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Abstract

Accumulation of unfolded proteins in the endoplasmic
reticulum (ER) results in ER stress, which subsequently
activates the unfolded protein response that induces a
transcriptional program to alleviate the stress. Another
cellular process that is activated during ER stress is au-
tophagy, a mechanism of enclosing intracellular compo-
nents in a double-membrane autophagosome, and then
delivering it to the lysosome for degradation. Here, we
discuss the role of autophagy in cellular response to
ER stress, the signaling pathways linking ER stress to
autophagy, and the possible implication of modulating
autophagy in treatment of diseases such as cancer.
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INTRODUCTION

The endoplasmic reticulum (ER) is an organelle that has
essential roles in multiple cellular processes, including
intracellular calcium homeostasis, protein secretion and
lipid biosynthesis; all of which are required for cell sur-
vival and normal cellular functions. Normal ER functions
are required for correct folding of newly synthesized pro-
teins and their post-translational modifications, such as
glycosylation and disulfide bond formation". ER stress
occurs in response to a variety of stimuli, various physi-
ological and pathological conditions that can cause the
accumulation of unfolded and misfolded proteins in the
ER. Consequently, unfolded protein response (UPR) is
triggered to resolve the ensuing stress by activating intra-
cellular signal transduction pathways. In eukaryotic cells,
UPR is mediated by three ER membrane-associated pro-
teins, namely, inositol requiring enzyme (IRE)l1q, PKR-
like eukaryotic initiation factor (elF)2q kinase (PERK),
and activating transcription factor (ATF)6. These ER
membrane-associated proteins are inhibited under basal
conditions by their association with the chaperone pro-
tein Grp78/Bip, but are activated when released from
Grp78 during ER stress”. These proteins induce signal-
transduction events that can alleviate the accumulation of
misfolded proteins in the ER by enhancing the protein
folding capacity of the ER, by inhibiting new protein
synthesis, or by accelerating the degradation of proteins.
However, if the function of ER cannot be re-established,
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extensive or sustained ER stress will eventually induce
cell death through activating apoptosis. The phosphoryla-
tion of eIlF2q at Ser51 by PERK during ER stress down-
regulates efficient translation of most mRNAs, thereby
inhibiting protein synthesis. Under these stressful condi-
tions, only selected mRNAs such as ATF4, are translated.
ATF4 induces expression of genes involved in restoring
ER homeostasis'™”. ATFG6 is transported to the Golgi
in response to ER stress, where it is cleaved by Golgi-
resident proteases S1P (site 1 protease) and S2P (site 2
protease). The cleaved ATF6 N-terminal fragment mi-
grates to the nucleus to activate the transcription of UPR
target genesw. Under conditions of ER stress, IRE1 pro-
cesses X-Box binding protein (XBP)1 mRNA to generate
mature XBP1 mRNA. Spliced XBP1 mRNA encodes a
transcription activator that drives transcription of genes
such as ER chaperones, whose products directly partici-
pate in ER protein folding. XBP1 also regulates a subset
of UPR genes that promotes ER-associated degradation
of misfolded proteins and ER biogenesis[s]. In addition to
activation of the UPR by the pathways mentioned above,
ER-stress leads to a release of Ca’* from the ER into the
cytosol, which, in turn, can activate signaling pathways
involved in apoptosis and autophagy.

Autophagy is a lysosomal pathway responsible for
the degradation of long-lived proteins, cellular macro-
molecules and subcellular organelles. Autophagy process
involves the formation of double-membrane autophagic
vacuoles, known as autophagosomes, which transport cy-
toplasmic cargo to the lysosome for degradation. Autoph-
agy is induced during starvation in both yeast and higher
eukaryotes as a way of breaking down macromolecules to
recycle their componentsm. Autophagy is also involved
in removing damaged or excess organelles. Autophagic
activity is controlled by a set of evolutionarily conserved
autophagy-related proteins (Atg proteins). The initial
nucleation and assembly of the primary autophagosomal
membrane requires a kinase complex that consists of
class Il phosphatidylinositol 3-kinase (PI3K), p150 my-
ristylated protein kinase, and beclin 1. Further elongation
of the isolation membrane is mediated by two ubiquitin-
like conjugation systems, Atgl2-5 and microtubule-asso-
ciated protein 1A/1B-light chain3 (LC3) systems. Atg12 is
activated by Atg7 and transferred to Atgl0, and is finally
conjugated to Atg5, forming the irreversible Atgl2-Atg5
conjugate”. The conversion of LC3 results from the free
form (LC3- 1), which is transformed to a lipid-conjugated
membrane-bound form (LC3-1I). Accumulation of LC3-
II and its localization to vesicular structures are com-
monly used as markers of autophagy.

Baseline levels of autophagy contribute to mainte-
nance of cellular homeostasis through elimination of
old or damaged organelles, as well as the turnover of
long-lived proteins. Autophagy is frequently activated in
response to adverse stress, and has been shown to be in-
volved in many physiological and pathological processes.
In starvation conditions, enhanced autophagy provides
stressed cells with metabolic intermediates to meet their
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bioenergetic demands"”. Moreover, autophagy can be dra-
matically augmented as a protective and survival mecha-
nism in response to numerous conditions of extracellular
or intracellular stress, including hypoxia, radiotherapy and
Chemotherapym. On the other hand, autophagy does not
always promote cell survival; it can be a mechanism of
cell death under certain circumstances. For example, un-
der experimental conditions in which apoptotic pathways
are blocked, or in response to treatments that specifically
trigger caspase-independent autophagy, autophagy can
play a pro-death role, causing autophagic cell death!""",
Increasing evidence has indicated that ER stress is also
a potent trigger of autophagy; another mechanism for
removing unfolded proteins that cannot be eliminated by
ubiquitin/proteasome system, thus mitigating ER stress
and protecting against cell death. It has been reported that
ER stress leads to upregulation of the transcription of
genes related to autophagy induction, including ATGS,
ATG14 and Vacuolar hydrolases aminopeptidasel (APET) 1,
In mammalian cells, ER stress has been shown to facili-
tate the formation of autophagosomes, and induction of
autophagy allows removal of toxic misfolded proteins
1517 Another func-
tion of autophagy during ER stress is degradation of the
damaged ER itself. However, autophagy induced by the
same chemicals may not confer protection in normal non-

to favor survival of the stressed cells

transformed cells. For example, the autophagy induced
by chemicals, such as A23187, tunicamycin, thapsigargin
and brefeldin A protects against cell death in colon and
prostate cancer cells, but contributes to cell death in nor-
mal cells". ER-stress-induced autophagy is important
for cleating polyubiquitinated protein aggregates and for
reducing cellular vacuolization in HCT116 colon cancer
cells and DU145 prostate cancer cells, thus mitigating ER
stress and protecting against cell death. In contrast, au-
tophagy induced by the same chemicals does not confer
protection in a normal human colon cell line and in the
non-transformed murine embryonic fibroblasts (MEFs)
but rather contributes to cell death. Thus, the impact of
autophagy on cell survival during ER stress is probably
contingent on the status of the cells, which could be ex-
plored for tumor-specific therapy.

There is also evidence that autophagy is invoked as a
means of killing cells when ER stress is implacableﬂs’m.
The signaling pathways responsible for autophagy induc-
tion and its cellular consequences appear to vary with
cell types and the stimuli. A better understanding of the
signaling pathways controlling autophagy and cellular fate
in response to ER stress will hopefully open new possi-
bilities for the treatment of the numerous diseases associ-
ated with ER stress.

CYTOPROTECTIVE AUTOPHAGY
INDUCED BY ER STRESS

Initiation of autophagy has been shown to exert protec-

tive effects in yeast and mammalian cells in response to
ER stress. When the amount of unfolded or misfolded
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proteins exceeds the capacity of the proteasome-mediat-
ed degradation system, autophagy is triggered to remove
these proteins. The observations in yeast show that ER-
stress-induced autophagy counterbalances ER expansion,
removes aggregated proteins from the ER, and plays a
cytoprotective role in the case of intense and persistent
stress”"?!!. Similarly, autophagy can also act as an ER-
associated degradation system in mammalian cells, and it
plays a fundamental role in preventing toxic accumulation
of disease-associated mutant proteins in the ER. A mu-
tant form of a type-1l transmembrane protein dysferlin,
a causative agent of human muscle dystrophy, has recent-
ly been shown to accumulate and form aggregates in the
ER and eventually lead to apoptotic cell death. Inhibition
of functional autophagy in Atg5-deficient MEFs further
stimulates the aggregation of mutant dysferlin, whereas
enhanced autophagy in the rapamycin (mTOR inhibitor)-
treated cells reduces accumulation of the mutant protein
in the ER™. Likewise, ER aggregates of mutant oul-
antitrypsin Z, which is associated with the development
of chronic liver injury and hepatocellular carcinoma, in-
duce autophagy-mediated removal of the aggregated pro-
teins''”. These studies did not directly assess the effect of
autophagy on cell survival, but as the protein aggregates
in the ER are the probable cause of cell death, autophagy
capable of degrading them is envisaged to be cytoprotec-
tive. Similatly, experimental models for diseases caused by
protein aggregates in the cytosol suggest that ER-stress-
induced autophagy enhances removal of aggregates and
enhances cell survival®. In addition, it has been shown
that ER itself is the major autophagosomal cargo during
ER stress, which suggests that the pro-survival effect of
autophagy in this model system could be due to increased
removal of unfolded proteinsm

Autophagy can be protective against ER stress in sev-
eral circumstances including cancer progression. Autoph-
agy protects colon and prostate cells from ER stress and
cell death induced by A23187, tunicamycin, thapsigargin
and brefeldin A", Treatment of neuroblastoma SK-N-
SH cells with ER stressors, tunicamycin and thapsigargin,
induces formation of autophagosomes, and Atg5-defi-
cient cells and 3-methyladenine (3-MA)-treated cells dem-
onstrate increased vulnerability to ER stress, as well as
more rapid activation of cascape-3, as compared with the
non-transfected and non-treated cells when subjected to
ER stress™. Upon exposure of Hela cells to HIV-1 Tat-
induced autophagy, suppression of autophagy by 3-MA
or knockdown of Atg5 significantly increases cell death,
indicating that autophagy protects against cell death dur-
ing ER stress™. These results indicate that autophagy
plays pivotal roles in protecting against cell death induced
by ER stress.

AUTOPHAGY AS A CELL DEATH
MECHANISM IN APOPTOSIS-DEFICIENT
CELLS DURING ER STRESS

ER stress can cause necrotic cell death in bak” bax” cells
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that are defective in apoptosis, and ER-stress-induced
necrosis has been known to be associated with autopha-
gym’m. Autophagy can be induced to similar levels in the
wild-type and bak’ bax'" cells in response to ER stress,
but the resulting outcome of this response appears to be
different. Inhibition of autophagy by 3-MA or by silenc-
ing of Atg5 using shRNA significantly enhances the vi-
ability of bak” bax’" cells when ER stress is present, indi-
cating that autophagy can enhance cell death in the bak”
bax” cells. In contrast, 3-MA enhances ER-stress-induced
cell death in apoptosis-competent wild-type cells"”.
These findings suggest that autophagy may have opposite
effects in determining cell fate in response to ER stress in
apoptosis-competent cells in which autophagy serves as a
survival mechanism, and in apoptosis-deficient cells that
utilize autophagy as a means to promote non-apoptotic
cell death. This may be because, in the ER-stressed cells
in which excessive stress fails to induce apoptosis, the
stress status keeps escalating to a point where autophagy
is massively induced, leading to subsequent cellular dam-
age and necrosis. Therefore, autophagy may act as a
death mechanism that substitutes for deficient apoptosis
under ER stress vz crosstalk with necrosis.

Autophagy can play differential role in cancer and
non-transformed cells. For instance, disturbing ER ho-
meostasis and/or functions by certain chemicals can
elicit autophagy in primary colon cells, and suppression
of autophagy by 3-MA reduces cell death. Nevertheless,
3-MA or depletion of beclinl in colon carcinoma cells
sensitizes tumor cells to the same treatments. In addition,
suppression of autophagy induced by the same chemi-
cals in the immortalized but non-transformed MEFs by
deletion of Atg5 also reduces cell death, indicating that
non-transformed cells may be especially sensitive to ER-
stress-induced autophagy“sJ. These observations suggest
that autophagy can contribute to ER-stress-induced cell
death in different scenarios, which may be dependent on
cellular status under given stimulation. The differential
role of autophagy in promoting survival of cancer cells
or death of non-transformed cells might be related to the
level at which ER stress is compensated.

SIGNALING PATHWAYS INVOLVED IN
AUTOPHAGY DURING ER STRESS

Although autophagy is known to be associated with
ER stress, the precise molecular mechanisms by which
autophagy is activated under ER stress is not yet fully
clucidated. PERK, IRE1 and increased [Ca’']i have been
implicated as mediators of ER-stress-induced autophagy
in mammalian cells, as depicted in Figure 1.

elF2q is phosphorylated in response to various stress-
es, including starvation, viral infection and ER stress. The
relationship between autophagy and elF2¢ phosphoryla-
tion has been shown during starvation-induced autophagy

in Saccharomyces cerevisiae and during starvation- and virus-
infection-induced autophagy in mammalian cells””, Thus,
it is possible that various stressful conditions that activate
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Figure 1 Hypothetical signaling pathways involved in endoplasmic re-
ticulum stress-induced autophagy. ER: Endoplasmic reticulum; Bcl-2: B-cell
lymphoma/leukemia 2; IRE1: Inositol requiring enzyme 1; eEF: Eukaryotic elon-
gation factor; elF: Eukaryotic initiation factor; JNK: c-Jun N-terminal kinase.

elF2q kinases, including ER stress, may have an ability
to induce autophagy in mammalian cells. Consistent with
this hypothesis, the PERK-elF2q signaling pathway has
been reported to link ER stress to autophagy. A novel
mutant form of a type-1II transmembrane protein dys-
ferlin aggregates and accumulates in the ER and induces
elF20 phosphorylation and LC3 conversion. Inhibition
of autophagy by depletion of Atg5 inhibits degradation
of mutant dysferlin. Furthermore, dephosphorylation of
elF2q also stimulates aggregation of mutant dysferlin in
the ER, suggesting that ER-stress-induced elF2a0 phos-
phorylation may regulate autolysosome formation. Rapa-
mycin, which induces elF2q, phosphorylation-mediated
LLC3 conversion, inhibits mutant dysferlin aggregation
in the ER™. These results indicate that mutant dysferlin
aggregated on the ER membrane stimulates autophago-
some formation wia activating ER-stress-induced eIF2q
phosphorylation.

Kouroku ¢ a/*” have reported that ER stress caused
by ectopic expression of polyQ72 upregulates Atgl2
expression and induces autophagy, as demonstrated by
an increase in conversion of LC3-1 to LC3-1I and an
increase in LC3-postive vesicles in mouse embryonic
carcinoma cells and MEFs. The polyQ72-induced LC3
conversion is inhibited in cells containing the eIF2q, A/A
mutation and dominant negative-PERK, strongly sug-
gesting that the PERIK/eIF2q, pathway, an ER stress re-
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sponse signal, plays an essential role in polyQ72-induced
Atg12 upregulation and LC3 conversion. However, the
molecular mechanism by which elF2q, phosphorylation
regulates LC3 conversion remains unclear. Atgl2, a com-
ponent of Atg5-Atgl2-Atgl6 complex, as well as CHOP
mRNA, ate selectively upregulated by polyQ72 via elF2q,
phosphorylation. Thus, one possible explanation is that
the elF2q, phosphorylation-dependent selective transla-
tion of transcription factors increases the expression of
Atgl2, resulting in the formation of Atg5-Atgl2-Atgl6
complex, followed by conversion of T.C3- 1 to LC3-11*,

Contradictory to the above, some studies have shown
that IRE1 is crucial for autophagosome formation and
LC3-1I conversion after treatment with ER stressors.
Imaizumi and co-workers have suggested that IRE1,
rather than PERK, links UPR to autophagy™. Using
MEFs deficient in IREla or ATF6 and embryonic stem
cells deficient in PERK, they have demonstrated that
accumulation of LC3-positive vesicles triggered by tu-
nicamycin or thapsigargin fully depends on IRE1, but
not PERK or ATF6. Thapsigargin-induced accumulation
of LC3-positive vesicles is also completely inhibited in
MEFs deficient in tumor necrosis factor receptor-associ-
ated factor (TRAF)-2, a cytosolic adaptor molecule that
links active IRE1 to the activation of c-Jun N-terminal
kinase (JNK). Additionally, a pharmacological inhibitor
of JNK, SP600125, effectively inhibits the LC3 transloca-
tion in this model system, suggesting that IRE1-TRAF2-
JNK pathway is essential for induction of autophagy in
MEFs challenged with ER stressors. Yorimitsu ez al™
have reported that the Irel-Hacl signaling pathway is re-
quired for induction of autophagy. They have examined
autophagy under ER stress conditions in the absence of
Irel or Hacl, and have found that, in both /D" and
hac1D'"” cells, ER-stress-induced autophagy was blocked.
Starvation-induced autophagy was not affected in these
cells. These observations suggest that under ER stress,
the Ire-Hacl signaling pathway is involved in autophagy
induction; probably through the UPR.

The release of Ca”" can activate various kinases and
proteases that are possibly involved in the autophagy
pathway. Thapsigargin increases [Ca’’Jc and induces au-
tophagy, as measured by LC3 translocation, electron mi-
croscopy and degradation rate of long-lived proteins, and
this is effectively inhibited by Ca®" chelators™. The same
study has further demonstrated that Ca*"-mediated au-
tophagy is dependent on the calmodulin-dependent pro-
tein kinase kinase-B/AMP-activated protein kinase path-
way that ultimately leads to the inhibition of mTORCI,
as demonstrated by decreased phosphorylation of the
mTORCT substrate p70S6K1.

Eukaryotic elongation factor (eEF)-2 is a 93-kDa mo-
nomeric guanine nucleotide-binding protein and is an es-
sential mediator of the ribosomal elongation step during
mRNA translation. eEF-2 promotes the GTP-dependent
translocation of the nascent protein chain from the A-site
to the P-site of the ribosome, and is an essential regula-
tory factor for protein synthesis. The phosphorylation

October 26, 2011 | Volume 2 | Issue 10 |



Cheng Y et a/. Autophagy in ER-stressed cells

of eEF-2 on Thr56 by eEF-2 kinase is known to inhibit
its translational function, by reducing its affinity for ri-
bosomes™. Tt is known that eIF2¢, phosphorylation is
required for phosphorylation of eEF-2 during nutrient
starvation. eEF-2K is also required for activation of au-
tophagy caused by various stresses, including ER stress’
nutrient depletion®™, and Akt inhibition™, suggesting
that phosphorylation of eEF-2 serves as an integrator of
various cell stresses for autophagy signaling. However,
PERK and the phosphorylation of elF2q, are dispens-
able for eEF-2 phosphorylation during ER stress, indi-
cating that eEF-2 phosphorylation can be triggered by
multiple signaling pathways, including the PERI/eIF2a
pathway. The phosphorylation of eEF-2 by tunicamycin
or thapsigargin treatment is significantly inhibited in the
presence of the Ca’" chelator BAPTA-AM, indicating
that activation of eEF-2 kinase relies on Ca”* flux dur-
ing ER stress. Thus, phosphorylation of eEF-2 may be
a common mediator of autophagy during starvation or
ER stress. These results suggest that eEI-2 kinase plays
an important regulatory role in mediating autophagy in
response to multiple stress stimuli, and can be activated
in an elF2q-dependent or -independent manner.

B-cell lymphoma/leukemia 2 (Bcl-2) is an anti-apop-
totic protein located at mitochondrial, ER and nuclear
membranes, and to a lesser extent in the cytoplasm. Ac-
cumulating evidence suggests that Bcl-2 can inhibit or ac-
tivate autophagy, depending on different model systems.
The opposite effects of Bcl-2 on autophagy may be at-
tributed to its post-translational modifications or differ-
ent subcellular localizations. Inhibition of autophagy by
Bcl-2 is shown by the fact that it blocks autophagosome
accumulation induced by starvation, vitamin D analog
EB1089, ATP and Xestospogin B"***. At least two
mechanisms have been proposed for Bcl-2-mediated in-
hibition of autophagy: a direct interaction with beclin 1;
and regulation of ER Ca”" stores, possibly #i its binding
to IP3R™. Beclin 1 is a Bcl-2-interacting protein that
promotes autophagosome formation when in complex
with class I PI3K and p150 myristylated kinase. Bcl-2
has been suggested to function as an autophagy brake by
inhibiting the formation of this autophagy-promoting
protein complex. ER-localized Bcl-2 lowers the steady-
state level of Ca”" in the ER and thereby reduces stimu-
lus-induced Ca”" fluxes from the ER. Thus, it may inhibit
Ca”"-dependent autophagy by reducing the increase in
[Ca®"]c. This hypothesis is supported by data showing
that ER-localized Bcl-2 effectively inhibits autophagy
induced by Ca’" mobilizing agents that depend on ER
Ca”" stores (EB1089and ATP)". Bcl-2 at the ER may
depend on beclinl binding to decrease the amount of
Ca”" released from the ER following agonist stimulation.
Alternatively, ER-targeted Bcl-2 may be able to inhibit
autophagy by other means, depending on the signaling
pathway involved in autophagy induction.

CONCLUSION

Autophagy is important for the clearance of unfolded/
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misfolded proteins and for relief of ER stress induced by
various stresses. The current studies, as discussed above,
encourage the development of autophagy-promoting
therapies for diseases associated with protein aggregates
in the ER or cytosol. It is known that activation of ER
stress and autophagy is associated with dealing with
amyloid f-peptide accumulation in the brain; the major
cause of Alzheimer’s disease. In cancer cells, autophagy
helps to alleviate ER stress, and inhibits cell death. If this
proves to be the case, combination therapies with ER
stressors and autophagy inhibitors may also be useful in
cancer therapy. The direct link between ER stress and
autophagy has been reported for less than 1 year. Thus,
many burning questions concerning the signaling path-
ways linking ER stress to autophagy, the mechanisms by
which ER is selected as autophagic cargo, the crosstalk
between ER-stress-induced autophagy and cell death
pathways (apoptosis and necrosis), and the impact of
autophagy in diseases associated with ER stress, remain
largely unanswered. Future research will hopefully clarify
these issues and pave the way for pharmacological exploi-
tation of the signaling pathways involved in crosstalk be-
tween autophagy and apoptosis or necrosis. As the roles
of autophagy can ecither be pro-survival or pro-death
depending on context, it is conceivable that manipulating
autophagy would have an impact on therapeutic outcome
of wvarious diseases. For instance, if autophagy activation
contributes to resistance of cancer cells to certain thera-
pies, use of autophagy inhibitors could be beneficial; in
contrast, if induction of autophagy facilitates cell killing
by cancer therapeutics, co-treatment with autophagy ac-
tivators could reinforce the therapy. How to exploit au-
tophagy as a therapeutic intervention remains an area of
extensive investigation.
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