(Serca2a, ATP2A2), myosin heavy chain (mhc, MYH?7), and the
potassium channel KCNQ (kcnq1, KCNQT) (Figure S3) involved
in heart rhythm control. Cardiac-specific knockdown of not3
increased the number of flies exhibiting contractile irregularities
(Figures S3H and S3l), afinding similar to what is seen in response
to cardiac-specific knockdown of the KCNQ K* channel
(Figure S3l) and what has been reported for KCNQ mutant flies
(Ocorret al., 2007b). Of note, a not3 P element mutant was devel-
opmentally lethal, exhibiting a late stage defect in embryonic
heart tube organization, which could be rescued by P element
excision (Figure S3C).

The CCR4-Not complex component UBC4 was also a major
hit identified by our heart screen. Moreover, UBC4 expression
was reduced after not3 knockdown (Figure S3B). Hand-Gal4>
UAS-UBC4-RNAi flies also exhibited significantly longer heart
periods and showed dramatically altered diastolic and systolic
diameters and reduced fractional shortening relative to control
hearts (Figures 3C-3G). Fluorescent imaging again revealed
severe myofibrillar disarray (Figure 4D) that was strikingly similar
to that observed in not3 knockdown hearts. Further, we
observed similar structural and functional phenotypes in not?
cardiac-specific knockdown flies (A.C., G.N., J.P., and R.B.,
unpublished data). Thus, knackdown of differant components
of the CCR4-Not complex result in abnormal heart structure
and severely impaired cardiac function indicative of dilated
cardiomyopathy.

Figure 4. not3 and UBC4 Cardiac-Specific
RNAi Knockdown Substantially Perturb
Myofibrillar Organization and Content

(A) Alexa584-phalloidin staining of control
Drosophila cardiac tubes reveals typical spiraling
myaofibrillar arrangements within the cardiomyo-
cytes. The fibers, especially those in the conical
chamber, located anteriorly, are densely packed
with F-actin.

(B-D) Relative to control hearts, not3 or UBC4
RNAi knockdown severely disrupts myofibrillar
organization and leads to an apparent loss of
myofilaments as noted by large gaps in F-actin
staining () as well as by a lack of myosin heavy
chain transcripts (Figure S3F).

(A’-D') Enlarged images of the conical chambers
from (A(D), respectively, which illustrate the
high degree of myofibrillar disarray and large
gaps in F-actin staining within the cardiomyocytes
of not3 and UBC4 RNAi knockdown hearts. Orig-
inal images were taken at 10x magnification
with a Zeiss Imager Z1 fluorescent microscope.

Functional Assessment

of Additional Drosophila Heart Hits
To extend our confirmations beyond
the CCR4-Not complex, we assayed
heart function in adult flies with heart-
specific knockdown of four additional
candidates identified in our heart screen
(Figure S3). One candidate heart gene
tested was CG1216 (Mrityu), which
encodes a mesoderm-expressed BTB-
POZ domain-containing protein (Rusconi and Challa, 2007).
Cardiac knockdown of CG17216 resulted in a significant increase
in systolic diameter. Another candidate heart gene, CG8933
(extradenticle), encodes a PBX-family transcription factor.
Cardiac knockdown of CG8933 resulted in increased systolic
diameter and reduced fractional shortening. Cardiac knockdown
of CG33261 (Trithorax-like) resulted in significantly altered
diastolic and systolic diameters as well as impaired fractional
shortening. Finally, knockdown of CG7371, which encodes
a Vps52 domain-containing protein predicted to participate in
Golgi trafficking, resulted in a marked increase in heart period
and affected the diastolic diameter. These data further dem-
onstrate that our'screen indeed has the capacity to identify
novel factors involved in and required for normal adult heart
function.

Generation of not3 Knockout Mice

We next tested whether our data on Drosophila can be directly
translated into a mammalian species. The mouse and human
NOT3 proteins (official gene name Cnot3) share 60% identity
with the Drosophila not3 ortholog. Expression of human and
mouse not3 messenger RNA (mRNA) transcripts can be found
in the majority of tinsues analyzed. Althaugh notd is evolutionarily
conserved from yeast to mammals, essentially nothing is known
about the in vivo role of mammalian not3. We therefore gener-
ated not3 knockout mice.
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We disrupted the not3 gene in murine embryonic stem cells
(ESCs) using a targeting vector in which nucleotides encompass-
ing exons 2 through 9 are deleted (Figure 5A and Figure S4A).
Both not3*/~ male and not3*/~ female mice are viable and exhibit
normal fertility. We never obtained viable not3 /~ newborn mice,
indicating that loss of not3 results in embryonic lethality. We
staged embryonic development but failed to recover not3 null
embryos from placental implantations (Figures S4B and S4C).
We therefore assayed early embryogenesis and observed that
not3~'~ blastocysts can develop. These mutant blastocysts
have a normal appearance (Figure S4D), occur at Mendelian
frequencies (Figures S4E and S4F), and express key markers of
early embryonic differentiation at normal levels (Figure S4G).
not3 mRNA transcripts and NOT3 protein were undetectable in
not3 '~ blastocysts by RT-PCR and immunostaining (Figures
S4F and S4G). In not3** and not3 /- epiblast cultures
(Figure S4H), trophoblast cells started to spread and supported
the outgrowths of the inner cell mass (ICM). While the ICM of
not3*/* blastocysts continued to grow, not3~’~ ICM cells ex-
hibited a severe outgrowth defect. Thus, complete loss of mouse
not3 results in early embryonic death at the implantation stage.

not3 Haploinsufficiency Results

in Impaired Heart Function

We speculated that similar to RNAi-mediated downregulation of
not3 in Drosophila, not3 haploinsufficiency might also reveal a
role in mammalian heart function. In not3 heterozygote mice,
not3 expression is indeed downregulated in the heart (Fig-
ure 5B). We failed to observe overt structural changes in the
hearts of not3*/~ mice. However, both male and female not3
haploinsufficient mice exhibited a reduction in cardiac contrac-
tility as determined by decreased left ventricle fractional short-
ening and increased left ventricular diameter in systole (Figures
5C and 5D).

To address whether the defects in cardiac function are
intrinsic to the heart per se or whether the observed impairment
of contractility was secondary because of haploinsufficiency of
not3 in other tissues, we subjected explanted hearts from wild-
type and not3*/~ littermate mice to Langendorff perfusion,
assessing ex vivo heart function (Joza et al., 2005). When isopro-
terenol was used to activate p-adrenergic receptors, not3*’
hearts exhibited severe contractile abnormalities as defined by
impaired generation of left ventricular pressure (LVP) (Figure 5E
and Figure S5A). Hemodynamic measurements confirmed that
all functional heart parameters such as dP/dT,., or dP/dT in,
indicative of generated contractile pressure, were markedly
reduced in not3*’~ hearts (data not shown). Moreover, when
explanted hearts were electrically stimulated, not3*/~ hearts
exhibited a striking defect in contractility (Figure 5F). Thus,
downregulation of not3 expression in not3 haploinsufficient
mice results in an intrinsic impairment in heart function.

Yeast strains mutant for components of the CCR4-Not
complex, including not3, display reduced acetylation levels of
lysine residues on histone tails (e.g., H3K9) (Peng et al., 2008)
and/or reduced trimethylation of H3K4 (Laribee et al., 2007).
H3K9 acetylation and H3K4 trimethylation are indicative of
transcriptionally active states of chromatin. Moreover, promoter
regions of NOT3 target genes were shown to recruit trimethy-
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lated H3K4 in mouse ESCs (Hu et al., 2009), suggesting that
NOT3 may regulate chromatin modifications. Our gene expres-
sion and bioinformatic analyses of mouse not3 knockout cells
revealed that histone deacetylases (HDACs) and mRNA metab-
olisms are localized central in gene networks (K.K., unpublished
data). We therefore assessed the state of histone modifications
in hearts from not3*/~ mice. Histone extracts of whole hearts
from not3 haploinsufficient mice showed a slight but significant
reduction in active histone marks such as acetylation of H3K9
and trimethylation of H3K4 (Figures 5G and 5H and Figure S5).
H3K27 trimethylation was not changed (Figure 5l and Figure S5).
Treatment of not3*/~ hearts with the HDAC inhibitor VPA
restored the reduced acetylation of H3K9 and H3K4 trimethyla-
tion to that of wild-type levels (Figures 5G-5I and Figure S5).
Most importantly, administration of HDAC inhibitors rescued
the impairment in heart function in not3*'~ mice; i.e., ex vivo
heart functions of VPA treated mice were similar to control
mice in response to both isoproterenol (Figure 5J) and electrical
stimulation (Figure 5K). These data were confirmed with TSA, a
second HDAC inhibitor (Figures S5H and S5l1). Together, these
data show that not3*/~ mice exhibit a spontaneous and intrinsic
defect in cardiac function that can be rescued with HDAC
inhibitors.

not3*’ Mice Develop Severe Cardiomyopathy
in Response to Cardiac Stress
We next exposed control and not3*/" littermates to chronic pres-
sure overload by surgical constriction of the aorta (transverse
aortic constriction, TAC). Three weeks after TAC, heart weight/
body weight ratios (HW/BW) increased in both not3** and
not3*'~ mice, although this increase was significantly larger in
the not3*~ mice (Figure 6A). Cardiac hypertrophy was also
seen by histology (Figure 6D and Figure S6A). Aortic banding of
not3*'~ mice resulted in severe heart failure characterized by
decreased fractional shortening (Figure 6B) and a dilation of the
left ventrical as determined by echocardiography (Figure 6C). In
addition, not3*'~ mice develop severe cardiac fibrosis after
TAC, as shown by Masson-trichrome staining of hearts 3 weeks
after TAC (Figure 6D and Figure S6B). Thus, not3*/~ mice develop
severe symptoms of heart failure in response to cardiac stress.
We next assessed whether HDAC inhibitors can also rescue
stress-induced heart failure. HDAC inhibitor treatment could
indeed block the augmented loss of cardiac function observed
in not3*/~ mice after TAC (Figures 7A and 7B). In vivo treatment
of not3*~ mice with HDAC inhibitors also blocked the exagger-
ated induction of heart failure markers such as ANF (Figure S6C)
and gMyhc (Figure S6BD). Moreover, treatment with an HDAC
inhibitor restored the observed histone alterations in not3*/~
mice to that of wild-type littermates (Figure 7C and Figures
S6E and S6F). Thus, not3 haploinsufficiency results in exag-
gerated heart failure that can be rescued by HDAC inhibition
in vivo.

A Common Genomic Variant in the NOT3 Promoter
Correlates with Cardiac Repolarization Duration

in Humans

Using an in silico search to identify NOT3 target genes, we found
that NOT3 has been shown to bind to the Kcnq? promoter in
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Figure 5. not3*’ Mice Exhibit Reduced Heart Contractility, Ex Vivo Function, and Histone Modifications that Can Be Rescued by Treatment
with HDAC Inhibitors

(A) Gene targeting strategy. Exons 2 to 9 of the not3 gene (official symbol cnot3) were replaced with a PGK-Neo cassette by homologous recombination in A9
ESCs. The wild-type allele, targeting vector, mutant allele, and PGK-Neo and DTH selection cassettes are shown. Blue boxes indicate exons.

(B) Real-time PCR analyses for not3 mRNA expression in 3-month-old wild-type and not3'/~ hearts. Values were normalized to gapdh mRNA expression. n = 6
mice per group.

(C) not3'~ mice display a significant reduction in percent fractional shortening at 4 months of age, which became more pronounced with age. n = 6-8 mice per
group. Fractional shortening was determined by echocardiography.

(D) Representative M mode echocardiography for wild-type and not3*/~ mice at 8 months of age.

(E) Left ventricular pressure (LVP) measurements in isolated ex vivo not3'~ and not3'/* hearts under isoproterenol perfusion. not3*/~ hearts from 4-month-old
mice showed impaired contractile responses to different doses of isoproterenol perfusion in the retrograde Langendorff mode as compared to age-matched
controls.

(F) Impaired contractile response of ex vivo not3*’~ hearts to electrical field stimulation (EFS) compared with littermate not3*'* hearts. Representative data for left
ventricular pressure (LVP) at 20 V stimulation are shown,

(G-1) H3K9 acetylation (H3K9ac) (G), H3K4 trimethylation (H3K4me3) (H), and H3K27 trimethylation (H3K27me3) (1) levels were analyzed by western blot for acid-
extracted histones from whole heart ventricles of wild-type and not3*/~ mice treated with vehicle or VPA (0.71% wA in drinking water for 1 week) Band intensities
were normalized to total H3 lavels.

(J and K) Treatment (1 week) with the HDAC inhibitor VPA rescue impaired ex vivo heart contractility of not3*”~ hearts to isoproterenol (100 nM) perfusion or 25 V
EFS.

All values are mean + SEM. *p < 0.05; **p < 0.01. n = 5-12 per group. See also Figures S4 and S5.
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ESCs (Hu et al., 2009). Kcnq1 encodes the o subunit of the repo-
larizing voltage gated potassium channel Iy, mutations in which
are the most common cause of long-QT syndrome (LQT1) in
humans (Wang et al., 1996). Abnormalities of cardiac repolariza-
tion, measured as alterations in QT interval, predispose to
sudden cardiac death in humans (Moss and Kass, 2005). Indeed,
while sham-operated not3*~ mice exhibit a subtle reduction in
cardiac Kcnql expression, this decrease was pronounced
after TAC (Figure 7D). Reduced Kcng1 expression was rescued
after HDAC inhibitor treatment. Also, for Kcne7, the B subunit
of ks, we observed a TAC-inducible and HDAC-sensitive defect
in expression in not3*'~ hearts (Figure 7E). In fly not3-RNAi
hearts, KCNQ expression is also reduced (Figure S3D), and
these flies exhibit cardiac contractile irregularities (Figures S3H
and S3l).

Recently, two consortia have published genome-wide associ-
ation studies (GWAS) for QT interval, QT-Interval and Sudden
Cardiac Death (QTSCD) (Pfeufer et al., 2009) and Genetics
of QT-Interval (QTGEN) (Newton-Cheh et al., 2009). One of the
12 identified genomic regions contains the NOT7 gene, which
we also found as a hit in our Drosophila screen (Figures 3A
and 3B). Because of the stringent requirements to achieve
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Figure 6. Not3'/ Mice Exhibit Severe Heart
Failure in Response to Pressure Overload

(A) Heart weight to body weight ratios (HW/BW) in not3'/~
and not3*’* littermate mice 3 weeks after transverse
aortic constriction (TAC). Animals receiving sham surgery
are shown as controls.

(B and C) Echocardiography of male not3*/~ and wild-type
littermates 3 weeks after TAC. not3'~ mice with TAC show
decreased percent fractional shortening (%FS) (B) and
increased left ventricular diameter in systolic phase
(LVESD) (C) compared with not3'’* mice that received
TAC. All values are mean + SEM. *p < 0.05; *'p < 0.01.
(D) Representative sections of not3*/* and not3'’~ hearts
analyzed 3 weeks after sham or TAC surgery. Masson-
trichrome stainings are shown to visualize collagen
deposits indicative of fibrotic changes. Note the severe
cardiac hypertrophy and ventricular dilation in not3'’
mice after TAC.

a genome-wide significance threshold of
p < 5 % 108 (Dudbridge and Gusnanto, 2008),
many genuinely associated alleles will be
missed because of both a failure to exceed
this statistical threshold and the absence of
functional confirmatory data for genes within
loci of interest. We therefore evaluated whether
common variants in and near the human NOT3
locus are also associated with alterations in QT
interval. Intriguingly, SNP rs36643 (chromo-
some 19: 59.3 Mb), located in the promoter
region ~869 base pairs upstream from the
NOT3 transcriptional start site (924 bases
upstream of the TATA box), is significantly
associated with QT interval in the QTSCD
data set (Figure 7F). Patients carrying the
common T allele (minor allele frequency =
0.65) showed a dose-dependent increase in QT interval
(ES = +1.03 £ 0.29 ms QT interval per copy of T allele, p =
3.66E" %) (Figure 7G). Of note, similar to adult kcng? mutant
mice (Nerbonne, 2004), we did not observe an increased QT
interval in not3 heterozygous mice (except for one mouse with
arrhythmia, K.K.,, M.M., H.Y., and K.F., unpublished data).
Thus, our genome-wide screening data for death in flies can
be used to identify candidate variants in humans that predispose
individuals to heart disease, i.e., in the case of NOT3 to
arrhythmia and sudden death.

DISCUSSION

Here, we present the first in vivo RNAi adult heart screen in
Drosophila assaying conserved genes. Using functional imag-
ing, we were able to observe cardiac defects in all flies with
heart-specific knockdown of candidate genes evaluated to
date. Our experimental approach to screen for conserved heart
genes in Drosophila in concert with advanced biocinformatics
has the potency to reveal human and mouse genes involved
in heart function and heart disease. Moreover, we uncovered
a plethora of additional genes, a large proportion of which had
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completely unknown functions until now. Future experiments are
required to test whether our candidate genes indeed control
cardiac development, regulate adult heart function, and/or
influence the outcome of heart failure in response to cardiac
stress.

One pathway we identified was the CCR4-Not complex.
Functional heart analyses in Drosophila confirmed that RNAI-
mediated silencing of the CCR4-Not components not3 and
UBC4 resulted in a severe impairment of cardiac function that
resembles dilated cardiomyopathy in experimental mouse
models and human patients. To provide a first proof of principle
that our fly hits can indeed have similar functions in the more
complex mammalian heart, we generated knockout mice for
a component of the CCR4-Not complex. not3 haploinsufficient
mice develop spontaneous impairment of heart function and

+/- by VPA treatment. Acid-extracted histones from
the hearts 6 weeks after TAC surgery were
immunoblotted with antibodies for H3K9ac and
H3K4me3. H3 is shown as a loading control.

(D and E) Real-time PCR analyses for the QT
interval-associated potassium channel genes
Kcnq1 and Kcnel. Total RNA was isolated from
hearts 6 weeks after TAC or sham surgery with
or without VPA treatment, and Kcnq1 and Kcnel
mRNA levels were measured and normalized to
18S mRNA. Data are shown as fold changes
compared to not3*’* mice for each treatment
group. Values are mean + SEM. *p < 0.05; **p <
0.01. n = 5-10 per group.

(F) Regional visualization of the association signal
between common variants in the NOT3 region
and the adjusted QT interval (QTc). SNP rs36643
in the 5 region of NOT3 (-969 bp from the tran-
scription start and —924 bp from the TATA box)
showed a significant regional association
(p = 0.000366).

(G) Association between the T allele of SNP
rs36643 and a prolongation of QTc. * p < 0.0005
from linear regression with inverse variance
weighting using an additive genetic model. Data
are derived from a meta-analysis of genome-
wide association scans in several populations
(Pfeufer et al., 2009).

See also Figure S6.
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severe heart failure after aortic banding. Mechanistically, not3
downregulation results in a defect in active histone marks and
cardiac defects observed in not3*/~ mice could be rescued by
treatment with HDAC inhibitors. Besides regulating transcrip-
tionally active states of chromatin (Hu et al., 2009; Jayne et al.,
2006; Laribee et al., 2007; Peng et al., 2008), the CCR4-Not
complex has also been implicated in RNA deadenylation (Tucker
et al, 2001) and microRNA-mediated mRNA degradation
(Behm-Ansmant et al,, 2006). Thus, we cannot exclude that
CCR4-Not components affect additional mechanisms regulating
heart function. Importantly, our work on not3 in flies and mice
has also allowed us to identify a single-nucleotide polymorphism
in the human NOT3 promoter that is associated with prolonged
QT intervals and sudden cardiac death in humans. Thus, large-
scale screens in Drosophila can be directly translated to
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mammalian species and, in combination with other genome-
wide approaches, can reveal regulators of heart function and
heart failure.

EXPERIMENTAL PROCEDURES

Detailed experimental procedures are provided in the Extended Experimental
Procedures.

Fly Stocks

All RNAi transgenic fly lines were obtained from the Vienna Drosophila RNAI
Center (VDRC) RNAi stocks (Dietzl et al., 2007). The cardiac tissue-specific
TinC44 12a-Gal4 was a kind gift from Manfred Frasch, (Lo and Frasch,
2001) and Hand-Gal4 was a gift from Eric Olsen (Han and Olson, 2005).

Screening System

Transgenic RNAi males were crossed to TinC 44 virgin females. Viable lines
were then incubated at 29°C for 6 days to expose flies to temperature stress
(Paternostro et al., 2001). Initially, a Z score cutoff of 2 (mean control-test)/
SD was used to select RNAI lines for retesting.

Drosophila Cardiac Function, Morphology, and Gene Expression
UAS-RNAi fly lines obtained from the Vienna Drosophila RNAi Center were
crossed to Hand-Gal4 (Il) driver flies and to w’’"® wild-type control flies. Flies
were assessed for heart morphology and physiology with high-speed digital
video imaging (Ocorr et al.,, 2007b). M modes were generated and cardiac
parameters including heart periods, diastolic and systolic diameters, and frac-
tional shortening were recorded for each group with a MatLab-based image
analysis program (Fink et al., 2009). Fluorescent imaging of Drosophila heart
tubes was performed as described (Alayari et al., 2009).

Bioinformatics Analysis
For a detailed description of full bioinformatics analysis, please see the
Extended Experimental Procedures.

Phenotyping of not3 Knockout Mice

A targeting vector was constructed to replace exons 2 and 9 of the murine not3
gene. Fractional shortening (FS) was calculated as follows: FS = [(LVEDD -
LVESD)/LVEDD] x 100. For ex vivo heart studies, hearts were assayed with
a Langendorff apparatus. The heart was paced electrically at 400 beats/min
(bpm), and the electrical field stimulation (EFS) was applied in conjunction
with the pacing stimulation. Isoproterenol was perfused for 30 s with the indi-
cated doses. For HDAC inhibition, wild-type and not3*~ mice were treated
with vehicle, Trichostatin A (TSA), or Valproic acid (VPA) for 1 week. Acid-
extracted histones were prepared, resolved, and transferred to nitrocellulose
membranes for western blotting. Transverse aorta constriction (TAC) was per-
formed as described (Kuba et al., 2007). For heart histology, hearts were
arrested, fixed, embedded in paraffin, and stained with hematoxylin and eosin
(H&E) or Masson-Trichrome.

Human QT Interval Association
Human QT interval association signals over the NOT3 region were obtained
from data generated by the QTSCD Consortium (Pfeufer et al., 2009).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures, six
figures, five tables, and one movie and can be found with this article online
at doi:10.1016/j.cell.2010.02.023.
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Involvement of JNK in the regulation of autophagic cell death

S Shimizu'?, A Konishi', Y Nishida'?, T Mizuta?, H Nishina*, A Yamamoto® and Y Tsujimoto'

!Department of Medical Genetics, Osaka University Medical School, Yamada-oka, Suita, Osaka, Japan; ?Department of Pathological
Cell Biology, Medical Research Institute, Tokyo Medical and Dental University, Yushima, Bunkyo-ku, Tokyo, Japan; * Medical Top
Track Program, Medical Research Institute, Tokyo Medical and Dental University, Yushima, Bunkyo-ku, Tokyo, Japan;
*Department of Developmental and Regenerative Biology, Medical Research Institute, Tokyo Medical and Dental University,
Yushima, Bunkyo-ku, Tokyo, Japan and ’Department of Bio-Science, Nagahama Institute of Bio-Science and Technology,

Nagahama, Japan

Programmed cell death is a crucial process in the normal
development and physiology of metazoans, and it can be
divided into several categories that include type I death
(apoptosis) and type II death (autophagic cell death). The
Bcl-2 family proteins are well-characterized regulators of
apoptosis, among which multidomain pro-apoptotic mem-
bers (such as Bax and Bak) function as a mitochondrial
gateway at which various apoptotic signals converge.
Although embryonic fibroblasts from Bax/Bak double-
knockout (DKQO) mice are resistant to apoptosis, we have
previously reported that these cells still die by autophagy
in response to various death stimuli. In this study, we
found that jun N-terminal kinase (JNK) was activated in
etoposide- and staurosporine-treated, but not serum-
starved, Bax/Bak DKO cells, and that autophagic cell
death was suppressed by the addition of a JNK inhibitor
and by a dominant-negative mutant of JNK. Studies with
sek1-/-mkk7~/~ cells revealed that disruption of JNK
prevented the induction of autophagic cell death. Co-
activation of JNK and autophagy induced autophagic cell
death. Activation of JNK occurred downstream of the
induction of autophagy, and was dependent on the
autophagic process. These results indicate that JNK
activation is crucial for the autophagic death of Bax/
Bak DKO cells.

Oncogene (2010) 29, 2070--2082; doi: 10.1038/0onc.2009.487;
published online 18 January 2010

Keywords: JNK; autophagic cell death; Atg5

Introduction

Programmed cell death 1s a genetically regulated
mechanism of cell death, which is essential for various
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biological events, such as morphogenesis and the
elimination of potentially harmful cells. Apoplosis is a
representative form of programmed cell death, which is
regulated by the Bcl-2 family proteins and driven by a
family of cysteine proteases called caspases, which have
already been intensively investigated. In addition,
accumulating evidence suggests that other mechanisms
may also contribute to programmed cell death. One
of these non-apoptotic death mechanisms may be the
so-called ‘autophagic cell death’ or type 11 programmed
cell death, which is morphologically defined as deaths of
cells associated with dUlOphdglC changes (Clarke, 1990;
Bachrecke, 2002)

Autophagy is an cvolullonanly conserved process,
which operates constitutively to allow bulk degradation
of cellular constituents and organelles in healthy cells,
and it is induced above basal levels in response to
various stimuli that include starvation, genotoxic stress
and deprivation of cytokines (Ohsumi, 2001; Mizushima
et al., 2002; Klinonsky, 2005). During the process of
autophagy, cellular cytoplasm and organeclles are
engulfed by double-membrane vesicles called autopha-
gosomes that fuse with lysosomes to become autolyso-
somes, in which the cargo of the autophagosomes are
degraded by lysosomal enzymes. Studies performed in
yeasts have revealed more than 30 molecules that are
involved in autophagy, including Atg5 and Atg6 (also
called Beclin 1), and homologues for these molecules
have been found in mammals, providing us with clues to
study the physiological process of autophagy (Ohsumi,
2001; Mizushima et al., 2002; Klinonsky, 2005).

Autophagy is primarily a pro-survival mechanism,
but there is evidence to suggest that it also functions as a
pro-death mechanism under certain conditions (Levine
and Yuan, 2005). We previously discovered that
embryonic fibroblasts from Bax/Bak double-knockout
(DK O) mice are resistant to apoptosis, but still die in a
non-apoptotic manner with autophagic features after
death stimulation (Shimizu et al., 2004). We have also
shown that such non-apoptotic death of Bax/Bak DKO
cells is suppressed by inhibitors of autophagy, including
a type 111 phosphoinositide-3 kinase inhibitor, 3-methyl
adenine (3-MA), and is dependent on autophagic
proteins, such as Atg5 and Beclin 1, indicating that this
form of cell death occurs through autophagic machinery
(Shimizu et al., 2004). Similarly, Lenardo and collecagues
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have demonstrated the induction of autophagic cell
death when L1929 cells were trecated with benzyloxycar-
bonyl-Val-Ala-Asp (OMe) fluoromethylketone (zVAD-
fink), a broad-spectrum caspasc inhibitor (Yu et al.,
2004). Similar to ctoposide-trcated Bax/Bak DKO
mousc cmbryonic fibroblasts (MEFs), zVAD-fmk-
treated L929 cclls dic of autophagy, and this form of
cell death is blocked by silencing of Atg7 and Beclin 1
(Yu et al., 2004). In both cases, molecules involved in
autophagy apparcntly promote cell death rather than
cell survival. When cells are starved, death eventually
occurs because of autophagy, but it does not depend on
autophagic proteins. Therefore, there are two kinds of
autophagy-related cell death, with one being dependent
on autophagy and the other being death that is not
driven by autophagy. To understand the physiological
and pathological roles of autophagic cell death, parti-
cularly the autophagy-dependent form of death, it is
necessary to elucidate how autophagic molecules are
involved in cellular destruction and to find the other
molecules that also have a role in this form of cell death.
Accordingly, we searched for molecules that were
involved in the autophagic death of Bax/Bak DKO
MEFs. As a result, we demonstrated that activation of
jun N-terminal kinase (JNK) was required for the
autophagic death of these cells and that such activation
occurred downstream of the autophagic process itsclf.

Results

Phosphorylation of JNK during etoposide-induced and
staurosporine-induced autophagic death of Bux/Bak
DKO MEFs

Recently, we showed that various apoptotic stimuli,
including ctoposide and staurosporinc, were able to
induce the autophagic death of Bax/Bak DKO MEFs
(Shimizu er al., 2004), in which mitochondria-mediated
apoptosis signaling is blocked. However, dctailed
mechanisms underlying this form of ccll death were
unclear. As JNK was reported to have a crucial role in
inducing the autophagic death of zVAD-fmk-treated
L.929 cells (Yu et al., 2004), we assumed that JINK might
act as a pivotal signaling molccule for etoposide (or
staurosporine)-induced autophagic death of Bax/Bak
DKO MEFs. As shown in Figure 1, the activation of
JNK was detected in etoposide-treated Bax/Bak DKO
MEFs by the in vitro kinase assay (Figure la) and by
western blot analysis of phospho-JNK (Figure Ib).
Addition of SP600125, a JNK inhibitor, prevented the
phosphorylation of JNK (Figure 1b). Similar results
were obtained with staurosporine (Figurcla; data not
shown). Although phosphorylated/active INK showed
molecular sizes of both 46 and 54kD on western
blotting, the 46-kD phosphorylated JNK was dominant
in etoposide-treated and staurosporine-treated Bax/Bak
DKO MEFs (Figurclb; data not shown). Etoposide
caused immediate and sustained activation of JINK with
a peak after 3-4h. Sustained activation of JNK is
reported to be linked with cell death (Ventura er al.,
2006). Unlike JNK, we did not detect activation of other
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stress-related mitogen-activated protein kinases, such as
p38, extracellular ligand-regulated kinase (ERK)1/2 and
ERKS (Figures Ic-¢). These results indicated that INK
was activated in Bax/Bak DKO MEFs by ctoposide or
staurosporine trecatment.

Involvement of JNK in etoposide-induced and
staurosporine-induced autophagic death of Bax|Bak
DKO MEFs

As JNK was activated in ctoposide-treated and staur-
osporine-treated Bax/Bak DKO MEFs, we next inves-
tigated whether its activation was required for
ctoposide-induced and staurosporine-induced death of
Bax/Bak DKO MEFs. As shown in Figure 2a, etopo-
side-trcated Bax/Bak DKO MEFs became rounded and
detached from the culture dish, consistent with our
previous findings (Shimizu et al., 2004). These cells
showed loss of viability when assessed by staining with
propidium iodide (PI; a membrane-impermeable stain
for nucleic acid staining; Figures 2b and c), as well as by
the colony formation assay (Figure 2d) and the ccll
growth assay using Cell Titer Blue (CTB) to measurc the
metabolic activity of viable cells (Figure 2¢). When Bax/
Bak DKO MEFs were treated with etoposide in the
presence of 3-MA (an inhibitor of autophagy through
type 111 phosphoinositide-3 kinasc), both morphological
changes and ccll viability werc markedly improved
(Figures 2a-¢), which was also consistent with our
previous observations (Shimizu er al., 2004). When
SP600125 was added instead of 3-MA, cell rounding and
detachment were inhibited, but to lesser extent than with
3-MA (Figure 2a). Similarly, cell viability (assessed by
Pl staining, colony formation and ccll growth) was
improved by the addition of JNK inhibitor in a dose-
dependent manner, but to a lesser cxtent than that
caused by the addition of 3-MA (Figures 2b-¢). Similar
results were obtained with staurosporine (Figure 2f). In
contrast, a p38 inhibitor (SB203580) and an ERK1/2
inhibitor (U0126) did not have any influence on the
extent of autophagic cell death (Figure 2¢), a finding
consistent with the lack of p38 activation and ERK1/2
activation by ctoposide (Figures Ic and d).

For further confirmation of the role of JNK, a
dominant-ncgative form of JNK was expressed in Bax/
Bak DKO MEFs to specifically inhibit JNK activation
(Figurc 2g). As shown in Figures 2h and i, etoposide-
induced autophagic death of Bax/Bak DKO MEFs was
significantly suppressed by transfection with the domi-
nant-negative JNK plasmid, but not the empty vector, as
assessed by PI staining and the CTB assay, confirming
the involvement of JNK in autophagic cell death.

To investigate the involvement of JNK in autophagic
cell death from another perspective, we used a genelic
approach. Activation of JNK requirces phosphorylation
of both tyrosine (***Tyr) and threonine ("**Thr), and two
kinases (SEK1 (also known as MKK4) and MKK?7
(SEK2)) arc essential for the phosphorylation of these
amino-acid residues. Therefore, JNK activation is
completely abolished in sekl-/~ mkk7-/- cells (Nishitai
et al, 2004). As we previously demonstrated that,
similar to Bax/Bak DKO MEFs, MEFs overexpressing
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Figure 1 Phosphorylation of jun N-terminal kinase (JNK) after treatment of Bax/Bak double-knockout (DKO) mouse embryonic
fibroblasts (MEFs) with etoposide or staurosporine. (a) DKO MEFs were treated with 20 pm etoposide or | um staurosporine (STS) for
the indicated periods. Cell lysates were subjected 1o an in vitro c-Jun kinase assay using an anti-phosphorylated c-Jun antibody. (b, ¢)
DKO MEFs were treated with 20 um etoposide or ultraviolet (UV) irradiation (100J/m?) in the presence or absence of 25 um SP600125
for the indicated periods. Cell lysates were then subjected to immunoblot analysis with antibodies for phosphorylated JNK, JNK,
phosphorylated p38 or glyceraldehyde 3-phosphate dehydrogenase (GAPDH; loading control). UV irradiation was used as a positive
control for p38 activation. (d, e) DKO MEFs werc treated with 20 pm etoposide for the indicated periods. Cell lysates were then
subjected to immunoblot analysis with antibodies against phosphorylated extracellular ligand-regulated kinase (ERK)I/2,

phosphorylated ERKS5 or GAPDH (loading control).

Bel-x. die through an autophagic process afler etoposide
or staurosporine treatment (Shimizu ez al., 2004), Bel-x;.
was expressed in wild-type (WT) and sckl /- mkk7-/~
cells that were trcated with etoposide. The WT cells
overexpressing Bcel-x;. showed resistance to etoposide-
induced cell death compared with vector-transfected
WT MEFs, but still had a significant decline of
viability, which was suppressed by the addition
of 3-MA (Figure 3a). In contrast, the viability of
Bcl-x-expressing sek 17/~ mkk7-/~ cells was higher than
that of Bel-x;-expressing WT cells and was not
influenced by the addition of 3-MA (Figure 3b). In
both types of cells, the level of Bcl-x; cxpression was
cquivalent and apoptosis was similarly inhibited
(Figure 3c; data not shown). Therefore, 3-MA-sensitive
autophagic cell death was blocked in Bcl-x; -cxpressing
sek17/~ mkk7 /= cells. Note that autophagy was acti-
vated similarly in both WT and sekl "~ mkk7" cells
(Figure 3d). Consistent with the above findings, inhibi-
tion of autophagy using small interfering RNA (siRNA)
for Atg5, which is essential for thc induction of
autophagy, improved the viability of Bcl-x, -overexpres-
sing WT cells, but not of Bcl-x, -overexpressing sck1-/-
mkk7-/~ cells (Figures 3¢ and ). Thus, 3-MA-sensitive
and Atg5-dependent autophagic cell death was induced
in Bel-xg -overexpressing WT cells, but not in Bcl-x, -
overexpressing sek1™/~ mkk7-/~ cells, indicating that
activation of JNK was required for the induction of
autophagic cell death, consistent with the data shown in
Figure 2.

Oncogene

JNK is activated during autophagic cell death, but not
during starvation-induced autophagy

Autophagy occurs during autophagic cell death, but is
also induced by starvation of cells. We have already
demonstrated that JNK is activated during autophagic
cell death. We next investigated whether starvation-
induced autophagy was also accompanied by the
activation of JNK. When Bax/Bak DKO MEFs were
starved by incubation in Hanks solution, as described in
Materials and methods section, autophagy occurred, as
demonstrated by the punctate distribution of green
fluorescent protein (GFP)-tagged light chain 3 (LC3;
Figure 4a). As shown in Figure 4b, kinetics of
autophagy induction were different between etoposide-
treated cells and starved cells. Unlike etoposide treat-
ment, starvation did not induce cell death (Figure 4c).
As would be expected if it were assumed that autophagy
was activated to promote survival during starvation, the
death of these cells was enhanced by 3-MA (Figure 4c).
In these cells, the level of JNK activation remained low
compared with that in etoposide-treated cells
(Figure 4d), suggesting that activation of JNK occurred
with the induction of autophagic ccll death but not
autophagy for survival.

Co-activation of INK and autophagy is sufficient to
induce autophagic death of Bax/Bak DKO MEFs
Having shown that JNK has a crucial role in autophagic
cell death, we next investigated whether JNK activation
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Figure 2 Reduction of etoposide-induced and staurosporine-induced death in Bax/Bak double-knockout (DKO) mouse embryonic
fibroblasts (MEFs) by inhibition of jun N-terminal kinase (JNK). (a) DKO MEFs were treated with etoposide (20 pm) in the absence or
presence of 10mm 3-MA or 25um SP600125 for 24 h. and then were examined by phase-contrast microscopy. (b, ¢) Reduction of
ctoposide-induced autophagic cell death by SP600125 and 3-MA, but not SB203580 and U0126 as assessed by PI staining. (b) DKO
MEFs were treated with 20 um etoposide in the absence (open circles) or presence of 10 mm 3-MA (closed squares) or 25 um SP600125
(closed circles) for the indicated periods. (¢) DKO MEFs were treated with 20 um ctoposide in the presence of the indicated
concentrations of SP600125, SB203580, or U0126 for 72h. Cell viability was mcasured by staining with PL. Astenisks indicate a
significant difference at P<0.05 (vs no inhibitor). (d, ) Reduction of ctoposide-induced death by SP600125, as assessed by the
clonogenic and proliferation assays. (d) DKO MEFs were treated with 20 pm ctoposide in the absence or presence of 10mwm 3-methyl
adenine (3-MA) or 25 pm SP600125 for 24 h. After collection, 2000 cells were seeded in normal medium and the number of colonies was
counted after | week. Asterisks indicate a significant difference at P <0.05 (vs none). (¢) DKO MEFs were untreated (open triangles) or
treated with 20 um etoposide in the absence (open circles) or presence of 10mm 3-MA (closed circles) or 25 um SP600125 (closed
squares) for 24 h, and 5000 cells were seeded in normal medium. The number of viable cells was measured on the indicated days by the
Cell Titer Blue (CTB) assay. (f) Reduction of staurosporine-induced autophagic cell death by SP600125 and 3-MA, as assessed
by propidium iodide (PI) staining. DKO MEFs were treated with [ pm staurosporine in the absence (open circles) or presence of 10 mm
3-MA (closed squares) or 25 pm SP600125 (closed circles) for the indicated periods. Cell viability was measured by PI staining. (g-i)
Reduction of etoposide-induced autophagic cell death by a dominant-negative INK mutation. DKO MEFs were transfected with
plasmid DNA for the dominant-negative JNK mutation or the empty vector, After 24 h, cells were incubated with 20 um ctoposide for
the indicated periods. Activation of JNK was assessed by the immunoblot analysis with antibodies for phsphorylated c-Jun (g). Cell
viability was assessed by the PI staining (h) and CTB assay (i). In pancls b-f, h and i, data are expressed as mean s.d. for four
independent experiments.
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Bel-x  -overexpressing sekl / mkk7 / mouse embryonic fibroblast

(MEF)-like cells. (a, b) Wild-type (a) and sekl / mkk7 / (b) MEF-like cells were transfected with plasmid DNA for Bcl-x, (squares)
or the empty vector (circles) for 24 h, and then were incubated with 20 um etoposide in the presence (closed) or absence (open) of 10 mm
3-methyl adenine (3-MA) for the indicated periods. Cell viability was assessed by propidium iodide (PI) staining. Data are expressed as
mean s.d. for four independent experiments. (¢, d) Wild-type and sek1 / mkk7 / MEF-like cells were transfected with plasmid DNA
for Bel-xg or the empty vector, and then were incubated with 20 um etoposide for 18 (c) or for the indicated periods (d). Cell lysates
were then subjected to immunoblot analysis with antibodies against Bel-x or active caspases 3 (¢) or light chain 3 (LC3) (d).
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) is used as the loading control. (e, f) Wild-type (e) and sekl / mkk7 / (f) MEF-
like cells were transfected with the Bel-x, expression plasmid together with Atg5 small interfering RNA (siRNA; closed squares) or
control siRNA (open squares), and were incubated with 20 um etoposide for the indicated periods, Cell viability was assessed by PI
staining. Data are expressed as mean £ s.d. for four independent experiments.

was sufficient to induce autophagic cell death by using an
MKK7-JNK fusion protein, in which MKK7«l and
JNKBI were connected by the Flag tag (Tsuruta et al.,
2004). Expression of this fusion protein led to constitutive
activation of JNK through intramolecular phosphoryla-
tion by MKK?7 (Figure 5a). As shown in Figure 5b,
transient expression of MKK7-JNK in WT MEFs
induced death, which was inhibited by zZVAD-fmk. These
findings indicated that WT MEFs underwent apoptosis
due to autoactivation of JNK, consistent with numerous
previous reports (Gupta ef al., 1995), thus verifying that
MKK7-JNK functioned properly in our transfected cells.

Oncogene

The addition of 3-MA enhanced this apoptosis, consistent
with other report demonstrating that inhibition of
autophagy enhances apoptosis (Boya et al., 2005). We
then introduced this plasmid into DKO MEFs. If
activation of JNK was sufficient to induce autophagic cell
death, expression of MKK7-JNK should have induced
the death of Bax/Bak DKO MEFs. However, despite the
similar level of JNK activation in WT and DKO MEFs
(Figure 5a), expression of the MKK7-JNK fusion protein
did not induce the death in Bax/Bak DKO MEFs
(Figure 5b), indicating that activation of JNK alone was
not sufficient to cause autophagic cell death.
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Figure 4 Jun N-terminal kinase (JNK) is not activated by starvation-induced autophagy. (a, b) Green fluorescent protein-light chain
3 (GFP-LC3)-transfected double-knockout (DKO) mouse embryonic fibroblasts (MEFs) were not treated, treated with 20 um
ctoposide, or cultured in nutrient deprivation medium (starvation) for 12h, and then were examined by fluorescent microscopy.
(a) Representative photographs of cells showing GFP--LC3 are shown. (b) Time-course analysis ol autophagic cells during starvation
(closed circles) and etoposide treatment (open circles). Data are shown as mean £ s.d. (n=4). (¢) No autophagic death of starved DKO
MEFs. DKO MEFs were cultured in nutrient deprivation medium in the absence (open circles) or presence of 10 mm 3-methyl adenine
(3-MA; closed squares) or 25 pm SP600125 (closed circles). Cell viability was then measured by propidium iodide (PI) staining. Data
are shown as meanzts.d. (n=4). (d) No activation of JNK by starvation. DKO MEFs were treated with 20 um etoposide or were
cultured in nutrient deprivation medium for the indicated periods. Cell lysates were subjected to immunoblot analysis with an antibody
against phosphorylated JNK.

We next questioned whether the combination of  (Figure 6d), which is a well-established indicator of
autophagy and JNK activation could induce autophagic autophagy (Kabeya et al., 2000). Furthermore, accu-
cell death. To elucidate this, we introduced MKK7- mulation of Beclin 1, a molecule involved in autophagy,
JNK plasmid into DKO MEFs and subjected to was observed at similar levels in ctoposide-treated DKO
starvation. Although starvation or MKK7-JNK trans- MEFs in the presence and absence of SP600125
fection alone did not induce cell death in DKO MEFs  (Figurc 6d). Notably, the extent of etoposide-induced
(Figures 4 and Sb), their combination significantly autophagy in Bel-x -expressing sck 17~ mkk7-/~ cells
induced cell death that was greatly inhibited by 3-MA was the same as that in Bel-x; -expressing WT cells, as
(Figure 5c), suggesting that co-activation of JNK and assessed by LC-31/11 generation (Figure 3d). All of these
autophagy induced autophagic cell death. results indicated that inhibition of JNK suppressed

autophagic ccll death without affecting the occurrence
JNK does not influence etoposide-induced autophagy K;E;l:tophdgy i elaposide-breated Bax/Bak DRQ
in Bux/Buk DKO MEFs o
As JNK activation was involved in ctoposide- and
staurosporine-induced autophagic death of Bax/Bak Activation of JNK occurs downstream of autophagy
DKO MEFs, we next investigated whether JNK had in etoposide-treated Bax|/Bak DKO MEFs
an influence on autophagic process during the death of  Given that activation of JINK was involved in ctoposide-
these cells. To examine this, GFP-LC3 was first and staurosporine-induced autophagic cell death, but
cxpressed in Bax/Bak DKO MEFs. As a result, ctopo- not in the process of autophagy itself, we next
side-treated Bax/Bak DKO MEFs showed punctate investigated whether JNK activation occurred down-
fluorescence duc to the induction of autophagy stream ol autophagy. We added 3-MA (o ctoposide-
(Figure 6a). This punctate (luorescence was inhibited treated Bax/Bak DKO MEFs and then mecasured the
by 3-MA, but not SP600125 (Figures 6a and b), phosphorylation of JNK. Inhibition of autophagy by 3-
although both agents inhibited autophagic cell death. MA led to a marked reduction in the phosphorylation of
Consistently, the majority of ctoposide-trecated DKO JNK in ctoposide-treated Bax/Bak DKO MEFs
MEFs contained a number of autophagosomcs/auto- (Figure 7a), suggesting that the occurrence of autophagy
lysosomes, observed with clectron microscopy, irrespec- was required for the activation of JNK. To confirm this,
tive of addition of the JNK inhibitor (Figure 6¢). Similar we used gene silencing with siRNA (o inhibit Atg5. As
results were also obtained using LC-3I1 formation shown in Figure 7b, silencing of Atg5 inhibited the
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Figure 5 Enforced activation of jun N-terminal kinase (JNK) induced autophagic cell death in starved, but not healthy, Bax/Buak
double-knockout (DKO) mouse embryonic fibroblasts (MEFs). (a) Wild-type and Bax/Bak DKO MEFs were transiently transfected
with DNA encoding the mkk7-juk fusion protein or empty vector for 24h, and JNK activation was examined. Cell lysates were
subjected to immunoblot analysis with an antibody against phosphorylated c-Jun. (b) Wild-type and Bax/Bak DKO MEFs were
transiently transfected with DNA for the mkk 7-jnk fusion protein or empty vector in the absence (white columns) or presence of 10 mm
3-methyl adenine (3-MA; black columns) or 100 pum benzyloxycarbonyl-Val-Ala-Asp (OMe) fluoromethylketone (zVAD-fmk; gray
columns) for 24 h. Cell viability then was assessed by propidium iodide (PT) staining. Data are shown as meun * s.d. (n=4). (¢) Bax/
Bak DKO MEFs were transiently transfected with the mkk7-juk fusion plasmid or emplty vector. Afler 24 h, cells were starved in the
absence (white columns) or presence of 10 mm 3-MA (black columns) for 24 h. Cell viability then was assessed by Cell Titer Blue (CTB)
assay. Data are shown as mean £ s.d. (n =4). Asterisks indicate significant differences at £<0.05 (*vs vector transfection only, *¥*vs
mkk7-jnk transfection only).
phosphorylation of JNK, similarly to the results  autophagic cell death (Figure 2b), HeLa/Bcl-x, cells
obtained using 3-MA. Furthermore, as shown in  maintained their viability in the presence of etoposide
Figure 7c, activation of JNK was not scen in Bel-x, - (Figure 8b). To clucidate a reason why HeLa/Bcl-x,
expressing Atg5~/~ MEFs (Kuma er al., 2004), whereas it cells could avoid the autophagic cell death, we examined
was observed in Bel-x, -expressing AtgS /' MEFs. The  the induction of autophagy and JNK activation.
viability of Bcl-x; -expressing Atg5 '~ MEFs was super- Induction of autophagy was observed in etoposide-
ior to that of Becl-x -expressing Atg5'/* MEFs in  treated HeLa/Bcl-x, cells, as assessed by GFP-LC3
response to etoposide, despite the equivalent expression  (Figure 8d) and LC3-II generation (Figure 8c). In
levels of Bcl-x, (Figure 7d). Therefore, these results contrast, etoposide-induced JNK activation in Hela/
indicated that the activation of JNK occurred down- Bcl-x,, cells was much weaker than that in etoposide-
stream of the induction of autophagy, and that JNK treated DKO MEFs (Figure 8f). Therefore, we hypothe-
activation then induced cell death. sized that the lower levels of JNK activation in Hela/
Bel-x, cells was responsible for their resistance to
autophagic cell death. To examine this possibility, we
Activation of JNK induces autophagic cell death introduced mkk7-jnk expression plasmid into HeLa/Bcl-
in Bel-x -overexpressing HelLa cells xp. cells (Figure 8c) and treated the cells with etoposide.
Finally, we questioned whether JNK-mediated auto-  In response to etoposide, mkk7-jnk-transfected HeLa/
phagic cell death also occurred in apoptosis-resistant Bel-x, cells showed autophagy induction (Figures 8d
human cancer cells. To examine this, we produced  and e) and lost their viability, which was inhibited by
apoptosis-resistant HeLa cells by stably overcxpressing  3-MA (Figure 8g), suggesting the occurrence of autop-
Bel-x. (designated as HeLa/Bcl-x;; Figure 8a). In  hagic cell death. Taken together, co-activation of
contrast to the etoposide-treated Bax/Bak DKO MEFs,  autophagy and JNK is crucial for the induction of
which did not die by apoptosis but lost their viability by  autophagic cell death.
Oncogene ) -
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Figure 6 No effect of a jun N-terminal kinase (JNK) inhibitor on etoposide-induced autophagy of Bax/Bak double-knockout (DKO)
mouse embryonic fibroblasts (MEFs). (a, b) Green fluorescent protein-light chain 3 (GIFP-LC3)-transfected DKO MEFs were treated
with 20 um etoposide in the absence or presence of 25 pm SP600125 (SP) or 10 mm 3-methyl adenine (3-MA) for 24 h, and then were
examined by fluorescent microscopy. Representative photographs are shown in (a), and the percentage of cells with punctate GFP
relative to all GFP-positive cells is indicated in (b). Data are shown as mean £s.d. (1= 4). Asterisks indicate a significant difference at
P<0.05 (vs etoposide only). (¢) Representative electron micrograph of Bax/Bak DKO MEFs treated with etoposide for 18h in the
presence or absence of SP600125. Arrows indicate autophagosomes/autolysosmes. (d) DKO MEFs were treated with 20 pm etoposide
in the absence or presence of 25 um SP600125 for the indicated periods. Then cell lysates were subjected to immunoblot analysis with an
antibody against LC3 and Beclin 1.
Discussion zZVAD-fmk-trcated L929 cells (Yu et al., 2004, 20006).
Our preliminary studies excluded the involvement of
Autophagic cell death is thought to be involved in  caspase-8 and catalase in the autophagic death of Bax/
various physiological and pathological events. However, Bak DKO cells, as the cxtent of autophagic cell death
it has long been assessed only {rom the point of view of ~ was cqual in Bcl-x -overexpressing caspase-8-deficient
morphological changes due to lack of knowledge MEFs and Bel-x; -overexpressing wild-type MEFs after
regarding the molecular events involved in this process,  ctoposide stimulation (Shimizu, unpublished data), and
making it difficult to fully understand the role of  as significant degradation of catalasc was not obscrved
autophagic ccll death in vivo. Recently, Lenardo and in ctoposide-treated Bax/Bak DKO MEFs (Shimizu,
colleagues and our group reported different experimen- unpublished data). In contrast, involvement of JNK
tal systems, in which autophagic ccll death could be  scems to be common to both of these autophagic cell
activated, which were suitable for investigating thc  death systems. This study showed that: (1) JNK is
molccular mechanisms of autophagic cell death (Shimi-  activated when autophagic cell death is induced in Bax/
zu et al., 2004; Yu et al., 2004). Although the two Bak DKO MEFs by etoposide and staurosporine, but
cellular systems are different, they may share the corc not when cells are starved; (2) autophagic cell death is
machinery of autophagic cell death. Lenardo and suppressed by inhibition of JNK; (3) activation of INK
colleagues reported that caspasc-8, JNK and degrada-  is required (but not sufficient) for autophagic cell death;
tion of catalase were involved in the autophagic death of  and (4) activation of JNK is largely dependent on the
- Oncogene
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(MEFs). (a) DKO MEFs were treated with 20 um ctoposide in the absence or presence of 25 um SP600125 or 10 mm 3-methyl adenine
(3-MA) for the indicated periods. Cell lysates were subjected to an in vitro c-Jun kinase assay by western blotting using an anti-
phosphorylated c-Jun antibody. (b)) DKO MEIs were treated with the indicated small interfering RNAs (siRNAs) for 24h and then
incubated with 20 pm etoposide for the indicated periods. Cell lysates were subjected to western blotting with anti-phosphorylated
INK, anti-JNK and anti-Atg5 (Atg5-12) antibodies. (¢, d) Atg5 */* and AtgS ! MEFs were transfected with the bc/-x; complementary
DNA for 24 h and then incubated with 20 um etoposide for the indicated periods. Cell lysates were subjected to western blotting with
anti-phosphorylated JNK antibodies, anti-JNK antibodies (¢) and Bel-x,_ (d). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
is used as a loading control. Cell viability was assessed by the Cell Titer Blue (CTB) assay (d). Data are shown as mean # s.d. (n = 4).

Asterisks indicate a significant difference at P<0.05.

autophagic process. These results indicate that JNK is
involved in autophagic cell death without influencing the
process of autophagy itself, which could be an
important piece of information regarding the molecular
mechanisms of autophagic cell death.

Jun N-terminal kinase belongs to the mitogen-
activated protein kinases and is activated by apoptosis
signal-regulating kinase 1 (mitogen-activated protein
kinase kinase kinase) and SEKI/MKK7 (mitogen-
activated protein kinase kinase) when cells are exposed
to various stresses (Davis, 2000). The role of JNK in cell
death has long been studied. The activation of JNK is
observed when apoptosis is induced by various stressors,
including ultraviolet irradiation and tumor necrosis
factor, but its function has long been controversial, as
it has a pro-apoptotic role in some physiological and
pathological conditions, whereas it exerts an anti-
apoptotic effect in other situations (Davis, 2000).
However, at least, part of this complex issue has been
explained by the discovery of different modes of JNK
activation (Ventura er al., 2006). The early transient
phase of JNK activation signals for cell survival,
whereas sustained JNK activation can trigger apoptotic

Oncogene

signals. Sustained activation of JNK has also been
reported to mediate reactive oxygen species-induced
necrosis (Nakano et al., 2006). Similarly, we observed
the sustained activation of JNK for more than 6h
(Figure 1) in Bax/Bak DKO MEFs undergoing etopo-
side-induced autophagic cell death. Therefore, sustained
JNK activation seems to be harmful for cells.

How does sustained JNK activation induce cell death?
In the case of necrosis, JNK has been reported to act as a
positive regulator of reactive oxygen species production
(Nakano e al., 2006), although the precise mechanisms
involved are unclear. The mechanisms that account for
pro-apoptotic signaling by JNK have been studied
extensively, and various downstream molecules have
been proposed. In neurons, especially in developing
neurons, JNK induces apoptosis by activating c-jun-
mediated transcription (Behrens et «l., 1999). In other
cells, however, JNK-mediated apoptosis does not require
de novo protein synthesis because direct phosphorylation
of target molecules induces apoptosis (Tournier ez al.,
2000). In any case, JNK functions upstream of apoptotic
mitochondrial changes, so that the absence of Bax and
Bak blocks JNK-mediated apoptosis. This was confirmed
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Figure 8 Induction of autophagic cell death in HeLa/Bcl-xL cells by co-activation of jun N-terminal kinase (JNK) and autophagy.
(a, b) HeLa cells were stably transfected with the human bel-x;, plasmid or empty vector. Cell lysates were subjected to immunoblot
analysis with an antibody against human Bcl-x_ (a). Cells were treated with 100 un ctoposide for the indicated hours and viability was
assessed by propidium iodide (PI) staining (b). Data are shown as mean £s.d. (n = 4). (¢c) HeLa/Bel-x,_ cells were transiently transfected
with DNA for the mkk7-jnk fusion protein or empty vector for 24 h, and JNK activation was examined. Cell lysates were subjected to
immunoblot analysis with an antibody against phosphorylated c-Jun. (d, ) HeLa/Bcl-x;_ cells were transiently transfected with DNA
for the mkk7-juk fusion protein or empty vector together with green {luorescent protein light chain 3 (GFP-LC3) plasmid for 24,
then cells were treated with 100 pum etoposide for 6 h. (d) Representative photographs and the percentage of cells with punctate GFP
relative to all GFP-positive cells are shown. Data are shown as meants.d. (n=4). (e) Cell lysates were subjected to immunoblot
analysis with an antibody against LC3. (f) Weak activation of JNK in ctoposide-treated HeLa/Bel-x,, cells. HeLa/Bcl-x, cells were
treated with 100 um ctoposide for the indicated periods. Cell lysates were subjected to immunoblot analysis with an antibody against
phosphorylated JNK and JNK. As a positive control, lysates from Bax/Bak double-knockout (DKO) mouse embryonic fibroblasts
(MEFs) treated with 20 pm etoposide for 3h were used. These antibodies equivalently cross-react with human and mouse proteins.
(g) HeLa/Bel-x cells were transiently transfected with DNA for the mkk7-juk fusion protein (open symbols) or empty vector (closed
symbols) for 24 h, then cells were treated with 100 um etoposide in the absence (circles) or presence of 10mm 3-MA (squares) or 100 um
benzyloxycarbonyl-Val-Ala-Asp (OMe) fluoromethylketone (zVAD-fmk; triangles) for 48h. Cell viability was assessed by Cell Titer
Blue (CTB) assay. Data arc shown as mean+s.d. (n=4).
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by our findings that over-activation of JNK induced the
apoptosis of wild-type MEFs, but not of Bax/Bak DKO
MEFs (Figure 5). These data also suggested the
possibility that Bcel-2 family members could be direct
target(s) of JNK. Actually, JNK induces the cxpression
of BH3-only proteins: Hrk and Bim (Harris and Johnson,
2001). Jun N-terminal kinase also phosphorylates Bcl-2
family members and promoles pro-apoptotic Bax activity
(Kim et al., 2006), and inhibits various anti-apoptotic
Bcl-2 family members, including Becl-2, Bel-x; and Mcl-1
(Ito er al., 1997, Park et al., 1997). In addition, JNK

indircctly determines the activation of Bax through its
regulation of 14-3-3 (Tsuruta et al., 2004). Thus, the Bcl-2
family proteins are considered to be likely targets of JNK
during the process of apoptosis. With rcgard to
autophagic ccll death, we have previously reported that
Bcl-x;. may regulate the autophagic death of etoposidec-
trcated DKO MEFs (Shimizu e¢ al., 2004), so this
molecule might be a target when JNK activates
autophagic cell death.

The molecular mechanism of JNK activation is
another crucial issuc with regard to understanding
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autophagic cell death. We found several pieces of
evidence that suggest that the activation of JNK largely
occurs in an autophagy-dependent manner: (1) 3-MA-
mediated inhibition of autophagy suppressed JNK
activation (Figure 7a), (2) silencing of the Arg5 gene
also suppressed JNK activation (Figure 7b), and (3)
JNK activation was weaker in Bcl-x; -overexpressing
Atg5~~ MEFs than in Bcl-x-overexpressing Atg5*/*
MEFs (Figure 7c). These results indicate that activation
of the autophagic process can activate JNK, but
induction of autophagy does not necessarily lead to
JNK activation. Whether autophagy activates JNK
seems to depend on the stimulus, as ctoposide and
staurosporine, but not starvation, induced JNK activa-
tion as shown in this study. Why does JNK activation
occur during etoposide/staurosporine-induced autopha-
gic cell death, but not during starvation, although
autophagy is activated in both cases? There are two
possibilities that can be suggested. We have previously
shown that some autophagic proteins, including Atg5
and Beclin 1, are upregulated during ctoposide/stauro-
sporine-induced autophagic cell death, but not during
starvation (Shimizu e¢r al., 2004). Therefore, a difference
in the level of autophagic activity may determine
whether JNK activation occurs. Alternatively, other
signals in addition to autophagy itself might be required
for the activation of JNK. In any case, autophagy may
activate endoplasmic reticulum stress or oxidative stress
during digestion of endoplasmic reticulum or mitochon-
dria, which may activate JNK signaling pathway.

In contrast to our findings, several investigators have
described that JNK activation occurred upstream of the
induction of autophagy or autophagic ccll death when
various cells are starved (Wei e al., 2008), treated with
tumor necrosis factor (Cheng e al., 2008) and ceramide
(Li et al., 2009). Possible explanation for this discre-
pancy might be the difference of the cell types or stimuli
used. Tumor necrosis factor and oxidative stress directly
activate JNK through tumor necrosis factor receptor-
associated factor 2 and apoptosis signal-regulating
kinase 1, respectively. In contrast, other signals, such
as ctoposide, could not directly activate JNK. In such
case, JNK activation may be dependent on the environ-
mental and genetic circumstances. Further studies will
be necessary to address this issue.

Materials and methods

Antibodies and chemicals

Anti-phospho c-Jun (Ser63)II, anti-stress-activated protein
kinase/JNK, anti-phospho p38, anti-phospho stress-activated
protein kinase/JNK (Thr183/Tyr!185), anti-phospho ERK1/2
and anti-phospho ERKS5 antibodies were obtained from Cell
Signaling Technologies (Danvers, MA, USA). Anti-Bcl-x,
(S-18), anti-active caspase-3 and anti-LC3 polyclonal anti-
bodies were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA), Promega (Madison, WI, USA) and MBL
(Nagoya, Japan), respectively. A stress-activated protein
kinase/JNK Kinase Assay Kit (nonradioactive) was purchased
from Cell Signaling Technologies. The inhibitors SP600125
and SB203580 were obtained from Tocris Bioscience (Ellisville,

Oncogene

MO, USA). Cell Titer Blue and 3-MA were purchased from
ICN Biochemicals (Irvine, CA, USA) and Promega, respec-
tively. Other chemicals were purchased from Wako (Osaka,
Japan).

Cell culture and DNA transfection

Bax-/-Bak~/- (DKO), Atg5/- and Atg5*/* MEFs were
collected from mouse embryos at EI4.5, and immortalized
with Simian virus 40 T antigen (Shimizu et «l., 2004). Mouse
embryonic fibroblasts were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 2mm r-glutamine, | mm
sodium pyruvate, 0. mm non-essential amino acids, 10mm
HEPES/Na~*, (pH 7.4), 0.05mm 2-mercaptoethanol, 100 U/ml
penicillin, 100 pg/ml streptomycin and 10% fetal bovine serum.
Sek1/MKK7 double-knockout embryonic stem cells were used
as MEF-like cells, and were cultured as described previously
(Nishitai er al., 2004). For starvation of cells, culturing was
done in Hanks’ balanced salt solution supplemented with 1 mm
sodium pyruvate, |0mm HEPES/Na* (pH 7.4) and 0.05mm 2-
mercaptoethanol. HeLa/Bcl-x;_ cells were generated by trans-
fection of the expression plasmid for human Bcl-x .

The plasmids pCMVS-JNK1 APF (the mammalian expres-
sion plasmid for dominant-negative JNK; Gupta er al., 1995),
pCDNA3 MKK7-JNK!I WT (the mammalian expression
plasmid for the MKK7-JNKI1 fusion gene; Gupta et al.,
1995) and pCAGGS-GFP-LC3 (Kabeya er al., 2000) were
kindly provided by Drs R Davis, Y Gotoh and N Mizushima,
respectively. The pUC-CAGGS expression vector with DNA
encoding human Bcl-x; has been described earlier (Shimizu
et al, 1996). Cells (1 x 10°) were transfected with plasmid
DNA using the Amaxa electroporation system according (o
the supplier’s protocol (kit V, program U-20). The transfection
efficiency was more than 75%, as assessed by co-transfection
with DNA cexpressing GFP. All siRNAs were produced by
Dharmacon Research. The sequences used are as follows
(numbers in parentheses indicate nucleotide positions within
the respective open reading frames): mouse Atg5 siRNA:
5-AACUUGCUUUACUCUCUAUCA-¥ (51-71). Cells (1 x 10%)
were transfected with 10pg of siRNA using the Amaxa electro-
poration system.

Analysis of mitogen-activated protein kinase activation

Cells were seeded into 6-well dishes at a density of 3.5 x 10°
cells per well. After 24 h, cells were treated with etoposide
(20 um), staurosporine (1 pm), ultraviolet irradiation (100J/
m?), or were nutrient deprived in the presence or absence of
SP600125 (25 pm) and 3-MA (10 mm). The in vitro kinase assay
was performed according to the supplier’s protocol. Briefly,
cell lysates were mixed with c-Jun fusion protein-coated
agarose beads at 4°C for 12h. After centrifugation and
washing, beads were suspended in the Kinase Buffer supple-
mented with 200mm ATP for 30min at 30°C. Then
phosphorylated c-Jun was detected with an anti-phospho-c-
Jun antibody. The activation of JNK was also evaluated by
western blotting using an anti-phospho JNK monoclonal
antibody. The activation of p38, ERK1/2 and ERKS5 was
assessed by western blotting.

Cell viability assay

Cells were seeded into 6-well dishes at a density of 3.5 x 10°
cells per well. After 24h, cells were exposed to etoposide
(20 pm), staurosporine (1 pm) or were nutrient deprived in the
presence or absence of SP600125, SB203580, 3-MA or z-VAD-
fmk at the indicated concentrations. Cells, including floating
cells, were then collected and viability was assessed by
propidium iodide (PI) staining or CTB assay (Shimizu er al.,
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2004). Briefly, cells were stained with 1 um PI for 5 min at room
temperature, and then were analyzed using a flow cytometer
(FACS Caliber; Becton-Dickinson, Franklin Lakes, NJ, USA).
The CTB assay was carried out using Ccll Titer Bluc assay
reagent according to the supplier’s protocol.

To cxamine proliferative activity, MEFs were treated with
ctoposide, all the cells were recovered, and then, 5000 or 10 000
cells were re-cultured in standard medium in 96-well or 48-well
dishes, respectively. Viable cells were measured on the
indicated days by the CTB assay (Shimizu e¢r al., 2004). For
the colony formation assay, MEFs were trcated with etopo-
side, collected and 2000 cells were seeded into 24-well dishes
containing standard medium. After 1 week, the number of
colonies was counted (Shimizu ef al., 2004).

Western blot analysis

Whole-cell protein extracts were prepared using RIPA bufTfer,
and the protein content was quantified by Lowry’s method
(Bio-Rad, Tokyo, Japan) according to the manufacturer’s
instructions. Proteins were then separated by electrophoresis
on 15% sodium dodecyl sulfate-polyacrylamide gels and
transferred to polyvinylidene fluoride membranes. Filters were
treated with the indicated antibodies and proteins were detected
using the appropriate horseradish peroxidase-conjugated
sccondary antibodies and enhanced chemiluminescent reagent
(GE healthcare Japan, Tokyo, Japan).

Staining of autophagosomes and lysosomes|autolysosomes

Cells were transfected with 1pg of GFP-LC3 expression
plasmid (Kabcya er al., 2000). After 24 h, cells were subjected
to etoposide treatment or starvation and GFP-LC3 fluores-
cence was observed under a confocal fluorescence microscope

(LSM 510 META, Zeiss Japan, Tokyo, Japan).
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Electron microscopy
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under a JEM 100 CX electron microscope (JEOL, Tokyo,
Japan).
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