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a b s t r a c t

During autophagy, the microtubule-associated protein light chain 3 (LC3), a specific autophagic marker in
mammalian cells, is processed from the cytosolic form (LC3-I) to the membrane-bound form (LC3-II). In
HEK293 cells stably expressing FLAG-tagged LC3, activation of protein kinase C inhibited the autophagic
processing of LC3-I to LC3-II induced by amino acid starvation or rapamycin. PKC inhibitors dramatically
induced LC3 processing and autophagosome formation. Unlike autophagy induced by starvation or rap-
amycin, PKC inhibitor-induced autophagy was not blocked by the PI-3 kinase inhibitor wortmannin.
Using orthophosphate metabolic labeling, we found that LC3 was phosphorylated in response to the
PKC activator PMA or the protein phosphatase inhibitor calyculin A. Furthermore, bacterially expressed
LC3 was directly phosphorylated by purified PKC in vitro. The sites of phosphorylation were mapped to
T6 and T29 by nanoLC-coupled tandem mass spectrometry. Mutations of these residues significantly
reduced LC3 phosphorylation by purified PKC in vitro. However, in HEK293 cells stably expressing LC3
with these sites mutated either singly or doubly to Ala, Asp or Glu, autophagy was not significantly
affected, suggesting that PKC regulates autophagy through a mechanism independent of LC3
phosphorylation.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Macroautophagy, referred to here as autophagy, is a dynami-
cally regulated process for the degradation of damaged organelles,
as well as aggregation-prone and long-lived proteins in cells [1,2].
The molecular basis of autophagy has been extensively studied in
yeast [3]. Two ubiquitin-like conjugation systems are essential
for autophagosome formation [4]. One mediates the covalent
attachment of Atg12 to Atg5, and the other mediates the conjuga-
tion of Atg8 to phosphatidylethanolamine (PE). At the initiation of
autophagy, Atg5–Atg12 conjugates are deposited at the Phago-
phore Assembly Sites (PAS). Atg5–Atg12 conjugates act in an E3-
like manner to facilitate the conjugation of Atg8 to PE [5]. Atg8 is
thus covalently linked to PE on the outer surface of PAS. In mam-
malian cells, microtubule-associated protein light chain 3 (LC3), a
homologue of yeast Atg8, is the only known Atg protein associated
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with mature autophagosome [6]. The carboxyl terminal region of
LC3 is cleaved by a cysteine protease (Atg4) to generate a soluble,
cytosolic form termed as LC3-I [7]. The PE-conjugated LC3-I,
known as LC3-II, covalently decorates both the inside and outside
of autophagosome membranes [6]. Thus, LC3-II serves as a specific
marker for autophagy in mammalian cells.

Autophagy is regulated by a number of pathways. Mammalian
target of rapamycin (mTOR) is a key regulator of autophagy,
although the mTOR effectors that regulate autophagy have not been
identified. Phosphatidylinositol-3-kinase (PI3K), phosphatase and
tension homologue (PTEN), 3-phosphoinositide-dependent protein
kinase-1 (PDK1), protein kinase B (PKB), as well as tuberous sclero-
sis 1 and 2 (TSC1 and TSC2) are upstream regulators of the mTOR
pathway [8]. Autophagy can also be induced by the product of class
III PI3K, phosphatidylinositol 3-phosphate [9]. Signaling pathways
mediated by eukaryotic initiation factor-2 alpha (eIF2a) kinases
[10], protein kinase A (PKA) [11], Ca2+/calmoduline dependent
kinase II [12], and MAP kinases such as p38 and ERK [13] also
regulate autophagy.

In the present study, we found that activation of protein kinase
C significantly attenuated starvation- or rapamycin-induced LC3
processing. The formation of autophagosomes in response to star-
vation or rapamycin was blocked by PKC activators. Consistent
with this, PKC inhibitors dramatically induced LC3 processing
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and autophagosome formation. PKC phosphorylated LC3 both
in vivo and in vitro. The sites of phosphorylation were mapped to
T6 and T29 on LC3. Mutations of these residues significantly re-
duced LC3 phosphorylation by purified PKC in vitro. However, in
HEK293 cells stably expressing LC3 with these sites mutated either
singly or doubly to Ala, Asp or Glu, autophagy was not significantly
affected, suggesting that PKC regulates autophagy through a mech-
anism independent of LC3 phosphorylation.

2. Materials and methods

2.1. Reagents and constructs

[c-32P]ATP (3000 Ci/mmol), [32P]-orthophosphate (370 MBq/
ml), ECL reagents, GSTrap™ HP columns, pGEX-4T-3 vector, and
thrombin were purchased from Amersham Biosciences (Piscata-
way, NJ). Glutathione, 1,2-Diacyl-sn-glycero-3-phospho-L-serine,
1,2-Dioctaboyl-sn-glycero, anti-FLAG antibody, anti-FLAG-conju-
gated (M2) agarose, bisindolylmaleimide I (Bis I), thymeleatoxin,
Ingenol 3, 20-dibenzoate (IDB), and phorbo-12-myristate-13-ace-
tate (PMA) were from Sigma (St. Louis, MO). Wortmannin, rottlerin
(Rot), rapamycin, calyculin A, Bafilomycin A1, purified rat brain
protein kinase C (PKC), and purified recombinant PKC isoforms
were from Calbiochem (San Diego, CA). Restriction enzymes, DNA
modifying enzymes, cell culture medium and reagents, Geneticin,
and isopropyl b-D-thiogalactoside were from Invitrogen (Carlsbad,
CA). FuGENE 6 and protease inhibitor cocktail tablets were from
Roche (Indianapolis, IN). pCMV-2A vector, QuickChange Site-Direc-
ted Mutagenesis Kit, and BL 21 Escherichia coli were from Strata-
gene (La Jolla, CA). Rat microtubule-associated protein 1 light
chain 3 (LC3) was cloned by PCR amplification of rat brain cDNA
with primers GCAAGCTTATGCCGTCCGAGAAGACCTTCA, which
contains a Hind III site, and GCGGATCCGGATGGTCTGAGTGTCA-
CAGTGG, which contains a BamH I site. The PCR product was se-
quenced and cloned into pCMV-2A, which adds a FLAG-tag at the
N-terminus of LC3. LC3 cDNA was also cloned into the pGEX-4T-
3, a GST fusion protein expression vector containing an N-terminal
GST tag. Mutations of T6 and/or T29 of rat LC3 were performed
with the QuickChange Site-Directed Mutagenesis Kit using the
wild-type constructs (pCMV-2A-LC3 or pGEX-4T-3-LC3). All con-
structs were verified by DNA sequencing.

2.2. Purification of GST-LC3 and LC3 mutants

The pGEX-4T-3-LC3 or its mutant constructs were transformed
into BL 21 E. coli bacterial, and fusion protein production was in-
duced with 1 mM IPTG for 2 h at 30 �C. Cells were collected and
dissolved in BugBuster protein extraction reagent (EMD Chemicals,
Inc., San Diego, CA) containing protease inhibitor cocktail tablets
for 20 min at room temperature. The resulting lysate was clarified
by centrifugation, and fusion proteins were purified with GSTrap™
HP columns according to the manufacturer’s instructions.

2.3. In vitro phosphorylation of LC3 by PKC

Recombinant GST-LC3, its mutants or histone H1 (1 lg) were
incubated with 0.5 unit purified PKC or various recombinant PKC
isoforms in reaction buffer containing 20 mM HEPES, pH 7.5,
10 mM MgCl2, 2 mM CaCl2, 100 lM ATP, 5 lCi of [c-32P]ATP,
100 lg/ml of phosphatidylserine (1,2-Diacyl-sn-glycero-3-phos-
pho-L-serine), and 10 lg/ml of DOG(1,2-Dioctaboyl-sn-glycero) in
a final volume of 50 ll. The reaction was started by the addition
of [c-32P]ATP. After incubation for 15 min at 30 �C, reactions were
terminated by the addition of 10 ll of 6� sample buffer and boiling
for 5 min. Proteins were separated by SDS–PAGE on a 12.5% gel and
transferred onto PVDF membranes. The incorporation of 32P into
LC3 or its mutants was visualized by autoradiograph.

2.4. In vivo phosphorylation of LC3

HEK293 cells stably expressing FLAG-LC3 or its mutants were
grown in 10-cm dishes. After cells were washed six times with
phosphate-free EBSS and preincubated in phosphate-free EBSS
for 2 h, fresh phosphate-free EBSS containing 0.2 mCi/ml of [32P]-
orthophosphate was added. Thirty minutes later, 1 lM PMA were
added. After incubation for 2 h at 37 �C, the cells were washed
twice with ice-cold phosphate-free EBSS, and immediately lysed
for 20 min on ice with cold lysis buffer containing 1% Triton X-
100, 10 mM Tris–HCl, pH 7.6, 50 mM NaCl, 30 mM sodium pyro-
phosphate, 50 mM NaF, 5 mM EDTA, 0.1 mM Na3VO4 and protease
inhibitors. After cell lysates were centrifuged for 30 min at 4 �C at
16,000g, supernatant fractions were immunoprecipitated with
anti-FLAG M2-agarose affinity resin for 4 h at 4 �C. The immuno-
precipitates were washed six times with ice-cold lysis buffer, sep-
arated on 12.5% SDS–PAGE, and transferred onto PVDF membrane.
Autoradiograph was carried out to visualize radiolabeled proteins.
After autoradiography, the membranes were blotted with anti-
FLAG to verify LC3 expression.

2.5. Identification of LC3 phosphorylation sites by mass spectrometry

293/LC3 cells treated with calyculin A (100 nM for 2 h) were
lysed and anti-FLAG immunoprecipitates were separated by SDS–
PAGE. Coomassie blue-stained LC3-I and LC3-II bands were excised
and digested in-gel with trypsin. The resulting peptides were ana-
lyzed by reverse phase liquid chromatography-tandem mass spec-
trometry (LC-MS/MS). GST-LC3 was phosphorylated in vitro by
purified PKC from rat brain. After separation by SDS–PAGE and
staining with Coomassie Blue G-250, the GST-LC3 band was cut
from the gel and fully trypsinized as described [14]. The tryptic
peptides were extracted and analyzed as previously reported [15]
using an LTQ-Orbitrap hybrid mass spectrometer (Thermo Finni-
gan, San Jose, CA).

3. Results

3.1. Activation of protein kinase C attenuates autophagy

As LC3 is a specific marker for autophagy in mammalian cells
[6], we generated HEK293 cells stably expressing N-terminal
FLAG-tagged LC3 (293/LC3 cells). When these cells were treated
with amino acids starvation or 50 nM rapamycin for 2 h, two
well-known conditions that induce autophagy, the amount of
LC3-II was dramatically increased. Wortmannin (0.5 lM), a PI-3 ki-
nase inhibitor that blocks autophagy induced by starvation and
rapamycin [16], almost completely abolished the processing of
LC3 to the lapidated form, LC3-II (Supplementary Fig. 1A). These
data showed that 293/LC3 cell is a valid mammalian cell model
to study autophagy.

In a screen for inhibitors of autophagy, we found that activa-
tion of protein kinase C (PKC) significantly inhibited autophagy
induced by starvation or rapamycin. PMA, an activator of all con-
ventional, novel, and atypical PKC isoforms, marked attenuated
the conversion of LC3-I to LC3-II by starvation or rapamycin.
Thymeleatoxin (Thy), an activator of conventional PKCs and Inge-
nol 3, 20-dibenzoate (IDB), a more selective activator of novel
PKC, also significantly blocked autophagy (Fig. 1A and B). All
three PKC activators also significantly reduced the basal level of
LC3-II (Fig. 1C). We found that autophagy induced by starvation
or rapamycin was inhibited in a dose-dependent manner by
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Fig. 1. Protein kinase C significantly attenuates autophagy. (A–C) 293/LC3 cells were treated with PKC activators phorbol-12-myristate-13-acetate (PMA, 1 lM),
thymeleatoxin (Thy, 1 lM), or Ingenol 3, 20-dibenzoate (IDB, 1 lM) at the same time with amino acids starvation (2 h) (A) or rapamycin (50 nM for 2 h) (B) or vehicle (C). PKC
activators significantly reduced the autophagic conversion of LC3-I to LC3-II that was induced by starvation (A) or rapamycin (B). Basal level of LC3 processing was also
significantly decreased by these PKC activators (C). (D and E) 293/LC3 cells were treated with PKC inhibitors bisindolylmaleimide I (Bis I, 2 lM for 2 h) (D) or rottlerin (Rot,
2 lM for 2 h) (E) in the absence or presence of 0.5 lM wortmannin. PKC inhibitors markedly increased autophagy; the effect was not blocked by wortmannin. (E) 293/LC3
cells were treated with starvation or 50 nM rapamycin with or without 1.5 lM Bis I or rottlerin for 1 h. PKC inhibitors exhibited additive effects on autophagy induced by
starvation or rapamycin. Con, control. All experiments were repeated at least three times with similar results.
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PMA from 1 nM to 1 lM (Supplementary Fig. 2A). Consistent with
these finding, various protein serine/threonine phosphatase inhib-
itors markedly attenuated autophagy induced by starvation or
rapamycin in a dose-dependent manner (Supplementary
Fig. 1B–D). Furthermore, we found that PKC inhibitors induced
Fig. 2. The effects of PKC inhibitors and activators on the formation of autophagosomes.
1 lM PMA (C) for 2 h and co-stained for FLAG-LC3 (green) and DNA (red). Autophagosom
PKC activator PMA. (D–F) Starvation-induced increase in autophagosomes (D) was gre
Increased formation of autophagosomes induced by rapamycin (Rapa, 50 nM, 2 h) (G
experiments were repeated at least three times with similar results. (For interpretation
article.)
autophagy. The broad-spectrum PKC inhibitor bisindolylmaleim-
ide I (Bis I) induced the autophagic conversion of LC3-I to LC3-II
(Fig. 1D). Similarly, rottlerin (Rot), a potent inhibitor of PKCd also
induced autophagy (Fig. 1E). However, autophagy induced by PKC
inhibitors such as Bis I or Rot was not significantly inhibited by
(A–C) 293/LC3 cells were treated without (Con, A) or with 2 lM rottlerin (Rot, B) or
e formation was greatly increased by the PKC inhibitor rottlerin and blocked by the

atly blocked by wortmannin (Wort, 0.5 lM, 2 h) (E) or PMA (1 lM, 2 h) (F). (G–I)
) was markedly blocked by wortmannin (H) or PMA (I). Scale bar, 10 lM. The
of color mentioned in this figure the reader is referred to the web version of the
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raphy of FLAG immunoprecipitates. Similar results were obtained from three
independent experiments.
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the PI-3 kinase inhibitor wortmannin (Fig. 1D and E). This is in
sharp contrast to autophagy induced by starvation or rapamycin,
which was potently inhibited by wortmannin (Supplementary
Fig. 1A). The results suggest that autophagy induced by PKC
inhibitors is not dependent on the PI-3 kinase pathway. Consis-
tent with this, the effects of PKC inhibitors and starvation/rapa-
mycin appeared to be additive. As shown in Fig. 1F, Bis I or Rot
significantly increased the levels of LC3-II over the level induced
by starvation or rapamycin. We found that both PKC inhibitors in-
duced autophagy in a time- and dose-dependent manner (Supple-
mentary Fig. 2B and C).

3.2. Protein kinase C regulates autophagosome formation

To confirm our findings, we used immunocytochemistry to
monitor the formation of autophagosomes in 293/LC3 cells. LC3
staining showed a small amount of autophagosomes at the basal
condition (Fig. 2A). After the cells were treated with the PKC inhib-
itor rottlerin (2 lM) for 2 h, the amount of LC3+ autophagosomes
greatly increased (Fig. 2B). The PKC activator PMA (1 lM for 2 h)
significantly reduced the basal level of autophagosomes (Fig. 2C)
and markedly attenuated autophagosome formation in response
to starvation (Fig. 2, F vs. D) or rapamycin (Fig. 2, I vs. G). The effi-
cacy of PMA appeared to be comparable to wortmannin, which
inhibited autophagy induced by starvation (Fig. 2E) or rapamycin
(Fig. 2H). Thus, activation of PKC blocked autophagosome forma-
tion while inhibition of PKC increased the formation of
autophagosomes.

3.3. LC3 is phosphorylated in vivo on T6 in response to PMA or calyculin A

Inspection of the amino acid sequence of LC3 with NetPhos 2.0
revealed several potential PKC phosphorylation sites on LC3 [17].
To test whether LC3 is phosphorylated, we performed orthophos-
phate metabolic labeling assays in 293/LC3 cells. FLAG-tagged
LC3 was immunoprecipitated with anti-FLAG-conjugated (M2)
agarose from metabolically [32P]-labeled 293/LC3 cells. [32P]-phos-
phate incorporation into LC3 was examined by autoradiography.
As shown in Fig. 3A (left panel), LC3-II phosphorylation was
dramatically increased in response to the PKC activator PMA,
compared to that in untreated cells. PMA-induced LC3-I phosphor-
ylation was much less pronounced. Similarly, the protein phospha-
tase inhibitor calyculin A (CA) significantly increased LC3
phosphorylation, although the increase on LC3-I was more marked
than that in LC3-II. Western blotting using anti-FLAG showed that
the immunoprecipitates contained comparable levels of FLAG-LC3
(Fig. 3A, right panel).

To determine phosphorylation site(s) in LC3, immunoprecipi-
tated FLAG-LC3 from 293/LC3 cells treated with CA was separated
on SDS–PAGE, the FLAG-LC3 band was cut out and analyzed by
trypsin digestion followed by nanoLC-coupled tandem mass spec-
trometry. After database search, we identified one phosphorylation
site with a mass shift of 80 Da (LMPSEKT6FR). Assignment of prod-
uct ions indicated the characteristic neutral loss of phosphoric acid
from the phosphopeptide during fragmentation and that the phos-
phorylation site was Thr6 (Fig. 3B). To further confirm the phos-
phorylation of Thr6 on LC3, the site was mutated to alanine and
293/LC3-T6A stable cell line was generated. As shown in Fig. 3C,
phosphorylation of LC3 in response to CA or PMA was significantly
decreased in 293/LC3-T6A cells compared to that in 293/LC3 cells.

3.4. LC3 is phosphorylated by PKC in vitro on T6 and T29

Next, we performed in vitro phosphorylation assays to investi-
gator whether PKC directly phosphorylates LC3. GST-LC3 fusion
protein expressed in E. coli was purified and used as a substrate
for purified PKC from rat brain (Calbiochem). As shown in
Fig. 4A, LC3 was phosphorylated by PKC in a time-dependent man-
ner. The bands were cut out and measured in a scintillation counter
for incorporation of 32P, which reached a plateau at 60 min
(Fig. 4B). Thus, we used 2 h for subsequent in vitro phosphorylation
experiments. Phosphorylation of bacterially purified GST-T6A mu-
tant of LC3 was significantly less than the wild-type protein
(Fig. 4C, left panel), suggesting that T6A is indeed phosphorylated
by PKC. However, compared to histone H1, LC3 phosphorylation
by PKC was rather weak (Fig. 4C, left panel). Equal loading of sub-
strates was shown in the Coomassie blue staining of the gel
(Fig. 4C, right panel), which also indicated the incomplete cleavage
of the GST fusion proteins by thrombin, despite repeated trials at
many conditions. The low level of LC3 phosphorylation by purified
PKC from rat brain led us to examine whether certain PKC isoforms
are more efficient in phosphorylating LC3. We tested various con-
ventional (a, bI, bII, c), novel (d, e, h, g) and atypical (i, n) PKC iso-
forms (Calbiochem) and found that most of them phosphorylated
GST-LC3 to similar degree, except PKCbII, which phosphorylated
GST-LC3 very weakly (Supplementary Fig. 3).
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To identify PKC phosphorylation site(s) on LC3, GST-LC3 phos-
phorylated by PKC in the presence of non-radioactive ATP in vitro
was analyzed by nanoLC-coupled MS/MS. Two phosphorylation
sites, (LMPSEKT6FR) and (EQHPT29KIPVIIER) with a mass shift of
80 Da were identified (Fig. 4D). To confirm that both T6 and T29
can be phosphorylated by PKC, we generated bacterially purified
GST fusion proteins of the T6A, T29A and T6A/T29A mutant LC3.
In vitro phosphorylation of LC3 and its mutants by PKC showed
that phosphorylation of LC3 was significantly reduced by T6A or
T29A mutation and completely abolished by the T6A/T29A double
mutations. Thus, PKC indeed can phosphorylate LC3 on T6 and T29.

To test whether LC3 phosphorylation on T6 and T29 affect
autophagy, we generated stable HEK293 cell lines expressing a ser-
ies of LC3 mutants. The T6A, T29A, and T6,29A mutants cannot be
phosphorylated on T6, T29 or both sites, while the T6D, T29D,
T6,29D, T6E, T29E, and T6,29E mutants mimic phosphorylation
on either or both sites. Overexpression of these LC3 mutants did
not significantly change autophagy induced by rapamycin or star-
vation, and did not appreciably alter the effects of PKC activators
and inhibitors on autophagy (Supplementary Fig. 4).
4. Discussion

LC3 was initially identified as a microtubule-associated protein.
It can bind to MAP1A and MAP1B, as well as directly to the tubulin
polymer [18]. Later studies have found that LC3 plays a significant
role in autophagy. In a study using GFP-LC3 transgenic mice, both
LC3-I and LC3-II are shown to bind to MAP1B in the brain [19].
Overexpression of MAP1B reduces LC3-II levels and the number of
autophagosomes, whereas phosphorylated MAP1B is seen on
GFP-LC3+ autophagosomes. Together, these studies suggest that
the dual functions of LC3 in binding microtubules and covalently
decorating autophagosomes may be connected [20]. Our results
showed that activation of PKC significantly attenuated autophagy
induced by starvation or rapamycin, while inhibition of PKC mark-
edly increased autophagy (Figs. 1 and 2). Consistent with these, pro-
tein serine/threonine phosphatases inhibitors such as calyculin A or
okadaic acid markedly reduced autophagy (Supplementary Fig. 1).
Because of the dual actions of LC3 in microtubule-binding and
autophagy, we tested whether LC3 can be phosphorylated. Our data
showed that LC3 phosphorylation in 293/FLAG-LC3 cells was signif-
icantly increased in response to PMA or calyculin A (Fig. 3A). We
found that purified LC3 could be directly phosphorylated by purified
PKC in vitro on T6 and T29 by PKC (Fig. 4). Mutations of both sites to
alanine totally abolished LC3 phosphorylation by PKC in vitro
(Fig. 4E). Thus, T6 and T29 are the major sites of phosphorylation
on LC3 by PKC. The sequence context of T6 (KTFK) conforms to the
consensus PKC phosphorylation sites (T/SXR/K), while the sequence
context of T29 (PTKI) does not fit very well. Both sites are located in
solvent-accessible positions at the N-terminal region of LC3, which
belongs structurally to the ubiquitin family of proteins [21].

When we mutated T6 and T29 either individually or both to ala-
nine, aspartic acid or glutamic acid, the autophagic conversion of
LC3-I to LC3-II was not significantly affected in HEK293 cells
(Supplementary Fig. 4). The simplest interpretation is that the
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phosphorylation states of LC3 on T6 and T29 are not critical for
autophagy; other proteins are responsible for the effects of PKC
and protein phosphatase inhibitors in their regulation of autophagy.
However, the presence of endogenous LC3 in HEK293 cells might
have confounded this simple explanation. Because endogenous
LC3 is fully capable of supporting autophagy, it appears that overex-
pression of LC3 phosphomutants did not exert a dominant-negative
action to affect autophagy in any significantly manner. To address
this possibility, it is necessary to replace endogenous LC3 with a mu-
tant that cannot be phosphorylated by PKC. Such a knock-in exper-
iment would be beyond the scope of the present study.

5. Conclusion

We found that activation of protein kinase C inhibited autoph-
agy, while inhibition of protein kinase C increased autophagy.
Although PKC directly phosphorylated LC3 in vivo and in vitro on
T6 and T29, mutations of either or both sites do not significantly
affect autophagy.
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Supplementary Figures: 

Fig. S1. Protein Serine/Threonine phosphatase inhibitors block autophagy. (A) HEK293 cells stably 

expressing N-terminal FLAG-tagged rat microtubule-associated protein light chain 3 (293/LC3 cells) 

were treated with amino acids starvation (left panel) or 50 nM rapamycin (right panel) for 2 hr in the 

absence or presence of 0.5 μM Wortmannin (wort). (B) 293/LC3 cells were treated with starvation or 50 

nM rapamycin for 2 hr without or with the protein phosphatase inhibitor calyculin A (CA, 100 nM). (C) 

293/LC3 Cells were treated with starvation or 50 nM rapamycin and CA for 2 hr at the concentrations 

indicated. (D) 293/LC3 cells were treated with starvation (upper panel) or 50 nM rapamycin (lower panel) 

for 2 hr in the absence or presence of 0.5 μM Okadaic acid (OA), 50 nM Microcystin LR, 100 nM CA, 50 

μM Endothall and 10 μM FK-506. Anti-FLAG immunoblots of total cell lysates showed the processing of 

LC3 to LC3-I and LC3-II as indicated. Tubulin blots showed equal loading. Similar results were obtained 

from at least three independent experiments. Con, control. 

 

Fig. S2. Dose response of the effects of PKC activators and inhibitors on autophagy. (A) 293/LC3 cells 

were treated without or with starvation (left panel) or rapamycin (50 μM, right panel) in the presence of 

PMA at the concentrations indicated for 2 hr. In a dose-dependent manner, PMA attenuated autophagy 

induced by starvation or rapamycin. (B-C) 293/LC3 cells were incubated with PKC inhibitors 

bisindolylmaleimide I (Bis I) or Rottlerin (Rot) at 2 μM for various durations (B) or treated for 2 h at the 

concentrations indicated (C). Both PKC inhibitors increased autophagy in a time- and dose-dependent 

manner.  

 

Fig. S3. LC3 is phosphorylated by various PKC isoforms in vitro. (A) In vitro phosphorylation of GST-

LC3 (1 �g) by various purified recombinant PKC isoforms (0.5 unit each). (B) Enzymatic activities of 

recombinant PKC isoforms (0.5 unit each) were monitored by the phosphorylation of histone H1 (1 �g). 

Con, boiled PKC� was used as control. Similar results were obtained from three independent experiments. 
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Fig. S4. Phosphorylation LC3 on T6 and T29 does not significantly affect autophagy. We generated 

HEK293 stably expressing LC3 mutants cell lines, T6A, T6D, T6E, T29A, T29D, T29E, T6A and T29A 

(T6A,T29A), T6D and T29D (T6D,T29D), and T6E and T29E (T6E,T29E). Cells were treated with 2.5 

μM Rottlerin, 50 nM Rapamycin or starvation in the absence or presence of 1 μM PMA. Western blots of 

total cell lysates using antibody against FLAG. The positions of LC3-I and LC3-II are indicated. Similar 

results were obtained from at least three independent experiments. Con, control. 
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