
The kinase PERK and the transcription factor ATF4 play
distinct and essential roles in autophagy resulting from
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Endoplasmic reticulum (ER) stress is thought to activate
autophagy via unfolded protein response (UPR)-mediated tran-
scriptional up-regulation of autophagy machinery components
and modulation of microtubule-associated protein 1 light chain
3 (LC3). The upstream UPR constituents pancreatic EIF2-�
kinase (PERK) and inositol-requiring enzyme 1 (IRE1) have
been reported to mediate these effects, suggesting that UPR may
stimulate autophagy via PERK and IRE1. However, how the
UPR and its components affect autophagic activity has not
been thoroughly examined. By analyzing the flux of LC3
through the autophagic pathway, as well as the sequestration
and degradation of autophagic cargo, we here conclusively
show that the classical ER stressor tunicamycin (TM) en-
hances autophagic activity in mammalian cells. PERK and its
downstream factor, activating transcription factor 4 (ATF4),
were crucial for this induction, but surprisingly, IRE1 consti-
tutively suppressed autophagic activity. TM-induced auto-
phagy required autophagy-related 13 (ATG13), Unc-51–like
autophagy-activating kinases 1/2 (ULK1/ULK2), and GABA
type A receptor–associated proteins (GABARAPs), but inter-
estingly, LC3 proteins appeared to be redundant. Strikingly,
ATF4 was activated independently of PERK in both LNCaP
and HeLa cells, and our further examination revealed that
ATF4 and PERK regulated autophagy through separate
mechanisms. Specifically, whereas ATF4 controlled tran-
scription and was essential for autophagosome formation,
PERK acted in a transcription-independent manner and was

required at a post-sequestration step in the autophagic path-
way. In conclusion, our results indicate that TM-induced
UPR activates functional autophagy, and whereas IRE1 is a
negative regulator, PERK and ATF4 are required at distinct
steps in the autophagic pathway.

Transmembrane and secretory proteins are translated in the
endoplasmic reticulum (ER),5 where they are folded and
undergo rigorous quality control to ensure cell function and
protein homeostasis. When the folding capacity of the ER is
exceeded (referred to as “ER stress”), the ER membrane-resi-
dent proteins PERK, IRE1, and ATF6 initiate the unfolded pro-
tein response (UPR) (1). PERK dimerizes and becomes acti-
vated via autophosphorylation, upon which it phosphorylates
eIF2�. This in turn results in a general reduction in protein
synthesis concurrent with increased translation of the tran-
scription factor ATF4, which translocates to the cell nucleus to
regulate gene expression. Furthermore, upon ER stress, IRE1
oligomerizes and acquires endoribonuclease activity, resulting
in XBP1 mRNA splicing and production of the transcription
factor–spliced XBP1 (XBP1s). Last, ER stress induces the trans-
location of ATF6 to the Golgi apparatus, where it is cleaved,
releasing its cytoplasmic domain, which acts as a transcription
factor. Together, the UPR-generated transcription factors ini-
tiate a transcriptional program aimed at increasing protein
folding capacity and restoring protein homeostasis (1).
Autophagy, the pathway for lysosomal degradation of intracel-
lular material, has been proposed to play a key role in relieving
cells of the burden of accumulating aberrant proteins. The first
indication for this was provided by Klionsky and colleagues (2),
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who in 2006 demonstrated that ER stress can activate
autophagy in yeast. Subsequently, various types of ER stress
conditions were suggested to induce autophagy via the UPR
also in mammalian cells, but as outlined below, further experi-
mental evidence is needed to fully conclude how the UPR reg-
ulates autophagic activity.

Macroautophagy (herein referred to as autophagy) proceeds
by the expansion of a condensed membrane cisterna (phago-
phore), which sequesters cellular material into a double-mem-
brane or multimembrane vesicle (autophagosome) that subse-
quently fuses with lysosomes for degradation and recycling of
the sequestered material (3). A set of evolutionarily conserved
autophagy-related (ATG) proteins, first identified in yeast,
orchestrate the generation and maturation of autophagosomes.
Yeast Atg8 has been shown to play a central role in driving the
autophagic pathway. In mammalian cells, seven different Atg8
orthologues, which segregate into the LC3 and GABARAP sub-
families, have been described. Of those, LC3B was the first
mammalian Atg8 orthologue identified (4). During autophagy,
the cytosolic form of LC3 (LC3-I) is converted to a lipidated,
membrane-bound form (LC3-II) in a ubiquitin-like conjuga-
tion process that involves a number of ATGs. LC3-II localizes
to phagophores, autophagosomes, and other membrane struc-
tures yet to be fully characterized (4 –9). Local accumulation of
LC3 on phagophores and autophagosomes may be detected as
bright puncta by immunofluorescence microscopy, and LC3-II
levels can be analyzed by Western blotting. After these discov-
eries, LC3 quickly became the most frequently used marker
protein for studying mammalian autophagy, a trend that was
further intensified after LC3 was reported to be a central player
in autophagosome formation (10) and maturation (11, 12), as
well as in cargo recruitment via interaction with autophagy
receptors (13, 14). Consequently, studies on the relationship
between ER stress and autophagy have strongly focused on
deciphering signaling pathways and factors that modulate LC3.
A number of different ER stressors have been reported to
increase LC3-II levels and LC3 puncta in a manner that requires
the action of PERK (15–19) and/or IRE1 (16, 20 –24). More-
over, the PERK-eIF2�-ATF4 arm has been implicated in tran-
scriptional up-regulation of numerous ATGs, including LC3B
(25–28), ATG12 (15, 27, 28), ATG5 (25, 27), ULK1 (29), and
BECN1, ATG16L1, ATG3, ATG7, ATG10, GABARAP, and
GABARAPL1 (27), whereas the IRE1-XBP1s arm has been
reported to up-regulate BECN1 (22) and ATG3 (30). Based on
these observations, it has been generally inferred that UPR acti-
vates autophagy via a PERK/IRE1-driven transcriptional pro-
gram. Additionally, IRE1 may promote JNK-mediated phos-
phorylation of BCL2 (21, 31), which in turn can increase the
ability of Beclin-1 to enhance LC3 puncta formation (32).

Although valuable, these previously described effects of the
UPR and its components on transcription of ATGs and lipida-
tion of LC3 are not sufficient evidence by themselves to fully
define how the UPR regulates functional autophagic activity,
because (i) increased transcription and expression of compo-
nents of the autophagic machinery may in some instances be a
cellular attempt to compensate for reduced autophagic activity,
and (ii) increases in cellular levels of lipidated LC3 may in some
instances be the result of increased autophagy but in other cases

the result of increased expression of LC3 and/or reduced
LC3-II degradation caused by inhibition of autophagy at a late
step in the pathway (33). To distinguish between those possi-
bilities, one may assess the flux of LC3 through the autophagic
pathway as well as analyze the sequestration and degradation of
autophagic cargo (33). To date, the effect of the UPR on LC3
flux and autophagic cargo sequestration and degradation activ-
ity has not been thoroughly assessed.

Here, we employed various autophagy methods in combina-
tion with the classical ER stressor tunicamycin (TM; a glycosyl-
ation inhibitor) to investigate how the UPR and its components
affect autophagic activity in mammalian cells. We find that TM
enhances autophagic activity, as reflected by increased flux of
LC3 through the pathway as well as increased sequestration and
degradation of autophagic cargo. Moreover, our results reveal
that TM-induced autophagy requires the action of the UPR
components PERK and ATF4, whereas IRE1 plays an unex-
pected opposing role. Last, we demonstrate that PERK and
ATF4 act at distinct steps in the autophagic pathway during
TM-induced autophagy.

Results

Inhibition of N-linked glycosylation activates autophagy

To study how the UPR modulates autophagy, we treated
LNCaP human prostate cancer cells with the classical ER stres-
sor TM (2.5 �g/ml) and analyzed the flux of the autophagic
membrane marker LC3 to lysosomes (33). The lipidated and
membrane-attached form of LC3, LC3-II, is usually present on
both the inner and outer membranes of the autophagosome,
and the LC3-II that is present on the inner membrane is
degraded after autophagosome–lysosome fusion (4, 33). There-
fore, if TM would increase the flux of LC3-II to lysosomes, one
would expect to observe an increase in the levels of LC3-II when
LC3-II degradation is blocked by co-treatment with the lyso-
somal inhibitor bafilomycin A1 (Baf) (33). Indeed, LC3-II levels
were significantly increased in LNCaP cells co-treated with TM
(for 24 h) and Baf, compared with that observed in cells treated
with TM or Baf alone (Fig. 1, A and B). Note that Baf was
included only during the last 3 h of the 24-h treatment period,
as recommended for this assay (33). Compared with treatment
with Baf alone, co-treatment with TM plus Baf produced a
�59% increase in LC3-II levels (Fig. 1B). A possible confound-
ing factor in interpreting this assay is putative treatment effects
on the expression of LC3, which may influence LC3-II levels
(34), and as shown in Fig. 1A (and described below), TM did
increase LC3 expression. To provide additional evidence, we
generated an LNCaP cell line that expresses a tandem fluores-
cently tagged version of LC3, mTagRFP-mWasabi-LC3. This
construct can be used to follow LC3 flux, because the green
fluorescence of mWasabi is quenched in the acidic environ-
ment that arises upon fusion of autophagosomes with lyso-
somes, whereas the red fluorescence from mTagRFP is rela-
tively resistant to acidic pH (33, 35). Thus, as illustrated in Fig.
1C, the fluorescent signal will change from yellow puncta when
LC3 is attached to phagophores or autophagosomes (neutral
pH) to red puncta when LC3 has reached the autolysosomes
(acidic pH). The mTagRFP-mWasabi-LC3 construct is an
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improved version to follow autophagic membrane flux
compared with earlier GFP-LC3– based constructs, because
mWasabi is more acid-sensitive than GFP (35). As shown in Fig.
1D, treatment with TM (2.5 �g/ml) for 24 h led to a striking
increase in the appearance of red puncta, similar to the pheno-
type observed upon a 3-h treatment with the mTOR inhibitor
Torin1, which is a well-known autophagy inducer (33). In the
presence of Baf, the puncta turned yellow (Fig. 1D), as expected
from Baf-mediated neutralization of lysosomal acidity (36, 37).
To quantify changes in mWasabi and mTagRFP fluorescence
from a large number of cells, we subjected cells treated as in
Fig. 1D to flow cytometry subsequent to a brief plasma mem-
brane permeabilization with digitonin to wash out cytosolic
mTagRFP-mWasabi-LC3 and thus selectively measure the
fluorescent signals from membrane-attached mTagRFP-
mWasabi-LC3. As shown in Fig. 1E, TM significantly increased
the total fluorescence signal intensity from both mWasabi and
mTagRFP, in a manner that was strikingly similar to that
observed with Torin1. This indicates that TM increased both
the number of autophagosomes and autolysosomes. On aver-
age, TM produced a �56% increase in mTagRFP fluorescence
and a �66% increase in the sum of mWasabi and mTagRFP
fluorescence. Importantly, compared with that observed in Baf-
treated cells, the intensity from mTagRFP was substantially
higher than that from mWasabi in both TM- and Torin1-
treated cells, thus indicating active autophagic membrane flux
under these conditions. The same was the case in DMSO con-
trol conditions (Fig. 1E), in agreement with the relatively high
degree of basal autophagy in the LNCaP cell line (34, 38 – 41).
Of note, there was some increase in the mTagRFP signal in
Baf-treated cells (albeit far from the increase observed for the
mWasabi signal), which likely reflects Baf-induced inhibition of
mTagRFP degradation in autolysosomes. Compared with sin-
gle treatment with Baf, TM, or Torin1 alone, co-treatment with
TM � Baf or Torin1 � Baf led to a significant increase in both
mWasabi and mTagRFP signals (Fig. 1E), further indicating
that TM, like Torin1, increases the number of autophagic
membrane structures destined for fusion with lysosomes.

LC3 flux is an indicator of autophagic flux. However, the flux
of LC3 through the autophagic pathway does not always corre-
late with that of autophagic cargo (33, 41, 42), and autophagy
does not always require LC3 (41, 43– 45). Therefore, LC3-based
assays should be accompanied by additional methods to moni-
tor autophagy (33). The most direct approach to measure
autophagic activity is to quantify the sequestration and degra-

dation of autophagic cargo. To that end, we used two well-
established and highly recommended (33) quantitative meth-
ods: the LDH sequestration assay (38 – 40, 46) and the long-
lived protein degradation (LLPD) assay (47–49). During general
autophagy, the ubiquitously expressed, soluble cytosolic
enzyme lactate dehydrogenase (LDH) is nonselectively seques-
tered into autophagosomes along with cytosol and other
autophagic cargo (46) (see illustration in Fig. 2A). In the pres-
ence of an inhibitor of autolysosomal degradation, such as Baf,
the net autophagic sequestration rate can be accurately and
quantitatively determined by a protocol that efficiently frac-
tionates sequestered LDH from cytosolic LDH (38 – 40, 46).
This method has been thoroughly validated through testing
with a plethora of well-known chemical and genetic interfer-
ences with autophagosome formation in multiple cell types,
demonstrating that it reliably monitors macroautophagic
sequestration activity (34, 37– 41, 46, 50, 51). To assess the
effect of TM on LDH sequestration, LNCaP cells were treated
with DMSO control or TM (2.5 �g/ml) for 21 h, followed by an
additional 3-h treatment with DMSO (as a control) or Baf to
block autolysosomal degradation of sequestered LDH. In
DMSO control–pretreated cells, subsequent Baf treatment led
to an LDH sequestration rate of �0.6%/h (Fig. 2A). This num-
ber is in good agreement with our earlier findings of the basal
autophagic sequestration rate in this cell line (34, 38 – 41).
When cells were pretreated with TM for 21 h before subse-
quent treatment with Baf, the sequestration rate was increased
by �62% compared with that observed with Baf in DMSO-
pretreated cells (Fig. 2A). The TM-induced increase was nearly
half of that induced by Torin1, which, besides acute amino acid
starvation, is the most efficient inducer of autophagic seques-
tration (33, 40, 41, 50). Treatment with TM thus induced a
substantial increase in autophagic sequestration activity, esti-
mated to be nearly half of that which can be maximally
obtained.

Next, we employed the LLPD assay (47–49) to investigate
whether the increased autophagic sequestration observed with
TM also results in increased autophagic degradation activity.
During general autophagy, a substantial proportion of long-
lived proteins are sequestered into autophagosomes and there-
after degraded in the autolysosomes. Following degradation,
the resulting, free amino acids are released into the cytosol for
cellular re-use (see illustration in Fig. 2B). In the LLPD assay,
the amino acid degradation product (free, radioactive valine
with our procedure) is specifically quantified (47–49). The

Figure 1. TM increases autophagic membrane flux in LNCaP cells. A, LNCaP cells were treated as indicated for 24 h, with Baf included the last 3 h only.
Subsequently, protein extracts were prepared and subjected to immunoblotting for LC3 and �-tubulin as indicated. B, protein levels from three independent
experiments as in A were quantified and normalized against �-tubulin (mean � S.E. (error bars), n � 3). Red dots represent individual data points. Statistical
significance was evaluated using repeated measures one-way ANOVA. *, p � 0.05; **, p � 0.01; ***, p � 0.001. C, illustration depicting the principle for the
tandem fluorescent LC3 assay; mTagRFP-mWasabi-LC3 attached to phagophores and autophagosomes will be in an environment of neutral pH and therefore
appear as yellow puncta (mix of green and red fluorescence). In contrast, mTagRFP-mWasabi-LC3 molecules that have reached the autolysosome will appear
as red puncta because the green fluorescence from mWasabi, but not that from mTagRFP, is quenched in the acidic environment. D, LNCaP cells stably
expressing mTagRFP-mWasabi-LC3 were treated for 24 h, as indicated, with Baf and Torin1 included the last 3 h only. Subsequently, cells were analyzed by
live-cell fluorescence confocal microscopy. A representative image is shown for each treatment condition, and the white square insets in the top panels are
shown in larger magnification in the bottom panels. Scale bar, 10 �m. E, LNCaP cells stably expressing mTagRFP-mWasabi-LC3 were treated for 24 h, as
indicated, with Baf and Torin1 included the last 3 h only. Subsequently, cells were detached from the tissue culture plate and briefly treated with digitonin to
permeabilize the plasma membrane and thereby deplete the cells of unconjugated, cytosolic mTagRFP-mWasabi-LC3 while preserving the conjugated,
membrane-bound mTagRFP-mWasabi-LC3. Thereafter, the cells were analyzed for mWasabi and mTagRFP fluorescence intensity by flow cytometry. The
results from three independent experiments are shown (mean � S.E., n � 3). Black dots represent individual data points. Statistical significance was evaluated
using repeated measures one-way ANOVA. **, p � 0.01; ***, p � 0.001.
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LLPD assay is thus a true end point method for measuring
autophagic cargo flux (33, 47– 49). As shown in Fig. 2B, treat-
ment of LNCaP cells with TM (2.5 �g/ml) significantly
increased LLPD in the time period 18 –24 h after the drug addi-
tion. Importantly, this was due to activation of the autophagic–
lysosomal degradation pathway, because TM failed to signifi-
cantly affect LLPD in the presence of Baf or in cells depleted of
the autophagy-essential ATG proteins ULK1 and ULK2 (Fig. 2B
and Fig. S1). As expected, and in agreement with earlier studies
(34, 52), nearly 80% of the total amount of LLPD in DMSO
control-treated cells in nutrient-rich medium was nonlyso-
somal (Baf-insensitive) and nonautophagic (insensitive to
ULK1/ULK2 depletion). Due to this inherently high back-

ground in the LLPD assay (mostly due to proteasomal activity
(34, 52)), the increases observed with autophagy stimuli appear
small compared with the total levels. To obtain useful relative
information, alterations in LLPD are therefore normally com-
pared with the lysosomal-autophagic LLPD fraction (33,
47– 49). When comparing the effect of TM on LLPD in the
absence and presence of lysosomal (Baf) or autophagic inhibi-
tion (ULK1/ULK2 depletion or depletion of other ATGs, as
shown below), we calculated that TM increases autophagic pro-
tein degradation activity by �65 � 8% (mean � S.E.), compared
with basal levels in LNCaP cells. In all of these experiments, TM
failed to produce a statistical significant increase in LLPD in the
presence of lysosomal/autophagic inhibition. This indicates
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that the TM-induced increase in LLPD is predominantly due to
TM increasing autophagy rather than other protein degrada-
tion processes. It has been reported that ER stress may increase
proteasomal degradation as well as proteasome- and lysosome-
independent ER-associated degradation (ERAD) pathways
(53–55). However, TM did not increase chymotrypsin-like
activity in LNCaP cells (Fig. S2A). Moreover, as shown in Fig.
S2, B and C, TM-induced LLPD was unaffected by the protea-
some inhibitor MG132 and the ERAD inhibitors kifunensine
and eeyarestatin I at concentrations known to block protea-
somal activity and ERAD (Fig. S2A) (56 –58). There was an
apparent slight decrease in the degree of TM-induced LLPD
in the presence of MG132 (Fig. S2C), but this was not statisti-
cally significant (p � 0.2375, one-way analysis of variance
(ANOVA)). Again, TM-induced LLPD was strongly dimin-
ished in the presence of Baf (Fig. S2C). Thus, we conclude that
the effect of TM on LLPD is predominantly caused by an
increase in autophagic–lysosomal protein degradation.

Taken together, our data strongly indicate that TM increases
full autophagic flux in LNCaP cells, from productive autopha-
gosome formation (cargo sequestration) to completion of the
pathway (cargo degradation and release of degradation
products from the autolysosomes). Of note, the observed TM-
induced increases in LC3 flux, LDH sequestration, and
autophagic LLPD were very similar (�56 – 66% increase,
depending on the assay), indicating a good correlation between
autophagic membrane and cargo flux in TM-treated cells.

Maximal effects of TM on LLPD in LNCaP cells occurred in
the concentration range 1.5–10 �g/ml after 18 –24 h of treat-
ment (Fig. S3A). Based on this, in subsequent experiments, we
used 2.5 �g/ml TM and measured autophagy after 18 –24 h. At
this concentration, TM did not cause any cell death, even after
70 h of treatment (Fig. S3B). Moreover, unlike thapsigargin
(TG; ER Ca2� pump inhibitor) or A23187 (A23; Ca2� iono-
phore), which deplete ER Ca2� (Fig. S3C) and therefore block
autophagosome formation (34), TM did not affect ER Ca2�

levels (Fig. S3C). Thus, the TM-induced autophagy we
observed is not restricted by any negative effects that could
have arisen from ER Ca2� depletion.

Some reports have suggested that TM can reduce mTORC1
activity in cancer cells (59, 60). However, TM did not alter the
levels of the mTORC1-phosphorylated forms of S6K (Thr-389)
or ULK1 (Ser-757) (Fig. S3D), indicating that mTORC1 activity
is not affected by TM in LNCaP cells.

TM causes aberrant protein folding by inhibiting the rate-
limiting factor of N-linked glycosylation, GlcNAc-1-phosphate
transferase (GPT) (61). If the effect of TM on autophagy was
specifically caused by GPT inhibition, then depletion of GPT
would be expected to also activate autophagy. Indeed, GPT-
targeted RNAi induced a similar Baf-sensitive increase in LLPD
as that observed with TM (Fig. 3 and Fig. S4A).

The ability of TM to induce autophagy was not restricted to
prostate cells or to cancer origin, because we observed signifi-
cant, Baf-sensitive increases in LLPD also in HeLa cervical car-
cinoma cells and in nonmalignant RPE-1 retinal pigment epi-
thelial cells (Fig. 4).

PERK and ATF4 are essential for, whereas IRE1 restricts, ER
stress–induced autophagy

TM effectively activated the UPR in LNCaP cells, as demon-
strated by increased levels of phosphorylated PERK and ele-
vated protein levels of ATF4, CHOP, XBP1s, and BiP (Fig. 5A).
TM-induced UPR could be discerned at 6 h, but not at 2 h, and
was maintained for at least 18 h (Fig. 5A). Strikingly, TM-in-
duced LLPD was completely abolished upon depletion of PERK
(Fig. 5B and Fig. S4B). In contrast, and surprisingly, TM-in-
duced LLPD was further increased upon IRE1 knockdown,
whereas ATF6 silencing had no effect (Fig. 5B and Fig. S4B).
Thus, whereas PERK is essential for TM-induced autophagy,
IRE1 plays an opposing role. Knockdown of PERK under basal
conditions did not alter LPPD (Fig. S4C), indicating that PERK
is selectively required for autophagy during ER stress. Interest-
ingly, however, autophagy was substantially enhanced by IRE1
depletion under basal conditions, as IRE1 knockdown in-
creased LLPD in a manner that was abolished by Baf or ULK1/2
silencing (Fig. 5C). Moreover, IRE1 depletion significantly
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increased LDH sequestration in the presence of Baf (Fig. 5D).
Thus, IRE1 restricts basal autophagy at a pre-sequestration step
in the autophagic pathway, and this can largely explain the
additional increase in LLPD observed upon knockdown of IRE1
in combination with TM (Fig. 5B). Increased LLPD upon IRE1

silencing was also observed in U2OS osteosarcoma cells (Fig.
S4D), suggesting that IRE1 may limit basal autophagy in general
and not only in LNCaP cells.

Next, we assessed the role of ATF4. As shown in Fig. 5E,
ATF4 depletion completely abolished TM-induced LLPD.
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Interestingly, LLPD levels in TM-treated, ATF4-depleted cells
were even lower than basal levels (Fig. 5E). This indicates a
requirement for ATF4 in basal autophagy as well as in ER
stress–induced autophagy. Indeed, basal LLPD was signifi-
cantly reduced by three of three ATF4-targeting siRNAs (Fig.
5F), and this was due to inhibition of autophagy, because ATF4
knockdown failed to reduce LLPD in ULK1/2-silenced cells
(Fig. S4E). The reduction in basal LLPD observed upon ATF4
depletion was about half of that observed upon ULK1/2 deple-
tion (Fig. 5, compare C and F). Thus, ATF4 is partially required
for basal autophagy, which can partly explain the subbasal
LLPD levels observed in TM-treated, ATF4-silenced cells.
Interestingly, LLPD levels were always lower with the combina-
tion of TM and ATF4 depletion than with ATF4 depletion
alone (Fig. 5F), indicating that TM induces degradation-inhib-
itory effects in the absence of ATF4. It remains to be examined
whether this degradation-inhibitory effect is caused by IRE1-
mediated repression of autophagy or by other mechanisms.

Finally, we examined whether PERK and ATF4 were essen-
tial for TM-induced autophagy also in a cell line other than
LNCaP. Indeed, silencing of PERK or ATF4 completely abol-
ished TM-induced LLPD in RPE-1 cells (Fig. 5G and Fig. S4F).
In these cells, LLPD levels were below basal levels in both cases,
which might suggest a partial requirement for PERK and ATF4
in basal autophagy in RPE-1 cells.

In summary, PERK and ATF4 are essential for TM-initiated
ER stress–induced autophagy, whereas IRE1 acts as a brake.
Moreover, ATF4 and IRE1 play opposing roles in autophagy
under basal conditions.

RNA-Seq reveals candidate mediators of ATF4-dependent
autophagy regulation, whereas PERK likely acts
independently of transcription

Because both PERK and ATF4 were essential for TM-in-
duced autophagy, and ATF4 is a transcription factor that nor-
mally acts downstream of PERK, we hypothesized that PERK
mediates its effects via ATF4-dependent changes in gene tran-
scription. In line with the notion of a transcriptional regulation
of autophagy, TM increased autophagic activity in the time
period of 18 –24 h even if TM was washed out at 18 h (Fig. 6A).
In contrast, and confirming that TM could be efficiently
washed out, a 1-h treatment with TM was not sufficient to
enhance autophagy at 18 –24 h (Fig. 6A). Treatment with the
potent PERK inhibitor GSK2606414 (“PERKi”) abolished TM-
induced LLPD, indicating that PERK activity is essential for
TM-induced autophagy (Fig. 6B). However, PERK activity was
redundant during the last 6 h of TM treatment (Fig. 6B),
whereas allowing PERK activity only for the first 6 h of TM
treatment was insufficient for activation of LLPD in the
18 –24-h time period (Fig. 6B). Together, our data indicate that
TM causes PERK-dependent changes over the first 18 h of
treatment that by themselves are sufficient for enhancing
autophagy at 18 –24 h. Of note, the level of LLPD under basal
conditions (i.e. in the absence of TM) was unaffected by PERKi
(Fig. 6B) or PERK knockdown (Fig. S4C), despite efficient
reduction of basal p-eIF2� levels.

To probe for the putative PERK- and ATF4-regulated
transcriptional program responsible for ER stress–induced

autophagy, we performed global RNA-Seq of LNCaP cells
treated with TM for 18 h in the absence or presence of interfer-
ence with PERK (PERKi, or two different PERK-targeting
siRNAs) or ATF4 (two different ATF4-targeting siRNAs). TM
significantly altered the expression level of 2284 genes (padj �
0.05, log2 FC � 1), and 431 of these alterations depended on
ATF4 (Fig. 6C). Interestingly, ATF4 also controlled the expres-
sion of 123 genes that were not altered by TM treatment (Fig.
6C). Surprisingly, our analysis returned merely five genes whose
expression was altered by interference with PERK (Fig. 6C).
This indicates that PERK modulates autophagy independently
of transcription in TM-treated LNCaP cells. Moreover, these
results suggest that PERK and ATF4 are uncoupled in LNCaP
cells and thus that they likely play distinct roles in ER stress–
induced autophagy.

To gain insight into candidate mediators of ER stress–
induced autophagy and to compare our results with previous
reports that have indicated regulation of ATG gene expression
by ER stress, we used the HUGO Gene Nomenclature Commit-
tee (HGNC) list of human ATGs to identify all autophagy-re-
lated genes whose expression was significantly altered by TM
(padj � 0.05, any FC). This returned 18 genes, whose expression
levels were up-regulated by TM, including MAP1LC3B,
GABARAPL1, ATG16L1, GABARAP, ATG12, ATG5, ATG3,
and BECN1 (Table S1), which have also previously been
reported to be up-regulated by ER stress. The up-regulation of
ATG16L1, GABARAP, ATG12, ATG5, ATG3, and BECN1 was,
however, very modest (log2 FC ranging from 0.161 to 0.354),
whereas the expression of MAP1LC3B and GABARAPL1 as
well as that of four other genes (WIPI1, MAP1LC3B2,
MAP1LC3A, ATG13) was increased more than 2-fold (log2
FC � 1) by TM (Table S1). Intriguingly, TM up-regulated the
expression of all these six genes in an ATF4-dependent manner
(Fig. 6D), suggesting that they may play an important role in
ATF4-mediated autophagy regulation. Real-time RT-PCR
analyses and Western blotting confirmed the up-regulation by
TM at both the mRNA and protein levels (Fig. S5).

Next, we tested whether depleting any of these transcripts
would diminish TM-induced autophagy. Because ATG8 iso-
forms may have overlapping functions in autophagy, a com-
bined knockdown was performed for the LC3s and
GABARAPL1. Depleting these mammalian ATG8s, or WIPI1
(Fig. S5, A and B) did not alter basal or TM-induced LLPD (Fig.
7, A and B). However, knockdown of ATG13 (Fig. S5C) strongly
reduced both basal and TM-induced LLPD (Fig. 7B) as well as
LDH sequestration (Fig. 7C). To test whether the observed
induction of ATG13 by TM was necessary for TM-induced
autophagy, we titrated the ATG13-targeting siRNA down to a
concentration (0.025 nM) where basal autophagy was minimally
affected (Fig. 7D, top) but where ATG13 mRNA and protein
levels were reduced to near basal levels in the presence of TM
(Fig. 7D, middle and bottom). Evidently, TM was still potently
able to activate autophagy (Fig. 7D, top) even though ATG13
expression was no longer elevated by TM relative to basal levels
(Fig. 7D, middle and bottom). When the siRNA concentration
was gradually increased (from 0.025 to 0.2 nM), we observed a
gradual decrease of basal LLPD that paralleled the decrease in
LLPD observed in the presence of TM (Fig. 7D, top). Thus,
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although ATG13 is strongly required for both basal and TM-
induced autophagy, the TM-mediated induction of ATG13 is
not required for the ability of TM to activate autophagy.

Basal and ER stress–induced autophagy is independent of
LC3s but requires GABARAPs

Mammalian ATG8 proteins comprise the MAP1LC3 (LC3A,
LC3B, and LC3C) and GABARAP (GABARAP, GABARAPL1,
and GABARAPL2) families. LC3C expression is negligible in
LNCaP cells (41), as confirmed by the LC3C RNA-Seq reads
being below the cut-off value (data not shown). Thus, the find-
ing that depletion of LC3A/B and GABARAPL1 did not alter
LLPD (Fig. 7A and Fig. S5A) indicates that basal and TM-in-
duced autophagy is independent of the LC3 family. To test
whether GABARAPs are required and/or whether LC3s and
GABARAPs may have overlapping functions, we simultane-
ously silenced all three GABARAP family members or both

GABARAP and LC3 family members (Fig. S6), and measured
the effects on LLPD. Strikingly, both basal and TM-induced
autophagy were strongly reduced upon silencing of the
GABARAP family, and no additional effect was observed upon
simultaneous depletion of the LC3s (Fig. 7E). Again, knock-
down of the LC3s alone did not affect autophagy (Fig. 7E).

ATF4 and PERK act at distinct steps in the autophagic pathway

The global mRNA expression analysis (Fig. 6C) strongly indi-
cated that PERK and ATF4 are uncoupled in TM-treated
LNCaP cells. In line with this, knockdown of PERK or inhibition
of PERK activity did not reduce ATF4 protein levels in TM-
treated cells (Fig. 8 (A and B) and Fig. S7A). Moreover, whereas
the �4.4-fold increase in LC3-II levels observed in TM-treated
cells was completely abolished upon ATF4 silencing (Fig. 8, A
and B), inhibition of PERK activity had a minor or no effect (Fig.
S7A), and depletion of PERK resulted in only a tendency of a
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moderate (�30%) reduction in LC3-II levels (Fig. 8, A and B).
Interestingly, TM induced an equivalent increase in the levels of
LC3-I as in the levels of LC3-II, and LC3-I levels were modu-
lated very similarly to LC3-II by both PERK and ATF4 (Fig. 8, A
and B).

Uncoupling of PERK and ATF4 was not restricted to LNCaP
cells, as depletion of PERK also failed to reduce TM-mediated
up-regulation of ATF4 protein levels in HeLa cells (Fig. S7B).
However, PERK and ATF4 were partly coupled in RPE-1 cells
(Fig. S7B). LNCaP cells are defective in the phosphatidylinosi-
tol-3,4,5-trisphosphate 3-phosphatase PTEN (phosphatase and
tensin homolog) and therefore have a constitutive high level of
phosphatidylinositol 3,4,5-trisphosphate–mediated signaling
(62, 63). To test whether this could be important for PERK-
ATF4 uncoupling, we assessed PERK-ATF4 coupling in the
PTEN-null cell line PC3 (62). Strikingly, TM-induced up-regu-
lation of ATF4 protein levels was strongly dependent on PERK
in PC3 cells (Fig. S7B), demonstrating that PTEN status is not
relevant for PERK-ATF4 uncoupling. Furthermore, this indi-
cates that the degree of linearity of the PERK-ATF4 axis can
vary considerably from cell line to cell line.

Next, we compared the effects of PERK and ATF4 silencing
on autophagic sequestration activity. Strikingly, knockdown of
ATF4 completely abolished TM-induced LDH sequestration in
LNCaP cells, whereas silencing of PERK had no effect (Fig. 8C).
The same was found in HeLa cells (Fig. S7C). This confirms the
absolute requirement for ATF4 in TM-initiated ER stress–
induced autophagy. Additionally, it demonstrates that ATF4,
but not PERK, acts at a step prior to phagophore closure. To
further assess whether the reversal of TM-induced LLPD by
PERK silencing (Fig. 5B) was due to abrogation of autophagy,
we blocked autophagic LLPD by depleting ULK1/2 or ATG13
and tested whether PERK silencing would still reduce LLPD. As
shown in Fig. 8D, PERK silencing completely abolished TM-
induced LLPD but did not reduce LLPD levels in TM-treated
cells depleted of ULK1/2 or ATG13. This clearly demonstrates
that PERK indeed is required for TM-induced autophagic pro-
tein degradation, whereas it is dispensable for autophagic
sequestration, indicating an obligatory role for PERK at a step
after autophagosome formation during ER stress. To further
test this conclusion, we performed the LDH sequestration assay
in the absence of Baf (i.e. in the absence of deliberate inhibition
of LDH degradation). If PERK is required at a step after
autophagosome formation during TM-induced autophagy,
one would expect an accumulation of sequestered LDH in TM-

treated cells depleted of PERK. Indeed, we observed that TM
induced a significant accumulation of sequestered LDH in
PERK-silenced LNCaP cells (Fig. 8E). In contrast, there was no
increase in sequestered LDH in TM-treated cells depleted of
ATF4 (Fig. 8E). Moreover, PERK depletion had no effect in the
absence of TM, confirming our finding from the LLPD assay
that interference with PERK has no effect on autophagy in non-
stressed cells (Fig. 6B and Fig. S4C). We did not observe any
significant accumulation of sequestered LDH in control-trans-
fected cells treated with TM in the absence of Baf (Fig. 8E). This
was expected; because the half-life of autophagosomes is very
short (�10 min) (64, 65), the steady-state number of autopha-
gosomes is very low in conditions of uninhibited autophagic–
lysosomal flux. Confirming these findings in LNCaP cells, the
combination of TM treatment and transfection with PERK-tar-
geting siRNA also led to a significant accumulation of sequestered
LDH in HeLa cells in the absence of Baf, whereas this did not occur
upon transfection with control or ATF4-targeting siRNAs (Fig.
S7D). In conclusion, our data strongly indicate that during TM-
initiated ER stress–induced autophagy, PERK and ATF4 have dis-
tinct yet essential functions at different steps in the autophagic
pathway.

Discussion

By employing functional autophagy assays, we have for the
first time firmly demonstrated that ER stress and the resultant
UPR can activate autophagic cargo sequestration and degrada-
tion activity in mammalian cells. Moreover, we for the first time
dissect the roles played by the various UPR components in the
regulation of autophagic activity. Our investigations conclu-
sively show that TM-initiated ER stress induces autophagy in
both malignant and nonmalignant human cell lines. PERK and
ATF4 are absolutely essential for this effect, whereas IRE1, in
contrast, acts as a negative regulator of autophagy. Remarkably,
we found that PERK could act completely independently of
ATF4 in two different cell lines (LNCaP and HeLa). By using
assays that differentiate between autophagic sequestration (the
result of autophagosome formation) and autophagic degrada-
tion (the result of autophagosome–lysosome fusion), we reveal
that ATF4 is specifically required for autophagosome forma-
tion, whereas PERK acts at a post-sequestration step in the
autophagic pathway (Fig. 8F).

Our data indicate that TM-initiated ER stress–induced
autophagy requires the GABARAP protein family, whereas the
LC3 proteins appear to be redundant. The same was the case for

Figure 8. ATF4 and PERK act at distinct steps in the autophagic pathway. A, LNCaP cells were siRNA-transfected, followed by treatment for 18 h, as
specified, and immunoblotted for the indicated proteins. B, protein levels from three independent experiments as in A were quantified and normalized against
�-tubulin (mean � S.E. (error bars), n � 3). C, LNCaP cells were siRNA-transfected, followed by treatment for 24 h, as indicated, with Baf included the last 3 h only.
LDH sequestration was determined at 21–24 h (mean � S.E., n � 3). D, LNCaP cells were siRNA-transfected, followed by treatment for 24 h, as indicated. LLPD
was measured at 18 –24 h (mean � S.E., n � 4). E, LNCaP cells were siRNA-transfected, and total LDH sequestration was determined after 24 h DMSO or TM
treatment (mean � S.E., n � 3). F, major findings of our study were as follows. TM induces autophagy via ER stress in a manner that requires the action of ATF4
and PERK at distinct steps in the autophagic pathway. ATF4 likely acts via transcription and is essential for autophagosome formation, which occurs in an
ULK1/2-, ATG13-, and GABARAPs-dependent manner. TM-induced ER stress stimulates LC3 transcription and elevates LC3-I and -II protein levels via ATF4, but
the implications of this remain to be determined, as TM-induced autophagy did not appear to require the LC3 protein family. Of note, TM-induced autophagy
is nevertheless associated with LC3 flux through the pathway (not depicted). PERK regulates autophagy after phagophore closure, in a manner that is
independent of ATF4 and likely also independent of transcription. This novel function of PERK was revealed in LNCaP and HeLa cells, where TM up-regulated
ATF4 protein levels independently of PERK. In other cell lines where PERK and ATF4 are coupled (e.g. RPE-1 and PC3), PERK may regulate autophagy via ATF4
as well as via the novel ATF4-independent function revealed in the current study. Red dots represent individual data points. Statistical significance in B–D was
determined using repeated measures one-way ANOVA, and in E it was determined using regular two-way ANOVA. *, p � 0.05; **, p � 0.01; ***, p � 0.001. N.S.,
not significant.
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basal autophagy. These findings add to an emerging broader
picture pointing to GABARAP rather than LC3 proteins as
being the crucial Atg8-orthologous players in mammalian
autophagic processes. Thus, GABARAPs, but not LC3s, are
required for starvation-induced bulk autophagy (41, 43),
Parkin-dependent mitophagy (44, 45), basal aggrephagy (45),
basal autophagy (this study), and ER stress–induced autophagy
(this study). The realization that LC3 may be dispensable for
many, if not all, types of autophagy has important implications,
because most studies during the last �15 years have used LC3
modulation (analyses of LC3 expression and lipidation) as the
major or only readout for monitoring autophagy. Previous
studies on the relationship between ER stress and autophagy
are no exceptions. They have primarily focused on dissecting
how ER stress and the UPR modulate LC3 expression and lipi-
dation, assuming that it would reflect how ER stress modulates
autophagy. However, because our data indicate that the LC3s
are redundant for TM-initiated ER stress–induced autophagy,
the general effect of ER stress on autophagic activity is unlikely
to be mediated via modulation of LC3. It is interesting to note
that TM-initiated ER stress did induce flux of LC3 to acidic
environments, indicating increased transport of LC3-contain-
ing membranes to lysosomes. Thus, even though TM-induced
autophagy did not seem to require LC3s, the autophagic mem-
branes engaged in ER stress–induced autophagy are likely LC3-
positive. It is highly probable that LC3s play a role in selective
autophagy, but it remains to be determined whether, and under
which conditions, the LC3s play a nonredundant role or
whether the GABARAPs always play the dominant role.
Because LC3s can have numerous nonautophagic functions
(5–9), it is also conceivable that the ER stress–induced increase
in LC3 expression is part of a cellular stress response that is
unrelated to autophagy. Further studies are required to eluci-
date the functional implications of ER stress–induced elevation
of LC3 expression and LC3-II. Of note, our results indicate that
the major effects of ER stress on LC3 are mediated by ATF4, in
good agreement with its previously described role in control-
ling LC3B transcription (25–28). Besides LC3B, our data addi-
tionally indicate that ER stress elevates the transcription of
LC3A and LC3B2 via ATF4.

It remains to be determined whether ER stress stimulates the
LC3 lipidation process per se or whether the stress-induced
increase in LC3-II levels merely is the result of increased tran-
scription of LC3 mRNA and thus more production of LC3-I.
The latter alternative appears to be the case in cells treated with
the ER stress–inducing calcium modulators A23 and TG,
because we have shown that they increase the levels of LC3B
mRNA, LC3-I, and LC3-II in a highly correlative manner (34).
We later found these increases to be dependent on ATF4.6 TM
also increased LC3B mRNA, LC3-I, and LC3-II levels to very
similar degrees (5.8-, 4.8-, and 4.4-fold, respectively) and in an
ATF4-dependent manner. Thus, our data obtained with A23
and TG (34), as well as TM (this study), are in line with the
notion that ER stress increases LC3-II levels through increased
transcription and production of LC3-I rather than through
stimulation of the lipidation machinery.

Besides LC3B, LC3B2, and LC3A, our RNA-Seq analysis indi-
cated that TM-induced ER stress alters the expression of
hundreds of other genes via ATF4. Because ATF4 is a transcrip-
tion factor and TM-induced autophagy was completely abol-
ished by ATF4 knockdown, it is very likely that TM stimulates
autophagy via ATF4-mediated transcriptional alterations.
Besides LC3s, TM enhanced the expression of several other
ATGs, and among them, WIPI1, GABARAPL1, and ATG13
were up-regulated more than 2-fold in an ATF4-dependent
manner. However, knockdown of WIPI1 or GABARAPL1 had
no effect on autophagy, and therefore their increased expres-
sion is unlikely to be mediating the effect of TM. Moreover,
although we found ATG13 to be strongly required for both
basal and TM-induced autophagy, our fine RNAi titration
clearly showed that the TM-mediated induction of ATG13 was
dispensable for the ability of TM to activate autophagy. In sum-
mary, our data suggest that no single ATF4-mediated ATG
gene expression change is responsible for the effects of TM on
autophagy. Rather, TM-induced autophagy may depend on
the combined action of many ATF4-regulated genes, which
may include ATGs as well as non-ATGs. It will be a challeng-
ing future task to decipher the exact ATF4-mediated gene
transcript changes that are critical for ER stress–induced
autophagy.

Intriguingly, our results indicate that IRE1 limits autophagy
under both basal and TM-induced ER stress conditions. This
finding seemingly contradicts previous publications that have
proposed IRE1 and XBP1 as mediators of ER stress–induced
autophagy (16, 20 –24, 30). However, those studies assessed the
autophagy-regulatory effects of IRE1 (16, 20, 21, 23, 24) or
XBP1 (22, 30) solely by LC3-based assays or analyses of the
expression of ATGs, and although those approaches may pro-
vide indications about effects on autophagy, they are insuffi-
cient by themselves to draw firm conclusions about effects on
autophagic activity (i.e. the sequestration and degradation of
autophagic cargo) (33). In line with our results, one study
suggested that IRE1 (but not XBP1) negatively regulated
autophagic degradation of an aggregation-prone mutant Hun-
tington protein (66). However, it was not directly tested
whether the increased levels of the mutant Huntington protein
aggregates that were observed upon ectopic expression of IRE1
were caused by inhibition of autophagy or, vice versa, whether
the decrease in aggregate levels observed upon knockdown or
knockout of IRE1 was caused by increased autophagic activity.
Another study showed that knockdown of IRE1 or XBP1 in a
motoneuron cell line increased the clearance of aggregated
mutant superoxide dismutase 1 protein (67). Pharmacologic
and genetic interference demonstrated that the increased clear-
ance of these aggregates in XBP1 knockdown cells was caused
by autophagy. However, it was not tested whether this was also
the case in IRE1 knockdown cells. We have yet to identify what
is mediating the increase in autophagy that we observed upon
IRE1 knockdown. The indications so far suggest that the limit-
ing effect of IRE1 on autophagy is predominantly mediated inde-
pendently of IRE1 activity and thus independently of XBP1.
First, our preliminary data showed that pharmacologic inhibi-
tion of IRE1 activity had little effect on basal and TM-induced
LLPD (data not shown). Second, although IRE1 shows a low6 N. Engedal, unpublished results.
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level of basal activity in LNCaP cells (34), TM strongly activated
IRE1, as witnessed by the massive increase in XBP1s protein
levels upon TM treatment. Thus, if the inhibitory effect of IRE1
on autophagy was mediated by IRE1 activity, one would expect
a much larger increase in autophagy upon IRE1 knockdown
under TM-induced ER stress conditions than under basal con-
ditions. However, we observed that IRE1 depletion increased
autophagic protein degradation to nearly the same degree
under basal conditions as under TM-induced ER stress condi-
tions. We speculate that the IRE1 protein may serve a structural
role or interact with other molecules in a manner that limits
autophagy. An activity-independent role of an upstream UPR
sensor like IRE1 is not without precedence, because PERK has
been described to serve several structural roles in the cell inde-
pendently of its kinase activity (68 –70). Although the effects of
IRE1 on autophagy may be mediated independently of its enzy-
matic activity, the herein described effects of PERK on
autophagy are most likely not, because PERKi abolished TM-
induced autophagy as efficiently as knockdown of PERK.

A very significant novel finding in our study is the revelation,
as we observed in both LNCaP and HeLa cells, that ER stress–
inducing conditions can activate ATF4 independently of PERK.
The failure of PERK to mediate up-regulation of ATF4 protein
levels in LNCaP cells was not due to a failure of PERK to trans-
mit its signal to eIF2�, because interference with PERK effi-
ciently reduced p-eIF2� levels in TM-treated cells and never-
theless did not reduce ATF4 protein levels. This also indicates
that other eIF2� kinases of the integrated stress response do not
compensate for loss of PERK activity and, therefore, that the
integrated stress response is not responsible for the mainte-
nance of ATF4 protein levels upon interference with PERK in
TM-treated cells. Mammalian ER stress signaling pathways
were initially assessed in knockout MEFs, where ER stressors
completely failed to elevate ATF4 levels in PERK�/� MEFs (71).
A more recent study has, however, indicated that the relation-
ship between PERK and ATF4 is not that strict in all cell types,
because PERK depletion only slightly reduced ATF4 protein
levels and did not affect the expression of the ATF4 target gene
ATF3 in ER-stressed SH-SY5Y neuroblastoma cells, despite
efficient down-modulation of p-eIF2� by PERK knockdown
(72). We observed even more extreme differences among the
cell lines we tested; the TM-induced up-regulation of ATF4
protein levels was completely dependent on PERK in PC3 cells
but only partially dependent on PERK in RPE-1 cells, whereas
ATF4 was up-regulated independently of PERK in TM-treated
LNCaP and HeLa cells. It has been noted that PERK transduces
signals also via transcriptional mediators other than ATF4,
because PERK alters the expression of many more genes than
those altered by ATF4 in TM-treated MEFs (73) as well as in
hepatocytes from TM-treated mice (74). Here, we demonstrate
that PERK-initiated signal transduction is completely different
in LNCaP cells. Not only did interference with PERK fail to
affect TM-induced elevation of ATF4 protein expression, but
additionally, our RNA-Seq experiments showed that whereas
ATF4 altered the expression of hundreds of genes, interference
with PERK had negligible effects on gene transcription. This is
in sharp contrast to what would have been expected if PERK
transduced signals to activate downstream transcription fac-

tor(s). Thus, the cellular effects of PERK are mediated indepen-
dently of ATF4 and most likely also independently of transcrip-
tional changes in TM-treated LNCaP cells. This revelation
enabled us to uncover a completely novel role of PERK in
autophagy regulation. Thus, we could pinpoint that PERK acts
at a post-sequestration step in the autophagic pathway, in a
manner that is essential for TM-induced autophagy and that is
not mediated through ATF4 or transcriptional changes. Our
kinetic experiments with PERKi indicated that PERK activity is
required during the first 18 h of TM treatment for TM to
enhance autophagy, but interestingly, in the 18 –24-h time
period, PERK activity was not needed for autophagy to proceed.
Taken together, we propose that a PERK-mediated signaling
pathway, which remains to be identified, leads to post-transla-
tional modifications of proteins that act at a post-sequestration
step in the autophagic pathway. Interestingly, it was recently
shown that PERK can activate MKK4 and thereby p38 MAPK
and LAMP2A on lysosomes, leading to enhanced chaperone-
mediated autophagy (CMA), a distinct form of autophagy that
involves direct import of cytosolic proteins into lysosomes (75).
However, this mechanism likely does not explain the reduced
autophagic protein degradation that we observed in PERK-de-
pleted cells, because in that case, PERK silencing would have
reduced long-lived protein degradation also in ULK1/2- and
ATG13-depleted cells (as ULK1/2 and ATG13 are dispensable
for CMA). Nevertheless, our study and the above-mentioned
(75) collectively reveal a previously unrecognized and central
role of PERK in regulating macroautophagic and CMA-
mediated degradation of cellular proteins in an ATF4- and
transcription-independent manner. Preclinical and clinical evi-
dence indicate a broad potential for the use of pharmacological
modulators of PERK activity in the treatment of a variety of
pathologies, including cancer, diabetes, and neurodegenerative
diseases (76). Thus, the novel function of PERK in autophagy
regulation that we describe here will be highly relevant to study
further and to take into account when assessing clinical treat-
ment modalities that aim to modulate PERK activity.

Although we in the current study have analyzed effects of ER
stress with general autophagy methods (and not methods that
specifically detect selective autophagy), and we have demon-
strated that TM-initiated ER stress–induced autophagy in-
cludes the sequestration of nonselective cargo, we consider it
very likely that ER stress also induces selective autophagy. In
fact, nonselective autophagy may very often reflect “bystander
autophagy” that occurs during selective autophagy (77). The ER
stressor DTT has been reported to induce selective autophagy
of the ER (“ER-phagy”) in yeast (78, 79) as well as in mammalian
cells (80), the latter requiring a novel ER-phagy–specific recep-
tor, CCPG1 (80). Moreover, ER-phagy was elegantly shown to
occur upon recovery from treatment with the ER stressor cyc-
lopiazonic acid, in a manner that required the translocon com-
ponent Sec62, acting as an autophagy receptor (81). It remains
to be determined whether TM-induced ER stress activates ER-
phagy. Importantly, it also remains to be determined whether
ER-phagy under ER stress conditions is mediated by the UPR or
not. ER-phagy occurred in the absence of UPR upon overex-
pression of Sec62 in mammalian cells (81) and independently of
the UPR upon overexpression of a single integral-membrane
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protein in yeast, even though the overexpression induced UPR
(82). Moreover, ER-phagy takes place at a constitutive level in
mammalian cells (83) and yeast (82), as well as upon starvation
or treatment with mTOR inhibitors in mammalian cells (80, 83,
84) and yeast (85–87). Several lines of evidence indicate that
ER-phagy is important for resolving ER stress (79, 81, 85, 88).
However, evidence is lacking as to whether it is the UPR itself
that is activating ER-phagy. The GABARAP-interacting
ER-phagy receptor CCPG1 was shown to be induced at the
transcriptional level by ER stressors (80), but it was not deter-
mined whether this was mediated by the UPR. Interestingly,
our RNA-Seq data show that CCPG1 was strongly induced by
TM in LNCaP cells in an ATF4-dependent manner (Tables S3,
S7, and S8). Also the expression of another recently described
ER-phagy receptor, RTN3 (84), was up-regulated by TM in an
ATF4-dependent manner (Tables S3, S7, and S8). This suggests
that the UPR may indeed stimulate ER-phagy, in a manner that
involves ATF4-mediated transcriptional up-regulation of ER-
phagy receptors. It will be important to follow up these and
additional aspects of ER stress–induced autophagy in future
studies.

In the current study, we used the classical ER stressor TM to
study how the UPR affects autophagy. The effect of TM on
autophagy was phenocopied by knockdown of the specific tar-
get of TM, GPT. Moreover, TM induced a full-blown UPR, and
the UPR components PERK and ATF4 were essential for TM-
induced autophagy. Thus, the effects observed with TM in the
current study are highly likely to be specifically mediated via
GPT inhibition, which leads to accumulation of unfolded pro-
teins in the ER (ER stress) and induction of the UPR. Although
TM-induced autophagy clearly required the UPR, the role of
the UPR in regulating the autophagic process under other ER
stress–inducing conditions remains to be determined. In par-
ticular, it will be important to understand how other factors in
the cell affect the ability of the UPR to induce autophagy (e.g.
in the context of cells or tissues treated with therapeutic drugs
that induce ER stress). We have previously shown that although
the ER stressors thapsigargin (an ER Ca2� pump inhibitor from
which promising tumor-targeting pro-drugs have been formu-
lated (89)) and A23187 (a calcium ionophore) induce the UPR
and increase LC3-II levels in LNCaP and U20S cancer cells, they
both block general autophagy due to depletion of intraluminal
ER Ca2� and in a manner that is not regulated by the UPR (34).
The inhibitory effects of ER Ca2� depletion are thus dominant
over the autophagy-stimulatory effects of the UPR. Recently,
we have proceeded to examine the effects of 2-deoxyglucose
(2-DG) on autophagy. 2-DG blocks glycolysis and may have
potential in anti-cancer therapy (90). 2-DG is structurally sim-
ilar to mannose and therefore interferes with oligosaccharide
synthesis, leading to aberrant N-linked glycosylation (91), ER
stress, and UPR induction (92). Based on monitoring increases
in LC3-II levels and LC3 puncta, 2-DG has been suggested to
activate autophagy via ER stress (93). We have found that even
though 2-DG activated the UPR in LNCaP cells (94) and
enhanced cellular LC3-II levels, it did not increase autophagic
protein degradation (data not shown). The lack of autophagy
induction was not due to induction of cell death by 2-DG.
Rather, we believe the reason for the lack of UPR-induced

autophagy in 2-DG–treated cells may be the decrease in cellular
ATP levels that 2-DG causes via inhibition of glycolysis (93), as
general autophagy is an energy-requiring process (95) that is
positively regulated by glucose-derived ATP production (96).
These examples illustrate how the effect of UPR on autophagy
can be regulated by other cellular factors or processes. In future
studies, it will be important to broadly address how
autophagy is affected by different ER stress–inducing condi-
tions and to determine how various cellular factors, pro-
cesses, and signaling pathways can either restrict or amplify
UPR-induced autophagy.

In summary, our study has revealed a number of novel and
important relationships between ER stress/UPR and autophagy
in mammalian cells. (i) TM-induced ER stress activates auto-
phagy in a manner that does not appear to require LC3. This
suggests that the implications of ER stress–induced modulation
of LC3 should be re-examined. ER stress appears to affect LC3
expression predominantly via ATF4-dependent stimulation of
LC3 transcription. (ii) ER stress induces a canonical form of
macroautophagy, which depends on ULK1/2, ATG13, and
GABARAP proteins. (iii) PERK and ATF4 are essential for TM-
initiated ER stress–induced autophagy. In contrast, IRE1 acts as
a negative regulator of autophagy under both ER stress–
inducing and basal conditions and in a manner that likely does
not require IRE1 activation. (iv) ATF4 has functional activity
also under basal conditions, which does not appear to result
from UPR, and which is partially required for basal autophagy
in LNCaP cells. (v) ATF4 and PERK play distinct roles in TM-
initiated ER stress–induced autophagy, with ATF4 being essen-
tial for autophagosome formation and PERK being essential at a
post-sequestration step in the autophagic pathway. These ER
stress–induced events drive the autophagic process all the way
to completion (i.e. to the final stage of degradation and release
of the sequestered autophagic cargo).

Experimental procedures

Cell culture

LNCaP (CRL-1740) and PC3 (CRL-1435) cells were obtained
from ATCC. LNCaP cells were used at passage numbers below
30. RPE-1 and HeLaT cells were kind gifts from Harald Sten-
mark (Oslo, Norway) and Jan Parys (Leuven, Belgium), respec-
tively. All cell lines were cultured in RPMI 1640 (Gibco 21875)
supplemented with 10% fetal bovine serum (FBS; Sigma F7524,
batch BCBT0730) (“complete medium”) and 5% CO2 at 37 °C.

Chemicals and cell treatments

Tunicamycin (Sigma, T7765) was dissolved in DMSO to a 5
mg/ml stock solution and, unless otherwise stated, used at a
final concentration of 2.5 �g/ml in LNCaP and RPE-1 and 1
�g/ml in HeLaT and PC3 cells. Bafilomycin A1 (Enzo, BML-
CM110) was dissolved in DMSO to a 0.2 mM stock solution and
used at a final concentration of 50 nM when used for 4 – 6 h and
100 nM when used for 3 h. Torin1 (Tocris, 4247) was dissolved
in DMSO to a 0.5 mM stock solution and used at a final concen-
tration of 50 nM. GSK2606414 (“PERKi”), a kind gift from Dr.
Jeffrey M. Axten (GlaxoSmithKline), was dissolved in DMSO to
a 10 mM stock solution and used at a final concentration of 100
nM. MG132 (Calbiochem, 474790) was dissolved in DMSO to 5
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mM and used at 5 �M. Kifunensine (Toronto Research Chemi-
cals Inc., K450000) was dissolved in H2O to 1 mg/ml and used at
10 �g/ml. Eeyarestatin I (Merck-Millipore, 324521) was dis-
solved in DMSO to 8 mM and used at 8 �M. A23187 and thap-
sigargin (Sigma, C7522 and T9033, respectively) were dissolved
in DMSO to 10 and 1 mM stock solutions and used at the indi-
cated final concentrations.

Cell death measurements

Cell death was determined as described previously (97, 98).
Briefly, LNCaP cells were seeded in poly-D-lysine– coated
96-well plates 2 days prior to treatment, when cells received
complete medium supplemented with thapsigargin or tunica-
mycin in combination with 2.5 �g/ml propidium iodide, and
were subjected to live-cell fluorescence imaging using an
IncuCyte ZOOM instrument (Essen Bioscience). Multiple pic-
tures were taken every 3 h, and cell death was analyzed as the
ratio of red fluorescence confluence to total cell confluence
(based on phase-contrast images), as determined by the
IncuCyte software algorithms.

Measurement of endoplasmic reticulum Ca2� levels

To monitor ER calcium changes directly, we used the genet-
ically encoded Ca2� indicator G-CEPIA1er (99). The plasmid
was introduced to LNCaP cells using the GenJetTM In Vitro
DNA Tranfection Reagent (Signagen) according to the manufa-
cturer’s protocol, followed by live-cell imaging using the
IncuCyte ZOOM to analyze the intensity of the green fluores-
cence signal. Relative ER Ca2� content was plotted as a function
of total green intensity, starting directly after the addition of the
indicated treatments (tunicamycin or thapsigargin). At the end
of the experiment, the calcium ionophore A23187 was added to
determine the level of green fluorescence in cells with fully
depleted ER Ca2�. All values were normalized to the values
measured after the addition of A23187.

LDH sequestration assay

LDH sequestration was determined as described previously
(38, 39), with slight modifications. All experiments were per-
formed in complete medium, and DMSO or TM were present
throughout the treatment period (0 –24 h), whereas Torin1 or
Baf was included only during the last 3 h (21–24 h). Cells were
harvested in trypsin-EDTA (0.25%) and collected in complete
medium. After centrifugation at 300 	 g for 5 min at 4 °C, the
supernatant was aspirated, and cells were resuspended in 400 �l
of isotonic sucrose (10%). To selectively disrupt the plasma
membrane, cells were subjected to an electric pulse (2000 V and
1.2 microfarads in a 1 	 1 	 5-cm electrode chamber) with our
homemade apparatus and subsequently mixed with 400 �l of
phosphate-buffered sucrose (100 mM sodium monophosphate,
2 mM DTT, 2 mM EDTA, and 1.75% sucrose, pH 7.5) to a total
volume of 800 �l. 140 �l of cell disruptate was removed for total
LDH measurements (“LDHTotal”) and was stored overnight at
�80 °C. 600 �l of cell disruptate was resuspended in 900 �l of
resuspension buffer (50 mM sodium monophosphate, 1 mM

EDTA, 1 mM DTT) supplemented with 0.5% BSA and 0.01%
Tween 20. Cell corpses, containing autophagic vacuoles, were
sedimented by centrifugation at 18,000 	 g for 45 min at 4 °C.

Supernatant was aspirated, and the pellet (“LDHSediment”) was
stored overnight at �80 °C. The following day, both LDHTotal
and LHDSediment were diluted in resuspension buffer supple-
mented with Triton X-405 (Sigma) to a final concentration of
1%. After a short spin (18,000 	 g for 10 min at 4 °C), the enzy-
matic activity of LDH in LDHTotal and LHDSediment was mea-
sured as described previously (39) using homemade reagents,
mixing 4 volumes of 65 mM imidazole (pH 7.5), 0.75 mM pyru-
vate with one volume of 65 mM imidazol (pH 7.5), 1.8 mM

NADH. LDH sequestration activity was calculated as percent-
age of sedimentable LDH in experimentally treated cells minus
percentage of sedimentable LDH in untreated cells (back-
ground), divided by the incubation time with Baf. For a detailed
description of the protocol, see Ref. 39.

LLPD assay

LLPD was determined as described previously (49). Cells
were seeded in 24-well plates in 0.5 ml of RPMI 1640, 10% FBS
(complete medium) containing 0.1 �Ci/ml 14C-labeled L-valine
(Vitrax, VC 308) and incubated for 2 days. Unincorporated
radioactivity was removed by washing each well with 0.5 ml of
complete medium containing 10 mM nonradioactive (“cold”)
L-valine (Sigma, V0513) (CML). Subsequently, cells were
chased for 18 h (or 1 h in the GPT knockdown experiments) in
the absence or presence of treatments in 0.5 ml of CML. Short-
lived proteins were washed out with 0.5 ml of CML, followed by
incubation in 0.25 ml of CML containing various treatments for
another 4 – 6 h. For harvesting, the plates were cooled down on
ice for 2 min. Each well then received 50 �l of ice-cold PBS, 2%
BSA (Sigma) and subsequently 200 �l of ice-cold 25% TCA
(Sigma), followed by overnight shaking at 4 °C. The following
day, the solution from each well was transferred to an Eppen-
dorf tube and centrifuged at 5000 	 g for 10 min at 4 °C. The
supernatant (the TCA-soluble fraction) was transferred to a
scintillation tube and mixed with 4 ml of Opti-Fluor (PerkinEl-
mer Life Sciences) by rigorous vortexing. The TCA-insoluble
fraction that remained in the tubes (pellet) and in the wells each
received 250 �l of 0.2 M KOH to dissolve the precipitated pro-
tein. Tubes were rotated, and the plates were agitated (on a
shaker) for 1 h at room temperature. Dissolved proteins from
the tubes, and the plate were merged and transferred to a scin-
tillation tube and mixed with 4 ml of Opti-Fluor by rigorous
vortexing. Radioactivity was determined in the TCA-soluble
(containing 14C-labeled L-valine from degraded protein) and
-insoluble fractions by liquid scintillation counting. The degra-
dation rate for long-lived proteins was calculated as the per-
centage of radioactivity in the TCA-soluble fraction relative to
the total radioactivity in the TCA-soluble and nonsoluble frac-
tions, divided by the post-chasing incubation time.

Chymotrypsin-like activity

Cells were seeded in 96-well plates and allowed to settle for 1
day before adding the treatments. Proteasome Glo Reagent
(Promega) was prepared and administered according to the
manufacturer’s protocol, and after 15 min, luminescence was
measured with a plate reader (Infinite F200 Pro, Tecan). The
amount of luminescence is directly proportional to chymotryp-
sin-like activity.

PERK and ATF4 in ER stress–induced autophagy

8212 J. Biol. Chem. (2019) 294(20) 8197–8217



Generation of mTagRFP-mWasabi-LC3– expressing LNCaP cell
line

LNCaP cells stably expressing the tandem fluorescent LC3
reporter mTagRFP-mWasabi-LC3 were generated by lenti-
viral transduction. The plasmid encoding mTagRFP-
mWasabi-LC3 was a kind gift from Prof. Jian Lin (Peking
University, China) (35), and the probe sequence was sub-
cloned into a Gateway ENTRY vector by standard molecular
biology techniques. From this vector, a lentiviral transfer
vector was generated by recombination with pCDH-EF1a-
GW-IRES-BSD (a gateway-enabled derivative of pCDH-
EF1a-MCS-IRES-Puro (Systems Biosciences). Lentivirus
particles were packaged using a third-generation packaging
system (Addgene plasmid numbers 12251, 12253, and
12259) as described previously (100, 101). Cells were then
transduced with low virus titers, and stable cell pools were
generated by selection with blasticidin (3 �g/ml).

Live-cell confocal fluorescence microscopy

LNCaP cells stably expressing mTagRFP-mWasabi-LC3
were seeded in 8-well Lab-Tek chamber slides (VWR 734-2062)
at a density of 4 	 104 cells/well 2 days prior to experiments.
The cells were treated with TM (2.5 �g/ml, 24 h) or Torin 1 (50 nM,
3 h) in the absence or presence of Baf (100 nM) for the final 3 h.
Subsequently, the cells were immediately imaged using a Zeiss
LSM780 laser-scanning confocal microscope (Carl Zeiss Micro-
Imaging LLC) equipped with an arrgon laser multiline (458/488/
514 nm) and a DPSS-561 10 laser (561 nm). The objective used was
a Zeiss plan-apochromat 	63/1.40 oil DIC M27. Images were
acquired using ZEN 2010 software (Carl Zeiss MicroImaging) and
processed by ImageJ (National Institutes of Health).

Flow cytometry

LNCaP cells stably expressing mTagRFP-mWasabi-LC3
were seeded in 12-well plates at a density of 3 	 105 cells/well 2
days prior to experiments. The cells were treated with TM (2.5
�g/ml, 24 h) or Torin 1 (50 nM, 3 h) in the absence or presence
of Baf (100 nM) for the final 3 h. Cells were detached by Accutase
(Sigma A6964) and washed in PBS plus 0.5% FBS. To selectively
measure membrane-conjugated mTagRFP-mWasabi-LC3,
cells were depleted for unconjugated, cytosolic mTagRFP-
mWasabi-LC3 by gentle plasma membrane permeabilization
with digitonin (30 �g/ml, 3 min, room temperature), followed
by one wash with PBS plus 0.5% FBS. Signal intensities of
mTagRFP and mWasabi were acquired (from 10,000 events for
each condition in each experiment) by an LSR II flow cytometer
(BD Biosciences) using the 561-nm (45-milliwatt) and 488-nm
(100-milliwatt) laser lines and the FACS Diva software (BD Bio-
sciences). The data were processed by FlowJo software.

Quantitative real-time RT-PCR

RNA isolation, cDNA synthesis, and RT-PCR were carried
out as described previously (34), with slight modifications. RNA
was isolated by ReliaPrep RNA Miniprep Systems (Promega)
according to the manufacturer’s protocol and reverse-tran-
scribed to cDNA using SuperScript VILO Master Mix (Applied
Biosystems). In a 96-well plate, 9 ng of cDNA was mixed with

0.5 �l of TaqMan probe (Applied Biosystems) and 5 �l of Taq-
Man Fast Advanced Master Mix (Applied Biosystems). PCR
amplification was performed in duplicate or triplicate series
using the ABI 7900HT FAST Sequence Detection System
(Applied Biosystems). The cycling conditions were 50 °C for 2
min and 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s,
and 60 °C for 1 min. Transcript levels relative to those in DMSO
control samples were determined using the comparative Ct
method (102) and normalization to the geometric mean Ct value
of GAPDH and TBP (103). The following TaqMan gene expression
assays (Applied Biosystems) were used: ATF4 (Hs00909568_g1),
ATF6 (Hs00232586_m1), ATG13 (Hs00207186_m1), GPT
(Hs00609750_g1), GABARAP (Hs00925899_g1), GABARAPL1
(Hs00740588_mH), GABARAPL2 (Hs00371854_m1), GAPDH
(Hs99999905_m1), IRE1 (Hs00176385_m1), MAP1LC3A1
(Hs00261291_m1), MAP1LC3A2 (Hs00738808_m1), MAP1LC3B
(Hs00797944_s1),PERK (Hs00984003_m1),TBP (Hs99999910_m1),
ULK1 (Hs01124636_m1), ULK2 (Hs00979043_m1), and WIPI1
(Hs00924447_m1).

RNA-Seq and analysis

LNCaP cells were seeded in 12-well plates; reverse-trans-
fected with siCtrl, siPERK-1, siPERK-2, siATF4 –1, or
siATF4 –2 for 2 days; and subjected to various treatments for
18 h. Total RNA was isolated using QIAshredder (Qiagen) in
combination with an RNeasy Mini Kit (Qiagen), with on-col-
umn DNase digestion according to the manufacturer’s pro-
tocol. RNA integrity was assessed using an RNA 6000 Nano
Kit (Agilent Technologies) on a Bioanalyzer (Agilent Tech-
nologies). All 28 samples submitted for sequencing (four inde-
pendent experiments with seven conditions per experiment)
had RNA integrity � 9.7. Raw reads were aligned to the
human genome (hg19), and splice junctions were mapped
using TopHat version 2.1.0 (104) with default parameters.
Gene-based read counts were obtained using featureCount
version 1.5.0-p1 (105), and DESeq2 version 1.10.1 The Bio-
conductor package (106) was used for normalization and
statistical evaluation with negative binomial model between
conditions on the count data. We obtained an alignment rate
in the range of 88.5–93.0% (Table S2). All treatment groups
showed excellent biclustering across the four independent
experiments (Fig. S8). The differential gene expression anal-
yses performed in Fig. 6 (C and D) and Table S1 are based on
Tables S3–S8.

SDS-PAGE and immunoblot analysis

Preparation of whole-cell lysates, SDS-PAGE, and immuno-
blot analysis was performed as described previously (34). Pri-
mary antibodies against the following proteins were used: �-tu-
bulin (Abcam ab7291), ATF4 (Cell Signaling Technology
(CST), 11815), ATG13 (CST, 13468), p-ATG13 (Rockland,
600-401-C49), BiP (CST, 3177), CHOP (CST, 2895), p-eIF2�
(CST, 3398), GABARAP (MBL International Corp., PM037),
GABARAPL1 (Abcam, ab86497), GABARAPL2 (MBL Interna-
tional, PM038), IRE1 (CST, 3294), LC3 (CST, 2775), PERK
(CST, 3192), p-S6K (CST, 9205), ULK1 (CST, 8054), p-ULK1
(CST, 6888), WIPI1 antiserum (a kind gift from Dr. Tassula
Proikas-Cezanne, Eberhard Karls University Tuebingen), and
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XBP1s (BioLegend, 647502, clone 143F). Secondary, horserad-
ish peroxidase– conjugated goat anti-rabbit (Dako) and rabbit
anti-mouse (Dako) antibodies were used at 1:5000 dilutions.

siRNA transfection

siRNA transfections were carried out as described previously
(34), with slight modifications. Cells were reverse-transfected
using Opti-MEM Reduced Serum Medium (Gibco) and Lipo-
fectamine RNAiMax (Invitrogen) with a final siRNA concen-
tration of 10 nM per siRNA, unless otherwise stated. Experi-
ments were initiated 2 days after transfection, except for GPT
knockdown, which was initiated 3 days after transfection. The
following siRNAs were used (all Silencer� Select siRNAs from
Ambion): Silencer� Select Negative Control #1 (4390843),
siATF4-1 (s1704), siATF4-2 (s1702), siATF4 –3 (1703),
siATF6-1 (s223544), siATF6-2 (s223545), siATG13 (s18879),
siGPT-1 (s4242), siGPT-2 (s4243), siPERK-1 (s18101),
siPERK-2 (s18103), siIRE1-1 (s200430), siIRE1–2 (s200431),
siGABARAP (s22362), siGABARAPL1 (s24333), siGABARAPL2
(s22387), siMAP1LC3A (s39157), siMAP1LC3B (s224886),
siULK1 (s15964), siULK2 (s18706), and siWIPI1 (s30082).

Statistical analyses

For all experiments where tests of significance were per-
formed, approximate normal distribution of the data was
assumed. “t test” denotes Student’s t test and was carried out
to compare the means of two groups. Paired and unpaired
sample t tests were employed for paired and unpaired sam-
ples, respectively. When more than two means were com-
pared, ANOVA was performed. One-way ANOVA with
Tukey post hoc test was employed when samples were
grouped by one factor. Two-way ANOVA with Holm–Sidak
post hoc test was employed when samples were grouped by
two factors. Repeated measures ANOVA and regular
ANOVA were employed for paired and unpaired samples,
respectively. All statistical tests were performed using
GraphPad Prism. The number of independent experiments
performed is denoted by n. S.E. denotes the variation
between values from at least three independent experiments
(n � 3), whereas S.D. denotes the variation between values of
biological or technical replicates within one representative
experiment. The statistical analyses of the RNA-Seq data are
described under “RNA-Seq and analysis.”

Data access

The RNA-Seq data are available under GEO accession num-
ber GSE108212. The raw differential gene expression data used
to perform the analyses in Fig. 6 (C and D) are included in
Tables S3–S8.
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