.g) were analyzed by 12% SDS-PAGE and western blot using LC3, SQSTM1, and PEBP1 antibodies. ACTB/
B-actin was used as a loading control. Proteins were quantified using NIH ImageJ software. Numbers below each lane indicate the relative signal intensity ratio between
LC3-Il, or SQSTM1 and ACTB, as calculated from 3 independent experiments. (B) Detection of GFP-LC3 puncta in PEBP1-overexpressing cells. Hela cells stably expressing
FLAG- PEBP1 (clone #2) or control vector (pcDNA) were infected with recombinant adenoviral vector expressing GFP-LC3 (Ad-GFP-LC3). After incubation for 24 h, cells
were starved for 2 h, and GFP-LC3 puncta were examined under a fluorescence microscope. Quantification of the number of GFP-LC3 puncta per cell is shown in (C). Num-
bers of GFP-LC3 puncta per cell were determined by counting 20 cells for each sample, which were selected from 6 different areas. Data represent the mean (4 SD) of 3
independent experiments (“p < 0.05). Scale bar: 10 um. (D-G) Detection of acidic vacuoles in PEBP1-overexpressing cells. Hela cells stably expressing FLAG-PEBP1 (clone
#2) or control vector (pcDNA) were starved for 2 h, and acidic vacuoles were detected with AO (D and E) or MDC (F and G) staining. AVO-positive cells were quantified as
described in Materials and methods and represented in (E and G). Data represent the mean (& SD) of 3 identical experiments (*p < 0.05). Scale bar: 50 m. (H) Transmis-
sion electron micrograph (TEM) analysis. HeLa cells stably selected with pcDNA or FLAG-PEBP1 were starved for 2 h and subjected to TEM analysis as described in Materials
and methods. Sections (90-nm thin) were stained and examined under the 120 kV-transmission electron microscope. The autophagic vacuoles are represented in the
enlarged boxes (i, ii and iii). N, nucleus. Scale bar: 1 zzm. (I) Quantitative analysis of TEM. The percentage (mean =+ SD) of cells containing 5 or more autophagic vacuoles
in the cell sections was quantified from at least 50 randomly chosen TEM fields. *p < 0.05.



PEBP1-overexpressing cells compared to control cells during
starvation (Fig. 3H and I).

To further confirm PEBP1-dependent suppression of auto-
phagy, we knocked down the PEBPI1 protein in HeLa cells
using PEBPI-specific ShRNA expressed by a recombinant ade-
noviral vector (Ad-shPEBPI). An adenoviral vector targeting
GFP (Ad-GFP) was used as a control. Our results show that
knockdown of PEBP1 expression resulted in a significant
increase in LC3-II formation and decrease in total SQSTM1
protein during starvation compared to control cells (Fig. 4A).
Consistent with western blotting analysis of LC3-II, GFP-LC3
puncta were remarkably increased in PEBPI-knocked down
cells (shPEBP1 RNA) infected with Ad-GFP-LC3 during starva-
tion compared to HeLa cells transfected with control shRNA
vectors (shVector) (Fig. 4B and C). These data suggest that
PEBP1 negatively regulates the induction of autophagy under
starvation conditions.

The occurrence of an autophagic flux in the presence of
lysosomal inhibitors is a critical marker for assessing auto-
phagy.” Indeed, LC3-1I protein turnover (LC3-1I net flux) can
be determined by comparing the level of LC3-II in the presence
and absence of lysosomal inhibitors to account for the amount
of LC3-II delivered to the lysosomes. Here we examined the
autophagic flux in PEBPI-knocked down cells in the presence
of chloroquine (CQ), which inhibits autophagosome-lysosome
fusion. Ablation of PEBP1 expression significantly increased
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LC3-II formation as described above (Fig. 4D and E). More-
over, PEBP1-knockdown greatly stimulated LC3-II net flux in
cells treated with a lysosomal inhibitor compared to normal
control cells (Fig. 4F), indicating that PEBP1 plays a critical
role in regulating autophagy induction.

The WXXL motif of PEBP1 plays a critical role in regulating
autophagy under starvation conditions

Next, we investigated whether disrupting the interaction
between PEBP1 and LC3 affects the regulation of autophagy
during starvation. As shown in Figure 5A, overexpression of
the LIR mutant proteins of PEBP1 (PEBP1-AXXA) remarkably
increased the LC3-II level and decreased total SQSTM1 protein
during starvation compared to the control. Moreover, the for-
mation of GFP-LC3 puncta was significantly elevated in HeLa
cells overexpressing FLAG-PEBP1 mutant proteins (PEBP1-
AXXA) under starvation conditions compared to control cells
(Fig. 5B and C). Besides, we further examined the autophagic
flux in HeLa cells expressing LIR mutant proteins in the pres-
ence of CQ. Indeed, the autophagic flux (LC3-II turnover) in
cells expressing PEBP1-AXXA was significantly elevated com-
pared to control or PEBP1-overexpressing cells (Fig. 5D and
E). Additionally, we investigated the effect of PEBP1 in regulat-
ing autophagy using another cell line, H1299, which was
derived from a human non-small cell lung carcinoma. Similar
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Figure 4. Knockdown of PEBP1 expression stimulates starvation-induced autophagy. (A) HeLa cells were infected with the adenoviral vectors encoding PEBP1 shRNA (Ad-
shPEBP1) or control vector (Ad-GFP). After incubation for 72 h, cells were starved for the indicated times, and whole cell extracts were prepared for analysis by western
blot. ACTB was used as a loading control. Protein levels were quantified using NIH ImageJ software. Numbers below each lane indicate the relative signal intensity ratio
between LC3-Il, SQSTM1, or PEBP1 and ACTB, as calculated from 3 independent experiments. (B) Detection of GFP-LC3 puncta in PEBP1-knockdown cells. Hela cells were
transiently transfected with shRNA against PEBP1 (shPEBP1) or control vector DNA (shVector). After 48 h, the cells were infected with Ad-GFP-LC3 (MOI 10) for another
24 h before starvation in HBSS medium for 2 h. The GFP-LC3 puncta were then examined by fluorescence microscopy and quantified as shown in (C). Scale bar: 10 pm.
Numbers of GFP-LC3 puncta per cell were determined by counting 20 cells for each sample, which were selected from 6 different areas. Data represent the mean (+ SD)
of 3 independent experiments (“*p < 0.01). (D) Determination of the autophagic flux in PEBP1-knockdown cells. PEBP1 expression in Hela cells was knocked down by
transfection with Ad-shPEBP1 or Ad-GFP vectors for 72 h. Then, cells were starved for 2 h in the absence or presence of 20 «M chloroquine (CQ). Production of LC3-Il was
analyzed by western blot analysis and quantified as shown in (E). ACTB was used as an internal control. Data represent the relative mean values (& SD) of 3 independent
experiments to the control (CTL, the first column; Ad-GFP, no CQ, no starvation). “p < 0.05, “*p < 0.01 (compare with control); *p < 0.05 (compared with the presence
and absence of CQ under starvation conditions). (F) LC3-II net flux was determined by subtracting the densitometric value of LC3-Il in nontreated samples (LC3-II -CQ)
from the value corresponding to the chloroquine-treated samples (LC3-Il +CQ). **p < 0.01.
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Figure 5. Mutations in the LIR motif (WXXL) of PEBP1 stimulate autophagy. (A) Hela cells transiently expressing PEBP1 or PEBP1-AXXA mutant proteins were starved for
2 h, and total cell extracts were harvested for 12% SDS-PAGE analysis by western blot using LC3, SQSTM1, and PEBP1 antibodies. ACTB was used as a loading control.
Numbers below each lane indicate the relative signal intensity ratio between LC3-Il or SQSTM1 and ACTB, as calculated from at least 3 independent experiments. (B)
Detection of GFP-LC3 puncta in cells expressing PEBP1-AXXA mutant proteins. Hela cells transiently overexpressing PEBP1 (FLAG-PEBP1), PEBP1 mutant (FLAG-PEBP1-
AXXA) proteins or control (pcDNA) were infected with Ad-GFP-LC3. After 24 h, cells were starved for 2 h, and then GFP-LC3 puncta were examined by fluorescence micros-
copy and quantified as shown in (C). Scale bar: 10 um. The data represent the mean (+ SD) of 3 independent experiments (*p < 0.05, “*p < 0.01). (D) Determination of
the autophagic flux in PEBP1-AXXA mutant cells. HeLa cells overexpressing PEBP1 or mutant proteins (FLAG-PEBP1-AXXA) were starved for 2 h in the absence or presence
of 20 M chloroquine (CQ). Production of LC3-Il was analyzed by western blot analysis by 4-20% gradient SDS-PAGE and quantified. ACTB was used as an internal control.
Data represent the mean (% SD) of 3 independent experiments. (E) LC3-Il net flux was determined by subtracting the densitometric value of LC3-Il in nontreated samples
(LC3-11 -CQ) from the value corresponding to the chloroquine-treated samples (LC3-1l +CQ). “p < 0.05.

to the results shown in Hela cells, PEBP1 overexpression in
H1299 cells suppressed the formation of LC3-II puncta and
acidic vacuoles during starvation. In contrast, overexpression
of LIR mutant PEBP1 proteins (PEBP1-AXXA) induced dra-
matic autophagosome production in the starved cells (Fig. S3).

PEBP1 inhibits autophagy by activating the AKT-MTORC1
pathway

When growth factors and nutrients are limited, cells induce
autophagy to provide nutrients from intracellular materials by
inhibiting the AKT-MTORCI pathway, a major signaling cas-
cade for cell growth, and subsequently activating many auto-
phagy-related genes.”® Therefore, we explored whether PEBP1
can modulate the activation of the AKT-MTORCI pathway. As
expected, overexpression of PEBP1 stimulated the AKT-
MTORCI1 pathway, which was evidenced by increased phos-
phorylation of AKT (Ser473) and MTOR (Ser2448). Further-
more, subsequent MTOR-dependent RPS6KB/p70S6K
(Thr421/Ser424) phosphorylation was similarly stimulated in
both HeLa and H1299 cell lines. Additionally, phosphorylation
of ULK1 at Ser757 by MTOR activation, leading to autophagy
inhibition, was significantly increased in cells overexpressing
FLAG-PEBP1 proteins (Fig. 6A-D). In contrast, phosphoryla-
tion of ULKI at Ser555, stimulating autophagy under condi-
tions of nutrient deprivation, was suppressed in both HeLa and
H1299 cells overexpressing FLAG-PEBP1 (Fig. 6A-D). These

AKT-MTORCI and ULKI activities were specifically regulated
in a nutrient-dependent manner. Besides PEBP1 overexpres-
sion, knockdown of PEBP1 in HeLa cells using Ad-shPEBPI
significantly inhibited the AKT-MTORCI activity, conse-
quently stimulating ULK1 phosphorylation at Ser555 and
inversely suppressing phosphorylation of ULK1 Ser757 during
starvation (Fig. 6E and F).

As shown above, we described that PEBP1 could suppress
autophagy through activation of AKT-MTORCI1 activation
under conditions of nutrient deprivation. We further asked
whether this PEBP1-dependent suppression of autophagy via
AKT-MTORCI can be alleviated by MTOR inhibitors. Indeed,
addition of rapamycin, an MTOR inhibitor, to the PEBP1-over-
expressing cells caused a significant decrease of MTOR phos-
phorylation elevated by PEBP1 overexpression and subsequent
activation of ULK1 by increasing phosphorylation at Ser555
and suppressing phosphorylation at Ser757, similar to the star-
vation response (Fig. S4). Furthermore, we examined how LIR
mutant PEBP1 proteins (PEBP1-AXXA) could affect AKT-
MTORCI1-ULKI activity. Compared to control (pcDNA) or
PEBP1-overexpressing cells (FLAG-PEBP1), overexpression of
LIR mutant proteins (FLAG-PEBP1-AXXA) led to a significant
decrease of AKT (phosphorylation of $473) and MTOR (phos-
phorylation of $2448) activity and the inhibitory ULKI phos-
phorylation at Ser757, and a large increase of the stimulatory
ULK1 phosphorylation at Ser555 under starvation conditions,
consequently stimulating LC3-II formation (Fig. S5). Taken
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Figure 6. Overexpression of PEBP1 activates the AKT-MTORC1 pathway. (A) HelLa cells stably selected with control pcDNA vector or FLAG-PEBP1-expressing plasmids
(clones #2 and #5) were starved for 2 h, and total cell extracts were prepared for analysis by western blot using antibodies against phospho-AKT (5473), phospho-MTOR
(S2448), phospho-RPS6KB/p70S6K (T421/5424), phospho-ULK1 (S555 and S757) and phospho-MAPK3/ERK1 and MAPK1/ERK2. ACTB was used as a loading control. Protein
and phosphorylation levels were quantified and graphed as shown in (B). (C) H1299 cells stably selected with control pcDNA vector or FLAG-PEBP1-expressing plasmid
were analyzed as described above and quantified as shown in (D). (E) HeLa cells were infected with the adenoviral vectors encoding PEBP1 shRNA (Ad-shPEBP1) or control
vector (Ad-GFP). After incubation for 72 h, cells were starved for 2 h, and whole cell extracts were analyzed by western blot and quantified as shown in (F). Data represent

the mean (+ SD) of 3 independent experiments ("p < 0.05, **p < 0.01).

together, these data suggest that PEBP1 prevents autophagy
by modulating not only LC3-lipidation but also the AKT-
MTORCI1-ULKI1 pathway in HeLa and H1299 cells.

PEBP1 directly inhibits autophagy, independent of its
MAPK/ERK inhibitory ability

The MAPK/ERK signaling pathway is also involved in regulat-
ing autophagy induced by various cellular conditions.**** Stud-
ies have demonstrated that PEBP1 is an endogenous inhibitor
of MAPK/ERK by direct interaction with RAF1.°**® Therefore,
PEBP1 could control autophagy by modulating MAPK/ERK
activity. However, our data indicate that there was no difference
in MAPK3/ERK1 and MAPKI/ERK2 activation in starved
PEBP1-overexpressing cells or PEBPI-knockdown cells
(Fig. 6), and even in LIR mutant PEBP1-overexpressing cells
(Fig. S5). Therefore, we examined autophagy in PEBP1-overex-
pressing HeLa or H1299 cells treated with cisplatin (CDDP),
which activates the MAPK/ERK signaling pathway and induces
an autophagic response in certain cell types.””*® Indeed, over-
expression of PEBP1 suppressed activation of MAPK/ERK in
H1299 cells, especially at 2 and 24 h after cisplatin treatment
(Fig. 7B). However, PEBP1 had no effect on cisplatin-mediated
MAPK/ERK activation in HeLa cells (Fig. 7A), indicating that
they might have different genetic backgrounds responding to
cisplatin. Interestingly, regardless of the differential effects of

PEBP1 on MAPK/ERK activation in the 2 cell lines, PEBP1

overexpression caused a similar decrease in CDDP-induced
LC3-II accumulation and SQSTMI1 degradation in both cell
lines (Fig. 7A and B). To further confirm these results, we tran-
siently overexpressed a mutant PEBP1 protein (PEBP1-S153A)
into the cells. Since PEBP1 phosphorylation at Ser153 triggers
dissociation of PEBP1 from the PEBP1-RAF1 complex, muta-
tion at this site leads to potent mitogen-activated protein kinase
inhibition.”> We found that overexpression of this mutant
decreased LC3-II accumulation and SQSTM1 degradation dur-
ing starvation (Fig. 7C). We also observed that the autophagic
flux (LC3-II turnover) in HeLa cells expressing PEBP151°34
mutant proteins in the presence of CQ was significantly
decreased compared to control cells (Fig. S6A and C), suggest-
ing that PEBP1 phosphorylation at Ser153 play a crucial role in
the regulation of autophagy. Indeed, according to in vitro GST
affinity isolation analyses, a phospho-mimicking PEBP1 muta-
tion (Ser to Asp, S153D) highly stimulated dissociation of
PEBP1 from the PEBP1-LC3 complexes compared to wild-type
PEBP1 or S153A mutant PEBP1 (Fig. S7). Furthermore, similar
to the data shown above, the MAPK/ERK inhibitory effect of
PEBP1 had no significant influence on cisplatin-dependent
LC3-II formation and the autophagic flux (LC3-II turnover) in
cells overexpressing the PEBP1%'*** mutant protein (Fig. 7D
and E; Fig. S6C and D). These results suggest that PEBP1 inhib-
its autophagy, independent of its MAPK/ERK inhibitory effect.
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Figure 7. PEBP1 inhibits autophagy in a MAPK/ERK-independent manner. (A, B) HeLa (A) or H1299 cells (B) stably selected with control pcDNA vector or FLAG-PEBP1-
expressing plasmid were treated with 20 «M of cisplatin (CDDP) for the indicated times. Protein and phosphorylation levels were examined by western blot using specific
antibodies and quantified. ACTB was used as a loading control. Numbers below each lane indicate the relative signal intensity ratio of LC3-11:ACTB, SQSTM1:ACTB, and p-
MAPK1/ERK2:MAPK1, as calculated from 3 independent experiments. (C) Effect of PEBP1 mutant proteins (PEBP15'>*A) abrogating PEBP1 dissociation from RAF1 on starva-
tion-induced autophagy. Hela cells were transiently transfected with plasmids encoding mutant PEBP1 (GFP-PEBP1°'°3A). After 24 h, cells were starved for 2 h, and pro-
teins were then analyzed by western blot and quantified. Numbers below each lane indicate the intensity ratio between LC3-II, or SQSTM1 and ACTB, calculated from 3
independent experiments. (D) Effect of PEBP1 mutant proteins (PEBP1°'***) on CDDP-induced autophagy. Hela cells transiently expressing GFP-PEBP1°'%, GFP-PEBP1 or
GFP were treated with 20 M CDDP for 24 h, and total cell extracts were analyzed by western blotting using phospho-MAPK/ERK, MAPK/ERK, LC3, and PEBP1 antibodies.
(E) The level of protein and phosphorylation was quantified using the NIH ImageJ software (NIH version 1.49). Data represent the mean (% SD) of 3 independent experi-

ments ("p < 0.05,

Discussion

LC3 lipidation with phosphatidylethanolamine, a phospholipid
present on the membranes of intracellular organelles, plays a
critical role in regulating the initiation of autophagy and subse-
quent autophagosome formation.”'? Additionally, the process
of sequestering cargo molecules into phagophores apparently
determines the 2 characteristics (selective or nonselective) of
autophagy through the specific interaction between membrane-
bound LC3 and target molecules.**** In this report, we demon-
strate that PEBP1/RKIP, a member of the PEBP family of pro-
teins and a cellular inhibitor of the MAPK/ERK pathway,
contains a novel LIR site (WXXL motif) at the N-terminal
region. Our data show that PEBP1 binds specifically to cyto-
solic LC3. In particular, PEBP1 overexpression significantly
inhibits autophagy induced by starvation. In contrast, ablation
of PEBP1 stimulates this starvation-induced autophagy, indi-
cating that PEBP1 acts as a negative regulator by modulating
the interaction with LC3 via its LIR motif (Fig. 8).

The putative WXXL motif of PEBP1 is highly conserved
across species. Indeed mutation of this LIR motif results in
abolishment of LC3 binding and increased expression of auto-
phagy-associated makers; both phenomena also occur when
PEBPI is knocked down. However, it is not clear how the LIR-
dependent interaction of PEBP1 with LC3 controls autophagy.
Our data suggest that PEBP1 may be involved in holding LC3
proteins in the PEBP1-LC3 complex, which are not accessible
for PE-lipidation. Upon the activation of autophagy, kinases

**p < 0.01, compared with untreated control). A.U., arbitrary units.

may phosphorylate PEBP1 to liberate LC3 proteins, leading to
PE conjugation at the membrane (Fig. 8). In fact, PEBP1 is spe-
cifically bound to LC3-I (cytosolic form) but not to LC3-II
(membrane-bound form conjugated to PE) as shown in
Figure 1B. In addition, PEBP1 mutant proteins (PEBP1-
AXXA) lacking the LIR motif fail to interact with LC3 and
rather stimulate an autophagic response following nutrient
deficiency (Figs. 1 and 5), indicating that the LIR-mutant
PEBP1 proteins lose their ability to interact with LC3, subse-
quently releasing free LC3 for PE lipidation and autophagy acti-
vation. Similarly, Ser153 of PEBP1 plays a critical role in
maintaining PEBP1-RAF1 complexes through PRKC (protein
kinase C)-dependent phosphorylation; that is, phosphorylation
at this serine residue triggers the release of RAF1 from inactive
complexes and promotes the activation of the MAPK/ERK
pathway.”® A similar mechanism has been reported for GRK2
activation.”® According to our results, mutation of Ser153 of
PEBP1 (S153A) inhibits autophagy under starvation condi-
tions. In contrast, a phospho-mimicking PEBP1 mutation
(PEBP1-S153D) induces LC3 dissociation from PEBP1-LC3
complexes (Fig. S7), indicating that phosphorylation at this site
plays an important role in regulation of LC3 lipidation, neces-
sary for autophagy induction.

To date, several steps have been shown to be specifically reg-
ulated by interaction between LIR-containing proteins and LC3
(Atg8 in yeast) during the autophagy process. The autophagic
receptor SQSTM1 was first discovered as a LIR-binding pro-
tein.'”**> Since the discovery of SQSTMI, many other
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autophagy receptors such as BNIP3L/NIX, FUNDCI, NBRI,
and CALCOCO2/NDP52 have been identified, and their roles
in controlling autophagy have been elucidated.**** These auto-
phagy receptors have been suggested to tether cargo molecules
to phagophores through the interaction of their LIR motif with
LC3, because they possess a ubiquitin-binding domain that can
bind ubiquitinated proteins or organelles and deliver them to
the degradation sites. In addition, other LIR motif-containing
proteins are essential members of the autophagosome biogene-
sis process. For example, ULK1, which is functionally equiva-
lent to Atgl in yeast, have canonical LIR motifs and form a
large complex with ATG13 and RB1CCI1/FIP200, regulating
the initial step of autophagosome biogenesis and late events of
autophagy.*®*® Other core members of the autophagy machin-
ery, Atg3, Atg32 in yeast or ATG4B, ATG7, and ATG13 in
mammals, undergo LIR-dependent interactions with LC3 that
potentially contribute to autophagy regulation.'”*"*>%>!
Moreover, some vesicle trafficking proteins, such as the RAB7-
interacting protein FYCO1 or the GAP TBC1D5, interact with
LC3 and play critical roles in intracellular trafficking of auto-
phagosomes in a LIR-dependent manner.’>>> Based on our
data, interaction between PEBP1 and LC3 via the LIR motif
might regulate the accessibility of free LC3 proteins for conju-
gation to PE, which is a critical step necessary for autophago-
some biogenesis (depicted in Fig. 8).

PEBP1/RKIP was originally discovered as a member of the
PE-binding protein (PEBP) family.**** Therefore, its possible
role in regulating LC3 lipidation with PE is very conceivable.
According to our results, PEBP1 proteins directly interact with
PE-unconjugated LC3 protein. Moreover, PEBP1 is distributed
evenly throughout the cytoplasm, and colocalizes with LC3
under normal conditions. However, under starvation condi-
tions, although PEBP1 does not colocalize with LC3 puncta in

autophagosomes, it likely associates with LC3 in cytoplasmic
areas that do not form LC3 puncta (Fig. 2). Furthermore,
PEBP1 can sequester LC3 into inactive complexes even under
normal conditions, if PEBP1 is capable of binding to LC3.
Indeed, the overexpression of PEBP1 causes similar levels of
LC3-1II production in either normal or starvation conditions.
These data suggest that PEBP1 is specifically involved in con-
trolling LC3-lipidation through a LIR-dependent interaction
before autophagosome formation. According to a previous
work, ATG3-conjugated LC3 intermediates can be recruited to
the membrane through direct interaction of ATG3 and ATG12
in the ATG16L1 complexes, which recruits LC3 proteins to the
membrane for subsequent PE lipidation."” If PEBP1 controls
the recruitment of LC3 to the membrane, it might be associated
with the ATGI16L1 complex (ATG12-ATG5-ATGI16L1).
Indeed, PEBP1 likely interacts with ATG16L1 complexes in
cells expressing FLAG-PEBP1 proteins. Therefore, PEBP1
could be a key player in controlling LC3 lipidation through the
ATG16L1-PEBP1-LC3 linkage axis.

Generally, nutrient deprivation suppresses the cell growth
signals such as AKT-MTORCI and instead promotes the auto-
phagic process, necessary for cell survival, through the ULK1-
dependent pathway.>® In this work, besides LIR-dependent
regulation of LC3 lipidation, PEBP1 also stimulates AKT-
MTORCI1 signaling, consequently inhibiting autophagy
through both upregulation of ULK1 phosphorylation at serine
757 residue and downregulation of ULK1 phosphorylation at
the serine 555 residue. In contrast, knockdown of PEBP1 inhib-
its the AKT-MTORCI activity and inversely modulates ULK1
phosphorylation, resulting in facilitation of autophagy under
starvation conditions. Indeed, phosphorylation of ULK1 at
Ser757 by MTORCI inhibits autophagy in mammalian cells
under conditions of nutrient sufficiency by disrupting the
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interaction between ULK1 and AMPK. In response to starva-
tion, rapid dephosphorylation of ULK1 at Ser757 promotes
AMPK-ULKI to form an active ULK1 complex together with
ATG13, ATG101 and RB1CC1/FIP200, leading to induction of
autophagy.>* In addition to this ULK1 dephosphorylation at
Ser757 following starvation, AMPK-dependent ULK1 phos-
phorylation and ULK1-dependent phosphorylation of the
ULK1 complex proteins are also required for initiation of auto-
phagy. In particular, a critical role of ULK1 phosphorylation at
the serine 555 residue by AMPK in autophagy has been sug-
gested in some reports.>*>>® We also observed that ULK1 phos-
phorylation at Ser555 was coincidently regulated with
occurrence of autophagy. Nevertheless, it is unclear whether
PEBP1 can directly activate the AKT-MTORC1 pathway or
indirectly through other regulator proteins during autophagy.
Additionally, LIR-mutant PEBP1 (PEBP1-AXXA) proteins,
defective in interaction with LC3, increase autophagy not only
through liberation of LC3 for lipidation to PE but also suppres-
sion of MTORCI1 activity (Fig. S5), suggesting that modulation
of interaction between PEBP1 and LC3, that is, dissociation of
PEBP1 from the PEBP1-LC3 complexes, plays a critical role in
regulation of AKT-MTORCI activity during autophagy. At the
moment it is not clear how PEBP1 activates the AKT-MTORC1
pathway. PEBP1-LC3 complexes could directly or indirectly
associate with upstream signaling proteins of the AKT-
MTORCI1 pathway and subsequently activate this signaling
pathway. Otherwise, PEBP1 might control other cellular signal
pathways linking to AKT-MTORCI. Indeed, PEBP1 is involved
in many cellular signal pathways including MAPK/ERK, GRK2,
GSK3B and NFKB, which might be associated with control of
autophagy.”’” In particular, PEBP1, known as a physiological
inhibitor of GRK2,”® facilitates G protein signaling that acti-
vates the MTORC1 pathway and consequently inhibits auto-
phagy.””*® Also, PEBP1 directly binds the inhibitory IKK
complex to control NFKB signaling. Indeed, IKK has been
demonstrated to be an effector of AKT in promoting MTORC1
activity.”>® This PEBP1-dependent MTORCI1-ULKI1 regula-
tion in autophagy needs to be further investigated in the future.
MAPK/ERK activity is reciprocally associated with auto-
phagy under some stress conditions. MAPK/ERK stimulates
autophagy by direct interaction with autophagy-related pro-
teins.""*® Also, some autophagy proteins, such as ATG7, lead
to MAPK/ERK activation.®* In this context, PEBP1, an endoge-
nous MAPK/ERK inhibitor, could coordinate with the MAPK/
ERK pathway to regulate autophagy. However, according to
our data, PEBP1 negatively regulated autophagy in a MAPK/
ERK-independent manner. Indeed, PEBP1 overexpression in
the human cervical cancer cell line HeLa did not influence
MAPK/ERK activation, even though autophagy was signifi-
cantly inhibited under this condition. Furthermore, PEBP1 did
not affect MAPK/ERK activation following the treatment with
cisplatin, an anticancer drug that generally activates the
MAPK/ERK pathway to stimulate cell death in cancer cells and
induces autophagy under certain conditions.®>*” However,
PEBP1 overexpression in HeLa cells significantly suppressed
LC3-II, suggesting that PEBP1-dependent inhibition of auto-
phagy does not require MAPK/ERK activity. These results were
also observed in H1299 cells. According to previous studies,
phosphorylation of PEBP1 at Serl53 is required for MAPK/

ERK activation by releasing RAFI from inactive PEBP1-RAF1
complexes.28 In fact, the GFP-PEBP15'%3* mutant fails to acti-
vate MAPK/ERK, but produces a similar PEBP1-mediated sup-
pression of LC3-II production. Moreover, starvation cannot
induce LC3-II production in cells overexpressing PEBP1%'%*4,
and a phospho-mimicking PEBP1 mutation facilitates release
of LC3 from PEBP1-LC3 complexes. These results suggest that
this phosphorylation site of PEBP1 could regulate the interac-
tion between PEBP1 and LC3.

In conclusion, PEBP1/RKIP, a member of the PEBP family,
can specifically bind to LC3 via its WXXL motif and inhibit
autophagy induced by nutrient deprivation. Overexpression of
PEBP1 significantly prevents starvation-induced autophagy. In
contrast, knockdown of PEBP1 expression induces high levels
of autophagy via stimulation of LC3-lipidation and AKT-
MTORCI1-associated ULK1 activation. These data all suggest
that PEBP1 could play a critical role in regulating autophagy by
direct interaction with other autophagy mediators during
starvation.

Materials and methods
Reagents

Chloroquine (C6628) and monodansylacadaverine (MDC,
30432) were purchased from Sigma-Aldrich. Acridine orange
dye (AO, A1301) was obtained from Life Technologies. Rapa-
mycin (R-5000) was purchased from LC Laboratoreis. Antibod-
ies used in the study were as follows: PEBP1/RKIP (sc-28837),
GFP (sc-9996), GST (sc-138), AKT (sc-8312) from Santa Cruz
Biotechnology, ATG3 (3415), ATG5 (D5F5U; 12994), ATG12
(DSSHL11; 4180), ATGI6L1 (D6D4; 8089), BECN1 (3495),
LAMP1 (D2D11; 9091), MAPK3/ERK1 p44/42 and MAPK1/
ERK2 (9102), phospho-p44/42 MAPK3/ERK1 and MAPK1/
ERK2 (Thr202/Tyr204; 9101), phospho-AKT (9271), MTOR
(2983), phospho-MTOR (Ser2448; 2971), RPS6KB/p70S6
kinase (9202), phospho-RPS6KB/p70S6 Kinase (Thr421/
Ser424; 9204), SQSTM1 (5114), ULK1 (D8H5; 8054), phospho-
ULK1 (Ser555; 5869), phospho-ULK1 (Ser757; 14202) from
Cell Signaling Technology, LC3 (Ab63817) from Abcam, and
anti-Flag-M2 (F3165) and ACTB/B-actin (A5441) from Sigma-
Aldrich. Secondary antibodies against rabbit (STAR208P),
mouse (STAR117P), and goat immunoglobulins (STAR207P)
were purchased from Bio-Rad. RPMI-1640 (11875-119), fetal
bovine serum (FBS; 16000-044), Dulbecco’s modified Eagle’s
medium (DMEM, 11995-065), Hanks’ buffered saline solution
(HBSS, 14025-092), Lipofectamine 2000 (11668-500), and
G418 (10131-035) were purchased from Gibco and Life
Technologies. Anti-FLAG M2 affinity gel (A2220) was from
Sigma-Aldrich.

Cell culture and transfection

H1299 (CRL-5803) and HeLa (CCL-2) cell lines were obtained
from the American Type Culture Collection. 293A (R705-07)
was from Life Technologies. H1299 cells were maintained in
RPMI-1640 containing 10% FBS. HeLa cells were grown
in DMEM containing 10% FBS. These cells were grown at 37°C
in a humidified atmosphere of 5% CO,. Cells were starved in



HBSS for the indicated times. H1299 and HeLa cells were trans-
fected using Lipofectamine 2000 as described by the manufac-
turer’s instruction. For generation of stable cell lines, cells
transfected with plasmids were selected in medium containing
500 pg/ml G418 for 2 wk.

Construction of plasmids and recombinant adenoviral
vectors

The plasmid pcDNA3.1-FLAG-RKIP/PEBP1 was kindly pro-
vided by Dr. Walter Kolch (University of Glasgow, Glasgow,
United Kingdom). Human MAPILC3B/LC3 ¢cDNA was ampli-
fied by PCR using the human brain ¢cDNA library and then
subcloned into pDestpEGFP-C1, pDestmCherry-Cl, or
pAdCMV/V5-DEST gateway cloning vectors (Invitrogen,
V493-20). Gateway LR recombination reactions were carried
out as described by the manufacturer’s manual (Invitrogen,
11791-019). For construction of bacterial expression vectors,
the PCR-amplified PEBPI or LC3 DNA fragments were cloned
into pET4la (GST-fusion vector; Novagen, 70556) and
pProEXHTa (Hiss-tagged vector; BlueGene, GO6V0433) vec-
tors. Mutation of PEBPI to substitute amino acids (S153A or
$153D) was performed by the QuikChange site-directed muta-
genesis kit (Stratagene, 200518) using pcDNA3.1-FLAG-
PEBPI1, pET4la-PEBPI1, or pProEXHT-PEBPI plasmids as
template. All plasmid constructs were verified by restriction
enzyme digestion and DNA sequencing (Cosmo Genetech,
Korea).

To generate adenoviral PEBP1 shRNA expression vectors,
oligonucleotide  sequences (5-GGATCCCAAATACAGA-
GAATG-3') were subcloned using the BLOCK-iT™ Ade-
noviral RNAi kits (Invitrogen, K4941-00) following the
manufacturer’s instruction. GFP target sequences were used
as a negative control. pAd/BLOCK-iT™-DEST-PEBPI
(Ad-shPEBPI), pAd/BLOCK-iT™_-DEST-GFP (Ad-GFP), and
pAdCMV/V5-DEST-GFP-LC3B (Adenoviral GFP-LC3 fusion
vector, Ad-GFP-LC3) plasmids were transfected into 293A cells
using Lipofectamine 2000 to generate viral particles. After 10 d,
viral particles were harvested from the cell lysates and culture
media. After viral titers were determined, the recombinant
viruses were used to infect cells. Cells were plated in 6-well
plates at a density of 1 x 10° cells/mL, infected with recombi-
nant adenoviruses at a multiplicity of infection (MOI) of 100 at
the following day, and then further incubated for 48 h at 37°C.

Co-immunoprecipitation

pcDNA3.1-FLAG-PEBPI1, pcDNA3.1-FLAG-PEBPI-AXXA or
pcDNA3.1 plasmids were transiently transfected into H1299
cells using Lipofectamine 2000. After 24 h, cells were infected
with recombinant adenoviruses expressing GFP-LC3 (Ad-GFP-
LC3). Then, cells were harvested at 48 h after viral infection
and lysed in M2 lysis buffer (50 mM Tris HCI, pH 7.4, 150 mM
NaCl, 1 mM EDTA, 1% Triton X-100 (Thermo Scientific,
85111) and protease inhibitor cocktails (Thermo Scientific,
78441). The FLAG-fused PEBP1 proteins were purified using
anti-FLAG M2 affinity gel (Sigma-Aldrich, A2220). After wash-
ing with M2 lysis buffer 3 times, bound proteins were eluted by
boiling beads in the 2XSDS gel loading buffer and subjected to
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SDS-PAGE analysis. Proteins were specifically detected by
western blot using the indicated primary antibodies.

Bacterial protein purification and in vitro GST affinity
isolation

All GST- and Hiss-tagged proteins were overexpressed in
Escherichia coli BL21 (DE3) pLysS by inducing cells with 1 mM
IPTG. GST-fused proteins were immobilized to the glutathi-
one-sepharose 4B beads (Amersham Biosciences, 17-0756-01)
with incubation of total cell lysates at 4°C for 1 h. Protein-
bound beads were washed 5 times with 100 volumes of TEN
buffer (20 mM Tris, pH 7.4, 0.1 mM EDTA, 100 mM NaCl),
and resuspended in an equal volume of TEN buffer. Hisq-fused
proteins in cell lysates were bound to the Ni**-nitrotriacetic
acid-agarose beads (Qiagen, 30210), then intensively washed
with 20 mM imidazole in phosphate-buffered saline (PBS;
137 mM NaCl, 2.7 mM KCl, 8 mM Na,HPO,, 2 mM KH,PO,,
pH 7.5) and eluted with 200 mM imidazole, 0.3 M NaCl in
phosphate buffered saline, pH 7.5. For the GST affinity isola-
tion assay, purified Hiss-fused proteins were incubated with
GST-tagged proteins immobilized to the glutathione-sepharose
4B beads at 4°C for 1 h and then washed 5 times with 100 vol-
umes of TEN buffer. The bound proteins were eluted by boiling
beads in the 2X SDS loading buffer and subjected to SDS-PAGE
analysis. Gels were stained with Coomassie Brilliant Blue dye or
subjected to western blot using the indicated antibodies.

Western blot analysis

Total cellular proteins were prepared by lysing cells in RIPA
buffer (Thermo Scientific, 89901) supplemented with protease
inhibitor cocktails, and protein concentration of cell lysates was
determined using a protein assay kit (Pierce, 23225). Total pro-
teins (30 pug) were separated by 10% SDS-PAGE unless indi-
cated otherwise and transferred to a nitrocellulose membrane
using a semi-dry transfer system (Bio-Rad) for 30 min at 15 V.
The membrane was blocked for 1 h at room temperature in
TBST (10 mM Tris, pH 7.5, 150 mM NaCl, 0.1% Tween 20)
with 5% skim milk. After incubation with primary antibodies
overnight at 4°C in TBST with 5% skim milk, the membrane
was washed 3 times in TBST for 10 min each and then incu-
bated with secondary antibodies in TBST for 1 h. The mem-
brane was washed with TBST for 10 min 3 times. Specific
proteins were visualized using the Enhanced ChemiLumines-
cence (ECL) detection system (Thermo Scientific, 34080). The
densitometric-scanned proteins were quantified using the NIH
Image] program (version 1.49). For quantification of phospho-
proteins, we used separate gels for each analysis of total and
phospho-proteins and quantified them on the basis of its own
loading control. The graphical data represent the mean (£ SD)
of at least 3 independent experiments.

GFP-LC3 puncta assay

HeLa cells were seeded on a 42-mm glass cover slip at a density
of 1 x 10° cells/mL, infected with recombinant adenoviruses
expressing GFP-LC3 proteins (Ad-GFP-LC3) at a MOI of 100,
and then incubated at the indicated condition for 24 h. GFP-
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LC3 puncta were visualized and analyzed under a confocal
microscope (FV-1000; Olympus). Numbers of GFP-LC3 puncta
were assessed from 6 high-power fields randomly selected.
GFP-LC3 puncta were quantified from at least 20 cells per sam-
ple, and each experiment was carried out 3 times.

Acridine orange (AO) and monodansylacadaverine (MDC)
staining

Cells (1 x 10° cells/mL) were plated in 6-well plates and incu-
bated at 37°C for 24 h. Cells were incubated with AO dye
(2.5 wg/mL final concentration) or MDC (50 M final concen-
tration) at 37°C for 30 min, or 15 min, respectively, and washed
with PBS. AO- or MDC-positive acidic vacuoles (AVO) were
examined by inverted fluorescence microscopy (ECLIPSE;
Nicon). The relative number of acidic vacuoles was quantified
by comparing the AO- or MDC-positive cells containing at
least 10 AVO aggregates to other cells within a selected area.
AO- or MDC-positive acidic vacuoles were determined from at
least 3 independent experiments.

Immunocytochemistry

HeLa cells expressing GFP-LC3 or GFP-PEBPI1 were cultured
on coverslips for 24 h and then starved for 2 h. Cells were fixed
with 4% (w/v) paraformaldehyde for 30 min, and permeabi-
lized with PBS containing 0.1% Triton X-100 for 10 min at
room temperature. Then, cells were blocked with 2% normal
goat serum (Thermo Scientific, PCN5000) in PBS for 1 h and
incubated with the corresponding primary antibodies for 2 h.
After washing in PBS, cells were further incubated with tetra-
methylrhodamine-5-isothiocyanate (TRITC)-conjugated sec-
ondary anti-rabbit IgG goat antibodies. Fluorescent images
were obtained from analyses at the confocal microscope system
(FV1000, Olympus) with excitation/emission wavelength of
488/520 nm (EGFP) or 543/570 nm (TRITC).

Electron microscopy analysis

Cells were fixed in 0.1 M PBS with 2.5% glutaraldehyde, and
then treated in 1% osmium tetroxide buffer. After dehydration
in a series of ethanol, cells were embedded in the EMBed-812
resin (Electron Microscopy Sciences, 14120). Thin sections
(90 nm) were cut on a Reichert Ultracut E microtome and
stained with a saturated solution of uranyl acetate and lead cit-
rate. Cells were examined under a TECNAI 12 transmission
electron microscope (FEI) at 120 kV.

Statistical analysis

Each experiment was independently conducted at least 3 times,
and data were expressed as the mean value (& S.D). Difference
between 2 groups was assessed by 2-tailed Student ¢ test. Values
of P < 0.05 were considered as significant.

Abbreviations
AMPK AMP-dependent protein kinase
AO acridine orange

ATG autophagy-related

CDDP cisplatin

DMEM Dulbecco’s modified Eagle’s medium

GFP green fluorescent protein

LAMP1 lysosomal-associated membrane protein 1

LIR LC3-interacting region

MAPILC3B/LC3B  microtubule associated protein 1 light
chain 3 8

MAPK mitogen-activated protein kinase

MDC monodansylacadaverine

MTORC1 mechanistic target of rapamycin (serine/
threonine kinase) complex 1

PE phosphatidylethanolamine

PEBP phosphatidylethanolamine binding
protein

SQSTM1 sequestosome 1

ULK unc-51 like autophagy activating kinase.
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