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Tumor	hypoxia	is	a	common	microenvironmental	factor	that	adversely	influences	tumor	phenotype	and	treat-
ment	response.	Cellular	adaptation	to	hypoxia	occurs	through	multiple	mechanisms,	including	activation	of	the	
unfolded	protein	response	(UPR).	Recent	reports	have	indicated	that	hypoxia	activates	a	lysosomal	degradation	
pathway	known	as	autophagy,	and	here	we	show	that	the	UPR	enhances	the	capacity	of	hypoxic	tumor	cells	to	
carry	out	autophagy,	and	that	this	promotes	their	survival.	In	several	human	cancer	cell	lines,	hypoxia	increased	
transcription	of	the	essential	autophagy	genes	microtubule-associated	protein	1	light	chain	3β	(MAP1LC3B)	and	
autophagy-related	gene	5	(ATG5)	through	the	transcription	factors	ATF4	and	CHOP,	respectively,	which	are	
regulated	by	PKR-like	ER	kinase	(PERK,	also	known	as	EIF2AK3).	MAP1LC3B	and	ATG5	are	not	required	for	
initiation	of	autophagy	but	mediate	phagophore	expansion	and	autophagosome	formation.	We	observed	that	
transcriptional	induction	of	MAP1LC3B	replenished	MAP1LC3B	protein	that	was	turned	over	during	exten-
sive	hypoxia-induced	autophagy.	Correspondingly,	cells	deficient	in	PERK	signaling	failed	to	transcription-
ally	induce	MAP1LC3B	and	became	rapidly	depleted	of	MAP1LC3B	protein	during	hypoxia.	Consistent	with	
these	data,	autophagy	and	MAP1LC3B	induction	occurred	preferentially	in	hypoxic	regions	of	human	tumor	
xenografts.	Furthermore,	pharmacological	inhibition	of	autophagy	sensitized	human	tumor	cells	to	hypoxia,	
reduced	the	fraction	of	viable	hypoxic	tumor	cells,	and	sensitized	xenografted	human	tumors	to	irradiation.	
Our	data	therefore	demonstrate	that	the	UPR	is	an	important	mediator	of	the	hypoxic	tumor	microenviron-
ment	and	that	it	contributes	to	resistance	to	treatment	through	its	ability	to	facilitate	autophagy.

Introduction
Solid tumor microenvironments are characterized by extreme het-
erogeneities in oxygenation that arise primarily due to a poorly 
developed and/or poorly functioning vascular network. Gradients 
of oxygenation exist around individual perfused vessels and range 
from normal values (~5%) near the vessel wall to complete anoxia 
in perinecrotic regions. Transient changes in blood flow also lead 
to strong temporal changes in oxygenation within specific tumor 
regions (1). The percentage of viable tumor cells within individual 
tumors with otherwise similar clinical features varies tremendously 
among patients (2) and is clinically important because high levels of 
tumor hypoxia correlate with poor prognosis and a more aggressive 
phenotype (2–6). The source of the variability in hypoxia among 
different tumors is likely due to the acquisition of changes that 
drive increased hypoxia tolerance (7). This was first demonstrated 
by the selective outgrowth of hypoxia-resistant p53-deficient cells 

(8). Since this time, several hypoxic signaling pathways have been 
identified that influence hypoxia tolerance and other phenotypes 
relevant in cancer. This includes activation of the HIF transcription 
factors (HIF1, HIF2, HIF3), which induce a large number of genes 
involved in glycolysis, angiogenesis, pH regulation, and cell motil-
ity (6, 9). Consequently, HIF1 activity is an important contributor 
to both cell proliferation under hypoxic conditions (e.g., through 
glycolysis) as well as overall tumor growth.

A number of HIF-independent signaling pathways are also sensi-
tive to changes in tumor oxygenation (10) including the unfolded 
protein response (UPR), an evolutionarily conserved pathway that 
responds to ER stress. The UPR is activated by the coordinate action 
of 3 separate ER stress sensors that reside in the ER membrane, 
PKR-like ER kinase (PERK, also known as EIF2AK3), IRE-1, and 
activating transcription factor 6 (ATF6) (11). These sensors are acti-
vated by a common mechanism that involves sequestration of BIP 
by misfolded ER proteins away from the luminal domains of the 
sensors. PERK is a kinase that phosphorylates the serine 51 residue 
of eukaryotic initiation factor 2α (eIF2α) to inhibit the initiation 
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step of mRNA translation. In addition to a general inhibition in pro-
tein synthesis, this event enables the selective translation of a sub-
set of transcripts including that encoding the ATF4 transcription 
factor (12, 13). Phosphorylation of eIF2α and inhibition of mRNA 
translation is transient because ATF4 induces a second transcrip-
tion factor, CHOP (also known as GADD153), which in turn regu-
lates expression of the eIF2α phosphatase, GADD34 (also known as 
MyD116) (14), completing a negative feedback loop to restore pro-
tein synthesis. IRE-1 has both kinase activity, which signals through 
JNK, and an endonuclease activity, which removes an intron in the 
transcript that codes for the transcription factor XBP1 (15). ATF6 
is a transcription factor that is released from the membrane by pro-
teolytic cleavage after ER stress (16). The activation of ATF4, XBP1, 
and ATF6 transcription factors by each arm of the UPR leads to the 
induction of a large number of genes involved in increasing folding 
capacity in the ER and removing misfolded proteins so that they can 
be degraded in the cytoplasm. Exposure to severe hypoxia (<0.02% 
O2) leads to rapid activation of PERK, phosphorylation of eIF2α, 
inhibition of mRNA translation, and activation of ATF4 (17–20). 
Hypoxic activation of PERK is important because PERK-knockout 
mouse embryonic fibroblasts (MEFs) or MEFs with a knockin eIF2α 
mutant allele containing a serine to alanine mutation at position 51 
(S51A) show increased cell death during hypoxia and produce slow-
growing tumors with reduced regions of viable hypoxia (21). Simi-
larly, IRE-1 is also activated during hypoxia (22) and loss of XBP1 
reduces hypoxia tolerance and tumor growth (22, 23).

Recently, several reports have indicated that hypoxia can acti-
vate  a  lysosomal  degradation  pathway  known  as  autophagy, 
which mediates both selective and bulk degradation of proteins, 
cytoplasmic content, and organelles. Nonselective autophagy is 
termed “macroautophagy” (hereafter referred to as “autophagy”), 
whereas microautophagy, mitophagy, and chaperone-assisted 
autophagy refer to more selective forms that are directed by other 
proteins. Autophagy begins with the formation of a double-mem-
brane structure that grows, capturing cytoplasm and organelles, 
before closing to form an autophagosome. The outer membrane 
of the autophagosome then fuses with a lysosome, releasing its 
contents to the degradative enzymes. Autophagy plays an impor-
tant role during conditions of starvation or metabolic stress by 
recycling amino acids and nutrients to maintain energy levels, pro-
tein synthesis, and essential metabolic processes (reviewed in ref. 
24). Autophagy also plays an increasingly recognized role in qual-
ity control during hypoxia by removing mitochondria that might 
otherwise become cytotoxic (25).

Genetic screens in yeast have identified more than 30 autoph-
agy-related  genes  (ATGs)  (26),  many  of  which  have  known 
homologs in mammalian cells. This  includes the ATG8 gene 
and its mammalian homolog microtubule-associated protein 1 
(MAP1) light chain 3β (MAP1LC3B). MAP1LC3B is produced 
in a pro-form (pro-MAP1LC3B), which is cleaved by ATG4 into 
a cytosolic form referred to as MAP1LC3B-I. During autophagy 
MAP1LC3B-I is conjugated to the lipid phosphatidylethanol-
amine (referred to as MAP1LC3B-II), which  is  then  inserted 
into both inner and outer membranes of the growing autopha-
gic vesicle (27, 28). Consequently, autophagy can be followed 
in cells by monitoring the cellular distribution and processing 
of MAP1LC3B. Autophagosome formation and lipidation of 
MAP1LC3B is also strictly dependent on the essential autophagy 
gene ATG5. Cells deficient in MAP1LC3B or ATG5 are defective 
in formation of autophagic vesicles and reveal numerous pheno-

types related to the role of autophagy in energy homeostasis and 
removal of protein aggregates (29, 30).

Here we demonstrate that autophagy is localized primarily to 
hypoxic regions in tumors and identify a previously unknown 
link between the UPR and regulation of autophagy that involves 
PERK-dependent transcriptional induction of MAP1LC3B and 
ATG5. Regulation of autophagy by the PERK/eIF2α/ATF4 arm 
of the UPR is an important mediator of hypoxia tolerance, and 
targeting  this  pathway  through  genetic  or  pharmacological 
approaches reduces tumor hypoxia and sensitizes tumors to 
treatment with irradiation.

Results
Hypoxia is the primary site for autophagy in tumors. A number of recent 
studies have demonstrated that human tumor cell lines induce 
autophagy when exposed in vitro to hypoxia and/or metabolic 
stress (25, 31–34). To determine whether a similar situation exists 
in hypoxic tumor regions in vivo, we assessed the prevalence and 
distribution of autophagy in 12 different human head and neck 
xenografts established from primary tumors. These xenografts, 
when maintained by serial passage in vivo, accurately reproduce 
human tumor microenvironments including regions of tumor 
hypoxia as assessed using the hypoxia marker pimonidazole (35). 
Strikingly, we found that autophagy, as evaluated by positive 
expression of MAP1LC3B, was strongly associated with hypoxic 
(pimonidazole positive) tumor regions (Figure 1, A and B). Posi-
tive areas of MAP1LC3B expression in the 12 tumors ranged from 
9% to 82% (median 54%) within the hypoxic regions (Figure 1C), 
which is dramatically higher than in the whole tumor (median 
2.6%). This represents a 33- to 7,096-fold enrichment (median 235-
fold) (Figure 1D) in MAP1LC3B expression in the hypoxic regions. 
It is noteworthy that strong expression of MAP1LC3B staining is 
observed within the full gradient of hypoxia (the pimonidazole 
gradient reflects the oxygenation gradient) and is not restricted 
to the most severe hypoxic (perinecrotic) regions. Strong expres-
sion of MAP1LC3B within the hypoxic areas is associated with 
activation of autophagy as evidenced by a punctate staining pat-
tern characteristic of MAP1LC3B lipidation and insertion into 
autophagic membranes (Figure 1B).

Several forms of cell stress expected within tumor microenviron-
ments are capable of inducing autophagy. To test whether hypoxia 
alone is sufficient to induce autophagy, we monitored the expression 
and processing of MAP1LC3B in several cancer cell lines of different 
origin during culture in vitro in complete medium. In HT29, MCF-7,  
U373, and HCT116 cell lines, hypoxia was sufficient to induce the 
conversion of MAP1LC3B from its cytosolic form (MAP1LC3B-I) 
to its lipidated membrane-bound form (MAP1LC3B-II) (Figure 1, 
E and H). Changes in MAP1LC3B processing and expression were 
also examined by immunohistochemical staining on U373 cells 
exposed to hypoxia. In normoxic conditions, MAP1LC3B staining 
is diffuse with few examples of foci, characteristic of autophago-
somes. In contrast, exposure to hypoxia induces a rapid relocaliza-
tion of MAP1LC3B into a punctate pattern (Figure 1F). Activation 
of autophagy was confirmed by electron microscopy,  in which 
autophagic vesicles were distinguished from other vesicles by the 
presence of a double membrane (Figure 1G).

During autophagy, lipidated MAP1LC3B is inserted into both 
inner and outer membranes of the expanding autophagophores 
(36). Following fusion with the lysosome, the inner membrane and 
its contents are exposed to lysosomal degradative enzymes, result-
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Figure 1
Autophagy is induced by hypoxia and is primarily present in hypoxic tumor regions. (A) Immunohistochemical staining of 12 head and neck tumor 
cell lines (SCCNij) for MAP1LC3B (red), hypoxia (pimonidazole [pimo], green), and vessels (9F1, blue) revealed that MAP1LC3B staining was 
primarily localized to hypoxic regions. Percentage colocalization of MAP1LC3B and pimonidazole is indicated in the bottom right corner. Repre-
sentative micrographs are shown at low magnification (×10). (B) Higher magnification (×400) revealed a punctate MAP1LC3B pattern character-
istic of autophagosome formation. (C) Quantification of the 12 head and neck tumor cell lines for hypoxia, MAP1LC3B staining, and MAP1LC3B 
expressed specifically in hypoxic regions showed that MAP1LC3B in tumors is primarily expressed in hypoxic regions of tumors. (D) Enrichment 
factor (enrichment compared with the statistical probability) on log scale for 12 head and neck tumor cell lines. (E) Immunoblots for MAP1LC3B 
on MCF7, U373, and HCT116 lysates showed processing and increased expression of MAP1LC3B during hypoxic (<0.02% O2) exposure. (F) 
Immunohistochemical staining for MAP1LC3B on U373 cells exposed to 1 hour of hypoxia showed redistribution of MAP1LC3B and an increased 
punctate pattern indicative of induction of autophagy. Original magnification, ×800. (G) Confirmation of autophagy induction during hypoxia by 
electron microscopy. Numerous autophagosomes were detected after anoxic exposure (8 hours) of U373 cells (original magnification, ×6,300). 
High magnification (inset, ×21,500) clearly revealed the double membrane, characteristic of autophagosomes. N, nucleus. (H) Immunoblots on 
HT29 lysates showed rapid activation of MAP1LC3B during hypoxia. CQ addition identified a very high autophagic flux during hypoxia. (I) Flow 
cytometric assessment of MAP1LC3B levels during hypoxia (filled circles), hypoxia in the presence of CQ (open circles), or normoxic exposure 
in the presence of CQ (open squares) identified a very high autophagic flux during hypoxia (data are presented as mean ± SEM, n = 3).
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ing in partial degradation of MAP1LC3B (29). Surprisingly, despite 
clear evidence for the activation of autophagy, we found that 
MAP1LC3B protein levels were maintained or slightly increased 
during continued hypoxic exposure in each of the 4 cell lines (Fig-
ure 1, E and H). To examine changes in MAP1LC3B protein expres-
sion more closely, we assessed protein levels during hypoxia in cells 
incubated with the lysosomotrophic drug chloroquine (CQ). CQ 
has been shown to inhibit the final step of autophagy (fusion of 
the lysosome with the autophagosome) (37, 38) and thus prevents 
MAP1LC3B turnover during conditions that activate autophagy. 

Under these conditions, the increase in MAP1LC3B, particularly 
the lipidated MAP1LC3B-II form, was dramatically enhanced dur-
ing hypoxia but not during normoxic conditions, as assessed by 
immunoblotting (Figure 1H). This increase was confirmed in both 
HT29 and U373 by flow cytometry (Figure 1I). Hypoxic exposure 
leads to a 1.5-fold to 2-fold increase in expression of MAP1LC3B 
in both lines without CQ, but to an increase of more than 18-fold 
with CQ. These data not only indicate very high rates of autopha-
gic flux during hypoxia, but also suggest a hypoxia-associated 
increase in MAP1LC3B protein production.

Figure 2
Regulation of autophagy genes MAP1LC3B and ATG5 during hypoxic exposure. (A) Validation of the obtained microarray results by quantitative 
real-time PCR confirmed MAP1LC3B and ATG5 upregulation during hypoxia (<0.02% O2). n = 3, mean ± SEM. (B) Confirmation of MAP1LC3B 
and ATG5 gene regulation by quantitative real-time PCR during hypoxia in HCT116 and U373 cells. n = 3, mean ± SEM. (C) mRNA abundance 
in polysomal fractions indicated translation of MAP1LC3B and ATG5 during hypoxia (<0.02% O2). n = 2, mean ± SD.
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It is noteworthy that induction of autophagy during hypoxia was 
observed in both HT29 and HCT116 cells (Figure 1E), as both cell 
lines are deficient in BNIP3 (Supplemental Figure 1; supplemental 
material available online with this article; doi:10.1172/JCI40027DS1) 
due to promoter methylation (39). BNIP3 is a HIF-1 target gene that 
has previously been implicated in the induction of autophagy dur-
ing hypoxia (31). We also found that forced expression of BNIP3 did 
not induce autophagy in HCT116 (data not shown). Together these 
data indicate that hypoxia can regulate MAP1LC3B and autophagy 
through a BNIP3-independent mechanism.

MAP1LC3B and ATG5 mRNA levels increase during hypoxic exposure.  
As shown, MAP1LC3B protein synthesis (and degradation) is 
highly induced during hypoxia. However, relatively little is known 
regarding the transcriptional regulation. We assessed the expres-

sion profiles of MAP1LC3B and other known autophagy genes 
within a microarray dataset carried out in HT29, DU145, and 
MCF7 exposed to different durations of hypoxia. Our analysis 
showed that MAP1LC3B transcript levels rise was significantly 
induced in each of the 3 cell lines (Figure 2A). In addition, another 
essential factor during hypoxia, ATG5, was found to be increased 
(Figure 2A). Analysis of other autophagy genes on the same array 
revealed no such pattern or were not pursued in this analysis 
(Supplemental Figure 2). The increases in MAP1LC3B and ATG5 
transcript levels during hypoxia were validated using quantitative 
RT-PCR (Figure 2B) and confirmed in 2 additional cell lines, U373 
and HCT116 (Figure 2C), which showed strong protein increases. 
Although the relative increase in mRNA content of MAP1LC3B 
and ATG5 differed among the various  lines, a  similar overall 

Figure 3
Induction of MAP1LC3B and ATG5 mRNA is dependent on PERK signaling. (A and B) Knockdown of HIF-1α, PERK, IRE-1, or ATF6 in HCT116 
and U373 cells showed that hypoxia-dependent induction (<0.02% O2 for 24 hours) of MAP1LC3B (A) and ATG5 (B) is dependent on PERK 
signaling. Samples were normalized to normoxic exposure (control) and compared with scrambled (SCR) siRNA knockdown. n = 3 mean ± SEM. 
(C) MAP1LC3B and ATG5 dependency on UPR signaling was further confirmed in HCT116 and U373 cells hampered in UPR signaling. n = 3, 
mean ± SEM. (D) Knockdown of ATF4 prevented upregulation of MAP1LC3B mRNA during hypoxia. Control was normoxic exposure. n = 3, 
mean ± SEM. (E) Knockdown of ATF4 and its downstream transcription factor CHOP prevented ATG5 mRNA upregulation during hypoxia. n = 3,  
mean ± SEM. (F) CHOP knockdown reduced ATG5 protein expression during normoxia and hypoxia as detected by immunoblotting.
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trend was observed with rapid induction during hypoxic expo-
sure. Hypoxia is known to inhibit overall protein translation, yet 
some mRNA species are known to overcome this inhibition (40). 
To investigate whether MAP1LC3B and ATG5 can be efficiently 
translated during hypoxia, we performed polysomal analysis on 
HELA cells during hypoxia as described previously (19). Although 
there was a significant reduction in β-actin translation, ATG5 
translation remained at levels similar to normoxic conditions. As 
expected form the protein data, translation of MAP1LC3B was 
increased during hypoxia (Figure 2C), indicating sufficient levels 
of translation to ensure increased protein production.

Increased MAP1LC3B and ATG5 expression during hypoxia is regu-
lated by PERK-dependent activation of ATF4 and CHOP. To explore the 
mechanisms behind MAP1LC3B and ATG5 regulation we used 
siRNA to interfere with known hypoxia-responsive signaling path-
ways, including HIF-1α or each of the 3 known sensors of ER stress 
that activate different arms of the UPR: ATF-6, IRE-1, and PERK. 
Knockdown efficiency varied between 60% and 90% (Supplemental 
Figure 3A) but was effective in causing a significant reduction in 
downstream signaling through each of these pathways (Supple-
mental Figure 3, B and C). Knockdown of HIF-1α had no effect on 

either MAP1LC3B or ATG5 induction. However, knockdown of the 
UPR sensor PERK completely inhibited hypoxic induction of both 
MAP1LC3B and ATG5 (P < 0.05; Figure 3, A and B). Interestingly, loss 
of PERK also significantly reduced basal expression of ATG5. Knock-
down of ATF6 also prevented hypoxic induction of ATG5 (P < 0.05)  
but did not affect its basal expression or the hypoxic regulation of 
MAP1LC3B. Knockdown of the other UPR sensor, IRE-1, did not 
affect expression of either MAP1LC3B or ATG5 in these cell lines.

These data suggest that the PERK arm of the UPR is required 
for hypoxia-mediated induction of MAP1LC3B and ATG5. To test 
whether activation of this pathway is also sufficient for MAP1LC3B 
expression, we treated the same cell  lines with well-described 
UPR-activating agents (thapsigargin, tunicamycin, or dithiotrei-
tol). Each of these treatments led to substantial increases in both 
MAP1LC3B and ATG5 (Supplemental Figure 4).

To further investigate the dependence of MAP1LC3B and ATG5 
mRNA upregulation on PERK signaling during hypoxia, we used 
isogenic HCT116 and U373 cells engineered with various tetra-
cycline/doxycycline constructs that interfere with the ability of 
PERK to phosphorylate eIF2α. Isogenic cell lines (18) defective in 
PERK signaling were created in 3 different ways including induc-

Figure 4
The UPR transcription fac-
tors ATF4 and CHOP bind the 
MAP1LC3B and the ATG5 
promoters, respectively. (A) 
Locations of primer pairs used 
for quantitative real-time PCR 
analysis following ChIP. (B) 
ATF4 ChIP analysis revealed 
enrichment of putative ATF4 
transcription factor binding sites 
in MAP1LC3B (A primer) but 
not at a region further upstream 
(a primer) in both HCT116 and 
U373 cell lines. Enrichment of 
the CHOP promoter was used as 
a positive control for ATF4. (C) 
CHOP ChIP enriched the pro-
moters of ATG5 (B primer) but 
not at a region further upstream 
(b primer) in both lines. Enrich-
ment of GADD34 was used as 
a positive control for CHOP. HA 
denotes the signal obtained after 
HA-ChIP followed by PCR for the 
respective MAP1LC3B promoter 
or the ATG5 promoter. t = 0, 1, 
or 4 indicates the amount of time 
(in hours) exposed to hypoxia 
(<0.02% O2).
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ible expression of a shRNA against PERK, overexpression of the 
non-phosphorylatable eIF2α allele [eIF2α(S51A)], or overexpres-
sion of the constitutively active mutant ΔGADD34 that promotes 
dephosphorylation of eIF2α  (41). Each of these 3 approaches 
effectively blocked the ability of hypoxic cells to signal through 
the PERK arm of the UPR (Supplemental Figure 5) after 24 hours 
of tetracycline pretreatment. Consistent with the transient siRNA 
experiments, hypoxic induction of MAP1LC3B was not observed 

in any of the cell lines with defects in PERK signaling (P < 0.05 in 
HCT116 at 24 hours compared with pCDNA5, P < 0.05 in U373 
at 4, 8, and 24 hours compared with pCDNA5; Figure 3C). ATG5 
displayed a similar UPR dependency (P < 0.05 in HCT116 at 4 and  
8 hours, P < 0.05 in U373 at 24 hours). Furthermore, as observed with 
transient knockdown, stable knockdown of HIF-1α (shHIF-1α)  
(Supplemental Figure 6B) in these same cell lines had no effect on 
MAP1LC3B or ATG5 mRNA levels.

Figure 5
UPR signaling is required for maintenance of autophagy during hypoxia. (A) Inhibition of UPR signaling caused depletion of MAP1LC3B protein 
during hypoxic exposure as measured by flow cytometry. (B) Addition of CQ led to the accumulation of MAP1LC3B and prevented depletion 
of MAP1LC3B in UPR-deficient cells during hypoxia. (C) Addition of CQ to cells exposed to normoxia led to a 1.5- to 2-fold accumulation of 
MAP1LC3B. All data are n = 3, mean ± SEM. (D) Immunohistochemical staining for MAP1LC3B of HCT116-pCDNA5 and –pCDNA5-eIF2α(S51A) 
cells under normal conditions or after 4 hours of hypoxia (<0.02% O2). Original magnification, ×600. (E) Immunoblots for MAP1LC3B on HCT116-
pCDNA5 and –pCDNA5-eIF2α(S51A) lysates during hypoxia (<0.02% O2). CQ was added as a control for autophagic flux.
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The transcription factors ATF4 and CHOP are activated follow-
ing PERK phosphorylation of eIF2α and are strongly induced by 
hypoxia (12, 13). ATF4 expression is induced due to its selective 
translation during hypoxia, which is mediated by upstream ORFs 
in its 5′UTR, whereas CHOP is at least partially transcriptionally 
induced by ATF4 (42). In both cell lines, transient knockdown of 
ATF4 (Supplemental Figure 3A) prevented MAP1LC3B induction 
during hypoxia (P < 0.05; Figure 3D), but MAP1LC3B induction 
was not prevented by CHOP knockdown. These data are in agree-
ment with the recent finding that proteasomal stabilization of 
ATF4 upregulates MAP1LC3B (43). In contrast, both basal and 
hypoxia-induced expression of ATG5 are significantly reduced 
following knockdown of either ATF4 or CHOP (P < 0.05; Fig-
ure 3E). Since knockdown of ATF4 also leads to a reduction in 
CHOP in these cells (Supplemental Figure 3B), these data suggest 
that CHOP, rather than ATF4, may regulate ATG5. Loss of ATG5 
mRNA following knockdown of CHOP also led to a reduction in 
ATG5 protein (Figure 3F).

To investigate whether ATF4 and CHOP are capable of directly 
transactivating MAP1LC3B and ATG5, respectively, we performed 
ChIP assays followed by promoter-specific quantitative real-time 
PCR during normal oxygen concentration (0 hours), or hypoxia 
(< 0.02% O2) after 1 and 4 hours. The ATF4 ChIP demonstrated 
enrichment of MAP1LC3B (–458 to –376 from start codon) and 
CHOP (–3,651 to –3,557, positive control) in both HCT116 and 
U373 cells, but not of ATG5 or different regions of the respective 
promoters (Figure 4A). Enrichment was observed under both basal 
and hypoxic conditions. Transcription factor binding analysis 
using Genomatix software indicated an ATF4-binding consensus 
(GTGACGCG) in the analyzed part of the promoter. Furthermore, 

we also found a strong enrichment of CHOP binding to the ATG5 
promoter (region –583 to –472) following exposure to 1 or 4 hours 
of hypoxia in both cell lines (Figure 4B), similar to that for the 
known CHOP target gene GADD34 (region –152 to –7). Using ChIP 
with hypoxia-regulated transcription factors ATF6 and HIF-1α 
did not show enrichment of MAP1LC3B or ATG5 promoter above 
background (data not shown). These data identify MAP1LC3B and 
ATG5 as direct targets of the PERK-dependent transcription fac-
tors ATF4 and CHOP, respectively.

PERK induction of ATF4 during hypoxia is required for maintenance 
of autophagy. High MAP1LC3B turnover during hypoxia (Figure 1, 
H and I) indicates a high autophagic flux. We hypothesized that 
PERK-mediated induction of MAP1LC3B transcription during 
hypoxia functions as a source of MAP1LC3B replenishment dur-
ing extended hypoxic exposures. To test this idea, we used flow 
cytometry to quantify MAP1LC3B expression in individual cells as 
a function of time during hypoxic exposure. Similar to what was 
observed in immunoblots and by flow cytometry (Figure 1, E and 
H), we found that MAP1LC3B protein increased during hypoxia 
(Figure 5A). However, cells deficient in eIF2α (shPERK, GADD34, 
eIF2α) signaling displayed a steady loss of MAP1LC3B protein dur-
ing hypoxia. In addition, in U373 and MCF7 cells transfected with 
siRNA targeting PERK, we were unable to detect any remaining 
MAP1LC3B protein after 24 hours of hypoxia (data not shown). 
As shown previously, addition of CQ prevented MAP1LC3B turn-
over (degradation in the lysosome) and led to robust accumulation 
(up to 15-fold compared with normoxic control) of MAP1LC3B 
in U373 and HCT116 cells (Figure 5, B and C). Addition of CQ 
to cells deficient in eIF2α signaling displayed no such accumula-
tion, yet the observed decrease (Figure 5A) was prevented. These 

Figure 6
UPR s igna l ing is  requ i red for 
MAP1LC3B expression in hypoxic 
areas of tumor xenografts. (A) Repre-
sentative images of control (pCDNA3) 
of UPR-inhibited pCDNA3-eIF2α(S51A) 
xenografts. MAP1LC3B is displayed in 
red, hypoxia (pimonidazole) in green, 
and vessels (9F1) in blue. Original 
magnification, ×10. (B) Quantification 
of MAP1LC3B expression and hypox-
ia showed decreased expression of 
MAP1LC3B in pCDNA3-eIF2α(S51A) 
xenografts. Knockdown of HIF-1α had 
no effect on MAP1LC3B expression in 
hypoxic regions. n = 4, mean ± SEM. (C) 
Expression of pCDNA3-eIF2α(S51A) 
decreased the hypoxic regions in xeno-
grafts. Knocking down HIF-1α had no 
effect. n = 4, mean ± SEM.
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Figure 7
Inhibition of autophagy by CQ addition sensitizes cells to hypoxia. (A) Growth curves under normoxic and moderately hypoxic (0.2% O2) condi-
tions showed that CQ addition selectively inhibited cell proliferation in U373, HT29, and HCT116 cells under hypoxic conditions (0.2% O2). Lower 
right: Quantification of the CQ-mediated inhibition of cell proliferation during normoxic and hypoxic conditions. n = 3, mean ± SEM. (B and C) 
Clonogenic survival after hypoxic (<0.02% O2) exposure with or without the addition of CQ in HT29 and U373 cells (B) or HCT116-pCDNA3 and 
HCT116–pCDNA3-eIF2α(S51A) cells (C). n = 3, mean ± SEM.
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data suggest that autophagy is activated by hypoxia in both WT 
and eIF2α-deficient cells,  leading to an increase in the rate of 
MAP1LC3B degradation. In eIF2α-deficient cells, this led to loss of 
the MAP1LC3B protein due to the lack of a compensatory induc-
tion at the transcript level. Indeed, we found that cells deficient in 
eIF2α(S51A) showed no defect in their ability to form autophago-
somes during short exposures to hypoxia (Figure 5D), although 
overall  protein  levels  were  reduced  by  4  hours.  In  addition, 
immunoblotting showed that addition of CQ to cells expressing 
eIF2α(S51A) prevented MAP1LC3B loss during hypoxia, indicat-
ing an increased autophagic flux in these cells (Figure 5E). Thus, 
ATF4-mediated induction of MAP1LC3B appears to function to 
replenish MAP1LC3B levels during extended hypoxic exposures 
characterized by high autophagic flux but is not required for basal 
MAP1LC3B expression or activation of autophagy.

The PERK/eIF2a/ATF4 arm of the UPR is required for autophagy 
in hypoxic regions of tumors. These in vitro data suggest an essen-
tial role for UPR signaling to maintain MAP1LC3B levels and 
autophagy during hypoxia. To investigate this  in a more rel-
evant tumor setting, we assessed MAP1LC3B and autophagy 
in tumors derived from cell lines with defects in either PERK 
or HIF hypoxia response pathways. Disruption of PERK signal-
ing  [eIF2α(S51A)] was confirmed by diminished CHOP and 
MAP1LC3B levels during hypoxia, and HIF-1α knockdown was 
confirmed by quantitative RT-PCR (Supplemental Figure 6). 
HCT116 and U373 xenografts derived from eIF2α(S51A) cells 
produced tumors with decreased MAP1LC3B expression (Figure 
6, A and B). In comparison, inhibition of HIF-1 signaling had 
no effect on MAP1LC3B expression in hypoxic regions (Figure 
6B). Interestingly, eIF2α(S51A) tumors also contained reduced 
regions of viable hypoxic tumor compared with WT controls 
(Figure 6C). This decrease was not due to differences in angio-
genesis, as PERK-deficient and control tumors revealed similar 

vessel densities (9F1 immunohistochemistry; data not shown). 
These data support a role for PERK-dependent autophagy in 
mediating hypoxia tolerance.

Inhibition of autophagy sensitizes cells to hypoxia. Several previous 
studies have demonstrated that PERK-, eIF2α-, and ATF4-defective 
cells are sensitive to hypoxia-induced cell death (reviewed in ref. 10). 
Although our data are consistent with a role for MAP1LC3B and 
autophagy in this effect, PERK regulates a large number of other 
proteins through both translational and transcriptional mecha-
nisms that could also contribute to hypoxia tolerance. To more 
directly examine the role of autophagy in maintaining cell viability 
during hypoxia, we monitored both proliferation and cell survival 
in the presence of pharmacological inhibitors of autophagy. For 
proliferation studies, we cultured cells under conditions of mod-
erate hypoxia that support continued proliferation (0.2% O2). As 
expected, moderate hypoxia alone led to decreased proliferation in 
the cell lines tested (Figure 7A). Addition of CQ caused a further 
decrease in proliferation during hypoxia but had little or no effect 
on normoxic cells (Figure 7A). Similarly, autophagy inhibition with 
3-methyladenine (3-Ma) also caused a hypoxia-specific decrease in 
proliferation (Supplemental Figure 7). For cell survival studies, we 
cultured cells under condition of severe hypoxia (<0.02% O2) suf-
ficient to directly cause cell death (44). Exposure to CQ (Figure 
7B) or 3-Ma (Supplemental Figure 8) at concentrations 10-fold 
lower than those required to affect the survival of normoxic cells 
(data not shown) caused a significant increase in cell death during 
hypoxia. Importantly, CQ exposure did not lead to further hypoxic 
sensitization of eIF2α(S51A) cells, which were already defective in 
MAP1LC3B induction during hypoxia (Figure 7C). This suggests 
that the enhanced hypoxic sensitivity of cells deficient in PERK/
eIF2α/ATF4 signaling is directly related to defects in autophagy.

Blockade of hypoxia-induced autophagy sensitizes cells to hypoxia and 
tumors to treatment. Since tumor hypoxia is known to cause treat-
ment resistance with radiation, we tested whether inhibition of 
autophagy with CQ would reduce the number of viable radiore-
sistant hypoxic cells and thus sensitize tumors to treatment. We 
found that treatment of established HCT116 xenografts with CQ 
(60 mg/kg i.p.) caused no measurable effect on tumor growth as 
assessed by changes in tumor size (Figure 8, A and B). This was 
not unexpected, as hypoxic cells represent a small minority of the 
tumor, proliferate slowly, and thus do not substantially affect the 
rates of overall tumor growth. However, small fractions of hypoxic 
cells are sufficient to cause substantial resistance to treatment (45) 
and thus are expected to influence overall tumor response to treat-
ment. Indeed, administration of CQ 4 days prior to and 3 days  
after irradiation significantly sensitized HCT116 tumors to a sin-
gle subcurative irradiation dose (P = 0.0093; Figure 8, A and C). 
The increased tumor radiosensitivity was not due to a change in 
intrinsic cellular radiosensitivity, as CQ did not influence radio-
sensitivity of HCT116 cells in vitro (Supplemental Figure 9A). 
Instead, the enhanced tumor radiosensitivity was consistent with a 
reduction in the fraction of viable radiation-resistant hypoxic cells 
in the CQ-treated tumors. Pimonidazole staining demonstrated 
that CQ treatment for only 7 days reduced the fraction of viable 
hypoxic cells by approximately half (28% to 14%, P = 0.0352; Figure 
8D). Although CQ causes an accumulation of MAP1LC3B protein, 
total levels of positive MAP1LC3B decreased in the treated tumors. 
This is due to the fact that approximately 90% of MAP1LC3B 
expression was localized to hypoxic regions, which were substan-
tially decreased in the treated tumors at the time points analyzed.

Figure 8
CQ treatment of tumors decreases the hypoxic fraction and sensitizes 
to radiation. (A) Growth curves of HCT116 xenografts: untreated (filled 
circles; saline, n = 10), treated from day –4 to +3 with CQ (60 mg/kg) 
(open circles; CQ, n = 7), irradiated at day 0 with a single, tumor-spe-
cific dose of 10 Gy (filled squares; saline, 10 Gy, n = 7), and treated 
from day –4 to +3 with CQ and irradiated with 10 Gy (open squares; 
CQ, 10 Gy, n = 8). (B) Doubling times of unirradiated tumors treated 
or untreated with CQ. (C) Time to reach 4-fold irradiated tumor vol-
ume. (D) Top: Micrographs of LC3/pimonidazole/vessel staining after 
7 days of CQ or saline treatment. Original magnification, ×10. Bot-
tom: Hypoxic fraction, MAP1LC3B/pimonidazole colocalization, and 
total MAP1LC3B staining in the sections (n = 5). (E) Top: Prolifera-
tion (BrdU) and pimonidazole staining of tumor sections after 7 days 
of CQ or saline treatment (n = 5). Bottom: Quantification of overall 
proliferation and proliferation in hypoxic regions. (F) HCT116 isogenic 
xenografts harboring doxycycline-inducible genes [empty vector or 
eIF2α(S51A)] were established in nude mice. When tumors reached 
a size of 150 mm3, mice were fed doxycycline (2 g/l) continuously and 
tumor growth was assessed [empty vector, n = 6; eIF2α(S51A), n = 5; 
mean ± SEM]. (G) HCT116 isogenic xenografts [empty vector, n = 7; 
eIF2α(S51A), n = 8] were established in nude mice and irradiated with 
10 Gy when they reached 150 mm3 (day 0). Doxycycline (2 g/l) was 
administered for 7 days (day –4 to +3) to induce the transgene, and 
tumor size was assessed as a function of time (mean ± SEM). (H) Time 
for tumors in G to reach 4 times the irradiated volume. (I) The hypoxic 
fraction in individual isogenic xenografts was determined after 7 days 
of doxycycline treatment using pimonidazole immunohistochemistry.
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In addition  to  inhibiting autophagy, CQ has been  reported 
to activate ATM and p53 (46–48). Consequently, the increase in 
radiosensitivity observed in the HCT116 tumors, which have WT 
p53, might be related to this effect. However, CQ did not affect the 
radiosensitivity of either HCT116 WT or HCT116 p53–/– isogenic 
cells in vitro at concentrations that were sufficient to sensitize 
these same cells to hypoxia-induced cell death (Supplemental Fig-
ure 9, A and B). More importantly, we repeated the in vivo experi-
ments to test the effects of CQ treatment on the radiosensitivity 
of xenografts established from p53 mutant U373 cells. Consistent 
with the results with p53 WT HCT116 tumors, U373 tumors were 
significantly more sensitive to irradiation when treated with CQ 
(Supplemental Figure 9, D and E). These data demonstrate that the 
ability of CQ to sensitize tumors is unrelated to changes in cellular 
radiosensitivity and is not dependent on p53 status.

Our  in vitro experiments  indicated  that CQ treatment also 
reduced proliferation of cells exposed to moderate hypoxia (Figure 
7). We therefore assessed proliferation in hypoxic tumor regions 
by BrdU and pimonidazole double staining. CQ treatment result-
ed in an overall decrease in proliferation, which was much more 
pronounced in hypoxic cells with a trend toward significance  
(P = 0.063; Figure 8E). Tumor cell apoptosis occurred primarily 
(73%–93%) within hypoxic regions of the tumor (data not shown), 
but administration of CQ had no effect on overall apoptosis in the 
tumor or within hypoxic regions (Supplemental Figure 10). Thus, 
the increased sensitivity of hypoxic tumor cells to CQ treatment is 
consistent with an effect on autophagy rather than apoptosis.

Finally, we tested whether genetic inhibition of PERK/eIF2α in 
the HCT116 tumors would recapitulate the effects observed in the 
same tumors treated with CQ to block autophagy. To do this we 
used HCT116 isogenic cells, which express a doxycycline-regulated 
eIF2α(S51A) allele in which we could temporally regulate trans-
gene expression. This allowed us to establish tumors with an intact 
UPR pathway and then transiently inhibit signaling with doxycy-
cline, thereby mimicking the treatment scenario with CQ. No dif-
ference was observed between the empty vector and eIF2α(S51A)-
expressing tumors  (Figure 8F) when established tumors were 
treated with doxycycline alone, consistent with what we observed 
when the same tumors were treated with CQ alone (Figure 8, A and 
B). In contrast, inhibition of eIF2α phosphorylation in established 
tumors caused a significant sensitization to irradiation (Figure 8, 

G and H) and reduced the hypoxic fraction (Figure 8I). The mag-
nitude of the effects observed with transient genetic inhibition 
of UPR are entirely consistent with that observed with CQ treat-
ment. These data support our observations that UPR regulation 
of autophagy is an important determinant of hypoxic fraction and 
treatment response in vivo.

Discussion
Hypoxia is a common feature of solid tumors and a major limiting 
factor in successful cancer treatment (7). Here we reveal what we 
believe is a novel and important mode of autophagy regulation by 
hypoxia, mediated by transcriptional activation of MAP1LC3B and 
ATG5. We also demonstrate that MAP1LC3B and ATG5 are direct 
transcriptional targets of the PERK-dependent transcription fac-
tors ATF4 and CHOP. Cells with defective PERK signaling failed 
to induce MAP1LC3B during hypoxia and lost MAP1LC3B protein 
during hypoxic exposure. More importantly, PERK/ATF4 regulation 
of MAP1LC3B was a critical regulator of autophagy and hypoxic cell 
survival in tumors. We found that in 2 different cell line xenografts 
and 12 head and neck tumor xenografts, MAP1LC3B and autopha-
gy was strongly activated in hypoxic tumor areas. Blockade of UPR 
signaling or autophagy through genetic and pharmacological meth-
ods reduced hypoxia tolerance in vitro, reduced the levels of viable 
hypoxic cells in tumor xenografts, and sensitized tumors to irradia-
tion. Treatment with inhibitors of autophagy also selectively reduced 
cell proliferation during mild hypoxia both in vitro and in tumor 
xenografts. Taken together, our findings indicate that activation of 
PERK increases hypoxia tolerance and the resistance of tumors to 
treatment with irradiation by increasing the capacity of hypoxic cells 
to carry out autophagy. Consequently, targeting PERK signaling or 
autophagy may be an effective way to eliminate treatment-resistant, 
hypoxic tumor cells. Interestingly, previous published data have 
already demonstrated the potential beneficial effects of targeting 
autophagy in combination with other standard treatments (49).

It is not yet clear how autophagy exerts a protective effect on cell 
proliferation and survival during hypoxia. During conditions of 
stress and starvation, cellular organelles and cytoplasmic content 
are degraded, thereby enabling the cells to recycle amino acids and 
nutrients to maintain protein synthesis and ATP generation (24, 
50). Since energy homeostasis is compromised during hypoxia, 
autophagy may function as an important source of metabolic 
requirements to sustain cell survival. Survival of cells after meta-
bolic stress induced by glucose or amino acid deprivation are simi-
larly dependent on autophagy (51, 52). However, autophagy also 
functions as a cytoplasmic quality control mechanism to elimi-
nate protein aggregates and damaged organelles (24, 53). Defects 

Figure 9
Model for recycling and regeneration of MAP1LC3B during hypoxia. 
During the process of autophagy, the extending membrane (phagoph-
ore) requires coating with MAP1LC3B to form an autophagosome. The 
ATG5-ATG12-ATG16 complex redistributes and recruits MAP1LC3B 
to the membrane. Before degradation of the autolysosomal content, the 
ATG5-ATG12-ATG16 complex and the MAP1LC3B at the outer mem-
brane is released to be recycled and the portion of MAP1LC3B inside 
the autolysosome is degraded. Hypoxia activates autophagy through 
BNIP3/BNIP3L signaling or AMPK (initiation). Activation of UPR/PERK 
signaling increases the capacity to maintain autophagy as it replen-
ishes the overturned MAP1LC3B, but this activation also increases 
ATG5 expression to form ATG5-ATG12-ATG16 complexes.
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in autophagy cause accumulation of cytoplasmic inclusion bodies 
and protein aggregates in the cytoplasm, causing toxicity (54–57). 
During carcinogenesis autophagy suppresses tumor progression 
through stabilization of the genome (58, 59), perhaps related to 
the inability to clear the cell of damaged organelles or toxic protein 
aggregates. Our results, which link PERK signaling to autophagy 
through regulation of MAP1LC3B and ATG5, are interesting in 
this regard since accumulation of unfolded or misfolded proteins 
in the ER acts as the initial signal for UPR activation. Thus, PERK 
may stimulate autophagy during hypoxia to help clear the ER of 
toxic protein aggregates that are responsible for its activation. 
Several ER stress–inducing agents have previously been shown to 
induce autophagy in both yeast and mammalian cells. Addition-
ally, both the PERK/eIF2α (60–62) and IRE-1 (63, 64) arms of the 
UPR have been implicated in autophagy regulation. In yeast, which 
lacks both PERK and ATF6, IRE-1 promotes an ER-selective form 
of autophagy that mediates removal of the ER and misfolded pro-
tein aggregates. In mammalian cells, PERK signaling is required 
for autophagy following expression of the expanded polygluta-
mine 72 repeat (60) and following exposure to sorafenib and vori-
nostat (61). Similar to what we report for hypoxia, PERK-depen-
dent stimulation of autophagy is protective in these examples.

Although previous studies have implicated UPR signaling in 
autophagy, no direct links between the UPR transcriptional pro-
gram and autophagy have been reported during hypoxia. Recently 
it was shown that lack of ATF4 decreased MAP1LC3B expression 
in bortezemib-treated cells (43).

To  our  knowledge,  our  study  provides  the  first  direct  link 
implicating the PERK-dependent transcription factors ATF4 and 
CHOP in the transcriptional activation of MAP1LC3B and ATG5 
during hypoxia. MAP1LC3B and ATG5 each play a central role in 
the 2 ubiquitin-like conjugation systems involved in the forma-
tion of autophagosomes (65). During autophagy, the fraction of 
MAP1LC3B at the inner membrane of the autophagosome is sub-
ject to degradation upon fusion with a lysosome, which must be 
replenished to allow the cell to maintain autophagy (29, 30). Our 
data suggest that this role is fulfilled by the PERK/eIF2α/ATF4 
arm of the UPR during hypoxia, and we speculate that this allows 
cells to survive during prolonged periods of hypoxia. The only 
other known transcriptional regulator of MAP1LC3B is FoxO3. 
In skeletal muscles, FoxO3 has been reported to play a similar 
role in replenishing MAP1LC3B and protecting against muscle 
atrophy (66, 67). Interestingly, FoxO3 activity is increased after 
hypoxic exposure (68) and thus is an additional potential media-
tor of autophagy. However, this was not responsible for increased 
MAP1LC3B during hypoxia, since cells lacking FoxO3 showed 
normal induction of MAP1LC3B (Supplemental Figure 11).

ATG5 becomes modified on an internal lysine with the ubiqui-
tin-like protein ATG12 as part of the second conjugation system 
that promotes autophagy. The ATG12-ATG5 conjugate is involved 
in the initial steps of autophagosome formation (69), and loss of 
ATG5 effectively inhibits autophagy. Interestingly, the ATG12-
ATG5 complex is also important for processing and lipidation of 
ATG8/MAP1LC3B, which suggests that the 2 conjugation systems 
work in synergy to promote the development of the autophago-
some (70). The consequences of hypoxic induction of ATG5 during 
hypoxia are not clear but may promote activation of autophagy or 
support an increase in autophagic flux. Understanding the role of 
ATG5 is further complicated by the fact that it also can promote 
apoptosis (71). Overexpression of ATG5 sensitizes to apoptosis 

upon stimulation with death signals through physically inter-
acting with Bcl-xL and the Fas-associated death domain (FADD) 
(reviewed in ref. 71). The involvement of ATG5 in both pro-apop-
totic and autophagy pathways suggests it may be instrumental 
in deciding between autophagy and apoptosis. Interestingly, cells 
derived from ATG5-deficient MEFs are somewhat more resistant 
to hypoxia-induced cell death and produce tumors that grow more 
quickly than their WT counterparts (33). It is not clear whether 
these differences arise due to the effects of ATG5 on apoptosis or 
autophagy, or whether they are MEF dependent. In agreement with 
our data, Bellot et al. (72) showed that disruption of autophagy 
sensitized cells to hypoxia. Here we show that ATG5 is a direct tar-
get of CHOP, which, besides autophagy (as shown here), has also 
been shown to regulate apoptosis (73, 74). It is therefore tempting 
to speculate that the connection between CHOP and apoptosis is 
related to the ability of CHOP to influence the balance between 
autophagy and apoptosis, but this requires further research.

Our results demonstrate a new mechanism linking the PERK 
arm of the UPR to hypoxia-induced autophagy. They expand on 
previous reports demonstrating activation of autophagy by hypox-
ia through mechanisms involving AMPK (33) and the HIF1 target 
gene, BNIP3 (25, 31). In the conditions used in our study, hypox-
ia-induced autophagy occurred at least in part independently of 
BNIP3, since BNIP3 was not expressed in either HT29 or HCT116 
cells. Recent evidence showed that removal of BNIP3 is insuffi-
cient to block autophagy, but simultaneous removal of BNIP3 
and BNIP3L did block autophagy (72). Additionally, BNIP3 may 
regulate a more specific form of “mitochondrial autophagy which 
is important for reducing mitochondrial mass, respiration to pre-
vent formation of toxic reactive oxygen species” (25). We suggest 
that PERK- and ATF4-dependent regulation of MAP1LC3B acts to 
support autophagy by replenishing MAP1LC3B protein levels and 
thus the capacity to carry out autophagy during extended periods 
of hypoxic stress. Consequently, this pathway may act in concert 
with these other mechanisms that activate or initiate the autopha-
gic process during hypoxia (Figure 9). Importantly, this support-
ive pathway appears to mediate hypoxia tolerance and levels of 
viable hypoxia in vivo. Targeting this pathway is able to reduce the 
hypoxic fraction and sensitize tumors to treatment and is thus an 
attractive therapeutic option to pursue clinically.

Methods
Cell models. Our studies included the human cell lines HT29 (colorectal 
adenocarcinoma), MCF7 (mammary adenocarcinoma derived from pleu-
ral effusion), DU145 (prostate carcinoma derived from brain metastasis), 
HCT116 (colorectal adenocarcinoma), and U373 MG (glioblastoma-astro-
cytoma) and were obtained from, and maintained as instructed by, the 
ATCC. Lipofectamine 2000 (Invitrogen) was used for plasmid transfections, 
and siRNA (Ambion and Applied Biosystems; see Supplemental Table 1 
for siRNA IDs) was transfected with oligofectamine (Invitrogen). HIF-1α 
knockdown using shRNA was derived from pRetrosuper with the targeting 
sequence of 5′-GGACAAGTCACCACAGGAC-3′. U373 MG and HCT116 
cells expressing the constitutively active C-terminal part of GADD34, 
eIF2α(S51A), and the shRNA against PERK (targeting sequence 5′-AGCGC-
GGCAGGTCATTAGTAA-3′) were generated as described previously (18). 
For hypoxia exposure, cells were transferred to a hypoxic culture chamber 
(MACS VA500 microaerophilic workstation; Don Whitley Scientific).

Tumor models. Tumor cell lines (denoted as SSCNij) derived from squa-
mous cell carcinoma of the head and neck were maintained in the flanks 
of nude mice (Balb/c nu/nu mice) as described previously (35). For CQ 
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treatment experiments, colorectal HCT116 carcinoma cells were injected 
s.c. into NMRI-nu (nu/nu) female mice (28–32 g) under anesthesia. When 
tumor volume reached 200 mm3, animals were treated daily with CQ  
(60 mg/kg i.p.; Sigma-Aldrich) or saline for 7 days (49). When applicable, 
tumors were irradiated (10 Gy, 16 MeV) at day 4 of CQ or saline treatment. 
For immunohistochemical analysis, mice were killed after 7 days of treat-
ment. Animals were injected with pimonidazole (60 mg/kg i.p. hypoxy-
probe-1; Chemicon) and BrdU (30 mg/kg i.p.; Sigma-Aldrich) 60 minutes 
prior to killing. All animal experiments were conducted in accordance with 
national guidelines and approved by the animal ethics committees of KU 
Leuven and Maastricht University.

Affymetrix microarray. Hypoxic exposure, RNA isolation, labeling, hybrid-
ization, and detection were performed as described previously (40).

Quantitative real-time PCR analysis. RNA was reverse-transcribed using  
I-script (Bio-Rad). Real-time PCR was performed in ABI 7500 (Applied Bio-
systems). Gene abundance was detected using power SYBR Green I (Applied 
Biosystems) or, for the probe, using Taqman Gene expression Assays (Applied 
Biosystems). The abundance of every gene was normalized to the 18S signal. 
For a list of primers and probes on cDNA, see Supplemental Table 2.

Immunohistochemistry and image processing. Frozen, acetone-fixed sections 
were stained using anti-cleaved MAP1LC3B (Abgent), anti-pimonidazole 
(Chemicon), 9F1 (rat monoclonal antibody to mouse endothelium; Depart-
ment of Pathology, Radboud University Nijmegen Medical Center), mouse 
anti-BrdU (Sigma-Aldrich), or rabbit anti-cleaved caspase-3 (Cell Signaling 
Technology). For quantitative analysis, the slides were scanned by a com-
puterized digital image processing system using a high-resolution inten-
sified solid-state camera on a fluorescence microscope (Zeiss Axioskop)  
with a computer-controlled motorized stepping stage as described pre-
viously (75). Necrotic regions were assessed based on morphology and 
were excluded from analysis. MAP1LC3B was expressed as the percentage 
localized in hypoxic regions. MAP1LC3B enrichment factors in hypoxic 
regions were calculated as the fraction expressed in hypoxic regions divid-
ed by random colocalization (MAP1LC3B in hypoxia/[MAP1LC3B total × 
hypoxia total]). For detection of autophagy after hypoxia exposure, cells 
were seeded on glass coverslips, exposed to hypoxia, and fixed in 4% PBS-
buffered paraformaldehyde.

Western blotting. Cells were lysed in 50 mM Hepes-KOH pH 7.5, 150 mM 
KCl, 1 mM EDTA, 2 mM DTT, and 0.2% Tween-20 with protease inhibi-

tors (1 “complete” pill per 25 ml; Roche), sonicated 3 times for 10 seconds 
each time, at 10 MHz, and resolved by SDS-PAGE. Protein transfers were 
probed with antibodies directed against MAP1LC3B (PD014; MBL) or  
β-actin (Sigma-Aldrich). Bound antibodies were visualized using HRP-
linked secondary antibodies (anti-rabbit [Cell Signaling Technology] and 
anti-mouse [Sigma-Aldrich]) and ECL (Pierce Biotechnology).

ChIP. ChIP was performed as described elsewhere (76). For precipitation the 
following antibodies were used: ATF4 (CREB2 [C-20]; Santa Cruz Biotech-
nologies Inc.), CHOP (GaDD153 [R-20]; Santa Cruz Biotechnologies Inc.), 
ATF6 (ab22341; Abcam,), HIF-1α (NB 100-105; Novus Biologicals). ChIP was 
performed as described with quantitative PCR (see Supplemental Table 3 for 
primers), and results were normalized to the chromatin input of the IP.

Flow cytometry. After anoxia exposure, cells were fixed in 4% PBS-buff-
ered paraformaldehyde, scraped, and permeabilized using 0.5% Tween-20 
in PBS. Cells were probed with anti-cleaved MAP1LC3B (Abgent) followed 
by anti-rabbit Alexa Fluor 488 (DAKO) and analyzed by flow cytometry.

Statistics. Data were analyzed with GraphPad Prism. Student’s t test was 
used for single comparisons. Multiple testing was done using a repeated-
measures ANOVA with a Bonferroni post-hoc test. Data were considered 
statistically significant when P was less than 0.05.
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