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a  b  s  t r  a  c  t

Understanding  the  mechanisms  responsible  for the  resistance  against  chemotherapy-induced  cell  death
is still  of  great  interest  since  the  number  of patients  with  cancer  increases  and  relapse  is  commonly
observed.  Indeed,  the development  of hypoxic  regions  as  well  as  UPR  (unfolded  protein  response)  acti-
vation  is  known  to promote  cancer  cell adaptive  responses  to  the  stressful  tumor  microenvironment  and
resistance  against  anticancer  therapies.  Therefore,  the impact  of  UPR  combined  to hypoxia  on autophagy
and  apoptosis  activation  during  taxol  exposure  was  investigated  in MDA–MB-231  and  T47D  breast  cancer
cells.  The  results  showed  that  taxol  rapidly  induced  UPR  activation  and  that  hypoxia  modulated  taxol-
induced  UPR  activation  differently  according  to  the  different  UPR  pathways  (PERK,  ATF6,  and  IRE1�).  The
putative  involvement  of  these  signaling  pathways  in  autophagy  or in  apoptosis  regulation  in response  to
taxol  exposure  was  investigated.  However,  while  no link  between  the  activation  of  these  three  ER  stress
sensors  and autophagy  or apoptosis  regulation  could  be  evidenced,  results  showed  that  ATF4  activation,
which  occurs  independently  of UPR  activation,  was  involved  in  taxol-induced  autophagy  completion.  In
addition,  an  ATF4-dependent  mechanism  leading  to cancer  cell  adaptation  and  resistance  against  taxol-
induced  cell  death  was  evidenced.  Finally,  our  results  demonstrate  that  expression  of  ATF4,  in  association
with  hypoxia-induced  genes,  can  be  used  as a  biomarker  of  a poor  prognosis  for  human  breast  cancer
patients  supporting  the  conclusion  that  ATF4  might  play  an  important  role  in  adaptation  and  resistance
of  breast  cancer  cells  to  chemotherapy  in hypoxic  tumors.

©  2015  Elsevier  Ltd. All  rights  reserved.

1. Introduction

Resistance to chemotherapy is a major current issue in the
outcome of cancer treatment. The mechanisms leading to drug
resistance are complex and multifactorial. Although the inadequate
drug concentration at the tumor site can contribute to clinical resis-
tance, intrinsic cellular mechanisms or a reprogramming of the
intracellular signaling pathways caused by the modifications of
the tumor microenvironment contribute, for a major part, to drug

Abbreviations: ATF4, activating transcription factor 4; ATF6, activating tran-
scription factor 6; ER, endoplasmic reticulum; IRE1�, inositol-requiring enzyme-1�;
PERK, protein kinase double-stranded RNA-dependent (PRK)-like ER kinase; UPR,
unfolded protein response.
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resistance (Gatti and Zunino, 2005). One of these modifications
is the presence of hypoxic areas in the tumor microenvironment
of solid tumors. The responses induced by hypoxia result in cell
adaptation and resistance to the chemotherapy-induced cell death.
One of the most characterized transcription factors responsible
for the hypoxic response is the hypoxia inducible factors (HIFs)
(Semenza, 2010; Rohwer and Cramer, 2011). However, a number of
HIF independent mechanisms are also able to promote cancer cell
adaptation and survival and are of great interest to further improve
cancer treatments and outcomes. (Rouschop and Wouters, 2009) In
this work, two biological processes connected to cell death and/or
stress adaptive responses have been investigated: autophagy and
unfolded protein response (UPR).

Autophagy is a degradation process in which cells form
double-membrane vesicles, called autophagosomes, sequestering
a portion of cytoplasm. These autophagosomes ultimately fuse
with lysosomes, resulting in the degradation of their content
allowing the recycling of small molecules. Autophagy initiation
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and completion requires mTOR (mammalian target of rapamycin)
inhibition, the recruitment and activation of Vps34 (class-III phos-
phoinositide 3-kinase) within a protein complex containing beclin
1, several proteins encoded by Atg (Autophagy related genes) and
two conjugation systems leading to Atg12–Atg5 as well as LC3-PE
(PhosphatidylEthanolamine) conjugation (Mehrpour et al., 2010).
In basal and activated conditions, autophagy contributes to the
elimination of damaged organelles as well as to the turnover of
long-lived proteins. In addition, autophagy can also be stimulated
in response to different conditions of stress such as starvation,
hypoxia, oxidative stress, drug treatment or DNA damage (He and
Klionsky, 2009). In both cases, autophagy represents a pro-survival
mechanism allowing quality control, metabolic reprogramming or
cell fitness after a stress (Semenza, 2010; Mehrpour et al., 2010;
Codogno and Meijer, 2005; Shannon et al., 2003; Brahimi-Horn
and Pouyssegur, 2006). Moreover, evidence that autophagy plays
a role in maintaining cancer cell survival in their microenviron-
ment where nutrients and oxygen are reduced or in response to
anticancer chemotherapies have been reported (Notte et al., 2013;
Checinska and Soengas, 2011; Notte et al., 2011; Morselli et al.,
2009; Shen et al., 2012; White, 2012; Song et al., 2009; Zhang et al.,
2008).

The second signaling mechanism that could play a role in can-
cer cell resistance is UPR that is activated by ER (endoplasmic
reticulum) stresses. UPR is induced by several perturbations in
ER homeostasis (change in cellular energy, redox state or Ca2+

homeostasis) leading to the accumulation of mis- or unfolded
proteins in the ER compartment. In mammalian cells, UPR is
transduced by three ER transmembrane protein sensors namely
PERK (protein kinase RNA (PKR)-like ER kinase), IRE1� (inositol-
requiring enzyme-1) and ATF6 (activating transcription factor-6)
(Ron and Walter, 2007). The ER chaperone GRP78/BIP (78 kDa
glucose-regulated protein/immunoglobulin heavy chain-binding
protein) binds to the luminal domains of PERK, IRE1�, and ATF6 in
unstressed cells to maintain them in an inactive state (Shen et al.,
2002; Bertolotti et al., 2000). Unfolded protein load triggers the
dissociation of GRP78/BIP from these sensors triggering the UPR
activation. PERK then forms homodimers and is activated by trans-
autophosphorylation. PERK phosphorylates the alpha-subunit of
eIF2 (eukaryotic translation initiation factor-2) leading to trans-
lational attenuation of capped mRNA and thus to protein synthesis
inhibition to prevent additional accumulation of newly synthe-
sized proteins into the ER. However, PERK signaling also selectively
induces the expression of ATF4 (activating transcription factor-4)
through the bypass of a micro-ORF upstream of ATF4 open read-
ing frame (Harding et al., 2000). IRE1 contains a serine/threonine
protein kinase domain and an endoribonuclease domain within
the C-terminal cytosolic region. Activation of IRE1 is driven by
its oligomerization and trans-autophosphorylation. Once activated,
IRE1 splices an unconventional intron from the XBP1 (X-box bind-
ing protein-1) mRNA to generate an active spliced form of XBP1
transcription factor that controls the expression of UPR target genes
leading to an adaptive response. Upon ER stress, ATF6 is trans-
ported to the Golgi apparatus where it is cleaved generating an
active fragment containing a DNA binding domain. Cleaved ATF6
translocate to the nucleus and activates the transcription of UPR
target genes (Bravo et al., 2013; Chakrabarti et al., 2011; Walter
and Ron, 2011; Urano et al., 2000). The primary function of UPR
is thus to reestablish ER homeostasis by lowering protein synthe-
sis and translocation into the ER, by increasing the capacity of
the ER to handle unfolded proteins and by the removal of mis-
folded proteins via the ERAD (ER-associated protein degradation)
system (Travers et al., 2000). When the ERAD system is saturated
and unable to degrade misfolded or aggregated proteins, UPR can
also induce autophagy as an alternative mechanism for protein
degradation (Yorimitsu and Klionsky, 2007) PERK, IRE1�, and ATF6

signaling pathways are now known to control autophagy (Deegan
et al., 2012; Hoyer-Hansen and Jaattela, 2007; Kouroku et al.,
2007; Garcia-Navas et al., 2012). If activation of these pro-survival
mechanisms is insufficient to overcome the ER stress, prolonged
activation of UPR triggers apoptosis (Vannuvel et al., 2013; Szegezdi
et al., 2006, 2009; Heath-Engel et al., 2008). Interestingly, the high
proliferative rate of cancer cells generates a stressful hypoxic envi-
ronment in which UPR is often chronically activated and acts as a
pro-survival mechanism (Rouschop et al., 2010; Koumenis, 2006;
Bi et al., 2005; Romero-Ramirez et al., 2004; Shajahan et al., 2009).
While the role of UPR in chemotherapy resistance has already
been demonstrated in several works (Jiang et al., 2008; Feng et al.,
2011; Rzymski et al., 2009; Milani et al., 2009; Li and Lee, 2006;
Wang et al., 2009; Kumandan et al., 2013; Chen et al., 2011; Mann
and Hendershot, 2006), it has never been studied in combination
with a hypoxic environment in the resistance against taxol-induced
apoptosis. Since UPR is involved in the regulation of autophagy
and apoptosis (Kiviluoto et al., 2013), a better understanding of
the mechanisms by which UPR controls cell fate decision in these
conditions represents a necessary step in the field of anti-cancer
therapy (Healy et al., 2009; Schonthal, 2013).

We previously showed that apoptosis is activated in MDA–MB-
231 breast cancer cells incubated with taxol (Notte et al., 2013). In
these conditions, autophagy is activated much earlier than apopto-
sis and is a protective mechanism. MDA–MB-231 cells incubated
with taxol under hypoxia are more resistant than cells incubated
with the anticancer agent alone, because hypoxia stimulates a more
effective autophagic flow (Notte et al., 2013). In the present work,
we studied whether taxol-induced UPR activation would be an
upstream event leading to the activation of autophagy and/or apo-
ptosis. The role of UPR in the hypoxia-induced resistance against
taxol-induced cell death and its link with autophagy and apopto-
sis activation were thus investigated. Results show a specific role
for ATF4 in taxol-induced autophagy as a mechanism promoting
cancer cell adaptation and survival under hypoxia.

2. Material and methods

2.1. Cell culture and hypoxia incubation

Human breast cancer cells MDA–MB-231 were maintained in
culture in 75 cm2 polystyrene flasks (Costar, Lowell, MA,  USA) with
15 ml  of Roswell Park Memorial Institute medium (RPMI 1640
Invitrogen, Carlsbad, CA, USA) containing 10% of fetal calf serum
(Invitrogen). Human breast cancer cells T47D were maintained in
culture in 75 cm2 polystyrene flasks (Costar, Lowell, MA,  USA) with
15 ml  of Dulbecco’s modified Eagle medium (DMEM, Invitrogen)
containing 10% of fetal calf serum (Invitrogen) and 1% glutamine
(Sigma, St. Louis, USA). Both cell types were incubated under an
atmosphere containing 5% CO2.

For hypoxia experiments (1% O2), cells were incubated in
serum-free CO2-independent medium (Invitrogen) supplemented
with 1 mM L-glutamine (Sigma) with or without 50 �M paclitaxel
(Molecular Probes, Carlsbad, CA, USA) at 50 �M.  Normoxic control
cells were incubated in the same conditions but in normal atmo-
sphere (20% O2).

2.2. Plasmid transfection and dual-luciferase reporter assay

Cells were seeded in 12-well culture plates (100,000 cells/well)
24 h before being transfected with 0.9 �g/well of the plasmid con-
taining the firefly luciferase gene and 0.1 �g/well of the plasmid
containing the renilla luciferase gene (for normalization of transfec-
tion efficiency) using the lipofectamine transfection reagent (from
Invitrogen). ATF6 activity was measured using a luciferase reporter
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gene construct in which the firefly luciferase gene is driven by a
promoter containing five copies of the ATF6/XBP1 binding element
(Zeng et al., 2004). ATF6 reporter plasmid was also used to confirm
ATF6 invalidation. In these experimental conditions, cells were co-
transfected with 50 nM of ATF6 siRNA. Transfection medium was
removed and replaced by complete medium for 24 h. Cells were
then incubated as previously described (Notte et al., 2013). After
incubation, the luciferase reporter assay was performed using the
dual-luciferase reporter assay system kit (E1910, from Promega)
according to the manufacturer’s instructions.

2.3. Caspase 3 activity assay

The fluorogenic substrate Ac-DEVD-AFC was used to measure
caspase 3 activity according to Lozano et al. (2001) Cell extracts
were prepared as described by Wellington et al. (1998). Cells were
seeded in 25 cm2 polystyrene flasks (Costar) (800,000 cells/well)
24 h before the incubation. After the incubation, the medium was
recovered and centrifuged at 1200 rpm for 5 min. Cells that were
still attached to the well were scrapped in 500 �l cold PBS and
recovered into a microtube. Pelleted detached cells were resus-
pended in 100 �l PBS at 4 ◦C and pooled with respective attached
cell sample to the microtube. The samples were centrifuged at
1200 rpm for 5 min. at 4 ◦C and the pellet resuspended in 50 �l of
lysis buffer (10 mM Hepes/KOH, pH 7.0, 10% sucrose, 2 mM EDTA,
0.1% CHAPS, 5 mM dithiothreitol, and 10 �g/ml aprotinin). After
incubation on a rotating wheel for 15 min  at 4 ◦C, the lysates were
centrifuged at 13,000 rpm for 5 min  at 4 ◦C and the supernatants
were recovered for the assay.

The protein concentration was determined (Pierce 660, Thermo
Scientific) and 10 �g of proteins completed to a volume of 75 �l
with lysis buffer were mixed with 1 �l Ac-DEVD-AFC (BD Pharmin-
gen, 556574) and 75 �l reaction buffer (40 mM PIPES, pH 7.2,
200 mM NaCl, 2 mM EDTA, 0.2% CHAPS, 0.10% sucrose, and 10 mM
dithiothreitol). The reaction was allowed to take place for 1 h at
37 ◦C and the fluorescence generated by the release of the fluo-
rogenic group AFC after cleavage by caspase 3/7 was measured
in a spectrophotometrer (excitation �: 400 nm and emission �:
505 nm).

2.4. LDH release assay

LDH release assay has been described in Notte et al. (2013).

2.5. Western blotting

Procedure for Western blotting analyses has been described in
Notte et al. (2013). Primary antibodies used are referenced in sup-
plementary Table 1.

2.6. RT-qPCR

Procedure for RT-qPCR has been described in Notte et al. (2013).
Forward and reverse primers for RPL13A, PERK, IRE1�, and ATF6
were designed using the Primer Express 1.5 software (Applied
Biosystem).

2.7. siRNA transfection

Silencing of PERK, IRE1�, ATF6, and ATF4 expression was
achieved using ON-TARGET plus SMARTpool human PERK
(L004883, from Dharmacon), ON-TARGET plus SMARTpool human
ERN1 (IRE1�) (L004951, from Dharmacon), ON-TARGET plus
SMARTpool human ATF6 (L009917, from Dharmacon), ON-TARGET
plus SMARTpool human CREB2 (ATF4) (L005225, from Dharma-
con), ON-TARGET plus SMARTpool human GCN2 (L005314, from

Dharmacon), ON-TARGET plus SMARTpool human HRI (L005007,
from Dharmacon),and ON-TARGET plus SMARTpool human PKR
(L003527, from Dharmacon). Risc-ree control siRNA purchased
from Dharmacon was  used as a negative control. For siRNA exper-
iments, 8 × 105 cells were seeded in 25 cm2 polystyrene flasks
(Costar) with 4 ml  of RPMI 1640 medium (RPMI) containing 10% of
fetal calf serum and incubated for 24 h under an atmosphere con-
taining 5% CO2. Cells were then transfected for 24 h under standard
culture conditions with 50 nM siRNA when transfected alone, or
25 nM of each siRNA when co-transfected using the DharmaFECT 1
(Dharmacon) transfection reagent according to the manufacturer’s
instructions. The transfection media were removed and replaced
by culture media for 24 h. Cells were then incubated as previously
described (Notte et al., 2013).

2.8. Kaplan–Meier curves

An Affymetrix dataset containing gene expression data from
249 breast cancer patients for whom complete demographic, histo-
logical grade, stage, differentiation information are available, was
used for survival studies (downloaded from GEO, GSE4922, Upp-
sala cohort). Procedures of RNA extraction and hybridization are
described in Ivshina et al. (2006). Raw data in CEL files are publicly
available and were processed according to the method defined by
Pierre et al. (2010), by using alternative CDFs from AffyProbeMiner
and GCRMA for normalization and summarization of downloaded
data in the R statistical environment. Kaplan–Meier curves were
drawn in the R statistical environment for each subgroup. 249
patients were separated in two equal subgroups (n = 124/n = 125)
according to the expression of one gene. These subgroups were
then subdivided when combinations of several gene expressions
were studied.

2.9. Statistical analysis

SigmaStat software (Jandle Scientific, Germany) was used for the
statistical analysis. Data are presented as means ± standard devia-
tion (SD) and were evaluated by one-way or two-way ANOVA, using
the Holm–Sidak method.

3. Results

3.1. PERK, IRE1˛, and ATF6 pathways are activated in breast
cancer cell lines during taxol exposure under normoxia and
hypoxia

To examine whether taxol induces an ER stress in breast
cancer cells, activation of the three branches of the UPR was
studied. MDA–MB-231 cells were incubated under normoxia or
hypoxia with or without 50 �M taxol. Phosphorylation of eIF2�
and IRE1� was  assessed, by Western analysis, after 2, 4, 8, 16,
and 24 h of incubation (Fig. 1A). The results showed that taxol
induced IRE1� phosphorylation already after 4 h of incubation
under normoxia or hypoxia. The level of phosphorylation increased
with time and became statistically significant at 16 h. Moreover,
taxol also induced the phosphorylation of eIF2�: a significant
increase of respectively 3.5 and 5 fold was observed after 2
and 4 h of incubation. Hypoxia alone induced eIF2� phosphory-
lation as observed after 24 h of incubation. For long incubation
times, taxol-induced eIF2� phosphorylation decreased. Hypoxia
did not influence eIF2� and IRE1� phosphorylation induced by
taxol.

In order to confirm these results, we used another breast cancer
cell line, T47D cells. This cell line is also protected against taxol-
induced apoptosis and cell death by hypoxia as evidenced by a
reduced activation of caspase 3 and PARP cleavage as well as a
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Fig. 1. PERK, IRE1�, and ATF6 pathways are activated after taxol exposure under normoxia and hypoxia in MDA-MB-2331 cells. MDA–MB-231 cells were incubated under
normoxia (N) or hypoxia (H) without or with taxol (T) at 50 �M. A. After 2, 4, 8, 16, and 24 h of incubation, the abundance of phospho-eIF2�, eIF2�, phospho-IRE1�, and
IRE1�  was  assessed in total cell extracts by western blotting analysis, using specific antibodies. �-actin was used to assess the total amount of proteins loaded on the gel.
Uncropped western blots are presented in the supplementary figure 6. The graphs below represent the quantification of phospho-IRE1� abundance normalized to total
IRE1�  abundance and of phospho-eIF2� abundance normalized to eIF2� abundance for three independent experiments. The results are presented as means ± 1 S.D. (n = 3). **
p  < 0.01 vs time matched control cells, using ANOVA 2 and Sidak–Holm test as post hoc test. B. Cells were co-transfected during 4 h with firefly-luciferase reporter ATF6/XBP1
plasmid and renilla luciferase reporter plasmid 24 h before incubation. After 2, 8, and 16 h of incubation, ATF6/XBP1 activity was assayed using the dual luciferase reporter
assay.  Data are expressed in relative ATF6 transcriptional activity normalized to the control cells (N) and presented as means ± 1 S.D. (n = 3). ** p < 0.01; *** p < 0.001 vs time
matched control cells, using ANOVA 2 and Sidak–Holm test as post hoc test.

lower LDH release (supplementary Figure 1). Similar results on
the phosphorylation of eIF2� and IRE1� induced by taxol were
obtained for T47D cells as shown for 8 and 16 h of incubation
(Fig. 2A). Next, ATF6 activity was measured after 2, 8, and 16 h

of incubation in cells transiently transfected with an ATF6/XBP1-
specific luciferase reporter construct in which the firefly luciferase
reporter gene is driven by a promoter containing five copies
of the ATF6/XBP1 binding element (Zeng et al., 2004) (Fig. 1B).
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Fig. 2. PERK, IRE1�, and ATF6 pathways are activated after taxol exposure under normoxia and hypoxia in T47D cells.
T47D cells were incubated under normoxia (N) or hypoxia (H) without or with taxol (T) at 50 �M.A. After 8 and 16 h of incubation, the abundance of phospho-eIF2�,  eIF2�,
phospho-IRE1�,  and IRE1� was assessed in total cell extracts by western blotting analysis, using specific antibodies. �-actin was used to assess the total amount of proteins
loaded on the gel. The graphs below represent the quantification of phospho-IRE1� abundance normalized to total IRE1� abundance and of phospho-eIF2� abundance
normalized to eIF2� abundance. Uncropped western blots are presented in the supplementary figure 6. B. Cells were co-transfected during 4 h with firefly-luciferase reporter
ATF6  plasmid and renilla-luciferase reporter plasmid 24 h before incubation. After 16 h of incubation, ATF6 activity was assayed using the dual luciferase reporter assay.
Data  are expressed in relative ATF6 transcriptional activity normalized to the control cells (N) and presented as means ± 1 S.D. (two independent experiments with n = 4). ***
p  < 0.001 vs normoxic control cells; *** p < 0.001 vs NT using ANOVA 2 and Sidak–Holm test as post hoc test.

ATF6 was activated in MDA–MB-231 cells incubated for 8 h with
taxol but no difference could be observed between cells incubated
with taxol under normoxia or hypoxia. Taxol similarly increased
ATF6/XBP1 transcriptional activity in T47D cells but, in this cell
line, hypoxia inhibited the taxol-induced ATF6/XBP1 activation
(Fig. 2B).

3.2. Activation of UPR is neither involved in apoptosis nor in
autophagy induced by taxol

Recent studies have shown that UPR activation leads to the
induction of either autophagy or apoptosis (Deegan et al., 2012;
Rasheva and Domingos, 2009). Several arguments support the role
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Fig. 3. Activation of UPR is neither involved in taxol-induced apoptosis nor in autophagy. MDA–MB-231 cells were untransfected (−) or transfected with 50 nM of PERK (A),
ATF6  (B), or IRE1� (C) siRNA (si) or negative control Risc Free siRNA (RF) for 24 h (D). MDA–MB-231 cells were untransfected (−) or co-transfected with 25 nM of PERK, ATF6,
and  IRE1� siRNA (si) or 75 nM of negative control Risc-free siRNA (RF) for 24 h. The transfection media were removed and replaced by culture media for 24 h. Cells were then
incubated under normoxia (N) or hypoxia (H) for 16 h, without or with taxol (T) at 50 �M. PARP cleavage, LC3II, PERK, and IRE1� abundance was detected in total cell extracts
by  western blotting analysis, using specific antibodies. �-actin was  used to assess the total amount of proteins loaded on the gel. Uncropped western blots are presented in
the  supplementary figure 6. NS: nonspecific band.



A. Notte et al. / The International Journal of Biochemistry & Cell Biology 62 (2015) 1–14 7

Fig. 4. ATF4 pathway is activated after taxol exposure. MDA–MB-231 (A, C) and T47D (B) cells were incubated under normoxia (N) or hypoxia (H) without or with taxol
(T)  at 50 �M for different incubation times. A, B. After the incubation, the abundance of ATF4 was assessed in total cell extracts by Western blotting analysis, using specific
antibodies. �-actin was used to assess the total amount of proteins loaded on the gel. The graphs below represent the quantification of ATF4 abundance normalized to ß-actin
abundance. Uncropped western blots are presented in the supplementary figure 6. The graphs below represent the quantification of phospho-IRE1� abundance normalized
to  total IRE1� abundance for three independent experiments. The results are presented as means ± 1 S.D. (n = 3). * p < 0.05; ** p < 0.01 vs time matched control cells; ** p < 0.01
HT  vs NT, using ANOVA 2 and Sidak–Holm test as post hoc test. C. After 2 or 16 h of incubation, total RNA was extracted, mRNAs were retrotranscribed and ATF4 mRNA levels
analyzed by RT-qPCR. The results are presented as means ± 1 S.D. (n = 3). ** p < 0.01 vs time matched control cells using ANOVA 1 and Sidak–Holm test as post hoc test.

of UPR in these biological processes. PERK induces eIF2� phospho-
rylation leading to ATF4 activation that can induce Atg12 and LC3
expression (Kouroku et al., 2007; Rouschop et al., 2010). Moreover,
ATF4 induces CHOP10 expression and activation, a transcription
factor that controls the expression of TRB3 (Ohoka et al., 2005), a
protein from the Bcl2 family (McCullough et al., 2001) and Atg5
(Rouschop et al., 2010), and could thus act as a pro-apoptotic or a
pro-autophagic transcription factor. In addition, ATF6 and XBP1 are
also known to enhance CHOP10 expression (Oyadomari and Mori,
2004). IRE1� may  also regulate autophagy and apoptosis by acti-
vating the JNK signaling pathway (Urano et al., 2000; Nishitoh et al.,
2002; Ogata et al., 2006).

To investigate whether one of these pathways regulates taxol-
induced autophagy or apoptosis, PERK, ATF6, and IRE1� expression
was silenced in MDA–MB-231 cells transfected with PERK (Fig. 3A),
ATF6 (Fig. 3B), or IRE1� (Fig. 3C) siRNAs independently or in

combination (Fig. 3D). The efficiency of invalidation of the target
proteins was  analyzed by western blotting (for PERK and IRE1�,
Fig. 3) as well as by RT-qPCR (for PERK, IRE1�, and ATF6) or
by measuring transcriptional activity (for ATF6) (see supplemen-
tary figures 2 and 3). Results showed that neither independent
nor combined knock down of the three ER-stress sensors did
modulate the abundance of taxol-induced autophagy or apopto-
sis markers. Indeed, no difference in the abundance of LC3II or
in PARP cleavage was observed between cells transfected with
the specific siRNAs and cells transfected with control siRNA
(Fig. 3).

3.3. ATF4 is involved in taxol-induced activation of autophagy

ATF4 is another player of UPR, which is downstream of PERK.
It is known to be induced by tumor microenvironment factors
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Fig. 5. eiF2� and ATF4 pathways are activated after taxol exposure independently of PERK. MDA–MB-231 (A, C) or T47D (B) cells were untransfected (−) or transfected
with  50 nM of PERK siRNA (si) or negative control Risc-free siRNA (RF) for 24 h. The transfection media were removed and replaced by culture media for 24 h. Cells were
then  incubated under normoxia (N) or hypoxia (H) for 16 h, without or with taxol (T) at 50 �M.  Phospho-eIF2�, eIF2�, ATF4 and PERK abundance was assessed in total cell
extracts by Western blotting analysis, using specific antibodies. �-actin was  used to assess the total amount of proteins loaded on the gel. A, B. The tables below represent
the  quantification of phospho-eIF2� abundance normalized to eIF2� abundance and of ATF4 normalized to ß-actin abundance. Uncropped western blots are presented in
the  supplementary figure 6. C. The graphs below represent the quantification of ATF4 abundance normalized to ß-actin abundance for three independent experiments. The
results  are presented as means ± 1 S.D. (n = 3). $$ p < 0.01 vs corresponding RF transfected cells, using ANOVA 2 and Sidak–Holm test as post hoc test.

such as hypoxia (Koumenis, 2006) and to play a role in cancer
progression (Ameri and Harris, 2008) as well as in autophagy reg-
ulation (Rzymski et al., 2009; Milani et al., 2009). Moreover, other
kinases than PERK are able to phosphorylate eIF2� leading to ATF4
activation (Donnelly et al., 2013). These kinases, GCN2 (general
control non-derepressible-2), HRI (heme-regulated inhibitor), and

PKR (double stranded RNA-dependent protein kinase), are acti-
vated after amino acid starvation (Harding et al., 2000), oxidative
stress/proteasome degradation inhibition (Lu et al., 2001; Yerlikaya
et al., 2008), and viral infection (Kiviluoto et al., 2013) respectively.
They belong to the family of kinases that control the integrated
stress response (ISR).
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Fig. 6. ATF4 is involved in autophagy activation after taxol exposure in MDA–MB-231 cells. (A, B, C) MDA–MB-231 cells were untransfected (−) or transfected with ATF4
siRNA  (si) or negative control Risc Free siRNA (RF) at 50 nM for 24 h. The transfection media were removed and replaced by culture media for 24 h. Cells were then incubated
under normoxia (N) or hypoxia (H) for 16 h, without or with taxol (T) at 50 �M.  A. The abundance of PARP, cleaved PARP, cleaved caspase 3, LC3, and p62 was detected in
total  cell extracts by Western blotting analysis, using specific antibodies. �-actin was used to assess the total amount of proteins loaded on the gel. Uncropped western blots
are  presented in the supplementary figure 6. NS: nonspecific band. B. Caspase 3 and 7 activity was assayed by measuring fluorescence intensity associated with free AFC
released by the cleavage of the flouorogenic Ac-DEVD-AFC substrate by caspase 3 and 7. Results are expressed in relative caspase 3/7 activity normalized to fluorescence
intensity of the untransfected control cells and presented as means ± 1 S.D. (n = 3). C. After 40 h of incubation, LDH release was assessed. Results are expressed in percentages
of  cytotoxicity as means ± 1 S.D. (n = 3). *** p < 0.001 vs normoxic control cells; (*) p < 0.05 vs NT; *** p < 0.001 vs corresponding RF-transfected cells using ANOVA 2 and
Sidak–Holm test as post hoc test.

ATF4 activation was thus investigated in MDA–MB-231 (Fig. 4A)
and in T47D (Fig. 4B) cells exposed to taxol under normoxia or
hypoxia. Results showed that ATF4 protein level was increased
in cells incubated in the presence of taxol. Hypoxia seemed to
decrease the taxol-induced increase in ATF4 protein level at long
incubation time (24 h). It has to be noted that ATF4 was  observed as
a doublet on western blot analysis. This has already been observed
in several other studies. (Pan et al., 2013; Yu et al., 2013) This may
be due to phosphorylation, as demonstrated in Lassot et al. (2001).
Since there is a strong decrease in the intensity of these bands in
lanes corresponding to protein extracts of cells transfected with
ATF4 siRNA (Fig. 7), we concluded that the detection was specific
for this protein.

In order to analyze the mechanism by which ATF4 protein level
was increased, ATF4 mRNA level has been analyzed. The results

showed that taxol significantly increased by 2-fold ATF4 mRNA
level after 16 h of incubation (Fig. 4C). Hypoxia alone has no effect
and did not affect the effect of taxol. It must be noted that ATF4 pro-
tein level was  upregulated by 2fold already after 2 h of incubation
in the presence of taxol (Fig. 4A). While it does not exclude that an
increase in ATF4 mRNA was  responsible for the upregulation of the
protein level at longer incubation times, the increase observed at
2 h is more probably due to post-translational regulation. Indeed,
the mRNA level of ATF4 was  also measured after 2 h incubation in
the presence of taxol and there was  no significant change induced
by taxol (Fig. 4C).

Since we  showed that PERK is activated by taxol, we  investi-
gated whether this kinase is the enzyme that could be responsible
for ATF4 accumulation in both cell breast cancer cell lines. For
that, PERK was  thus invalidated using siRNA but no effect was
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Fig. 7. ATF4 is involved in autophagy activation after taxol exposure in T47D cells. T47D cells were untransfected (−) or transfected with ATF4 siRNA (si) or negative control
Risc  Free siRNA (RF) at 50 nM for 24 h. The transfection media were removed and replaced by culture media for 24 h. Cells were then incubated under normoxia (N) or
hypoxia  (H) for 16 h, without or with taxol (T) at 50 �M.  The abundance of ATF4, PARP, cleaved PARP, p62, cleaved caspase 3 and LC3 was  detected in total cell extracts by
Western blotting analysis, using specific antibodies. �-actin was  used to assess the total amount of proteins loaded on the gel. Uncropped western blots are presented in the
supplementary Fig. 6. NS: nonspecific band.

observed on eiF2� phosphorylation in response to taxol, except in
MDA–MB-231 cells under normoxia (Fig. 4C and 4D). Furthermore,
the taxol-induced increase in ATF4 protein level was  not modified
in MDA–MB-231 cells maintained in normoxia (Fig. 4C) nor in T47D
cells maintained in normoxia or exposed to hypoxia (Fig. 4D). These
results suggest that ATF4 accumulation results from the activation
of the ISR when breast cancer cells are exposed to taxol.

Inorder to verify this hypothesis, each of the three kinases from
the IRS has been silenced by siRNA. The controls for silencing are
presented in the supplementary Fig. 4. Three independent experi-
ments were performed. The results suggest that HRI is the kinase
involved in this effect since there was a significant decrease in the
taxol-induced increase in ATF4 protein level when this kinase was
silenced, on the contrary to the two other kinases, GCN2 and PKR
(Fig. 5C). These results suggest that IRS may  be responsible for the
taxol-induced increase in ATF4 protein level.

Since ATF4 is activated by an UPR-independent signaling
pathway, the role of ATF4 in the adaptation to hypoxia or in
taxol-induced autophagy was investigated. MDA–MB-231 cells
were transfected with ATF4 siRNA or Risc-free siRNA as a negative
control. It resulted in ATF4 mRNA silencing to a level lower than 5%
(supplementary Fig. 5A). The effects of ATF4 silencing on autophagy
or apoptosis were then studied by measuring the abundance of
LC3II, cleaved PARP, and cleaved caspase 3 by western blotting
(Fig. 6A) as well as by measuring caspase 3/7 activity (Fig. 6B).
In addition, overall cytotoxicity was assessed by a LDH release
assay (Fig. 6C). In response to ATF4 silencing, taxol-induced LC3II
conversion was decreased both under normoxia and hypoxia.
PARP and caspase 3 cleavage as well as caspase 3/7 activity and
cytotoxicity were significantly increased by ATF4 silencing in cells
incubated with or without taxol, under normoxia or hypoxia.

ATF4 invalidation also reduced the upregulation of LC3 mRNA
level induced by taxol (data not shown). In order to confirm
these results, the effect of ATF4 invalidation was  also studied
in T47D (Fig. 7). Silencing reached more that 90% at the mRNA
level (supplementary Fig. 5B). Longer incubation times were used
since taxol at 50 �M is less toxic on T47D cells when compared
with MDA–MB-231 cells. Results showed that ATF4 silencing
decreased the taxol-induced LC3I to LC3II conversion, while it
increased taxol-induced PARP and caspase 3 cleavage, as observed
for MDA–MB-231 cells. All together, these results suggest that
ATF4 not only plays a role in the survival of breast cancer cells
under basal conditions but is also involved in the resistance against
taxol-induced cell death in part by promoting autophagy.

3.4. ATF4 expression is associated with a poor prognosis in
human breast cancer

Finally, we wanted to determine whether ATF4 expression com-
bined to hypoxia could be of clinical interest for breast cancer
treatment or prognosis because an increase in ATF4 expression
and the presence of hypoxic areas are often associated with tumor
development (Koumenis, 2006; Ye and Koumenis, 2009; Ameri
et al., 2004). We thus analyzed gene expression data of a pub-
lic Affymetrix dataset (GSE4922) involving 249 patients (from the
Uppsala cohort) with invasive breast tumors. In order to determine
whether ATF4 expression could be used as a prognosis biomarker,
survival analyses using the Kaplan–Meier method were performed.
The cohort of patients was  divided into two groups, with one show-
ing high expression and the second one low expression of ATF4,
and/or ADM (adrenomedullin, chosen as a hypoxic marker (Winter
et al., 2007)). The relapse-free survival probability for patients with
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Fig. 8. ATF4 expression in hypoxic breast cancer is a marker of poor prognostic.
Public Affymetrix array data of 249 breast cancer patients (GSE4922, Uppsala cohort)
for  whom cancer specific survival time is known were analyzed. Patients were
stratified into two subgroups according to the median value and Kaplan–Meier
plots were drawn. Graphs represent the relapse-free survival probability for
patients who display high expression versus low expression of ATF4 and/or ADM.
Gehan–Breslow–Wilcoxon tests were used for statistical analysis.

low or high gene expression was compared (Fig. 8). Results showed
that a high ATF4 expression is associated with a decrease in the
probability of survival in patients with breast tumors. ADM, by its
own mRNA expression, does seem to influence the survival prob-
ability of patients, but this did not reach statistical significance.
Patients were then subdivided as a function of the expression of
these two genes taken simultaneously. We  paralleled the probabil-
ity of cancer survival between patients displaying a simultaneous
high expression of ATF4/ADM vs. all other patients. Patients with
a ATF4high/ADMhigh phenotype had a significantly lower survival
(p < 0.0001). ATF4 expression is thus a biomarker for a poor prog-
nosis for breast cancer. This prognosis is even worse when ATF4
expression is associated with a hypoxic signature.

4. Discussion

The improvement of chemotherapy is still a big challenge as
the number of patients with cancer increases and chemotherapy
resistance and relapse are common. In this study, we sought to
unravel some mechanisms involved in the resistance of cancer cells
against chemotherapy when proliferating in a hypoxic microenvi-
ronment. MDA–MB-231 and T47D breast cancer cells were used
and incubated with taxol under normoxia or hypoxia. In a previ-
ous work, we showed that one mechanism promoting resistance
against taxol-induced cell death is the activation of autophagy dur-
ing taxol exposure. Indeed, hypoxia increases autophagy activation
and effectiveness, when compared with normoxia, in cells incu-
bated with taxol (Notte et al., 2013). In this work, the role of UPR
and ATF4 was  investigated. Taxol induced ER stress as shown by
a rapid eIF2� and IRE1� phosphorylation (respectively after 2 and
4 h of incubation) and a later activation of ATF6 (after 8 h of incu-
bation). Hypoxia had no effect on the taxol-induced UPR. Hypoxia
alone was  also able to induce eIF2� phosphorylation after 24 h of
incubation.

Since taxol exposure induced UPR, we  decided to investigate
whether this activation could be involved in autophagy initiation
or in apoptosis activation triggered by taxol exposure. Liao et al.
showed that taxol induces ER stress, UPR activation, and apoptosis
in U937 cells by an early release of Ca2+ and the late amplification of
mitochondria-mediated apoptotic signals (Liao et al., 2008). How-
ever, they did not study the role of PERK, IRE1�, and ATF6 signaling
in apoptosis activation by taxol. The three ER stress sensors were
thus silenced, either independently or simultaneously using siR-
NAs and the effects of UPR inhibition on autophagy and apoptosis
were studied. No link between PERK, IRE1�, or ATF6 activation and
autophagy or apoptosis regulation could be highlighted.

Next, the involvement of ATF4 in taxol-induced autophagy and
apoptosis was investigated. We  showed that the transcription fac-
tor ATF4 promotes cancer cell survival under basal conditions and
during taxol exposure. Indeed, inhibition of ATF4 expression using
ATF4 siRNAs resulted in an increase in apoptosis activation and cell
death. The protective role of ATF4 after taxol exposure could be
due to its capacity to regulate autophagy. Indeed, ATF4 inhibition
also led to a decrease in taxol-induced LC3II accumulation. In this
study, the decrease in LC3II accumulation can be associated with
a decrease in autophagy flow. Furthermore, we  showed that ATF4
invalidation decrease LC3b mRNA expression.

In a previous study (Notte et al., 2013), we showed that taxol
induced autophagy activation already after 2 h of incubation
both under normoxia and hypoxia. Autophagy activation after
taxol exposure was  shown to be a protective mechanism against
taxol-induced cell death both under normoxia and hypoxia. How-
ever, at longer incubation time, the autophagic process reached
a saturation point under normoxia leading to cell death, whereas
under hypoxia, autophagy flow still correctly took place allowing
the cells to survive. The conclusion was  reached using several
experimental approaches as well as using detailed time curves.
When looking at only 16 h of incubation in the presence of taxol,
no difference in LC3II abundance under hypoxia as compared to
normoxia was observed, as shown here (Figs. 3, 6 and 7). In this
previous study, we showed that the inhibition of the taxol-induced
activation of autophagy led to an increase in cytotoxicity and in
the current study, the decrease in LC3II accumulation observed in
response to ATF4 silencing also led to an increase in cytotoxicity.
In conclusion, ATF4 is necessary for an effective autophagic pro-
cess during taxol exposure. These results are in accordance with
previous reports from Rouschop et al. (Rouschop et al., 2010) and
Rzymski et al. (Rzymski et al., 2009; Milani et al., 2009; Rzymski
et al., 2010) demonstrating that ATF4 transcriptionally regulates
LC3 expression allowing a continuous supply of this protein for
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Fig. 9. Mechanisms promoting cancer cell survival after taxol treatment under hypoxia.
Taxol induces caspase activation and subsequent apoptosis and cell death in breast cancer cells. However, different mechanisms are activated to inhibit taxol-induced
apoptosis activation. We showed that taxol induces an ER stress leading to activation of the three ER-stress sensors and UPR activation. UPR activation is neither involved in
autophagy activation, nor in apoptosis inhibition after taxol incubation. However, after taxol exposure, autophagy is activated in an ATF4-dependent way that promotes cell
survival against taxol-induced cell death both under normoxia and hypoxia.

an effective autophagic process. However, these studies were
performed under severe hypoxia or after the inhibition of the
26S proteasome by Bortezomib. Rouschop et al. also showed that
ATF4 activation under severe hypoxia was dependent on PERK
activation whereas Rzymski et al. showed that ATF4 activation
after Bortezomib treatment was PERK-independent.

ATF4 is a mediator of the integrated stress response (ISR) and
is activated downstream of eIF2� phosphorylation (Ameri and
Harris, 2008). Three kinases other than PERK are able to phospho-
rylate eIF2� during the ISR: GCN2, PKR, and HRI. Yerlikaya et al.
showed that Bortezomib or MG-231 activates HRI. (Yerlikaya et al.,
2008) ATF4 dependent-autophagy activation in response to pro-
teasome inhibition could be due to HRI activation. In our work,
taxol-induced ATF4 activation could also be PERK-independent
since invalidation of PERK with siRNA did not influence autophagy
nor apoptosis activation. By silencing the three ISR kinases, HRI,

PKR, or GCN2, we showed that the kinase responsible for ATF4
induction is HRI.

In conclusion, different mechanisms promoting breast cancer
cell adaptation to hypoxia and resistance against taxol-induced
apoptosis were highlighted (Fig. 9). We  showed that taxol-induced
UPR activation is neither involved in autophagy nor in apoptosis
activation. On the other hand, ATF4 promotes cancer cell sur-
vival under basal conditions and after taxol exposure. ATF4 also
allows LC3I to LC3II conversion and autophagy completion sug-
gesting that ATF4 is important for autophagosome elongation
and autophagy execution that promotes resistance against taxol-
induced cell death. Autophagy regulation by ATF4 seems to be
independent of PERK activation and seems to occur through the
activation of the ISR via the HRI kinase. Moreover, ATF4 is described
to be expressed at higher level in cancer when compared to normal
tissue (Ameri et al., 2004), this may  be due to the induction of its
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expression by signals specific to the tumor microenvironment such
as hypoxia, nutrient deprivation, oxidative stress, and/or ER stress.

Finally, breast cancer patients carrying the ATF4high/ADMhigh

had a lower survival probably compared to breast cancer patients
with low expression of these genes. This result suggests that ATF4
expression might be associated with hypoxia cell response. This
molecular signature could thus be used as a biomarker reflecting a
poor prognosis in human breast cancer. This further supports the
conclusion that ATF4 plays a role in the adaptation and resistance
of breast cancer cells against chemotherapy.
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