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The capacity of tumour necrosis factor-related apoptosis-
inducing ligand (TRAIL) to trigger apoptosis preferentially
in cancer cells, although sparing normal cells, has moti-
vated clinical development of TRAIL receptor agonists as
anti-cancer therapeutics. The molecular mechanisms re-
sponsible for the differential TRAIL sensitivity of normal
and cancer cells are, however, poorly understood. Here, we
show a novel signalling pathway that activates cytoprotec-
tive autophagy in untransformed human epithelial cells
treated with TRAIL. TRAIL-induced autophagy is mediated
by the AMP-activated protein kinase (AMPK) that inhibits
mammalian target of rapamycin complex 1, a potent inhi-
bitor of autophagy. Interestingly, the TRAIL-induced AMPK
activation is refractory to the depletion of the two known
AMPK-activating kinases, LKB1 and Ca(2 +)/calmodulin-
dependent kinase kinase-p, but depends on transforming
growth factor-g-activating kinase 1 (TAK1) and TAK1-bind-
ing subunit 2. As TAK1 and AMPK are ubiquitously ex-
pressed Kkinases activated by numerous cytokines and
developmental cues, these data are most likely to have
broad implications for our understanding of cellular control
of energy homoeostasis as well as the resistance of untrans-
formed cells against TRAIL-induced apoptosis.
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Introduction

Macroautophagy (hereafter referred to as autophagy) is a
lysosomal pathway involved in the turnover of long-lived
proteins, cytoplasm and whole organelles (Codogno and
Meijer, 2005; Kroemer and Jditteld, 2005; Lum et al, 2005;
Xie and Klionsky, 2007). In unstressed cells, autophagy is
inhibited by the mammalian target of rapamycin complex 1
(mTORC1). The inhibition of mTORC1 activity (e.g., by
starvation or rapamycin) leads to the activation of a set of
evolutionarily conserved autophagy-regulating proteins (Atg
proteins) and formation of autophagosomes, which then fuse
with lysosomes to form autolysosomes, in which the cargo is
digested to metabolites and released back to the cytosol for
recycling. Accumulating evidence indicates that autophagy
can function as an adaptive cell response allowing the cell to
survive otherwise lethal challenges by removing damaged
organelles and misfolded proteins. Paradoxically, autophagy
can also mediate a non-apoptotic type II cell death, called
autophagic degeneration.

Tumour necrosis factor (TNF)-related apoptosis-inducing
ligand (TRAIL) is a multifunctional cytokine originally iden-
tified as an apoptosis-inducing member of the TNF super-
family (Falschlehner et al, 2007; Ashkenazi and Herbst,
2008). Prompted by the recent data showing that TRAIL is
upregulated during breast morphogenesis and induces accu-
mulation of autophagic vacuoles during lumen formation in
an in vitro morphogenesis model (Mills et al, 2004), we
hypothesized that autophagy may either contribute to the
TRAIL-induced lumen formation by facilitating cell death or it
may explain the TRAIL resistance of normal cells. Using
immortalized breast and pigment epithelial cells, we show
here that TRAIL induces cytoprotective autophagy in un-
transformed cells through a novel signalling pathway invol-
ving TGF-B-activating kinase 1 (TAK1), AMP-activated
protein kinase (AMPK) and mTORC1.

Results and discussion

TRAIL triggers functional and cytoprotective autophagy
in breast epithelial cells

To study the TRAIL-induced accumulation of autophago-
somes in greater detail, we created MCF10A cells (immorta-
lized human breast epithelial cells) stably expressing the
autophagosome-associated protein LC3 (also known as
Atg8) fused to enhanced green fluorescent protein (eGFP-
LC3). In the majority of untreated MCF10A cells, the eGFP-
LC3 was diffusely distributed in the cytosol and nucleus, and
only approximately 5% of the cells showed a dotted staining
pattern of eGFP-LC3 (=5 dots per cross-section), indicative
of the accumulation of autophagosomes (Figure 1A). TRAIL
treatment increased the number of cells with autophagosome
accumulation to the level comparable with that seen in
rapamycin-treated control cells, whereas the highly related
cytokine TNF had no detectable effect on the eGFP-LC3
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Figure 1 TRAIL induces cytoprotective autophagy in breast epithelial cells. (A) MCF10A-eGFP-LC3 cells were left untreated (Control) or
treated with 5 uM rapamycin (Rapa), 500 ng/ml TRAIL or 10 ng/ml TNF for 24 h. When indicated, 10 mM 3-MA or 5 pg/ml TRAIL-R2 antagonist
antibody was added 1 h before the drugs. Representative confocal images (20 um scale bars) and the percentages of cells with LC3 translocation
are shown. (B) MCF10A-eGFP-LC3 cells were transfected with the indicated siRNAs for 48h and analysed by immunoblotting (left), or
stimulated with 500 ng/ml TRAIL for 24 h and analysed for LC3 translocation (right). (C) MCF10A cells left untreated (Control) or treated with
500 ng/ml TRAIL or 5puM rapamycin (Rapa) for 24 h were analysed for LC3-I, LC3-II and tubulin by immunoblotting. Pepstatin A and E64d
were added to the cells 4 h before harvesting. Similar results were obtained in two independent experiments. (D) MCF10A cells were treated
with 5uM rapamycin (Rapa) or indicated concentrations of TRAIL for 24 h, and the increase in the degradation of long-lived proteins as
compared with the untreated cultures (Control) was measured. (E) MCF10A-eGFP-LC3 cells transfected with the indicated siRNAs were left
untreated 48 h later (Control) or treated with 500 ng/ml TRAIL for 24 h and analysed for the DNA content by flow cytometry. The percentage of
apoptotic cells with sub-G1 DNA content is shown. The values represent mean * s.d. for three (A, D) or four (B, E) independent experiments.
*P-value <0.05, **P-value <0.01 and ***P-value <0.001 as compared with control sample (A—left panel and D), with TRAIL-treated cells
without anti-TRAIL-R2 (A—right panel) or with TRAIL-treated cells without siRNA (B, E).
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distribution (Figure 1A). Flow cytometry-based analysis re-
vealed TRAIL receptor 2 (TRAIL-R2) on the surface of
MCF10A cells, whereas the expression levels of TRAIL-R1,
-R3 and -R4 expression were under the detection limit of the
assay (Supplementary Figure S1A). Accordingly, an antago-
nistic TRAIL-R2 antibody effectively inhibited TRAIL-induced
autophagosomes accumulation in MCF10A cells (Figure 1A).

VOL 28 | NO 6 | 2009

This antibody also inhibited TRAIL-induced cell death in
MCF10A cells sensitized to TRAIL-induced cytotoxicity by a
protein synthesis inhibitor (Supplementary Figure S1B).
Thus, TRAIL-R2 is able to activate signalling pathways lead-
ing to both autophagosome accumulation and cell death.

To test whether the TRAIL-induced autophagosome accu-
mulation was mediated by the known core autophagy
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machinery, we inhibited the autophagy pathway by pharma-
cological inhibitors and RNA interference. Co-treatment with
3-methyladenine (3-MA), an inhibitor of class III phosphati-
dylinositol 3-kinase, which is required for the autophago-
some membrane assembly as well as the siRNA-based
depletion of two essential autophagy proteins beclin 1 or
Atg7, effectively blocked TRAIL-induced eGFP-LC3 translo-
cation (Figure 1A and B). Importantly, TRAIL treatment also
induced the appearance of LC3-II, a structural component of
autophagosomes (Figure 1C), and the degradation of long-
lived proteins (Figure 1D). These data indicate that the LC3
translocation observed in TRAIL-treated MCF10A cells was
dependent on the classic autophagy pathway and reflected an
increase in functional autophagy.

Tumour necrosis factor-related apoptosis-inducing
ligand-induced autophagosome formation was significant as
early as 4h after the addition of 500ng/ml TRAIL and
increased continuously during a 72h treatment period
(Supplementary Figure S2A). Furthermore, the response
was dose dependent at TRAIL concentrations ranging from
10 to 500 ng/ml (Supplementary Figure S2A). Notably, TRAIL
failed to induce significant cell death in MCF10A cells within
these time and concentration ranges, but the inhibition of
autophagy by depletion of beclin 1 or Atg7 sensitized the cells
to TRAIL-induced cell death as analysed by flow cytometry-
based quantification of cells with reduced DNA content and
detection of floating dead cells by microscopy (Figure 1E and
data not shown). The cytoprotective nature of TRAIL-induced
autophagy suggests that it does not contribute to the lumen
formation during breast morphogenesis but rather opposes it
by inhibiting cell death. Accordingly, autophagy inhibition by
depletion of Atg5 or Atg7 has recently been shown to
enhance luminal apoptosis in an MCF10A breast morphogen-
esis model (Fung et al, 2008).

TRAIL-induced autophagy depends on AMPK-mediated
inhibition of mTORC1

The molecular mechanisms governing TRAIL-induced auto-
phagy have remained unexplored. To test whether TRAIL-
induced autophagy was associated with the inhibition of
mTORC1 kinase complex, a key negative regulator of autop-
hagy in unstressed cells, we measured the phosphorylation
level of an mTORC1 substrate, ribosomal protein S6 Kinase 1
(p70°°%). Remarkably, TRAIL inhibited the phosphorylation
of p705°K as effectively as rapamycin, a direct inhibitor of
mTORC1 (Figure 2A). AMPK, an evolutionarily highly con-
served regulator of cellular energy homoeostasis has recently
emerged as a putative activator of autophagy (Kamada et al,
2004; Meley et al, 2006; Heyer-Hansen et al, 2007). The
AMPK-mediated autophagy activation may occur through
two distinct signalling pathways that lead to the inhibition
of mTORC1 (Inoki et al, 2003; Shaw et al, 2004a; Gwinn et al,
2008). AMPK-mediated phosphorylation of tuberous sclerosis
complex 2 leads to the inhibition of an mTORC1 activator ras-
family GTP-binding protein RHEB, whereas that of an mTOR-
binding partner raptor triggers the binding of raptor to 14-3-3
proteins and subsequent inhibition of the ability of mTORC1
to recruit downstream substrates. Thus, we next tested
whether AMPK was activated in TRAIL-treated MCF10A
cells. Interestingly, TRAIL induced a rapid (detectable
at 1min), sustained (until 24h) and dose-dependent (10—
500ng/ml) activation of AMPK as shown by an increase in
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the phosphorylation of an AMPK substrate acetyl-CoA-car-
boxylase (ACC) (Figure 2B, C and Supplementary Figure
S2B). Furthermore, the depletion of the catalytic ol-subunit
of AMPK by RNA interference in TRAIL-treated MCF10A cells
restored the mTORC1 activity, attenuated autophagosome
formation and sensitized the cells to TRAIL-induced cell
death, indicating that AMPKa1 mediates the TRAIL-induced
cytoprotective autophagy (Figure 2D and E). Even though
TRAIL has been reported to activate several Kinases
(Falschlehner et al, 2007), to our knowledge, these data are
the first to report the ability of TRAIL to activate AMPK.
Furthermore, the data presented above provide the first
genetic evidence that endogenous AMPK, and more precisely
AMPKal, is an essential mediator of autophagy in mamma-
lian cells.

TAK1 mediates TRAIL-induced activation of AMPK

and autophagy

The AMPK can be phosphorylated and activated by tumour
suppressor Kkinase LKB1 when the ratio of AMP/ATP
increases and by calcium/calmodulin-dependent protein Kki-
nase kinase-p (CaMKKp) in response to an increase in the
cytosolic-free calcium [Ca“]m (Corradetti et al, 2004; Shaw
et al, 2004b; Hawley et al, 2005; Woods et al, 2005).
Accordingly, LKB1 and CaMKKP have been reported to
mediate autophagy in response to starvation and an increase
in the [Ca“]cyt, respectively (Liang et al, 2007; Heyer-
Hansen et al, 2007; Heyer-Hansen and Jdatteld, 2007).
Thus, we next studied whether these AMPK kinases were
responsible for the TRAIL-induced activation of AMPK and
autophagy. Even though the siRNAs used effectively depleted
LKB1 and CaMKKp and completely inhibited the AMPK
activation and autophagosome accumulation in starved and
ionomycin-treated MCF10A cells, respectively, their depletion
influenced neither TRAIL-induced AMPK activation nor au-
tophagy (Figure 3A-C). In spite of some residual LKB1 and
CaMKKS in the siRNA-treated cells, the complete inability of
the cells to activate AMPK and autophagosome accumulation
upon starvation and ionomycin strongly suggests that TRAIL
activates AMPK by a pathway independent of the two known
AMPK kinases. Thus, it is interesting to note that TAK1, a
cytokine-activated member of the mitogen-activated protein
kinase kinase kinase family, has recently been shown to
activate the yeast AMPK homologue Snfl in vivo and mam-
malian AMPK in vitro, suggesting that it could exert an effect
as a third mammalian AMPK kinase (Momcilovic et al, 2006).
To investigate the possible function of TAK1 in TRAIL-in-
duced AMPK activation and autophagy, we first examined the
effect of TRAIL on TAKI1 activation in MCFI0A cells by
determining TAK1 phosphorylation at Thr184/187, an essen-
tial step for the complete kinase activation (Sakurai et al,
2000). Remarkably, TRAIL induced a rapid (detectable at
5min), sustained (until 24 h) and dose-dependent activation
of TAK1 that closely correlated with the activation of the
AMPK (Figure 4A-C and Supplementary Figure S2B).
Notably, siRNA-based depletion of TAK1 or TAK1-binding
subunit 2 (TAB2), an essential co-factor for cytokine-induced
activation of TAK1 (Adhikari et al, 2007), effectively abro-
gated TRAIL-induced AMPK activation, mTORC1 inhibition
and autophagosome formation (Figure 4B-E), whereas
AMPKal depletion did not affect TRAIL-induced phosphor-
ylation of TAK1 (Supplementary Figure S3). Furthermore,
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Figure 2 TRAIL activates AMPK and AMPK-dependent cytoprotective autophagy. (A) Protein lysates from MCF10A cells left untreated or
treated with 500 ng/ml TRAIL or 5 uM rapamycin (Rapa, positive control) for 24 h were analysed by immunoblotting for phosphorylated p705eK
(P-p70%°X), total p70°°* and GAPDH (loading control). (B) Immunoblot analysis of the levels of P-ACC and tubulin (loading control) in lysates
from MCF10A cells left untreated or treated with 500 ng/ml TRAIL for 24 h, 1 mM AICAR for 4 h (positive control) or 5 uM rapamycin for 24 h
(negative control). (C) Immunoblot analysis of the level of P-ACC and GAPDH (loading control) in lysates from MCF10A cells treated with
500 ng/ml TRAIL for the indicated times. (D) MCF10A cells were transfected with indicated siRNAs for 48 h and analysed by immunoblotting
for the indicated proteins immediately (upper panel) or after additional 24 h (middle panel) or 2h (lower panel) incubation with (+) or
without (—) 500 ng/ml TRAIL. (E) MCF10A-eGFP-LC3 cells transfected with indicated siRNAs for 48 h and incubated for an additional 24 h
with or without 500 ng/ml TRAIL were analysed for LC3 translocation (top) and the DNA content (bottom). The values represent mean + s.d.
for four independent experiments. *P-value <0.05 and ***P-value <0.001 as compared with TRAIL-treated cells without siRNA. Similar
results were obtained in two (A, B and D) or three (C, D) independent experiments.

TAKI and AMPK activation as well as mTORC1 inhibition
were completely inhibited by the antagonistic TRAIL-R2
receptor (Supplementary Figure S1B). Thus, TAKI is an
essential mediator of TRAIL-R2-induced AMPK activation
and autophagy in MCF10A cells. Moreover, TAK1- and
TAB2-depleted cells were greatly sensitized to TRAIL-induced
cell death, further highlighting the importance of the TRAIL-
induced autophagy pathway in determining the cellular out-
come in response to TRAIL treatment (Figure 4D and E).
Transforming growth factor-B-activating kinase 1 is an
essential mediator of the activation of nuclear factor kappa-
B in response to several cytokines (Shim et al, 2005; Adhikari
et al, 2007). To investigate whether TAKI activation is
sufficient for the activation of AMPK-autophagy pathway,
we tested the ability of TNF and interleukin-1f (IL-1B) to
activate this pathway in MCF10A cells. As shown in
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Figure 5A, both cytokines activated TAK1 as judged by the
rapid phosphorylation of the inhibitor of kappa-B (IxB). In
the case of TNF, which failed to induce the accumulation of
autophagosomes (Figure 1A), we also failed to detect the
activation of AMPK, whereas IL-1f activated both AMPK and
autophagosome accumulation without detectable cell death
(Figure SA-C). Taken together, our data suggest that TAK1 is
essential, but not sufficient for the effective activation of
AMPK and autophagy.

The downstream signalling pathways activated by TAK1
vary greatly, depending on the cell type and the stimulus
(Delaney and Mlodzik, 2006). To investigate whether the
ability of TRAIL to activate the cytoprotective TAK1-AMPK
pathway was restricted to breast epithelial cells, we included
human hTERT-immortalized retinal pigment epithelial cells
(hTERT-RPE-1) to this study. TRAIL activated AMPK and

©2009 European Molecular Biology Organization
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experiments. ***P-value <0.001 as compared with cells treated in a same way, but transfected without siRNA.

autophagosome accumulation and inhibited mTORCI1 activity
in a TAK1-dependent manner also in these cells (Figure 6A
and B). Importantly, the inhibition of AMPK activation and
autophagosome accumulation by TAK1 and AMPKal siRNAs
greatly sensitized the hTERT-RPE-1 cells to TRAIL-induced
cell death (Figure 6B). Akin to MCF10A cells, TRAIL-induced
AMPK activation and autophagosome accumulation were
independent of LKB1 and CaMKKp, whereas the depletion
of these kinases effectively inhibited both events induced by
starvation and ionomycin, respectively (Figure 6C and D).
Moreover, knock-in of a dominant-negative TAK1 mutant in
murine embryonic fibroblasts (MEFs) reduced the TRAIL-
induced activation of AMPK observed in wild-type MEFs and
sensitized the cells to TRAIL-induced cell death (Figure 6E
and F). These data further emphasize the function of TAKI as
an activator of AMPK and are in concordance with recent
data showing that TAK1-deficient MEFs fail to activate AMPK
in response to oligomycin, metformin and 5-aminoimidazole-
4-carboxamide riboside (Xie et al, 2006). On the basis of data
showing that these drugs fail to activate the AMPK kinase
LKB1 in TAK1-deficient cells, Xie et al have suggested that
TAK1 functions upstream of LKB1 rather than as a direct
AMPK Kinase. It should be noted that this study did not test
whether TAK1 could activate AMPK1 and LKB1 in parallel.
Furthermore, another pharmacological AMPK activator
(A-769662) activates AMPK in LKBI1-deficient cervix

©2009 European Molecular Biology Organization

carcinoma cells, but fails to activate it in LKB1-deficient
skeletal muscle cells, suggesting that the requirements for
the AMPK activation may be cell type specific (Goransson
et al, 2007). Our data showing that TRAIL-induced AMPK
activation was not affected by an effective depletion of LKB1
indicate that in TRAIL-treated MCF10A and hTERT-RPE-1
cells, TAK1 activates AMPK independent of LKB1. It remains,
however, to be studied whether TAK1 is a direct activator of
AMPK in this model system. However, its ability to mediate
AMPK-mTORCI1 autophagy pathway independent of the two
known AMPK kinases together and its previously shown
ability to directly activate AMPK in vitro support the idea
that it may function as an AMPK kinase in TRAIL-treated cells
(Momcilovic et al, 2006). It should, however, be noted that
TAK1 might not be sufficient to activate AMPK. This is
supported by our data showing activation of TAK1 (phos-
phorylation of IkB) in the absence of AMPK activation
(phosphorylation of ACC) in TNF-treated MCF10A cells.

The AMPK sits at a unique position as a proposed energy
and stress sensor that can interact with diverse signalling
molecules and control processes ranging from macromole-
cule synthesis to cell polarity and autophagy (Brenman, 2007;
Hardie, 2007; Hoyer-Hansen and Jaitteld, 2007). Hithertho,
LKB1 and CaMKKp have been identified as AMPK kinases in
response to low AMP levels and an increase in the [Ca“]cyt,
respectively. Our data add TRAIL-induced TAKI1 activation as
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682

TAK1 activates AMPK and cytoprotective autophagy
G Herrero-Martin et al

A B C
TRAIL (min) siRNA: None  Control TAK1 no. 1 siRNaA: _None Control TAK1no.2 TAB2
0 5 15 30120 —RAIL — TRAIL — TRAL - TRAIL - TRAIL — TRAIL — TRAIL nce
[ P-TAK EEes e |PTAK I — ©
TAK1 [ ——— | TAK1 [ == e | TAK1
[~ e a——]p. ——— — —— P
P-ACC ' I P-ACC [ — - —— P_P70S6K
=" ] Ppr0o® [ e s | Pp70%K _
5705 | | 67055 L e e e e e === | TN
r— [ | Tubulin 100 156 113 195 118 113 129 128 P.ACC/Tub
100 169192278 206 P.TAK1/GAPDY 100 186 101 180 99 100 P-ACC/Tub 100 106 102 111 56 57 100 98 P-TAK1/Tub
100 28 119 31 119 121 121 121 P-p705%/p7(
100 142195209 254 P-ACC/GAPDH 100 158 98 146 37 34 P-TAK1/Tub
100 51 37 38 30 P-p70Se/p7oSek 100 39 93 32 103 99 P-p705%/p70°K o & a
100 106 125 103 19 17 TAK1/Tub ) s 5 2
siRNA: 2 O
e TAB2
== Acin
100 109 33 TAB2/actin
D M Untreated @ TRAIL O lonomycin O starvation E
; Untreated B Untreated
40 - 120 - 0. TRAIL 120 O TRAIL .
. * %
. % I 100 1 .
4 = o~ —_
Gg ¥ g 8= E
> 80 R J
a c 251 (O] 7 < 20 —
L s a & c *k 0}
O %= 20 2 60 &S S 60
£38 * c 8 2
22 % L EPTE 52 10 £
28 101 3 2§ T 301
- 0 = [
° s ' 20 1 o~ o
0 = L u 0 04 0 -

siRNA: None Control TAK1 TAK1 siRNA: None Control TAB2

no.1 no.2

siRNA: None Control TAK1 TAK1
no.1 no.2

siRNA: None Control TAB2

Figure 4 TAK1 mediates TRAIL-induced AMPK activation and autophagy. (A) The lysates of MCF10A cells treated with 500 ng/ml TRAIL for
the indicated times were analysed by immunoblotting. The control lane (0 min TRAIL) originates from the same blot and has been treated and
exposed identically. Similar results were obtained in three independent experiments. (B, C) The lysates of MCF10A-eGFP-LC3 cells transfected
with indicated siRNAs for 48h and left untreated (—) or treated with 500ng/ml TRAIL for 2h were analysed by immunoblotting.
(C, lower panel) MCF10A-eGFP-LC3 cells were transfected with indicated siRNAs for 48 h and analysed for the indicated mRNAs by
RT-PCR. Similar results were obtained in two independent experiments. (D, E) MCF10A-eGFP-LC3 cells were transfected with indicated
siRNAs for 48h, treated as in Figure 3C and analysed for LC3 translocation (left) and sub-G1 DNA content (right). The values represent
mean * s.d. of a minimum of three independent experiments except for the right panel in E (two experiments). *P-value <0.05 and **P-value
<0.01 as compared with cells treated in a same way, but transfected without siRNA.
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Figure 5 IL-1B activates AMPK and autophagy. (A) Protein lysates from MCF10A cells left untreated (0) or treated with 50ng/ml TNF,
500 ng/ml TRAIL (positive control) or 10 ng/ml IL-1f for indicated times were analysed by immunoblotting for phosphorylated ACC (P-ACC),
phosphorylated IxB (P-IkB) and GAPDH (loading control). The values show the P-ACC/GAPDH and P-1kB/GAPDH ratios as percentages of the
ratios in untreated cells (left lanes) and are representative of two independent experiments. (B, C) MCF10A-eGFP-LC3 cells left untreated or
treated with 500 ng/ml TRAIL, 50 ng/ml TNF or 10 ng/ml IL-1f for 24 h were analysed for LC3 translocation (B) and the DNA content (C). The
values represent mean + s.d. for two independent experiments. **P-value <0.01 and ***P-value <0.001 as compared with untreated cells.

a third independent signalling pathway able to activate
AMPK. Interestingly, all three signalling pathways leading
to AMPK activation can induce autophagy, suggesting that
AMPK functions as a universal autophagy activator that can
integrate information from various environmental and devel-
opmental cues through at least three different signalling
pathways (Figure 7).
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Despite the potential of TRAIL receptors as targets for
cancer therapy, little is known about the mechanisms regu-
lating the differential sensitivity of normal and tumour cells
to TRAIL-induced cytotoxicity (Ashkenazi and Herbst, 2008).
The data presented above suggest that the TRAIL-induced
TAK1-AMPK signalling pathway leading to an increase in
autophagic activity contributes to the protection of normal
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Figure 6 TRAIL induces TAK1-dependent AMPK activation and autophagy in retinal pigment epithelial cells. (A) The lysates of hTERT-RPE1
cells transfected with indicated siRNAs for 48 h and left untreated or treated with 500 ng/ml TRAIL for 2 h were analysed by immunoblotting.
(B) hTERT-RPE1-eGFP-LC3 cells transfected with indicated siRNAs for 48 h were left untreated or treated with 500 ng/ml TRAIL for 24 h and
analysed for LC3 translocation (left) and sub-G1 DNA content (middle) and AMPKa expression (right). (C) hTERT-RPE1-eGFP-LC3 cells were
transfected with indicated siRNAs for 48 h and analysed for the indicated mRNAs (top). After 48 h, cells were left untreated or treated with
500 ng/ml TRAIL for 2 h, and analysed for P-ACC and GAPDH (loading control) expression by immunoblotting. Similar results were obtained in
two independent experiments. (D) Cells transfected as described in (C) and left untreated or treated with 500 ng/ml TRAIL, 10 pM ionomycin or
starved for amino acids and glucose for 24 h were analysed for LC3 translocation. (E) Lysates of wild-type (WT) MEFs and MEFs with an
inactive TAK1 knock-in (TAK1A) treated with 500 ng/ml TRAIL were analysed by immunoblotting. Similar results were obtained in two
independent experiments. (F) WT and TAK1A MEFs left untreated and treated with 250 or 500 ng/ml TRAIL were analysed for cell death by the
LDH release assay. Similar results were obtained in two independent experiments (A, C and E). The values represent mean = s.d. for two (D) or
a minimum of three independent experiments (B, F). *P-value <0.05, **P-value <0.01 and ***P-value <0.001 as compared with cells treated
in the same way, but transfected without siRNA (B, D) or the wild-type cells (F).

epithelial cells against TRAIL-induced cell death. This is apoptosis overrides the ability of TRAIL to trigger autophagy
strongly supported by data showing that transformation of in cancer cells (Han et al, 2008). Alternatively, the TRAIL-
MCFI10A cells by activated oncogenes is sufficient to inhibit resistant cancer cells able to cause autophagy induction
TRAIL-induced autophagy and to sensitize them to TRAIL- might have retained the autophagy-competent phenotype
induced apoptosis (our unpublished data). Recent data show- normally killed during the transformation process (Hoyer-
ing that TRAIL can induce cytoprotective autophagy also in Hansen and Jdatteld, 2008). As the TRAIL-induced cytopro-
apoptosis-defective cancer cells suggest that TRAIL-induced tective autophagy in apoptosis-resistant cancer cells may
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Figure 7 A schematic presentation of various signalling pathways
leading to AMPK activation and AMPK-dependent autophagy.

inspire combination therapies with TRAIL and autophagy
inhibitors, it should be emphasized that the data presented
here suggest that the clinical safety of TRAIL receptor ago-
nists may depend on their ability to activate cytoprotective
autophagy in normal tissues and thereby strongly argue
against such combination therapies.

Materials and methods

Cell culture and treatments

The MCF10A breast epithelial cells expressing an ecotropic receptor
and eGFP-LC3 fusion protein were described previously (Heyer-
Hansen et al, 2007). The human hTERT-immortalized retinal
pigment epithelial cell line hTERT-RPE-1 was kindly provided by
Dr RM Rios (CABIMER, Sevilla, Spain) and transfected with pEGFP-
LC3 plasmid (Heyer-Hansen et al, 2007) to generate a stable pool of
hTERT-RPE1-GFP-LC3 cells. The immortalized MEFs from knock-
in mice expressing an inactive TAK1 mutant (TAK1A) together with
the appropriate wild-type MEFs were kindly provided by Dr S Akira
(Osaka University, Osaka, Japan) (Sato et al, 2005).

Recombinant human TRAIL was produced as described pre-
viously (Harper et al, 2001). TNF and IL-1B were purchased from
Peprotech, rapamycin, ionomycin, pepstatin-A, E64d and 3-MA
from Sigma-Aldrich (St Louis, MO, USA), 5-aminoimidazole-4-
carboxamide riboside (AICAR) from Toronto Research Chemicals
(Ontario, Canada), Hank’s balanced salt solution starvation
medium from GIBCO (CA, USA) and monoclonal antagonist
antibody to TRAIL-R2 (HS201, preservative free) from Alexis
Biochemicals Corp. (San Diego, CA, USA).

RNA interference

Cells were transfected with indicated siRNAs at 50nM (except for
TAK1 siRNA that was used at 10nM) using DharmaFECT transfe-
ction agent (Dharmacon Research, CO, USA) according to he
manufacturer’s guidelines. siRNAs corresponding to the human
cDNA sequences were as follows: Beclin-1 (5'-CAGTTTGGCACAAT
CAATAtt-3'), LKB1 (5-CUGGUGGAUGUGUUAUACAtt-3’) and a
control siRNA (5-CGACCGAGACAAGCGCAAGtt-3’) from Dharma-
con Research; CaMKKp (5-GGAUCUGAUCAAAGGCAUCtt-3') and
TAK1 no. 1 (5-GGAGAUCGAGGUGGAAGAGtt-3’) from Ambion (CA,
USA); TAKI no. 2 (5-UGGCUUAUCUUACACUGGALt-3'), AMPKal
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no. 1 (5-UGCCUACCAUCUCAUAAUALt-3'), AMPKa1 no. 2 (5'-CCUC
AAGCUUUUCAGGCAULtt-3’) and control siRNA (5-CUUUGGGUGAU
CUACGUUALt-3') from Sigma Proligo (St Louis, MO, USA); Atg7 no. 1
(5’-CAGUGGAUCUAAAUCUCAAACUGAULt-3') and Atg7 no. 2 (5'-
AAGGAGUCACAGCUCUUCCUULtt-3') from Invitrogen and TAB2
from Santa Cruz Biotechnology (CA, USA; sc-41049).

Autophagy and cell death detection

The percentage of cells with eGFP-LC3 translocation into dots
(a minimum of 100 cells/sample) was counted in eGFP-LC3
expressing cells fixed in 3.7% formaldehyde and 0.19% picric acid
(vol/vol) applying Zeiss Axiovert 100 M Confocal Laser Scanning
Microscope. Cross-sections with over five dots were considered
positive. Long-lived protein degradation assay was performed as
described previously (Heyer-Hansen et al, 2005).

Hypodiploid apoptotic cells (sub-G1) were detected by flow
cytometry as described previously (Ruiz-Ruiz and Lopez-Rivas,
2002), and cell death was detected by lactate dehydrogenase (LDH)
release assay (Roche) essentially as described previously (Foghs-
gaard et al, 2001).

Immunoblotting

Immunoblot analyses were performed according to standard
protocols. For the immunoblot detection of LC3-I and LC3-II, the
samples were treated with 10 pg/ml pepstatin A and 10 pg/ml E64d
for the last 4h before the lysis. Quantification of western blot
signals was performed by densitometry with ImageQuant TL
software after scanning the films on ImageScanner II (GE
Healthcare). The relative expression of proteins was normalized
to that of loading controls. The values are expressed as percentages
of the expression levels in control cells that were arbitrarily set to
100%. The primary antibodies used for immunoblot analysis
included murine monoclonal antibodies against beclin-1 (clone
20; Becton Dickinson) from Transduction Laboratories (NJ, USA),
GAPDH from Biogenesis (Poole, UK), P-p70S6K (no. 9206) and P-
IkB from Cell Signaling Technology Inc. (Danvers, MA, USA), LKB1
from Santa Cruz Biotechnology, LC3 from NanoTools (Germany)
and tubulin from Sigma as well as rabbit polyclonals against
p70S6K (no. 9202), AMPK (no. 2603), p-AMPK (no. 2535), p-ACC
(no. 3661), p-TAK1 (no. 4508), and TAK1 (no. 4505) from Cell
Signaling Technology Inc. and Atg7 from ProSci Incorporated
(Poway, CA, USA). Appropriate peroxidase-conjugated secondary
antibodies were obtained from DAKO A/S (Glostrup, Denmark) and
ECL immunoblotting reagents were obtained from Millipore
Corporation (Billerica, MA, USA).

RT-PCR

RT-PCR analyses were performed according to standard protocols.
The following human primers were applied for the RT-PCR:
CaMKKp: 5-AGACCAGGCCCGTTTCTACT-3' and 5-GAAGATCTT
GCGGGTCTCAG-3'; actin: 5-TGACGGGGTCACCCACACTGTGCCC
ATCTA-3’ and 5-CATGAAGCATTTGCGGTGGACGATGGAGGG-3':
TAB2: 5-CTGACTTGAGCAGTGGGTGA-3' and 5-AACGTAAGGG
CTTTGGGTCT-3'.

Statistical analysis

Independent experiments were pooled when the coefficient of
variance could be assumed identical. Statistical significance was
evaluated by using one or two sample t-test (n=number of
independent experiments). P-values below 0.05 were considered
significant.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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