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Lethal weapons: DAP-kinase, autophagy and cell death

DAP-kinase regulates autophagy

Shani Bialik and Adi Kimchi

Recently, DAP-kinase was identified as one of the essential
regulators of autophagy, activated by signals such as cytokines
and ER stress. DAP-kinase is a tumor suppressor that mediates
several cell death pathways, such as apoptosis and
programmed necrosis. Likewise, functional studies suggest
that DAP-kinase may direct autophagy specifically towards
autophagic cell death. Several recent studies have mapped
DAP-kinase function to distinct stages in autophagy signaling.
These include the Beclin-1/phosphatidylinositol 3-kinase
(PI(3)K) complex, which is necessary for autophagosome
formation, and an interaction with the LC3 binding protein,
MAP1B, which may regulate vesicle trafficking. This review will
summarize the functional and mechanistic studies that have
linked DAP-kinase to the regulation of autophagy in general,
and autophagic cell death, in particular.
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Introduction

Autophagy is the process by which intracellular contents
are engulfed and self-consumed by ¢ #ovo formed autop-
hagosomes (reviewed in Ref. [1]). It is a mechanism by
which the cell recycles cellular building blocks and
nutrients, scavenges damaged organelles and aggregated,
misfolded proteins, and disposes of intracellular patho-
gens. As such, the autophagic process plays a crucial role
in maintaining cellular homeostasis, and especially con-
tributes to cell survival during times of stress. Autophagy
is often observed during programmed cell death, where it
may serve to either prevent further damage and counter
the death stimulus, or may actually facilitate cell death by
excessive self-consumption (see Ref. [2] for a recent
review of this issue). At the molecular level, autophagy
is mediated by a group of Atg genes, originally identified

in yeast [3,4]. While the basic machinery is conserved
between yeast and mammals, several crucial regulators
are present in higher organisms, including those that lie at
signaling junctions between apoptosis and autophagy,
governing a cell’s decision to activate one or both path-
ways, and ultimately affecting overall cell survival or
death. DAP-kinase (DAPk) is one such gene and will
be the focus of this review.

DAPK, a Ca**/calmodulin regulated Ser/Thr kinase, is a
tumor suppressor that functions as a regulator of cell
death. It has been shown necessary for apoptosis induced
by several stimuli (see Ref. [5] and references therein). It
has also been recently implicated in the regulation of
caspase-independent cell death with necrotic hallmarks
through a PKD-JNK signaling pathway [6]. Further-
more, DAPk has been linked to the activation of autop-
hagy and is one of the few autophagic genes associated
specifically with autophagic cell death [7,8°°]. Thus, not
only is it an example of cross-talk and joint control of
several death pathways, but it may represent a molecular
switch that determines whether autophagy has a pro-
survival or pro-death role. The molecular regulation of
mammalian autophagy is constantly being updated and
refined, and this has enabled a more precise analysis of
DAPk-induced autophagy and its mechanism of action.
Several papers have emerged in the past 2-3 years that
map DAPk to different stages of autophagy regulation.
This review will present the data showing DAPK’s invol-
vement in autophagy and will also discuss these recent
papers.

Regulation of autophagy

The basic autophagy machinery, comprised of the Atg
genes, can be grouped into modules that function at
various stages of the autophagic process (Figure 1).
The first stage of autophagosome generation is depend-
ent on a kinase complex containing Ulk1 (yeast Atgl) and
several recently identified interacting proteins, which
localizes to the isolation membrane [4,9]. Except for
members of its own complex, the substrates of Ulk1 have
not yet been identified [10]. A Class III phosphatidyli-
nositol 3-kinase (PI(3)K) complex that includes the
PI(3)K Vps34, Beclin-1 (Atg6), and others produces
PI3-phosphate, a lipid signaling molecule that is crucial
in the early stages of autophagosome nucleation. Beclin-1
is essential for PI(3)K activity and autophagy, and is in
turn negatively regulated by Bcl-2/Bcl-X;, an interaction
that involves binding of Beclin-1’s BH3 domain to the
BH3-binding groove of the Bcl-2 proteins [11-15].
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Schematic diagram of the various stages of autophagy. Stage | involves the regulation of autophagy induction, in which mTOR, a sensor of energy and
nutrients, is inactivated, allowing for the activation of the Ulk1 kinase complex. In Stage Il, nucleation, the Class Il PI(3)K complex, composed of Vps34
and its interacting partners, forms PI(3)P, which is necessary for formation of the isolation membrane. For simplicity, UVRAG and Atg14L are shown in
the same complex, although they define separate Vps34 complexes, the functional significance of which is still not clear. The membrane expands to
engulf cytosolic contents in Stage lll, vesicle elongation, a process that requires the two ubiquitin-like conjugation steps of Atg5-Atg12 and LC3-PE.
Stage IV, vesicle maturation, involves trafficking and fusion of the fully enclosed double-membrane autophagosome to various endosomal
compartments to form the amphisome, which finally fuses with the lysosome to form the autolysosome. In the final stage, Stage V, degradation (not
shown), the contents of the autolysosome are degraded by resident lysosomal enzymes.

Finally, two ubiquitin-like pathways are required for
vesicle membrane recruitment and elongation [16]:
Atg5 is conjugated to Atgl2, which then binds Atgl6L,
forming a large multi-protein complex that is recruited to
the forming autophagosome’s isolation membrane, and
Atg8 (mammalian L.C3) is conjugated to the lipid phos-
phatidylethanolamine (PE). Lipidation of LLC3 converts it
from its soluble, cytoplasmic form (I.C3-I) to the mem-
brane-bound, autophagosome-associated, form (LC3-II),
which is required for membrane expansion. Additional
factors regulate autophagosome trafficking and fusion
with endosomal compartments and the lysosome, to form
the amphisome and finally the autolysosome, wherein its
contents are degraded by lysosomal proteases [4].

Autophagy is negatively regulated by mTOR (mamma-
lian target of rapamycin) kinase, a sensor of growth factor,
nutrient and energy availability [17]. mTOR is activated
by the small GTP binding protein, Rheb, whose GTPase
activity i1s under negative control by the TSC1/2 dimer.
Various signaling pathways modulate this regulatory step
by phosphorylation of T'SC2, including Akt/PKB, ERK,

and RSK1, which inactivate T'SC1/2, and AMP kinase
(AMPK), which stimulates T'SC1/2, thereby activating or
inhibiting mTOR, respectively. mTOR’s substrates in-
clude those that regulate cell growth and protein trans-
lation, such as 4E-BP1 and p70S6K, and members of the
Ulkl complex, including Atgl3 and Ulkl, which are
inactivated by phosphorylation (reviewed in Ref. [9]).
Thus signals that suppress mTOR, such as starvation,
lead to initiation of autophagy via the Ulk1 signaling
module.

DAPk and autophagy: a functional connection
DAPk was originally isolated in a functional anti-sense
based screen for genes that were necessary for IFNvy-
induced cell death in HelLa cells [18]. Further character-
ization of this system indicated that cell death was cas-
pase-independent and accompanied by the appearance of
autophagosomes [7]. Expression of the DAPk anti-sense
isolated in the original screen reduced the extent of
autophagosome formation, implying that DAPk was
necessary for autophagy in this system [7]. Likewise,
when expressed in 293T cells, active DAPk induced a

Current Opinion in Cell Biology 2009, 22:1-7

www.sciencedirect.com

Please cite this article in press as: Bialik S, Kimchi DTDDIFFDA. Lethal weapons: DAP-kinase, autophagy and cell death, Curr Opin Cell Biol (2009), doi:10.1016/j.ceb.2009.11.004



http://dx.doi.org/10.1016/j.ceb.2009.11.004

COCEBI-739; NO OF PAGES 7

Lethal weapons: DAP-kinase, autophagy and cell death Bialik and Kimchi 3

caspase-independent cell death that was characterized by
membrane blebbing and the formation of autophago-
somes, as scen by EM [7] and the accumulation of
GFP-LC3 in intracellular puncta that represent autopha-
gic vesicles [19°°,20].

DAPk was also shown to have a contributing role in cell
death by autophagy during ER stress. DAPk catalytic
activity was stimulated by tunicamycin-induced ER
stress, through the dephosphorylation of an inhibitory
auto-phosphorylation site, Ser308 [8°°]. Systemic admin-
istration of tunicamycin to mice leads to ER stress-
induced cell death of kidney tubular cells, a process
involving apoptosis and autophagy. DAPk knockout
mice, however, were protected from cell death and
showed greatly reduced pathology. Further analysis of
tunicamycin-induced death of primary mouse embryonic
fibroblasts (MEFs) indicated that cell death could only
be attenuated when both apoptosis and autophagy
were suppressed either by small molecule inhibitors or
specific gene knockout/down. Thus, unlike other systems
wherein autophagy serves to limit cell death during ER
stress [21-24], here, autophagy contributed to cell death.
Significantly, both apoptotic and autophagic pathways
were reduced in DAPk—/— MEFs, and cell death trig-
gered by tunicamycin was attenuated [8°°]. Thus in this
particular setting, DAPK lies at a junction connecting two
death pathways: a caspase-dependent one and an autop-
hagic one.

DAPk is but one of a family of highly related death-
associated kinases, all of which share significant homology
within their common catalytic domains [5]. The closest
members, DRP-1 and ZIPk, have also been shown to
regulate autophagy. DAPk and ZIPk form a kinase cas-
cade, whereby DAPk phosphorylates and activates ZIPk.
Expression of the phosphomimetic, activated form of
ZIPk led to autophagy induction [20]. Likewise, expres-
sion of active DRP-1 in 293T cells induced autophago-
some formation ([7], and unpublished data, Ber, Y. and
Kimchi, A.), while expression of a dominant negative
form blocked autophagy by amino acid starvation or
anti-estrogens in MCF7 cells [7]. Furthermore, ectopic
DRP-1 has been localized by immuno-EM to the interior
of the autophagosome [7].

The Caenorhabditis elegans DAPk ortholog has been
shown necessary for autophagy during starvation [25].
Overactivation of muscarinic acetylcholine receptors
during starvation leads to excessive autophagy in the
pharyngeal muscle and eventual death of the organism. It
should be noted that in this case, autophagy did not cause
death of pharyngeal muscle cells; organismal lethality
was due to malfunction of the pharynx feeding organ.
Deletion or knockdown of DAPk, however, suppressed
starvation-induced autophagy and partally rescued
the death phenotype. Thus DAPk is involved in the

signaling pathway that regulates autophagy in a physio-
logical setting.

DAPk and autophagy: molecular mechanisms
Several recent studies have shown DAPK to functionally
interact with several of the autophagic modules described
above (Figure 2). While some of these mechanisms are
still hypothetical, positioning DAPk within the autopha-
gic signaling pathway has substantiated its role as an
autophagy regulator.

Knockdown of Beclin-1 suppresses DAPk-induced
autophagy, implying that DAPk functions upstream to
the Beclin-1/Vps34 complex [19°°]. In fact, DAPk inter-
acts with Beclin-1 through its BH3 domain, and signifi-
cantly, phosphorylates it both 7z vitro and in vivo on
Thr119 within Beclin-1’s BH3 domain [19°°]. Co-expres-
sion of DAPk with Beclin-1 led to reduced co-immuno-
precipitation of Bcl-2/X, with wild type Beclin-1, but not
a mutant in which the phosphorylation site was changed
to Ala. Moreover, this non-phosphorylated mutant
showed a greater affinity for Bcl-Xp, than the correspond-
ing phosphomimetic mutant (Thr119Glu). Thus phos-
phorylation within the BH3 domain disrupts Beclin-1’s
interaction with Bcl-2 and Bcl-Xp, thereby promoting
Beclin-1 autophagic activity [19°%,26°] (Figure 2A). Con-
sistent with this, expression of the phosphomimetic
mutant led to increased autophagosome induction, indi-
cating the significance of this phosphorylation site for the
regulation of Beclin-1. DAPK is not the only regulator of
the Beclin-1/Bcl-2 complex. Phosphorylation of Bcl-2 by
JNK also serves to release Beclin-1 from Bcl-2’s inhi-
bition. This latter mode of regulation has been observed
in cells following starvation or ceramide treatment
[27,28]. It 1s not yet known what signals activate the
DAPKk-Beclin-1 axis, and whether the DAPk and JNK
regulatory events are complementary, or represent differ-
ent modes of activating Beclin-1 in response to different
signals.

A second molecule potentially linking DAPk to autop-
hagy is MAP1B, a member of the MAP1 family of
microtubule lattice binding proteins [29]. MAP1B can
interact with both LC3-I and LC3-II in brain tissue, and a
phosphorylated MAP1B specifically associates with
autophagosome-localized L.C3-II [30]. In degenerating
Purkinje cells of Lurcher mice, autophagosomes and
phospho-MAP1B accumulate in the axonal dystrophic
swellings. This study suggested that MAP1B may be
involved in autophagosome trafficking within the axon
terminals, or may facilitate retrograde transport of autop-
hagosomes to the cell body and delivery to the lysosome
[31]. DAPK interacts with MAP1B, and in fact, can be co-
localized to microtubules [32°]. At the endogenous level,
this interaction is induced by amino acid starvation.
Furthermore, DAPKk is highly expressed in specific adult
brain regions, including cerebellar Purkinje cells [33],
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Proposed models by which DAPk regulates autophagy. (@) DAPk interacts with and phosphorylates Beclin-1, which disrupts the inhibitory Beclin-1-
Bcl-2/X interaction. (b) DAPK interacts with MAP1B, which may be involved in autophagosome trafficking along microtubules. (c) DAPk modulates
upstream signaling events that regulate autophagy induction. DAPk activates p53 in a p19-dependent manner, leading to upregulation of both
proteins. p53 in turn activates AMPk, which suppresses mTOR signaling through TSC2, and upregulates the lysosomal protein DRAM. DAPk may also
induce smARF levels, which triggers autophagy through damage to the mitochondrial membrane potential (Ays). A third potential pathway, which needs
further validation, may involve an interaction with TSC2, which leads to its phosphorylation and inactivation. This activates mTOR, and has been shown
to lead to ribosomal protein S6 phosphorylation, also a direct substrate of DAPk.

similar to MAP1B [29]. Expression of MAP1B synergized
with DAPk to suppress growth and cell viability, and
conversely, partial depletion of MAP1B attenuated the
growth suppression activity of overexpressed DAPk [32°].
The DAPk/MAP1B synergy affected both the ability of
DAPk to induce autophagosomes and membrane bleb-
bing [32°]. Whether DAPK is involved in the proposed
role that MAP1B plays in autophagosome activity is
unknown, but it is tempting to speculate that the syner-
gistic effects of DAPk and MAP1B on autophagy stem

from the MAP1B/LC3 interaction (Figure 2B). Further
experimentation, including whether DAPk can phosphor-
ylate MAP1B, and whether DAPk can associate with
MAPI1B and LLC3 on the autophagosome, are necessary
to validate the mechanistic significance of this intriguing
data.

Preliminary evidence suggests that the mTOR complex
may be another autophagic module regulated by DAPKk,
although this reported connection stimulates rather than
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inhibits mT'OR activity (Figure 2C). It is mainly based on
the finding that DAPk interacts with 'T'SC2, the negative
regulator of mTOR [34]. Overexpression of DAPk led to
increased phosphorylation of T'SC2 7 vive and to partial
disruption of the TSC1/TSC2 dimer in serum starved
cells. The predicted functional effect of this regulation is
to activate mTOR, and in fact, expression of DAPk
enhanced rapamycin-sensitive phosphorylation of the
mTOR substrate p70S6K and its substrate S6. Crucial
data to establish this model are still missing, such as
convincing experiments that prove that TSC2 is indeed
a direct substrate of DAPKk, and assessment of whether
the DAPk-dependent increase in mTOR activity is in fact
accompanied by suppression of autophagy in this system.
Significantly, a study in Drosophila suggested that
mTOR’s effects on S6K and autophagy may represent
independent functional arms, and furthermore, mutation
of S6K led to reductions in starvation-induced autophagy
[35]. Thus activation of S6K downstream of mTOR does
not necessarily equate with suppression of autophagy.
Interestingly, DAPk can phosphorylate S6 directly [36],
so that activation of this particular arm downstream of
mTOR may have significance to DAPk mode of action.
In conclusion, further research is required to determine
whether T'SC2 connects DAPk to the regulation of
autophagy.

DAPk may also be linked to autophagy through more
indirect connections, as depicted in Figure 2C. DAPk is
an upstream regulator of p53, necessary for p19ARF-
dependent p53 induction by oncogenes in MEFs.
Furthermore, DAPk expression results in elevations in
both p19ARF and p53 [37]. p53, in addition to its role in
apoptosis, can regulate autophagy by several mechanisms.
In response to etoposide, p53 can activate AMPK to
phosphorylate T'SC2, thereby suppressing mTOR [38].
p53-dependent autophagy requires DRAM, a p53 target
gene that is induced in response to DNA damage [39].
The role of DRAM in autophagy is unknown, although it
has been shown to localize to the lysosome. p19ARF also
may link DAPk to autophagy. The p19ARF mRNA can
produce a second shorter protein by internal translation,
known as smARF, which lacks the nucleolar targeting
signals [40]. smARF localizes to the mitochondria and its
overexpression induces depolarization of the mitochon-
drial membrane and autophagy, leading ultimately to cell
death [40]. Endogenous smARF levels are extremely low
in normal cells, owing to rapid proteasome-mediated
turn-over. However, like the full length p19ARF, smARF
can be upregulated by oncogene expression [40]. DAPk’s
ability to induce p19ARF [37] presumably enables it to
induce smARF expression as well, although this has not
been shown directly. Thus DAPk may regulate autop-
hagy through p53 and/or ARF-dependent pathways
(Figure 2C), which differ from the previously described
ones that take place in p53 deficient cells and do not
involve mitochondrial dysfunction [7].

Conclusions and future prospects

It has become increasingly clear over the past several
years that DAPKk is a crucial regulator of autophagy. The
recent studies reported here have implicated several
steps along the autophagic process that are targets for
DAPk regulation. Yet, these mechanisms have only
begun to be delineated and still require more research.
DAPK’s function in autophagy may contribute to its anti-
tumor capacity, in the specific settings where autophagy
has been shown to block tumorigenesis [41]. It will be
interesting to discover specific mutations in DAPk that
abrogate either its apoptotic or autophagic functions, to
determine their individual contribution to tumor sup-
pression. Furthermore, it remains to be discovered
whether DAPk’s family members function in redundant
roles to induce autophagy, or whether they map to
different regulatory stages in the autophagy signaling
pathway. Last but not least, DAPK, as a death-associated
protein, may provide a key to understanding the con-
troversial switch in which autophagy converts from a
survival mechanism to a pro-death process. This is
especially relevant to cellular contexts in which the
caspase-dependent pathways of DAPk are not operative
and cells die without displaying apoptotic features.
While the functional studies indicate that DAPk acti-
vates autophagy as a death pathway, the mechanistic
studies have so far linked it to the basic autophagy
regulators, without suggesting how this specifically
directs autophagy towards cell death. One possibility is
that other lethal caspase-independent pathways of DAPk
(e.g., JNK activation) may act in concert with the direct
effects on the autophagic machinery. Alternatively,
DAPK’s ability to activate the autophagic machinery
may differ from pro-survival autophagy signals not in
signaling mechanisms but rather in degree; DAPk may
overactivate the basic machinery, perhaps at more than
one stage, resulting in excessive autophagy that leads to
death. Clarifying these aspects will require future inves-
tigation.

Acknowledgements

This work was supported by the Isracl Science Foundation (ISF), the
Cooperation Program in Cancer Research of the Deutsches
Krebsforschungszentrum (DKFZ) and Israel’s Ministry of Science and
Technology (MOST), and the European Union FP7 granting agency (APO-
SYS). AK is the incumbent of Helena Rubinstein Chair of Cancer Research.

References and recommended reading
Papers of particular interest were highlighted as:

e of special interest
ee Of outstanding interest

1. Gozuacik D, Kimchi A: Autophagy as a cell death and tumor
suppressor mechanism. Oncogene 2004, 23:2891-2906.

2. Eisenberg-Lerner A, Bialik S, Simon HU, Kimchi A: Life and death
partners: apoptosis, autophagy and the cross-talk between
them. Cell Death Differ 2009, 16:966-975.

3.  Maiuri MC, Zalckvar E, Kimchi A, Kroemer G: Self-eating and self-
killing: crosstalk between autophagy and apoptosis. Nat Rev
Mol Cell Biol 2007, 8:741-752.

www.sciencedirect.com

Current Opinion in Cell Biology 2009, 22:1-7

Please cite this article in press as: Bialik S, Kimchi DTDDIFFDA. Lethal weapons: DAP-kinase, autophagy and cell death, Curr Opin Cell Biol (2009), doi:10.1016/j.ceb.2009.11.004



http://dx.doi.org/10.1016/j.ceb.2009.11.004

COCEBI-739; NO OF PAGES 7

6 Cell regulation

4. Simonsen A, Tooze SA: Coordination of membrane events
during autophagy by multiple class Ill PI3-kinase complexes.
J Cell Biol 2009, 186:773-782.

5. Bialik S, Kimchi A: The death-associated protein kinases:
structure, function and beyond. Annu Rev Biochem 20086,
75:189-210.

6. Eisenberg-Lerner A, Kimchi A: DAP-kinase regulates JNK
signaling by binding and activating protein kinase D under
oxidative stress. Cell Death Differ 2007, 14:1908-1915.

7. Inbal B, Bialik S, Sabanay I, Shani G, Kimchi A: DAP kinase and
DRP-1 mediate membrane blebbing and the formation of
autophagic vesicles during programmed cell death. J Cell Biol
2002, 157:455-468.

8. Gozuacik D, Bialik S, Raveh T, Mitou G, Shohat G, Sabanay H,

ee  Mizushima N, Yoshimori T, Kimchi A: DAP-kinase is a mediator
of endoplasmic reticulum stress-induced caspase activation
and autophagic cell death. Cell Death Differ 2008, 15:1875-1886.

An in vivo mouse model showing the physiological significance of DAPk

for autophagy and cell death during ER stress is complemented by a cell

culture model that was more amenable to molecular analysis.

9. Chan EY: mTORC1 phosphorylates the ULK1-mAtg13-FIP200
autophagy regulatory complex. Sci Signal 2009, 2:pe51.

10. Jung CH, Jun CB, Ro SH, Kim YM, Otto NM, Cao J, Kundu M,
Kim DH: ULK-Atg13-FIP200 complexes mediate mTOR
signaling to the autophagy machinery. Mol Biol Cell 2009,
20:1992-2003.

11. Pattingre S, Tassa A, Qu X, Garuti R, Liang XH, Mizushima N,
Packer M, Schneider MD, Levine B: Bcl-2 antiapoptotic
proteins inhibit Beclin 1-dependent autophagy. Cell 2005,
122:927-939.

12. Erlich S, Mizrachy L, Segev O, Lindenboim L, Zmira O, Adi-Harel S,
Hirsch J, Stein R, Pinkas-Kramarski R: Differential interactions
between Beclin 1 and Bcl-2 family members. Autophagy 2007,
3:561-568.

13. Feng W, Huang S, Wu H, Zhang M: Molecular basis of Bcl-xL’s
target recognition versatility revealed by the structure of Bcl-
xL in complex with the BH3 domain of Beclin-1. J Mol Biol 2007,
372:223-235.

14. Oberstein A, Jeffrey PD, Shi Y: Crystal structure of the Bcl-XL-
Beclin 1 peptide complex: Beclin 1 is a novel BH3-only protein.
J Biol Chem 2007, 282:13123-13132.

15. Maiuri MC, Le Toumelin G, Criollo A, Rain JC, Gautier F, Juin P,
Tasdemir E, Pierron G, Troulinaki K, Tavernarakis N et al.:
Functional and physical interaction between Bcl-X(L) and a
BH3-like domain in Beclin-1. EMBO J 2007, 26:2527-2539.

16. Ohsumi Y, Mizushima N: Two ubiquitin-like conjugation
systems essential for autophagy. Semin Cell Dev Biol 2004,
15:231-236.

17. Sarbassov D, Ali S, Sabatini D: Growing roles for the mTOR
pathway. Curr Opin Cell Biol 2005, 17:596-603.

18. Deiss LP, Feinstein E, Berissi H, Cohen O, Kimchi A: Identification
of a novel serine/threonine kinase and a novel 15-kD protein
as potential mediators of the gamma interferon-induced cell
death. Genes Dev 1995, 9:15-30.

19. Zalckvar E, Berissi H, Mizrachy L, Idelchuk Y, Koren I,

ee Eisenstein M, Sabanay H, Pinkas-Kramarski R, Kimchi A: DAP-
kinase-mediated phosphorylation on the BH3 domain of
beclin 1 promotes dissociation of beclin 1 from Bcl-XL and
induction of autophagy. EMBO Rep 2009, 10:285-292.

This work presents a mechanism by which DAPk regulates autophagy by

identifying Beclin-1 as a DAk substrate. Phosphorylation of Beclin-1

blocks its binding to its inhibitor Bcl-X;; this is the second example of

a phosphorylation event controlling the Beclin-1-Bcl-2/X_ complex.

20. Shani G, Marash L, Gozuacik D, Bialik S, Teitelbaum L, Shohat G,
Kimchi A: Death-associated protein kinase phosphorylates ZIP
kinase, forming a unique kinase hierarchy to activate its cell
death functions. Mol Cell Biol 2004, 24:8611-8626.

21. Kouroku Y, Fujita E, Tanida I, Ueno T, Isoai A, Kumagai H,
Ogawa S, Kaufman RJ, Kominami E, Momoi T: ER stress

22.

23.

24.

25.

26.

(PERK/elF2alpha phosphorylation) mediates the
polyglutamine-induced LC3 conversion, an essential step for
autophagy formation. Cell Death Differ 2007, 14:230-239.

Ogata M, Hino S, Saito A, Morikawa K, Kondo S, Kanemoto S,
Murakami T, Taniguchi M, Tanii |, Yoshinaga K et al.: Autophagy is
activated for cell survival after endoplasmic reticulum stress.
Mol Cell Biol 2006, 26:9220-9231.

Bernales S, McDonald K, Walter P: Autophagy counterbalances
endoplasmic reticulum expansion during the unfolded protein
response. PLoS Biol 2006, 4:e423.

Ding WX, Ni HM, Gao W, Hou YF, Melan MA, Chen X, Stolz DB,
Shao ZM, Yin XM: Differential effects of endoplasmic reticulum
stress-induced autophagy on cell survival. J Biol Chem 2007,
282:4702-4710.

Kang C, You YJ, Avery L: Dual roles of autophagy in the survival
of Caenorhabditis elegans during starvation. Genes Dev 2007,
21:2161-2171.

Zalckvar E, Berissi H, Eisenstein M, Kimchi A: Phosphorylation of
Beclin 1 by DAP-kinase promotes autophagy by weakening its
interactions with Bcl-2 and Bcl-X(L). Autophagy 2009, 5:720-
722.

In an addendum to Ref. [19], the authors broaden their studies by showing
that phosphorylation of Beclin-1 by DAPk also blocks its intearction with
Bcl-2, and they present a structural model of how phosphorylation of
Beclin-1’s BH3 domain affects the interaction.

27.

28.

29.

30.

31.

32.

Pattingre S, Bauvy C, Carpentier S, Levade T, Levine B,
Codogno P: Role of JNK1-dependent Bcl-2 phosphorylation in
ceramide-induced macroautophagy. J Biol Chem 2009,
284:2719-2728.

Wei Y, Pattingre S, Sinha S, Bassik M, Levine B: JNK1-mediated
phosphorylation of Bcl-2 regulates starvation-induced
autophagy. Mol Cell 2008, 30:678-688.

Halpain S, Dehmelt L: The MAP1 family of microtubule-
associated proteins. Genome Biol 2006, 7:224.

Wang QJ, Ding Y, Kohtz DS, Mizushima N, Cristea IM, Rout MP,
Chait BT, Zhong Y, Heintz N, Yue Z: Induction of autophagy in
axonal dystrophy and degeneration. J Neurosci 2006, 26:8057-
8068.

Yue Z: Regulation of neuronal autophagy in axon: implication
of autophagy in axonal function and dysfunction/
degeneration. Autophagy 2007, 3:139-141.

Harrison B, Kraus M, Burch L, Stevens C, Craig A, Gordon-
Weeks P, Hupp T: DAPK-1 binding to a linear peptide motif in
MAP1B stimulates autophagy and membrane blebbing. J Bio/
Chem 2008, 283:9999-10014.

An interaction between DAPk and MAP1B highlights a novel localization
of DAPK to the microtubules and suggests a mechanism linking DAPk to
autophagy and membrane blebbing.

33.

34.

35.

36.

37.

Sakagami H, Kondo H: Molecular cloning and developmental
expression of a rat homologue of death-associated protein
kinase in the nervous system. Brain Res Mol Brain Res 1997,
52:249-256.

Stevens C, Lin Y, Harrison B, Burch L, Ridgway RA,

Sansom O, Hupp T: Peptide combinatorial libraries identify
TSC2 as a death-associated protein kinase (DAPK)

death domain-binding protein and reveal a stimulatory
role for DAPK in mTORC1 signaling. J Biol Chem 20009,
284:334-344.

Scott RC, Schuldiner O, Neufeld TP: Role and regulation of
starvation-induced autophagy in the Drosophila fat body.
Dev Cell 2004, 7:167-178.

Schumacher A, Velentza A, Watterson D, Dresios J: Death-
associated protein kinase phosphorylates mammalian
ribosomal protein s6 and reduces protein synthesis.
Biochemistry 2006, 45:13614-13621.

Raveh T, Droguett G, Horwitz MS, DePinho RA, Kimchi A: DAP
kinase activates a p19ARF/p53-mediated apoptotic
checkpoint to suppress oncogenic transformation. Nat Cell
Biol 2001, 3:1-7.

Current Opinion in Cell Biology 2009, 22:1-7

www.sciencedirect.com

Please cite this article in press as: Bialik S, Kimchi DTDDIFFDA. Lethal weapons: DAP-kinase, autophagy and cell death, Curr Opin Cell Biol (2009), doi:10.1016/j.ceb.2009.11.004



http://dx.doi.org/10.1016/j.ceb.2009.11.004

COCEBI-739; NO OF PAGES 7

38

39.

Lethal weapons: DAP-kinase, autophagy and cell death Bialik and Kimchi

. Feng Z, Zhang H, Levine AJ, Jin S: The coordinate regulation of
the p53 and mTOR pathways in cells. Proc Natl Acad Sci U S A
2005, 102:8204-8209.

Crighton D, Wilkinson S, O’Prey J, Syed N, Smith P, Harrison P,
Gasco M, Garrone O, Crook T, Ryan K: DRAM, a p53-induced
modulator of autophagy, is critical for apoptosis. Cell 2006,
126:121-134.

40.

41.

Reef S, Zalckvar E, Shifman O, Bialik S, Sabanay H, Oren M,
Kimchi A: A short mitochondrial form of p19ARF induces
autophagy and caspase-independent cell death. Mo/ Cell 2006,
22:463-475.

Eisenberg-Lerner A, Kimchi A: The paradox of autophagy and its
implication in cancer etiology and therapy. Apoptosis 2009,
14:376-391.

7

www.sciencedirect.com

Current Opinion in Cell Biology 2009, 22:1

-7

Please cite this article in press as: Bialik S, Kimchi DTDDIFFDA. Lethal weapons: DAP-kinase, autophagy and cell death, Curr Opin Cell Biol (2009), doi:10.1016/j.ceb.2009.11.004



http://dx.doi.org/10.1016/j.ceb.2009.11.004

	Lethal weapons: DAP-kinase, autophagy and cell death
	Introduction
	Regulation of autophagy
	DAPk and autophagy: a functional connection
	DAPk and autophagy: molecular mechanisms
	Conclusions and future prospects
	References and recommended reading
	Acknowledgements


