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Macroautophagy (hereafter autophagy) is a lysosomal cata-
bolic pathway that controls cellular homeostasis and survival. It
has recently emerged as an attractive target for the treatment of
a variety of degenerative diseases and cancer. The targeting of
autophagy has, however, been hampered by the lack of specific
small molecule inhibitors. Thus, we screened two small mole-
cule kinase inhibitor libraries for inhibitors of rapamycin-in-
duced autophagic flux. The three most potent inhibitors identi-
fied conferred profound inhibition of autophagic flux by
inhibiting the formation of autophagosomes. Notably, the
autophagy inhibitory effects of all three compounds were inde-
pendent of their established kinase targets, i.e. ataxia telangiec-
tasia mutated for KU55933, protein kinase C for Gö6976, and
Janus kinase 3 for Jak3 inhibitor VI. Instead, we identified phos-
phatidylinositol 3-kinase (PtdIns3K) as a direct target of
KU55933 and Gö6976. Importantly, and in contrast to the cur-
rently available inhibitors of autophagosome formation (e.g.
3-methyladenine), none of the three compounds inhibited the
cell survival promoting class I phosphoinositide 3-kinase-Akt
signaling at the concentrations required for effective autophagy
inhibition. Accordingly, they proved to be valuable tools for
investigations of autophagy-associated cell death and survival.
Employing KU55399, we demonstrated that autophagy protects
amino acid-starved cells against both apoptosis andnecroptosis.
Taken together, our data introduce new possibilities for the
experimental study of autophagy and can form a basis for the
development of clinically relevant autophagy inhibitors.

Autophagy is an intracellular degradative process by which
cells recycle macromolecules and organelles (1–4). In this
process, cellular material is sequestered in double membrane
vesicles termed autophagosomes that fuse with lysosomes to
form autolysosomes, in which the cargo is exposed to acidic
hydrolases. Autophagy is essential for energy homeostasis and
removal of damaged organelles and protein complexes during
various kinds of stresses, such as starvation, growth factor dep-
rivation, hypoxia, and DNA damage. It is also involved in phys-

iological processes like development, immunity, and aging as
well as in various diseases including neurodegenerative disor-
ders and cancer. Whereas autophagy clearly has a beneficial
effect in preventing many degenerative disorders, its role in
cancer is more complex. It can function as a tumor suppressor
mechanism, and yet it can also promote tumor growth by pro-
tecting cancer cells against the hostile tumor environment and
antineoplastic drugs (5, 6).
Themammalian target of rapamycin complex 1 (mTORC1)3

serine/threonine kinase integrates information on cell meta-
bolic, growth, and stress status to regulate biosynthetic path-
ways and autophagy (7, 8). It activates biosynthetic pathways
and inhibits autophagy in response to various growth factors via
MAPK/ERK and class I phosphoinositide 3-kinase (PI3K)/Akt-
dependent pathways. On the other hand, when the energy lev-
els are low or cells are exposed to a wide range of other stresses,
AMP-activated protein kinase (AMPK) represses mTORC1
activity thereby inducing autophagy and inhibiting protein syn-
thesis (9). mTORC1 controls autophagy partly by inhibiting
unc51-like kinases (ULK1 and ULK2), whose activation is
essential for the nucleation of the isolation-membrane that
eventually forms the autophagosome (10). This early step is
dependent on the generation of phosphatidylinositol 3-phos-
phate (PtdIns(3)P) synthesized by the autophagy-specific phos-
phatidylinositol 3-kinase (PtdIns3K) complex, which consists
of the catalytic subunit Vps34 and its regulators Vps15, Beclin1,
and Atg14L (11). The ubiquitin-like molecules Atg12 and
microtubule-associated protein 1 light chain 3 (LC3 or Atg8)
together with their corresponding conjugation systems are
essential for the expansion of the isolation membrane. LC3 is
present on the membranes of the completed autophagosome
and gets degraded in the autolysosome along with the mem-
branes. The degradation of LC3 can thus serve as a marker for
the autophagic flux (12, 13).
Because of its involvement in many pathological processes,

autophagy is an utmost attractive drug target. Rapamycin, lith-
ium, and chloroquine are the first examples of old drugs that are
entering the clinics for new indications as regulators of
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autophagy (14, 15). Rapamycin and lithium are mTORC1
dependent and independent inducers of autophagy, respec-
tively. As relatively safe drugs, they may prove useful in the
treatment of various degradative disorders. The anti-malaria
drug chloroquine inhibits autolysosomal degradation by dis-
rupting the lysosomal pH gradient and it is presently the pre-
ferred drug for autophagy inhibition in clinical trials for cancer
treatment. In experimental studies, the potent vacuolar
H�-ATPase inhibitors concanamycin A and bafilomycin A are
commonly used to block the autolysosomal degradation,
whereas 3-methyladenine (3-MA), LY-294002 and wortman-
nin that inhibit PtdIns3K and class I PI3Ks, are the standard
drugs for the inhibition of autophagosome formation (12).
Chloroquine and vacuolar H�-ATPase inhibitors block the lys-
osomal function and are therefore very unspecific autophagy
inhibitors with major negative impact on cell growth and sur-
vival. On the other hand, the above-mentioned PtdIns3K/PI3K
inhibitors show little or no selectivity toward PtdIns3K over
class I PI3Ks greatly complicating their use in studies related to
cell growth and survival (16, 17). Taken together, there is an
acute need for more specific autophagy inhibitors both in the
autophagy research community and the clinic.
To identify novel autophagy inhibitors, we screened two

small molecule kinase inhibitor libraries containing a total of
159 compounds for inhibitors of autophagic flux by a Renilla
luciferase (RLuc)-based assay for LC3 turnover (13).We further
validated and characterized the three most potent autophagy
inhibitors identified in the screen; KU55933 that was originally
introduced as a specific inhibitor of ataxia telangiectasia-mu-
tated (ATM) (18), a broad spectrum protein kinase C inhibitor
Gö6976 and Janus 3 kinase (Jak3) inhibitor VI. All inhibitors
effectively inhibited rapamycin-induced LC3 translocation at
low micromolar concentrations indicating that they function
downstream of mTORC1 and upstream of LC3 translocation.
Notably, none of the compounds inhibited autophagy through
their known target kinases. Employing PtdIns3K activity assays
in living cells and in vitro, we identified KU55933 and Gö6976
as direct and effective inhibitors of PtdIns3K. Contrary to the
known inhibitors of autophagosome formation discussed
above, the effective concentrations of the three inhibitors iden-
tified here did not affect the activity of class I PI3K or cell via-
bility. Exploiting these properties we demonstrated that they
are highly suitable for studies related to the role of autophagy on
cell death and survival.

EXPERIMENTAL PROCEDURES

Cell Culture, Transfections, andRetroviral Infections—MCF7
human breast carcinoma cells, MCF7 cells expressing Renilla
luciferase (RLuc) carrying a C124Amutation fused to wild type
(MCF7-RLuc-LC3wt) and G120A-mutated (MCF-RLuc-
LC3G120A) LC3 (13) and MCF7 cell expressing enhanced
green fluorescent protein (eGFP) fused to LC3 (MCF7-eGFP-
LC3; (19)) were grown in RPMI 1640 (Invitrogen, 61870) sup-
plemented with 6% fetal calf serum, penicillin, and streptomy-
cin. MCF7, HeLa human cervical adenocarcinoma and U-2-OS
human osteosarcoma cells expressing the ecotropic receptor
(EcoR) were grown in DMEM (Invitrogen, 31966) supple-

mented with 10% fetal calf serum, non-essential amino acids
(Invitrogen, 11140), penicillin, and streptomycin.
The human cell lines expressing EcoR were produced by ret-

roviral infection of amphotropically packed virus produced
from the plasmid pWZL-Neo-EcoR (Gift from Kristian Helin,
BRIC, Copenhagen, Denmark). Retroviral infection of EcoR-
positive cells with pBabe-vectors containing RLuc-LC3wt and
RLuc-LC3G120A encoding inserts, were performed essentially
as described (20). Similarly, ATM RNAi was accomplished by
retroviral expression of a short hairpin specific for ATM in
U-2-OS-EcoR cells (21). MCF7-eGFP-2xFYVE-D4 single cell
clonewas created by limiting dilution ofMCF7 cells transfected
with a plasmid encoding for eGFP fused to two PtdIns(3)P-
binding FYVE domains (kindly provided by Harald Stenmark,
Norwegian Radium Hospital, Oslo, Norway) and selected in
400 �g/ml geneticin (Invitrogen, G-418).
Reagents and Treatments—The following reagents were

used: Small molecule kinase inhibitor library-I and II (Calbi-
ochem, Cat. 539744 and 539745), KU55933 (Tocris Biosci-
ences, Cat. 3544), Gö6976 (Tocris Biosciences, Cat. 2253),
CP466722 (Axon Medchem, axon 1495), LY294002 (Sigma,
L9908), Jak3 Inhibitor VI (Calbiochem, 420126), Rapamycin
(Sigma R0395), 3-MA (Sigma, M9281), zVAD-fmk (Bachem,
Switzerland), concanamycin A (Sigma) Necrostatin-1 (Sigma
N9037). Ionizing radiation (IR)was deliveredwith an x-ray gen-
erator (Pantak, Berkshire, UK; HF160; 150 kV, 15 mA and dose
rate of 2.18 Gy/min). Starvation was performed in Hanks bal-
anced salt solution (HBSS) (Invitrogen, 14025) following two
washes inHBSS.When inhibitorswere used theywere included
in the respective washing buffers.
Autophagy Assays—RLuc reporter assays for autophagic flux

were performed either in cell lysates or live cells essentially as
described previously (13). Briefly, RLuc-LC3wt and RLuc-
LC3G120A-expressing cells were plated 24 h before treatment
at a density of 2.4� 104 cells/cm2 in the even and uneven num-
bered columns in 96 wells plates respectively. The cells lysed in
40 �l of passive lysis buffer (Promega; E1941) at the end of the
treatment were subjected to a single freeze/thaw cycle, and 6�l
of each lysate was transferred to corresponding wells in a white
half-volume 96-well dish (Costar 3693). The luminescence
reaction was started by addition of 80 �l of freshly made assay
buffer (100 mM Tris/HCl pH 7.4, 300 mM sodium ascorbate, 25
�M Coelenterazine (Synchem s053), and the luminescence was
measured in an EnSpire™ 2300 multilabel reader (Perkin
Elmer). The live cell assay was performed by similar plating of
3.0 � 104 cells/cm2 cells in white 96-well dishes (No. 136101,
Nunc). EndurenTM was used at a final concentration of 50 nM.
The luminescence was measured in a Varioskan Flash plate-
reader (Thermo Electron Corporation).
The accumulation of autophagosomes (eGFP-positive

puncta) was analyzed in MCF7-eGFP-LC3 cells fixed in 3.7%
formaldehyde applying inverted Zeiss Axiovert microscope
with 20�magnification. The average number of eGFP-positive
puncta/cell was obtained by counting a minimum of 39 ran-
domly chosen cells/sample.
Screening of Small Molecule Libraries for Autophagy

Inhibitors—Screens of small molecule kinase inhibitor libraries
were performed using the RLucLC3-assays described above.

Identification of Novel Autophagy Inhibitors

NOVEMBER 11, 2011 • VOLUME 286 • NUMBER 45 JOURNAL OF BIOLOGICAL CHEMISTRY 38905



The reporter cells were incubated with 100 nM rapamycin in
combination with library compounds (2 �M) in duplicate.
Reporter activities in samples treated with library I and II were
measured in live cells after 12 h of treatment and in lysates after
6 h of treatment, respectively.
Plasmid Construction—The plasmid encoding VPS34wt

with an NH2-terminally located Strep-tag (pStrep-VPS34wt)
was created by PCR amplification of the VPS34 open reading
frame from an MCF7 cDNA library using primers with EcoR1
and Xho1 restriction sites (underlined) included as 5�-exten-
sions. Upstream primer: ACGTGAATTCGATGGGGGAAG-
CAGAGAAGTTTCAC; downstream primer: TGCATCTCG-
AGTCATTTTCTCCAGTACTGGGCAAAC. The PCR pro-
duct was cut with EcoR1 and Xho1 and inserted into the
corresponding sites in the pEXPR-IBA105 vector (Iba BioTAG-
nology). Amino acid substitutions in the kinase dead pStrep-
VPS34D743N mutant and pStrep-VPS34L750M mutant were
made by site directed mutagenesis using CTATATACTTGG-
AGTTGGAAACAGGCACCTGGATAAC and CACCTGG-
ATAACCTTATGCTAACAAAAACAGGCAAAC primers
together with corresponding antiparallel primers, respectively.
PBabeHygro-RLuc-LC3wt and pBabeHygroRLuc-LC3G120A

were created by transfer of the corresponding inserts in
pRLucLC3wt and pRLucLC3G120A (13) into pBabeHygro (22)
using PCR and the following primers with BamHI and EcoR1
restriction sites in their 5�-ends (underlined): Rluc; TAGCGC-
TGGATCCCGCCACCATGACTTCGAAAGTTTATG and
LC3; TAGACGTGAATTCTCACAAGCATGGCTCTCTTC.
EGFP-2xFYVE Relocalization Assay—PtdIns(3)P in cells

were analyzed with the GFP-2XFYVE relocalization assay (23).
MCF7-eGFP-2xFYVE cells were grown on glass coverslips and
fixed in PBS containing 3.7% formaldehyde. eGFP was visual-
ized using LSM 510 Meta confocal microscope. The average
number of eGFP-2xFYVE puncta/cell was obtained by count-
ing a minimum 50 cells/sample from printed images.
In Vitro VPS34 Activity Assay—Purification of Strep-tagged

Vps34 and the lipid kinase assay were performed essentially as
described in the One-STrEP kit manual (Iba BioTAGnology)
and inRef. 24, respectively. Briefly,MCF7-cells were transiently
transfected with pStrep-VPS34wt, pStrep-VPS34D743N,
pStrep-VPS34L750M, or pEXPR-IBA105 using Fugene HD
(Roche). 48 h later, cells were collected in 1.5-ml Eppendorf
tubes by scraping in PBS. Cell pellets were frozen in liquid
nitrogen and thawed on ice for 15min before addition of 300�l
of lysis buffer (50 mM Tris pH 7.4, 7.5% glycerol, 150 mM NaCl,
1mM EDTA, protease inhibitors (Complete,Mini; Roche))/100
�l pellet. Cells were subjected to two freeze/thaw cycles and
passed 40 times through a 26-gauge needle (20 times up and
down). The obtained lysates were centrifuged at 20,000 � g for
20 min at 4 °C, and the obtained supernatant was allowed to
bind to Strep-Tactin beads in Eppendorf tubes for 60 min at
4 °C with gentle end over end mixing. The beads were washed
three times in lysis buffer and finally once in 2.5� substrate
buffer (75mMTris (pH 7.5), 125mMNaCl, 12.5mMMnCl2, 250
�g/ml phosphoinositol (Sigma, 79403)). The beads were resus-
pended in 2.5� substrate buffer and incubated in half-volume
96-well dish on ice for 15 min. Kinase reactions were started by
the addition of ATP (Sigma, A6559) to a final concentration of

10 �M either with or without simultaneous addition of kinase
inhibitors. Kinase reactions were allowed to proceed for 30min
at 20 °C. Next, reactions were spotted onto a nitrocellulose
membrane, blocked for 1 h in PBS containing 1% low fat dry
milk, and incubated sequentially with 0.5 �g/ml PtdIns(3)P
Grip (Echelon, G-0302) dissolved in PBS containing 0.1%
Tween-20 and 3% BSA (Sigma, A7030) for 2 h, Anti-GST anti-
body (Sigma, G1160) for 2 h and horseradish peroxidase-cou-
pled anti-mouse secondary antibody (Dako). All incubations
were done at 20 °Cwith gentle agitation and separated bywash-
ing steps in PBS containing 0.1%Tween 20. Themembranewas
developed with ECL plus (Amersham BiosciencesTM) in an
ImageQuantTM Las 4000 mini and quantified using ImageJ
software.
Immunoblotting—Cells were extracted in SDS lysis buffer.

Extracts were separated by SDS-PAGE and blotted onto nitro-
cellulose membranes. The primary antibodies used were anti-
ATM (Cell Signaling, no. 2873), anti-p62 (Enzo life Sciences,
BML-PW9860), anti-glyceraldehyde-3-phosphate dehydro-
genase (GAPDH; Serotec, Cat no. 4699-9555), Anti-LC3
(Nanotools, 5F10) anti-�-Actin (Sigma, A2228), Anti-TP53
(DO-1), anti-Phospho-TP53 (Ser-15) (Cell Signaling, 9284),
anti-Beclin1 (BD, 612112), anti Vps34 (cell Signaling, no 3358).
Appropriate peroxidase-conjugated mouse (DAKO A/S,
P0260) and rabbit (Vector Laboratories, PI-1000) secondary
antibodies and ECL Western blotting Detection Reagents (GE
Healthcare, RPN2132) were used for the detection. Immuno-
blot signals were quantified using ImageJ software.
RNAi—Transfection of siRNA was performed with Oligo-

fectamine (invitrogen) according to manufacturer’s instruc-
tions using 27 nMof siRNA.The siRNAswere fromQiagen. The
siRNA against Ulk1 was a mix of Hs-Ulk1–5 and Hs-Ulk1–6
(13.5 nM each). The “AllStars neg. Control siRNA” was used as
negative control.
Cell Viability andCell DeathAssays—Cell death and viability

were monitored by lactate dehydrogenase (LDH) release
(Roche) and 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) reduction assays, respectively, essen-
tially as described previously (25).
Statistical Analysis—One-tailed paired t test (Figs. 1A, 3B

(top), and 4B), one-tailed unpaired t test (Figs. 1B and 4, C and
D), two-tailed paired t test (Figs. 2, B and C and 4A), two-tailed
unpaired t test (Figs. 1C and 3B (bottom)) were used to asses the
statistical significance of the data.

RESULTS

Identification of Small Molecule Inhibitors of Autophagy—
We recently described a luciferase reporter-based assay for
autophagic flux (13). The assay measures autophagy-depen-
dent changes in LC3 turnover. This is accomplished by moni-
toring changes in the ratio of luciferase activities in two parallel
cell lines expressing luciferase fused to wild type and mutant
LC3, respectively. Using this assay, we screened two Calbi-
ochemsmallmolecule kinase inhibitor libraries for inhibitors of
rapamycin-induced autophagy in MCF7 human breast carci-
noma cells (supplemental Figs. S1 and S2).
Two compounds from library I (Gö6976 and Jak3 inhibitor

VI) and one from library II (KU55933) completely inhibited
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rapamycin-induced autophagic flux (supplemental Figs. S1 and
S2), and therefore they were selected for further characteriza-
tion. After obtaining new batches of the inhibitors, we per-
formed dose-response studies for their ability to inhibit rapa-
mycin-induced autophagic flux and thereafter used Gö6976 at
8 or 10 �M, Jak3 inhibitor VI at 5 �M and KU55933 at 2 �M. At
these concentrations, all three compounds effectively inhibited
amino acid starvation-induced autophagic flux inMCF7 cells as
well as in HeLa human cervix carcinoma and U-2-OS human
osteosarcoma cells as analyzed by the luciferase reporter-based
assay for autophagic flux (Fig. 1A) and immunoblot analysis of
p62/sequestesome (p62; Fig. 1B), an autophagic cargo protein
whose loss serves as an indicator of autophagic flux (12). Strik-
ingly, KU55933 completely prevented the massive p62 loss
upon amino acid starvation, and alsoGö6976 and Jak3 inhibitor
VI were effective in this assay similar to the widely used
autophagy inhibitor 3-MA. To determine whether the com-
pounds inhibited the formation of autophagosomes or the fur-
ther maturation of autophagosomes to autolysosomes, we
tested their effect on rapamycin-induced eGFP-LC3 puncta
formation. All three inhibitors inhibited rapamycin-induced
eGFP-LC3 puncta formation completely (Fig. 1C) indicating
that they inhibited autophagic flux downstream of mTORC1
but upstream of LC3 translocation and autophagosome forma-
tion. To further evaluate the efficacy of the compounds we
tested their ability to inhibit endogenous LC3-II formation
upon rapamycin treatment. To avoid LC3-II-degradation in the
autolysosome, we co-treated the cells with concanamycin A
that inhibits lysosomal acidification and function.We observed

that the three compounds inhibited the LC3-II formation as
effectively as 3-MA (Fig. 1D).
ATM Is Dispensable for Autophagy Signaling Downstream of

mTORC1—KU55933 is an ATP competitive ATM kinase
inhibitor previously described to be highly selective for ATM
even within the PtdIns3/PI3 kinase superfamily (18, 26). The
robust autophagy inhibitory effect of KU55933 prompted us to
investigate the role ofATMin autophagy signaling. To that end,
we tested the autophagy interfering capacity of two other com-
pounds known to inhibit ATM kinase, i.e. caffeine (27) and
CP466722, a recently introduced highly specific and potent
ATM inhibitor with a structure distinct from that of KU55933
(28). As analyzed by their ability to inhibit ionizing radiation
(IR)-induced phosphorylation (Ser-15) and subsequent stabili-
zation of a well-described ATM target, tumor protein 53
(TP53) in MCF7 cells, 4 mM caffeine and 5 �M CP466722 were
as effective in inhibiting ATM activity as 2 �M KU55933 (Fig.
2A). Notably, also 3-MA, which is widely used at 10–20 mM as
an inhibitor of PtdIns3K and autophagy, effectively inhibited
TP53 phosphorylation at 10 mM concentration (Fig. 2A). Con-
tradicting the role of ATM as a positive regulator of autophagy,
caffeine was recently shown to induce autophagy in mamma-
lian cells (29). In line with this, caffeine induced autophagic flux
in MCF7 cells at 4 mM and enhanced rapamycin-induced
autophagic flux at 0.5 and 1 mM (Fig. 2B). However, when
applied at 10 mM, caffeine had no effect on constitutive
autophagy and inhibited rapamycin-induced autophagic flux
(Fig. 2B). The induction of autophagy and the failure to reduce
rapamycin-induced autophagy by 4mMcaffeine,whichwas suf-

FIGURE 1. Gö6976, Jak3 inhibitor VI and KU55933 inhibit autophagosome formation. A, MCF7, HeLa, and U-2-OS cells infected with RLuc-LC3wt or
RLuc-LC3G120A expressing retroviruses were left untreated (Control) or starved for 4 h (HBSS) in the presence or absence (�) of 8 �M Gö6976, 2 �M KU55933
or 5 �M Jak3 inhibitor VI. The data represent average � S.D. of at least three independent experiments. B, quantification and a representative immunoblot with
antibodies against p62 and GAPDH (loading control) in total extracts from MCF7 cells cultured in normal growth medium (control), starved for 7 h in the
absence (HBSS) or presence of 10 mM 3-MA, 2 �M KU55933, 8 �M Gö6976, or 5 �M Jak3 inhibitor VI. The data represent the p62-signal normalized to GAPDH. The
untreated control was defined as 100%. The data represent average � S.D. of four independent experiments. C, average number of autophagosomes/cell �
S.E. in MCF7-eGFP-LC3 cells left untreated or treated as indicated with 200 nM rapamycin, 2 �M KU55933, 10 �M Gö6976, or 5 �M Jak3 inhibitor VI for 6 h.
D, immunoblotting with antibodies against LC3 and GAPDH in total extracts from MCF7 cells cultured in normal growth medium (control) or treated for 3h with
rapamycin (100 nM)� concanamycin A (2 nM) in the absence or presence of 10 mM 3-MA, 2 �M KU55933, 8 �M Gö6976, or 5 �M Jak3 inhibitor VI. Quantification
of the LC3-II signal normalized to GAPDH signal is shown below. *, p value �0.05; **, p value �0.01; and ***, p value �0.001 as compared with control (A) or
control (B, HBSS) or HBSS (B, HBSS�inhibitors) or rapamycin (C) in the absence of the inhibitors.
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ficient to inhibit the IR-induced Ser-15 phosphorylation of
TP53 and subsequent stabilization of TP53 argues, however,
against an essential role for ATM in autophagy signaling (Fig.
2A). Supporting this hypothesis, 5 �M CP466722 induced
autophagic flux and augmented rapamycin-induced autophagy
inMCF7 cells (Fig. 2C). Notably, KU55933 effectively inhibited
autophagy induced by CP466722 alone or in combination with
rapamycin further indicating that the essential target of
KU55933 for autophagy inhibition is distinct from ATM (Fig.
2C). To challenge this hypothesis by a genetic approach, we
created an U-2-OS cell line expressing a short hairpin RNA
targeting ATM and compared the effect of amino acid starva-
tion (7 h) on autophagic flux (p62 levels) in parental and ATM-
depleted cells. Starvation was as effective in reducing p62 levels
and KU55933 completely inhibited this reduction in both cell
lines (Fig. 2D). Thus, we conclude that KU55933 exerts its
autophagy inhibiting effect via another target than ATM.
KU55933 and Gö6976 Inhibit PtdIns3K—To investigate the

effect of our newly identified autophagy inhibitors on the activ-
ity of PtdIns3K, which controls the formation of autophago-
somes, we created MCF7 cells that stably express a fusion pro-
tein consisting of eGFP and two PtdIns(3)P-binding FYVE
domains (eGFP-2xFYVE) (23). As a result of the high constitu-
tive activity of the endosomal PtdIns3K complex, PtdIns(3)P is
enriched in early endosomes resulting in a punctate cytoplas-
mic localization of eGFP-2xFYVE (Fig. 3A). Remarkably, a 2-h
incubation of MCF7 cells with 2 �M KU55933 or 8 �M Gö6976
inhibited the punctate distribution of GFP-2xFYVE almost as
effectively as 10 mM 3-MA, whereas a 2-h treatment with 5 �M

Jak3 inhibitorVI left the punctate pattern practically intact (Fig.

3,A and B). In concordance with its autophagy inhibiting effect
shown in Fig. 2B, 10 mM caffeine also significantly reduced the
number of eGFP-2xFYVE puncta (Fig. 3A). To challenge the
relationship between the effect of KU55933 and Gö6976 on
autophagy andGFP-2xFYVEpuncta, we compared the concen-
tration dependence of these effects. In favor of a causal relation-
ship of the two responses, the concentrations of KU55933 and
Gö6976 required to inhibit LC3 turnover and GFP-2xFYVE
puncta fell within the same range (Fig. 3B). These data suggest
that KU55933 and Gö6976 inhibit either PtdIns(3)K itself or
signaling pathways required for its activation.
To test whether KU55933 and Gö6976 are direct inhibitors

of PtdIns(3)K, we expressed Vps34, the catalytic subunit of the
PtdIns(3)K complex, as a strep-tagged fusion protein in MCF7
cells. In addition we expressed a kinase-dead catalytic loop
mutant strep-Vps34-D743N and strep-Vps34-L750M mutant
with a methionine substitution of a leucine residue in the ATP-
binding pocket. The leucine residue is conserved between
PtdIns(3)K and ATM, whereas class I PI3Ks have a methionine
at this position, which is predicted to be important for the drug
binding characteristics of the pocket (30). All three fusion pro-
teins bound beclin 1 when isolated on streptactin beads from
MCF7 cell lysates suggesting that they fold correctly and form
proper complexes (Fig. 3C). Streptactin-purified kinase was
then incubated with PtdIns followed by the addition of ATP
alone or in combinationwith the inhibitors. The reactions were
analyzed by dot-blotting using a PtdIns(3)P-specific probe. As
expected, the PtdIns(3)P synthesis depended on an intact
Vps34 catalytic loop since no activity was detected using
StrepVps34-D743N (data not shown). When the Strep-

FIGURE 2. ATM is not the target of KU55933-mediated autophagy inhibition. A, immunoblotting with antibodies against phospho-Ser15-TP53 (TP53-P),
total TP53 and GAPDH in total extracts from MCF7 cells left untreated (No IR) or irradiated (5 Gy) in the absence (�) or presence of the indicated concentrations
of the inhibitors. Cells were harvested 30 min after irradiation. The level of TP53-P normalized to GAPDH is shown below. B and C, MCF7 cells expressing
RLucLC3wt or RLucLC3G120A were left untreated (Control) or treated with 100 nM rapamycin alone or in combination with indicated concentrations of caffeine
(B) or with 5 �M CP466722 alone or with 2 �M KU55933 (C) for 6 h. The data represent average � S.D. of at least three independent experiments. *, p value �0.05;
**, p value �0.01; and ***, p value �0.001 as compared with cells treated similarly in absence of caffeine (B) CP466722 (C, middle) or KU55933 (C, right). D,
immunoblotting with antibodies against ATM, p62 or �-actin in total extracts from normal or ATM-depleted U-2-OS cells. Cells were left untreated, treated with
2 �M KU55933, or starved in HBSS without or with KU55933 for 7 h. The level of p62 normalized to �-actin is shown below.
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Vps34wt kinase reaction was performed in the presence of
KU55933 or Gö6976, we observed a concentration dependent
inhibition of the activity (Fig. 3D). Notably, StrepVps34-
L750M, was clearly less sensitive for the inhibition by KU55933
at all tested concentrations (Fig. 3D) confirming the suggested
importance of the pocket-residue for drug binding and indicat-
ing that KU55933 inhibits Vps34 directly by ATP competition.
To compare the effect of KU55933 and Gö6976 with a known
inhibitor of class I PI3Ks and PtdIns(3)K, we included
LY294002 in the study. LY294002 is structurally related to
KU55933 (18), but is required at much higher concentrations
(10–100�M) for efficient inhibition of autophagy as assessed by
long-lived protein degradation assay in hepatocytes (31) or by
RLucLC3 assay in MCF7 cells (supplemental Fig. S3). It was
therefore notable that LY294002 inhibited strep-Vps34 kinase
activity in vitro almost as efficiently as KU55933 (Fig. 3D and
supplemental Fig. S3). Consistent with its ability to inhibit class
I PI3Ks, LY294002 also inhibited the L750M mutant of Vps34
as effectively as the wild-type Vps34 (Fig. 3D). In light of the
quantitative similarity in direct inhibition of Vps34, the reason
for the discrepancy in autophagy inhibitory capacity between

KU55933 and LY294002 is unclear butmight reflect differences
in cellular uptake, other factors affecting the free intracellular
pool or inhibition of class I PI3Ks.
The data presented above reveal a key molecular difference

that confers the specificity of KU55933 for PtdIns(3)K and
ATM over for class I PI3Ks. Accordingly, and contrary to the
unspecific PtdIns3K inhibitors (3-MA and wortmannin), the
autophagy inhibitory concentrations of KU55933 did not
inhibit the activity of class I PI3K as analyzed by the phospho-
rylation status of its important downstream effector Akt (Fig.
3E). Akin to KU55933, autophagy inhibitory concentrations of
Gö6976 and Jak3 inhibitor VI also failed to inhibit the class I
PI3K activity (Fig. 3E). Thus, all the identified compounds
inhibit autophagy without affecting the class I PI3K signaling
pathway.
Autophagy Inhibition Induces Apoptosis and Necroptosis in

StarvedMCF7Cells—It is essential that pharmacological inhib-
itors used to investigate the role of autophagy in cell death and
survival have a minimal impact on cell survival in the control
situation. The lack of an experimental window for autophagy
inhibition without concomitant inhibition of class I PI3K-Akt-

FIGURE 3. KU55933 and Gö6976 inhibit Vps34. A, confocal microscopy images of GFP-2XFYVE expressing MCF7 cells either untreated (Control) or treated for
2 h with 2 �M KU55933, 8 �M Gö6976, 5 �M Jak3 inhibitor VI, 10 mM 3-MA, or 10 mM caffeine. The images were converted to grayscale and inverted using
Photoshop. B, comparison of the effects of KU55933 (left) and Gö6976 (right) on rapamycin-induced autophagy and on eGFP-2XFYVE-relocalization. (B, top
panels) MCF7 cells expressing RLucLC3wt or RLuc-LC3G120A were left untreated or treated with 100 nM rapamycin alone or in combination with indicated
concentrations of KU55933 or Gö6976 for 6 h. The data represent average � S.D. of at least three independent experiments. (B, bottom panels) MCF7-
eGFP-2XFYVE cells were treated with indicated concentrations of KU55933 or Gö6976 for 2 h and the number of eGFP-positive dots/cell were calculated in
confocal images. *, p value �0.05; **, p value �0.01; and ***, p value �0.001 as compared with cells treated with rapamycin alone (B, top) or control (B, bottom).
C, immunoblotting with antibodies against Vps34 and Beclin 1 of streptactin-pulldowns of MCF7 cells transiently transfected with pEXPR-IBA105 (Str.),
pStrep-VPS34wt (Str.WT), pStrep-VPS34D743N (Str. D743N), or pStrep-VPS34L750M (Str. L750M). The bottom row shows immunoblotting of the corresponding
lysates with antibody against Beclin 1. D, dot blotting of PtdIns(3)P produced in vitro by strep-tagged Vps34WT (Str.WT) or strep-tagged Vps34L750M
(Str.L750M). Kinase reactions were performed in the absence of inhibitors (Control) or with either KU55933, LY-294002, or Gö6976 at the indicated concentra-
tions. The bar graph shows the Quantification of PtdIns(3)P dot-blots from Vps34 in vitro kinase reactions analyzing either Strep-tagged Vps34wt or Strep-
tagged Vps34L750M. Kinase reactions were performed in the absence of inhibitors (Control) or with KU55933 (n � 3), LY-294002 (Vps34wt) (n � 3) LY-294002
(Vps34L750M) (n � 2), or Gö6976 (n � 2) as indicated. E, immunoblotting with antibodies against Akt and phospho-Akt in total extracts from MCF7 cells
incubated with the indicated concentrations of inhibitors for 6 h.
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mediated survival pathways is thus a major obstacle in using
3-MA, LY294002, and wortmannin for such studies. Thus, we
tested the usefulness of KU55933, Gö6976, and Jak3 inhibitor
VI in studying starvation-induced autophagy, a model associ-
ated with autophagy-mediated protection from apoptosis (32).
First, we incubated MCF7 cells with the inhibitors for 40 h and
tested their viability by the MTT assay that gives an indication
of the number of viable cells. 3-MA that was included in the
study for comparison caused a 70% reduction in viable cells
thereby illustrating the problem with this compound (Fig. 4A).
In contrast, KU55933 and Jak3 inhibitor VI caused no reduc-
tion in cell number, while the cells treated with Gö6976 dis-
played �20% reduction in viable cells (Fig. 4A). The lack of
toxicity of KU55933 and Jak3 inhibitor VI as well as the mild
toxicity of Gö6976 were confirmed by microscopy (data not
shown) and the LDH release assay (Fig. 4B), which measures
cell death. Next, we tested the effect of KU55933, Gö6976, and
Jak3 inhibitor VI on the survival of MCF7 cells exposed to
amino acid starvation. As expected for autophagy inhibitors,
both KU55933 and Jak3 inhibitor VI significantly increased cell
death induced by 40 h amino acid starvation (Fig. 4B). This
death was partially inhibited by the pan-caspase inhibitor
zVAD-fmk supporting the notion that autophagy protects cells
from starvation-induced caspase-dependent apoptosis. To

investigate the zVAD-fmk insensitive residual cell death, we
treatedMCF7 cells withKU55933 and zVAD-fmkwith orwith-
out Necrostatin-1, a specific inhibitor of programmed necrosis
termed necroptosis (33). Strikingly, Necrostatin-1 significantly
inhibited the death of starved cells when autophagy and apo-
ptosis were inhibited by KU55933 and zVAD-fmk, respectively
(Fig. 4C). The quantitative effect of necrostatin-1 on cell death
was higher when zVAD-fmk was used at 10 �M than at 20 �M.
This suggests that zVAD-fmk has several targets, with different
effects on death signaling or execution (see discussion). To
learn if necroptosis induced by KU55933 is a consequence of
autophagy inhibition, we replaced drug treatment with RNAi
targeting the essential autophagy kinase Ulk1. As expected,
Ulk1 RNAi sensitized the cells to amino acid starvation and
furthermore, when combined with zVAD-fmk the cell death
became sensitive to necrostatin-1 (Fig. 4D). Thus, autophagy
protects starved cells from both apoptosis and necroptosis.

DISCUSSION

We screened two small-molecule kinase-inhibitor libraries
for inhibitors of rapamycin induced autophagic flux. Three
potent inhibitors, KU55933, Gö6976 and Jak3 inhibitor VI,
were selected for further characterization. KU55933 and
Gö6976 were identified as direct inhibitors of PtdIns(3)K,
whereas the critical autophagy-related cellular target of Jak3
inhibitor VI remains to be identified. Importantly, and in con-
trast to 3-MA, LY294002, and wortmannin, the three identified
compounds could be readily used to inhibit autophagy without
inhibiting class I PI3K signaling.
Interestingly the three inhibitors all block autophagosome

formation. The reason for this apparent bias toward initiation
of the degradation pathway is uncertain, but it is possible that
the events downstream of autophagosome formation, e.g.
autophagosome-lysosome fusion and autolysosomal degrada-
tion, are less prone for inhibition simply because kinase signal-
ing plays a less prominent role for these processes or because of
great redundancy in signaling pathways. Emphasizing thatmat-
uration is potentially difficult to target via kinase inhibition, we
recently published a screen of a siRNA library targeting the
human kinome (726 known and putative kinases) for siRNAs
that induce an accumulation of LC3-positive autophagosomes
in MCF7 cells, and WNK lysine-deficient protein kinase 2
(WNK2) was the sole kinase identified as a positive regulator of
maturation in this screen (34).
Our finding that KU55933 inhibits autophagy at concentra-

tions comparable to that required for the inhibition of IR-in-
duced TP53 phosphorylation was surprising considering the
reported high specificity of the drug toward ATM kinase (18,
26). We, however, excluded ATM kinase as a target for
autophagy inhibition and instead identified the key autophagy-
regulator Vps34 as a direct target of KU55933. ATM kinase
belongs to the PtdIns3/PI3 kinase superfamily and cross-inhi-
bition within this family is a common problem when using
kinase inhibitors (16). This aspect is particularly challenging
within the autophagy field since the family in addition to ATM
and PtdIns(3)K includes the notorious autophagy inhibitors
mTor and class I PI3Ks. The lack of specificity may also explain
the paradoxical effects of caffeine observed herein where low

FIGURE 4. Induction of apoptosis and necroptosis via small-molecule
inhibition of autophagy. A, MCF7 cells left untreated (Control) or treated
with 10 mM 3-MA, 2 �M KU55933, 8 �M Gö6976, or 5 �M Jak3 inhibitor VI for
40 h were analyzed for cell viability by the MTT reduction assay. Values repre-
sent average � S.D. of three independent experiments. B, MCF7 cells in either
normal growth medium, HBSS or HBSS� zVAD-fmk (20 �M) were treated with
the indicated inhibitors for 40 h as in A, and cell death was analyzed by the
LDH release assay. Values represent average � S.D. of at least three independ-
ent experiments. C, cells were starved in HBSS for 40 h in the presence of
KU55933, zVAD-fmk, and/or Necrostatin-1 as indicated and cell death was
measured by the LDH release assay. The values represent average � S.D. of a
representative experiment performed in quadruplicate. D. Cells pretreated
with control siRNA or Ulk1 siRNA for 48 h, were starved in HBSS for 40 h in
presence of zVAD-fmk and/or Necrostatin-1 as indicated and cell death was
analyzed by the LDH-release assay. The values represent average � S.D. of a
representative experiment performed in triplicate. *, p value �0.05; **, p
value �0.01; and ***, p value �0.001 as compared with Control (A), Treatment
with HBSS (B, striped columns), Treatment with HBSS � kinase inhibitor (B,
white columns), corresponding control (C), or treatment with Ulk1-siRNA �
zVAD-fmk (D).
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and high concentrations promote and inhibit autophagy
respectively, probably reflecting different thresholds for inhibi-
tion of the Akt/mTor/p70S6 pathway and PtdIns3K (29).
Gö6976 was originally described as a selective inhibitor of

calcium-dependent members of the protein kinase C family
(35). Since then, equally efficient inhibition of a large number of
unrelated kinases was reported (36). To our knowledge this is,
however, the first report describing Vps34 as a direct target of
Gö6976. We notice that the concentration gradient of Gö6976
for autophagy inhibition is rather shallow displaying weak but
significant effect even at 0.125 �M (Fig. 3C). At this concentra-
tion the effect on GFP-2xFYVE puncta formation is insignifi-
cant. It is therefore possible that the effect on autophagy by
Gö6976 is a consequence of inhibition of other kinases in addi-
tion to Vps34. It is however unlikely that protein kinase C is
involved, because we previously identified other inhibitors of
this kinase-family as potent inducers of autophagy (13).
As the name implies, Jak3 inhibitor VI was developed as a

specific inhibitor of Jak3 (37), and we are not aware of any pub-
lished off-targets for this inhibitor. However, Jak3 is not likely
to be the critical autophagy-inducing targets of Jak3 inhibitor
VI in our assay system. This assumption is based on our data
showing that 3 non-overlapping siRNA sequences targeting
Jak3 fail to inhibit rapamycin-induced autophagy (data not
shown). Furthermore, CP690550 a Jak inhibitor with a slight
preference for Jak3 within the Jak-family (38), has no effect on
autophagy at concentrations that inhibit Oncostatin induced
Stat3-phosphorylation (supplemental Fig. S4,A and B), a phos-
phorylation event primarily caused by Jak1 (data not shown). In
contrast, Jak3 inhibitor VI does not inhibit Oncostatin-induced
Stat3 phosphorylation at a concentration sufficient to inhibit
autophagy (supplemental Fig. S4, A and B). Even though Jak
inhibitor VI is not inhibiting Vps34, we cannot exclude that it
targets autophagy specific PtdIns(3)P production. The eGFP-
2XFYVE probe used in this study is not suitable to differentiate
between endosomal and autophagosomal PtdIns(3)P. Varia-
tions in autophagy specific PtdIns(3)P production have,
instead, been observed with a probe containing the FYVE
domain-containing protein 1 (DFCP1) that has been reported
to localize to the early autophagic membranes (so called ome-
gasomes) at the ER and Golgi apparatus (39). Unfortunately,
our attempts to detect autophagy-dependent relocalization of
DFCP1 or translocation of the autophagy specific PtdIns(3)K
complex subunit Atg14L (40) have not been successful. We
have therefore not been able to test if Jak3 inhibitor VI func-
tions at those steps of the autophagic pathway. Even with no
defined autophagy-related target identified yet, Jak3 inhibitor
VI may emerge as a useful compound for inhibiting autophagy
both in vitro and in vivo. To this end it is interesting to note that
Jak3 inhibitor VI has recently been identified as an inhibitor of
left-right assymmetri formation in zebrafish (41), a develop-
mental process inwhich autophagy has been suggested to play a
role (42).
During metabolic stress, autophagy inhibition leads to apo-

ptotic cell death (32). However, if apoptosis-defective cells are
exposed to metabolic stress, the outcome of autophagy inhibi-
tion is necrosis (43). Our data demonstrating that necrostatin-1
effectively inhibits the residual cell death in amino acid-starved

MCF7 cells treated with KU55933 or Ulk1 siRNA and zVAD-
fmk further defines this necrotic death as programmednecrosis
or necroptosis. These data implicate that the necrostatin-1 tar-
get receptor-interacting protein 1 (RIP1) or a related kinase
mediates this non-apoptotic cell death (44). When used at high
concentration (20 �M), zVAD-fmk reduces also the necrosta-
tin-1 sensitive cell death. However, concentrations of zVAD-
fmk beween 10 �M and 20 �M reveal a window for inhibition by
necrostatin-1. This is in contrast to the 100�M zVAD-fmk used
by Degterev et al. in their necroptosis defining paper (33). It is
possible that the cell death inhibitory effect of zVAD-fmkwhen
used at increasing concentrations observed here reflects the
progressive inhibition of caspases and other cysteine proteases
such as calpains and cathepsins that are also targets of zVAD-
fmk (45). In agreement with a role for cathepsins in the cell
death mechanism, lysosomal membrane permeabilization was
recently described as a common denominator in several
necrotic death modes including necroptosis (46).
To our knowledge, no specific autophagy or PtdIns3K inhib-

itors have been reported. The data presented above identify,
however, KU55933 as a superior alternative for PtdIns3K and
autophagy inhibition and Jak3 inhibitor VI as an attractive
autophagy inhibitor suitable also for in vivo studies. Because of
their low toxicity and lack of class I PI3K inhibition they can
serve as useful reagents especially for the investigation of the
role of autophagy in cell death and survival.
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