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1  | INTRODUC TION

In breast cancer chemotherapy, resistance to the drugs inevitably 
occurs, leading to tumour recurrence and disease progression. While 
the molecular mechanisms of drug resistance for different chemo‐
therapeutics have been widely explored, none of them could be fully 

applied to the clinical settings. Therefore, deciphering unknown 
mechanisms of the resistance may help in identifying new treatment 
strategies for breast cancer patients.

The integrated stress response (ISR) is a mechanism, by which 
cells adapt to the microenvironment changes induced by stress stim‐
uli.1 The hallmark of ISR is the phosphorylation of Ser51 residue on 
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Abstract
The integrated stress response (ISR) is critical for cancer cell survival during stress 
stimuli and has been implicated in the resistance to cancer therapeutics, in which 
the mechanism, however, is poorly understood. Here, we showed that paclitaxel, the 
major chemotherapy drug for breast cancer, induced ISR and phosphorylated ser51 
residue of EIF2S1 by EIF2AK3 and EIF2AK4. When exposed to paclitaxel, cancer cells 
activated the EIF2AK3/EIF2AK4‐pEIF2S1‐ATF4 axis and maintained redox homoeo‐
stasis by inducing expression of the major antioxidant enzymes HMOX1, SHMT2 and 
SLC7A11. Paclitaxel‐mediated cell death was significantly increased following loss of 
ISR or ATF4 expression. This sensitizing effect could be partially rescued by Trolox, a 
ROS scavenger. We demonstrated that the alternative initiation factor EIF2A was es‐
sential for cancer cell survival after paclitaxel‐mediated ISR both in vitro and in vivo. 
Moreover, patients with breast cancer exhibited higher ISR after chemotherapy, and 
the elevated mRNA levels of HMOX1, SHMT2 and EIF2A were correlated with poor 
prognosis. Collectively, our findings reveal a novel mechanism for paclitaxel resist‐
ance and suggest that targeting EIF2A combined with ISR agonist may be a potential 
treatment regimen to overcome drug resistance for breast cancer.
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a subunit of the eukaryotic initiation factor 2, eIF2apha, encoded 
by the gene EIF2S1. This phosphorylated EIF2S1 down‐regulates 
translation initiation at AUG start codons. Four kinases participate 
in these processes, which are activated by different stress stimuli: 
the haeme‐regulated inhibitor kinase (HRI, encoded by EIF2AK1), 
activated by haeme deficiency2; the interferon induced double‐
stranded RNA‐dependent eIF2a kinase (PKR, encoded by EIF2AK2), 
activated by viral infection3; endoplasmic reticulum resident kinase 
(PERK, encoded by EIF2AK3), activated by endoplasmic reticulum 
stress4; and the general control non‐derepressible 2 (GCN2, en‐
coded by EIF2AK4), activated by amino acid deprivation.5

During the occurrence and development of tumours, cancer 
cells need to cope with various internal and external stresses. ISR 
has been suggested as a protective process to hypoxia and nutri‐
ent deprivation, as it is up‐regulated in ischaemic regions of tu‐
mours.6,7 ISR is also reported to be involved in tumour metastasis 
and EMT process8,9 and required to adapt to high metabolic de‐
mand during oncogenic transformation.10 For example, EIF2AK3 
activation has been shown to promote cell transformation in 
different tumour models.11,12 However, whether ISR plays criti‐
cal roles in therapeutic responses for cancer is still to be further 
investigated.

Phosphorylation of EIF2S1 impairs global translation. 
However, some RNAs, such as ATF4 mRNA, which harbours a 
unique 3′ UTR, are translated more efficiently under ISR.13 
Recent findings indicate that ATF4 is a key transcription factor 
to maintain amino acid metabolic homoeostasis,14 redox bal‐
ance9,15 and autophagy flux.16 Because of these effects, ATF4 is 
closely related to tumour growth,17 metastasis9 and resistance 
to some chemotherapeutic agents.18‐20 Alternative initiation fac‐
tor EIF2A has been considered as important translation factor 
shaping the ISR.4,21 EIF2A‐mediated initiation pathway, which 
includes uORF translation, sustains expression of particular pro‐
teins during the ISR. A recent study reveals that EIF2A is essen‐
tial for tumourigenesis and progression, because tumours exhibit 
more ISR than normal tissue in tumourigenesis, during which 
EIF2A maintains efficient translation of many genes related to 
tumourigenesis.22,23

Here, we focused on the role of ISR in response of breast 
cancer cells to chemotherapy. We found that the ISR was ac‐
tivated immediately following paclitaxel treatment, but not 
Adriamycin. Two kinases, EIF2AK3 and EIF2AK4, contributed to 
this response. Higher ISR could been induced in breast cancer 
patients after paclitaxel treatment. Mechanistically, we found 
that the EIF2AK3/EIF2AK4‐pEIF2S1‐ATF4 axis contributed to 
redox homoeostasis by transcriptionally regulating antioxidant 
genes, such as HMOX1, SHMT2 and SLC7A11, rather than au‐
tophagic factors in the cells treated with paclitaxel. Finally, we 
demonstrated that EIF2A promoted cell survival during pa‐
clitaxel treatment both in vitro and in vivo. The current study 
suggests that targeting the EIF2A‐mediated translation in com‐
bination with paclitaxel may present a potential new strategy for 
breast cancer treatment.

2  | MATERIAL S AND METHODS

2.1 | Cell lines and transfections

MDA‐MB‐231 and BT‐549 cells were cultured in DMEM containing 
10% foetal bovine serum (Gibco). All cell lines were obtained from the 
American Type Culture Collection. Cells were transfected with siR‐
NAs using the DharmaFECT1 transfection reagent (Thermo Fisher 
Scientific), and transfected with plasmid using ViaFect Transfection 
Reagent (Promega).

2.2 | Plasmid and siRNA

Plasmid expressing EIF2S1 was constructed using a base vector 
of pLV‐EF1α‐MCS‐IRES‐Bsd (Biosettia). ShRNA targeting EIF2A, 
GCTCTATCTTGCACAAGTA, was cloned into Tet‐PLKO‐puro (Addgene). 
ShRNA targeting EIF2S1 was cloned into pLKO.1 (Addgene). ShRNA se‐
quences for EIF2S1 3′ UTR were: a#, GCAGGTAGTTTGTACCATTTA; 
b#, GCCAGAGAATAGATCAGTATT. Helper plasmids for lentiviral 
production are pMD2.G (Addgene) and psPAX2 (Addgene). SiRNAs 
were purchased from Genepharma and the sequences were as 
follows (5 'to 3'): for ATF4,a# GTGAGAAACTGGATAAGAA, b# 
GCCTAGGTCTCTTAGATGA; for EIF2A, a# GCTCTATCTTGCACAA 
GTA, b# GGTTAATAATGGATACAAA; for HSPA5, a# GGAGCG 
CATTGATACTAGA, b# CAGATGAAGCTGTAGCGTA; for EIF2AK1, a# 
GATTAAGGGTGCAACTAAA, b# CGAAGAATCTTCCGAAGAA; for 
EIF2AK2, a# GACGGAAAGACTTACGTTA, b# GGTGAAGG TAGAT 
CAAAGA; for EIF2AK3, a# GATTCGCAAGACCTTCAAT, b# CGCGG 
CAGGTCATTAGTAA; for EIF2AK4, a# GGTCCAAGGAAGCACCAAA, 
b# GGATCCCTTTTGCAAGATA.

2.3 | Antibodies and chemicals

Antibodies used in the study were: HSPA5 (Santa Cruz Biotechnology, 
sc‐376768); EIF2S1 (Santa Cruz Biotechnology, sc‐133132); ATF4 
(Cell Signaling Technology, 11815s); Phospho‐eIF2α (Ser51) (Cell 
Signaling Technology, 3597s); EIF2A (Proteintech, 11233‐1‐AP); LC3 
(Proteintech, 12135‐1‐AP). Paclitaxel and Adriamycin were purchased 
from Sigma.

2.4 | ROS measurements

Cells were incubated with 10 μmol/L DCF‐DA (Sigma‐Aldrich) at 
37°C for 30 minutes and analysed by flow cytometry following the 
manufacturer's instruction.

2.5 | Cell viability and apoptosis assay

Cell viability was also measured by CCK‐8 (Dojindo) following the 
manufacturer's instruction. All viability experiments were repeated 
in three independent experiments, and Student's t test was used for 
calculating statistical significance. Cell apoptosis was detected by PI 
and staining was carried out according to the Apoptosis Detection 
Kit (Biotool).
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2.6 | Real‐time quantitative PCR

RNA was extracted by TRIzol Reagent (Invitrogen). Reverse 
transcription was performed with PrimeScript™ RT reagent Kit 
(Takara). Real‐time PCR was done using iTaq Universal SYBR 
Green Supermix (Bio‐Rad) in CFX96 Touch™ Real‐Time PCR 
Detection System (Bio‐Rad). PCR primers (5'‐3') were: ATF3, F: 
CAGAGTGGGTCTTGGACCAG, R: AGTGACAATGGTAGCCAC GG; 
DDIT3, F: GCTCAGGAGGAAGAGGAGGA, R: TCCTGCTTGAGCCG 
TT CATT; PPP1R15A, F: GTATGGTGAGCGAGAGGCAA, R: TCCCGG 
TGTGATGGT GGATA; HMOX1, F: ACTCCCTGGAGATGACTCCC, R: TC 
TTGCACTTTGTTGCT GGC;SHMT2,F: GAGACCGAAGTGCCATC 
ACA,R: AATCCTGGAGCTTGGCA GTC;SLC7A11, F: TTTTCTGAGC 
GGCTACTGGG, R: CAGCTGGTAGAGGAG TGTGC;EIF2AK1,F: 
GGAACTCATCGCAGAGACCA, R: CCCCCATCCTTTCC GTCATC; 

EIF2AK2, F: GTGGACCTCTACGCTTTGGG, R: TGGGCTTTTCTT CCA 
CACAGT; EIF2AK3,F: TGGGACCAAGACCGTGAAAG, R: TCGTCACT 
ATCCCATTGGCG; EIF2AK4, F: ACATCGGGCAAACTCCTCAG, R: CC 
AGT GGCTGTTTCCAAAGC; GAPDH, F: GCCGTCTAGAAAAA 
CCTGCC, R: AAAG TGGTCGTTGAGGGCAA.

2.7 | Immunohistochemistry

Paraffin‐embedded tissue slides were obtained from the Pathology 
Department of Xiangya Hospital of Central South University and 
the use of the samples was approved by Human Ethic Committee 
of Xiangya Hospital. Immunohistochemistry was performed with 
antibodies against p‐EIF2S1 and EIF2A. Stained slides were as‐
sessed and quantified in a blinded manner by the qualified patholo‐
gists. Paired t test was used for calculating statistical significance.

F I G U R E  1   Integrated stress response (ISR) induction by paclitaxel, but not Adriamycin. A, MDA‐MB‐231 and BT‐549 were treated with 
paclitaxel (100 nmol/L) for indicated hours. Western blots performed with indicated antibodies. B, MDA‐MB‐231 cell line was incubated 
different concentrations of paclitaxel for 2 h. Cell lysates were immunoblotted with indicated antibodies. C, MDA‐MB‐231 cell line was 
incubated with 1 μmol/L Adriamycin for indicated hours or 100 nmol/L paclitaxel for 2 h. WB was performed with indicated antibodies. D, 
MDA‐MB‐231 and BT‐549 were incubated with 100 nmol/L paclitaxel for 4 hours. mRNA levels for ATF3, DDIT3 and PPP1R15A relative to 
GAPDH were measured by RT‐PCR
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2.8 | Xenograft model

All animal procedures were approved by the Animal Ethics 
Committee of Central South University. 3 × 106 MDA‐MB‐231 cells 
resuspended in 100 μL of Matrigel (Corning) were subcutaneously 
injected into 6‐week old nude mice. The mice were fed with doxycy‐
cline water (1000 mg/L) when the tumours reached a size of around 
60 mm3. Paclitaxel (20 mg/kg) was administered by intraperitoneal 
injection twice a week when the tumours were about 100 mm3. 
Tumours were measured every 3 days.

3  | RESULTS

3.1 | Paclitaxel‐induced ISR in breast cancer cells

Paclitaxel and Adriamycin are the main drugs used in breast can‐
cer neoadjuvant chemotherapy.24,25 To examine the effect of 
these drugs on ISR induction, we treated breast cancer cell lines 

MDA‐MB‐231 and BT‐549 with these drugs and detected the phos‐
phorylation of Ser51 residue on EIF2S1 and its downstream ATF4 
expression.1 Western blotting showed that these two hallmarks of 
ISR could be robustly induced following paclitaxel treatment within 
only 1 hour (Figure 1A). The ISR became severe with increase in the 
concentration of paclitaxel (Figure 1B). Meanwhile, the mRNA levels 
of ATF4 transcriptional targets, ATF3, DDIT3 and PPP1R15A,1 were 
also up‐regulated 4 hours after treatment (Figure 1D). However, no 
significant change in ISR was detected following Adriamycin treat‐
ment (Figure 1C). These results suggest that chemotherapeutics‐in‐
duced ISR can be a drug‐type‐dependent response.

3.2 | EIF2AK3 and EIF2AK4 contribute to 
paclitaxel‐mediated ISR

Next, we attempted to identify which kinases contribute to the pa‐
clitaxel‐induced ISR. siRNAs targeting all four kinases were used 
to inhibit ISR 1 hour after paclitaxel treatment.26 The screening 

F I G U R E  2   ISR induced by paclitaxel 
is mediated by EIF2AK3 and EIF2AK4. A, 
MDA‐MB‐231 and BT‐549 transfected 
with indicated siRNA were incubated 
with 100 nmol/L paclitaxel for 1 h. 
Cell lysates were immunoblotted with 
indicated antibodies. B, MDA‐MB‐231 
was transfected with indicated siRNA. 
The mRNA levels relative to GAPDH 
were measured by RT‐PCR. C, MDA‐
MB‐231 and BT‐549 transfected with 
indicated siRNA (siEIF2AKs indicate the 
mix of siEIF2AK3 and EIF2AK4) were 
incubated with 100 nmol/L paclitaxel for 
4 h. Western blot was performed with 
indicated antibodies. D, MDA‐MB‐231 
and BT‐549 transfected with indicated 
siRNA (siEIF2AKs indicate the mix of 
siEIF2AK3 and EIF2AK4) were incubated 
with 100 nM paclitaxel for 4 hours. RT‐
PCR was performed with indicated genes
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showed that both EIF2AK3 (PERK) and EIF2AK4 (GCN2) could ef‐
ficiently cause paclitaxel‐induced EIF2S1 phosphorylation, as well as 
downstream ATF4 expression in MDA‐MB‐231 and BT‐549 cell lines 
(Figure 2A,B). To further confirm this observation, we knocked down 
EIF2AKs (EIF2AK3 and EIF2AK4) and measured the ISR‐related 
markers. The phosphorylation of EIF2S1 and ATF4 expressions was 
almost completely abolished as well as for the mRNA levels of ATF3, 
DDIT3 and PPP1R15A when EIF2AK3 and EIF2AK4 were knocked 
down, in both MDA‐MB‐231 and BT‐549 cell lines (Figure 2C‐D). 
Therefore, the ISR in breast cancer cells after paclitaxel treatment 
may be induced by a co‐ordinated effect conferred by EIF2AK3 and 
EIF2AK4.

3.3 | Loss of ISR increased paclitaxel‐mediated 
cell death

To further validate the key role of EIF2S1 phosphorylation in ISR 
induced by paclitaxel, we established cell lines expressing either 

the wild‐type EIF2S1 or S51A mutated EIF2S by first knocking 
down endogenous EIF2S1 with shRNA targeting at the 3′ UTR 
of EIF2S1 mRNA and then exogenously re‐expressing wild‐type 
EIF2S1 or S51A mutated EIF2S1.27,28 As expected, ISR could not 
be induced in the cells expressing S51A mutant (Figure 3A‐B). To 
determine the role of ISR in cell fate, we treated WT and S51A 
cells with paclitaxel respectively. EIF2S1 S51A mutation de‐
creased cell viability compared to wild‐type EIF2S1. Moreover, 
EIF2AKs knockdown could not further influence cell viability 
when EIF2S1 was mutated, in comparison with the EIF2S1 WT 
cells, which showed an obvious decrease in viability when knock‐
ing down EIF2AKs (Figure 3C). Thus, the EIF2AKs‐EIF2S1 axis 
regulated the cell fate after paclitaxel treatment. Furthermore, 
Fluorescence‐activated cell sorting (FACS) analysis of breast 
cancer cells treated with paclitaxel also revealed that knock‐
down of EIF2AKs sensitized cells to paclitaxel‐induced apopto‐
sis, and these effects mainly through EIF2S1 phosphorylation 

F I G U R E  3   Induction of the ISR is 
critical for resistance to paclitaxel. A, 
Immunoblots of lysates from blank 
(without transfected) and EIF2S1 WT 
(shEIF2S1 + widetype EIF2S1) and 
EIF2S1 S51A (shEIF2S1 + S51A mutated 
EIF2S1). B, Indicated cells were incubated 
with 100 nmol/L paclitaxel for 4 hours 
and Western blots were performed. 
C, Indicated cells were incubated with 
100 nmol/L paclitaxel and 50 μmol/L 
Trolox for 48 h. Cell viability was 
performed by CCK‐8 assay. Percentage of 
cell survival is represented as mean ± SD 
from three independent experiments 
(n = 3, mean ± SD). **P < 0.01, Student's 
t test. D, Indicated cells stained with 
Annexin‐V and PI, and analysed by FACS. 
Bars indicate mean values ± SD of three 
experiments. **P < 0.01
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(Figure 3D). When the role of ATF4 in facilitating resistance to 
paclitaxel was further determined, it was found that knockdown 
of ATF4 expression by siRNAs in both cell lines resulted in lower 

viability and higher levels of apoptosis rate (Figure 4A‐C). These 
results substantiate the importance of ISR in maintaining cell 
survival under paclitaxel treatment.

F I G U R E  4   ATF4 confers resistance to paclitaxel. A, MDA‐MB‐231 and BT‐549 were transfected with indicated siRNA and incubated with 
100 nmol/L paclitaxel for 4 h. Western blots were performed with indicated antibodies. B, Indicated cells were incubated with 100 nmol/L 
paclitaxel for 48 h. Cell viability was measured by CCK‐8 assay. Percentage of cell survival is represented as mean ± SD from three 
independent experiments (n = 3, mean ± SD). **P < 0.01, Student's t test. C, Indicated cells stained with Annexin‐V and PI, and analysed by 
FACS. Bars indicate mean values ± SD of three experiments. **P < 0.01. D, Indicated cells were incubated with 100 nmol/L paclitaxel and 
50 μmol/L Trolox for 48 h. Cell viability was measured by CCK‐8 assay. Percentage of cell survival is represented as mean ± SD from three 
independent experiments (n = 3, mean ± SD). **P < 0.01, Student's t test. E, Indicated cells were incubated with 100 nmol/L paclitaxel and 
50 μmol/L Trolox for 48 h and stained with Annexin‐V and PI, and analysed by FACS. Bars indicate mean values ± SD of three experiments. 
**P < 0.01
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3.4 | ISR‐dependent redox homoeostasis protected 
cancer cell from paclitaxel‐mediated cell death

Previous studies showed that IRS and ATF4 were essential for 
stress‐induced autophagy.1,5,16,29 Many commonly used chemo‐
therapeutic drugs could activate autophagy, which suppressed the 
cytotoxic effects of the drugs in most cases.30 To investigate the 
role of autophagy in the efficacy of paclitaxel, we first analysed 
whether paclitaxel could induce an increase in autophagy. Western 
blotting showed that paclitaxel treatment had no substantial effect 
on processing of LC3BI to LC3BII, compared to glucose deprivation, 
in both MDA‐MB‐231 and BT‐549 cells (Figure 5A). Furthermore, au‐
tophagy inhibitor, spautin‐1, failed to further decrease cell viability 
after paclitaxel treatment (Figure 5B). These results largely ruled out 
the effect of the IRS‐related autophagy on paclitaxel‐mediated cell 
death in vitro.

Paclitaxel has been shown to have a bystander effect on can‐
cer cells mediated by ROS.31 To examine if redox homoeostasis is 
involved in protection of cancer cells from paclitaxel‐induced cell 
death, we first detected the ROS level through small‐molecule flu‐
orescent probe (DCF‐DA). Paclitaxel treatment increased the ROS 
levels in both MDA‐MB‐231 and BT‐549 (Figure 5C). Moreover, 
ATF4 participated in redox balance after paclitaxel treatment, as 
ROS levels further increased after ATF4 knockdown (Figure 5C). 
More importantly, ROS scavenger, Trolox, partially rescued the pacl‐
itaxel‐mediated cell death after ATF4 knockdown (Figure 4D‐E).

Next, we examined the role of ISR in redox homoeostasis fol‐
lowing paclitaxel treatment. EIF2S1 S51A cells had higher ROS level 
than EIF2S1 WT following paclitaxel treatment, indicating that 
EIF2AKs‐EIF2S1 axis participated in redox homoeostasis after pa‐
clitaxel treatment. In contrast to EIF2S1 WT cell lines, knockdown 
of EIF2AKs could not increase ROS levels in EIF2S1 S51A cell lines 
after paclitaxel treatment (Figure 5D). In the subsequent cell viability 
and cell apoptosis assays, Trolox partially rescued cell death from ISR 
loss (Figure 3C,D).

To further validate the above results, we analysed the expression 
levels of antioxidant genes, including HMOX1,9,32 SHMT215,33 and 
SLC7A11.34‐36 The transcript levels of these genes were markedly in‐
creased 16 hours after paclitaxel treatment and knockdown of ATF4 
down‐regulated their mRNA levels (Figure 5E). Importantly, loss of 
ISR also significantly reduced the transcription of antioxidant genes 
(Figure 5F).

Taking together, these results strongly suggest that ISR and ATF4 
expression leads to up‐regulation of antioxidant genes to deal with 
the increased oxidative stress and promote cancer cells survival 
after paclitaxel treatment.

3.5 | EIF2A is essential for paclitaxel sensitivity 
during paclitaxel‐mediated ISR

Recent studies emphasized the importance of EIF2A, the alternative 
initiation factor, on tumour initiation.23 EIF2A maintains expression 
of particular proteins when conventional translation was weakened 

22,37. Therefore, we wonder whether EIF2A‐mediated translation 
confers resistance to paclitaxel treatment during ISR. Knockdown of 
EIF2A impaired the expression of HSPA5, an EIF2A‐regulated chap‐
erone, after paclitaxel treatment (Figure 6A). This suggested EIF2A 
participated in translation control during paclitaxel‐related ISR. To 
test this effect on paclitaxel sensitivity, cell viability and apoptosis 
assays were performed. Cell viability was significantly decreased in 
EIF2A knockdown cells 48 hours after treatment (Figure 6B). Cell 
apoptosis rate and the level of cleaved caspase 3 were also in ac‐
cordance with viability assay (Figure 6A,C). Considering HSPA5 is 
an essential chaperone for unfold protein response,38 we knocked 
down HSPA5 and cell viability was shown to be decreased in both 
MDA‐MB‐231 and BT‐549 cell lines (Figure 6D,E).

To determine the role of EIF2A in regulation of paclitaxel‐ther‐
apeutic efficacy in vivo, we grafted MDA‐MB‐231 derivative with a 
doxycycline‐inducible shRNA targeting EIF2A in nude mice. In mice 
treated with doxycycline drinking water to knock down EIF2A, pacl‐
itaxel was shown to be more efficacious in inhibiting tumour growth 
than in the controls (Figure 7A‐C). Immunohistochemical staining 
showed that the tumours treated with doxycycline exhibited lower 
expression of EIF2A and stronger phosphorylated EIF2S1 than that 
in the controls (Figure 7D). In order to rule out the effect of doxy‐
cycline itself on tumour growth, the doxycycline‐inducible scramble 
shRNA group was set up. Although paclitaxel could still suppress tu‐
mour growth, scramble shRNA expression induced by doxycycline 
could not further reduce tumour size (Figure 7A‐C).

These data suggest that during the paclitaxel‐mediated ISR, 
EIF2A selectively increases translational efficiency of certain genes 
and confers paclitaxel resistance.

3.6 | ISR is induced in human breast cancer by 
paclitaxel treatment

Given our in vitro and in vivo observations on paclitaxel‐mediated 
ISR, we further validated this response in breast cancer patients. 
Through comparing the levels of EIF2S1 S51 phosphorylation in pre‐
paclitaxel treatment breast cancer tissues to post‐paclitaxel treat‐
ment tissues by immunochemistry analysis, we found a significant 
increase of phosphorylated EIF2S1 in breast cancer samples fol‐
lowing paclitaxel‐based neoadjuvant chemotherapy (Figure 7D‐E). 
In addition, analyses of publicly available data sets revealed that 
the mRNA levels of the ISR‐related antioxidant genes, HMOX1 and 
SHMT2, negatively correlated with relapse‐free survival of breast 
cancer patients. Notably, higher EIF2A mRNA levels correlated sig‐
nificantly with shorter relapse‐free survival (Figure 7F). Together, 
paclitaxel treatment could induce ISR to provide survival advantage 
for cancer in vivo.

4  | DISCUSSION

Resistance to chemotherapy is one of the major problems in can‐
cer therapy. Many mechanisms of resistance to ‘classical’ cytotoxic 
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chemotherapies have been revealed, such as alternating drug tar‐
gets, efflux of drugs and activating pro‐survival pathways.39 In this 
study, we explored the potential roles of ISR in mediating resistance 
to some chemotherapeutics for breast cancer cells. ISR is a conserva‐
tive mechanism to sustain homoeostasis when suffering from stress. 

Depending on cell types, stress duration and intensity, and many 
other factors, the cells exhibit different outcomes of ISR.1,6 Recent 
studies suggested that cancer cells experienced an impaired canoni‐
cal translation and directed translational machinery to EIF2A‐de‐
pendent translation when encountering various microenvironmental 
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stresses in tumourigenesis.23 Here, we show that paclitaxel induces 
ISR in breast cancer cells and patient samples. During the paclitaxel‐
mediated ISR, EIF2A is essential for paclitaxel sensitivity and loss 

of ISR increases paclitaxel‐mediated cell death. Thus, ISR may rep‐
resent a novel mechanism to protect breast cancer cells from pacli‐
taxel‐mediated cell death.

F I G U R E  5   Loss of ISR induces oxidative stress after paclitaxel treatment. A, MDA‐MB‐231 and BT‐549 were treated as indicated. 
Spautin‐1 (5 μmol/L) was used to inhibit autophagy. Western blot was performed with indicated antibodies. B, Indicated cells were 
incubated with 100 nmol/L paclitaxel and 5 μmol/L spautin‐1 for 48 h. Cell viability was measured by CCK‐8. Percentage of cell survival is 
represented as mean ± SD from three independent experiments (n = 3, mean ± SD). **P < 0.01, Student's t test. C and D, Left: Indicated cells 
were incubated with 100 nmol/L paclitaxel for 24 h. ROS was labelled by DCF‐DA (10 μmol/L), and analysed by FACS. Right: panels show 
mean fluorescence intensity that reflects relative ROS levels. E and F, mRNA levels for HMOX1, SHMT2, and SLC7A11 relative to GAPDH 
were measured by RT‐PCR in indicated cells transfected with indicated siRNA and incubated with paclitaxel (100 nmol/L) for 16 h. Data 
are represented as mean fold change compared with attached cultures for three independent experiments (n = 3, mean ± SD). **P < 0.01, 
Student's t test

F I G U R E  6   EIF2A promotes cell survival during paclitaxel treatment in vitro. A, Indicated cells were transfected with EIF2A siRNA, and 
followed by paclitaxel treatment. Cells were lysed at indicated time points for Western blot assays of EIF2A, HSPA5, p‐EIF2S1, EIF2S1 
and cleaved caspase 3. B and E, Indicated cells transfected with indicated siRNA were incubated with 100 nmol/L paclitaxel for 48 h. 
Cell viability was measured by CCK‐8 assay. Percentage of cell survival is represented as mean ± SD from 3 independent experiments 
(n = 3, mean ± SD). **P < 0.01, Student's t test. C, indicated cells stained with Annexin‐V and PI, and analysed by FACS. Bars indicate 
mean values ± SD of three experiments. **P < 0.01. D, MDA‐MB‐231 and BT‐549 transfected with indicated siRNA. Western blots were 
performed with indicated antibodies
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F I G U R E  7   EIF2A promotes cell survival during paclitaxel treatment in vivo. A, B and C, Size and weight of xenograft tumours formed 
by MDA‐MB‐231 derivatives including a doxycycline‐inducible shRNA targeting EIF2A and scramble shRNA. Each group was treated as 
indicated. Data are mean ± SEM **P < 0.01. D, Immunohistochemical analyses of the expression of EIF2A and p‐EIF2S1 in xenograft tumours 
as described above. E, Immunohistochemical analyses of patient samples for p‐EIF2S1 levels in patients. Top: paracentesis specimens before 
treatment. Bottom: surgical specimens after paclitaxel‐based neoadjuvant chemotherapy. F, Immunohistochemical analysis was graded on 
a scale of 1‐3 according to staining intensity. Specimens form 30 patients participated in the statistic. Paired t test was used for calculating 
statistical significance. G, Probability of relapse‐free survival in 3955 breast cancer patients stratified on low (black) versus high (red) 
expression levels of indicated genes was obtained from Kaplan‐Meier Plotter/breast cancer (http://www.kmplot.com)

http://www.kmplot.com
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Upon paclitaxel treatment, we identified EIF2AK3 and EIF2AK4 
as the main kinases in regulating EIF2S1 phosphorylation, leading 
to IRS. However, this is not the case for Adriamycin, in which the 
treatment did not cause phosphorylation of EIF2S1. Microtubules 
are involved in regulating endoplasmic reticulum (ER) morphol‐
ogy and trafficking. Maintenance of ER homoeostasis tightly re‐
lies on the microtubule cytoskeleton.40,41 Moreover, Brefeldin‐A, 
an inhibitor of ER‐to‐Golgi trafficking, could similarly induce ER 
stress.42 This reasonably explains why the microtubule stabilizer 
paclitaxel, but not Adriamycin, can cause ER stress‐induced ISR. 
In addition, EIF2AK4, a well‐known amino acid sensor, was found 
here to participate in the paclitaxel‐induced ISR. A recent study 
brought a hint that paclitaxel could induce degradation of gluta‐
mine carrier proteins and reduce glutamine uptake after long‐term 
administration of paclitaxel.43 Our study found that EIF2AK4 ac‐
tivated ISR within only 1 hour after paclitaxel treatment, which 
indicates that there may exist a more direct mechanism to achieve 
the level of ISR in the treated breast cancer cells.

In the course of cancer treatment. Cancer cells are frequently 
subject to heavily attack from ROS. ATF4 acts as a master transcrip‐
tion factor, which up‐regulates the genes responsible for metabolic 
reprograming, contributes to overwhelm aberrant oxidative stress in 
cancer.15,44 GSH, as a powerful antioxidant and antidote, is transcrip‐
tionally regulated by ATF4 and also plays a role in resistance to many 
chemotherapeutics. High mRNA levels of the genes related to GSH 
synthesis have been shown to be associated with unfavourable clin‐
ical outcome in patients.45 Interestingly, paclitaxel has been shown 
to have a bystander effect mediated by ROS, which was released 
through enhancing the activity of NADPH oxidase associated with 
plasma membranes.31 In neuronal models, the microtubule network 
was related to oxidative stress through direct structural changes and 
protein‐protein interactions.46

Collectively, our data reveal an important role of ISR in resis‐
tance mechanisms for the drugs that affect microtubules, such as 
paclitaxel, suggesting that ISR is an important target in the treat‐
ment of cancers by pharmacological modulation. Our findings 
may also have important clinical implications and give a clue that 
EIF2A‐mediated translation during ISR may be a potential thera‐
peutic target.

ACKNOWLEDG EMENTS

This work was supported by Natural Science Foundation of 
China (81530084), the Key Research and Development Program 
of Hunan Province, China (20218SK2123) and the Strategy‐
Oriented Special Project of Central South University in China 
(ZLXD2017003).

CONFLIC T OF INTERE S T

We declare that we do not have any commercial or associative in‐
terests that represent a conflict of interest in connection with the 
work submitted.

AUTHOR CONTRIBUTIONS

All authors participated in designing the concept of this manuscript. 
LC acquired the data and drafted the article. All authors finalized the 
paper and provided suggestions to improve it.

ORCID

Lin Chen  https://orcid.org/0000‐0001‐7475‐0590 

Nianhua Ding  https://orcid.org/0000‐0002‐6203‐8464 

R E FE R E N C E S

 1. Pakos‐Zebrucka K, Koryga I, Mnich K, Ljujic M, Samali A, Gorman 
AM. The integrated stress response. EMBO Rep. 2016;17:1374‐1395.

 2. Lu L, Han AP, Chen JJ. Translation initiation control by heme‐reg‐
ulated eukaryotic initiation factor 2alpha kinase in erythroid cells 
under cytoplasmic stresses. Mol Cell Biol. 2001;21:7971‐7980.

 3. Meurs E, Chong K, Galabru J, et al. Molecular cloning and charac‐
terization of the human double‐stranded RNA‐activated protein 
kinase induced by interferon. Cell. 1990;62:379‐390.

 4. Walter P, Ron D. The unfolded protein response: from stress path‐
way to homeostatic regulation. Science. 2011;334:1081‐1086.

 5. Ravindran R, Loebbermann J, Nakaya HI, et al. The amino acid sen‐
sor GCN2 controls gut inflammation by inhibiting inflammasome 
activation. Nature. 2016;531:523‐527.

 6. Wang M, Kaufman RJ. The impact of the endoplasmic reticulum 
protein‐folding environment on cancer development. Nat Rev 
Cancer. 2014;14:581‐597.

 7. Shuda M, Kondoh N, Imazeki N, et al. Activation of the ATF6, XBP1 
and grp78 genes in human hepatocellular carcinoma: a possible 
involvement of the ER stress pathway in hepatocarcinogenesis. J 
Hepatol. 2003;38:605‐614.

 8. Feng YX, Sokol ES, Del Vecchio CA, et al. Epithelial‐to‐mesenchy‐
mal transition activates PERK‐eIF2alpha and sensitizes cells to en‐
doplasmic reticulum stress. Cancer Discov. 2014;4:702‐715.

 9. Dey S, Sayers CM, Verginadis II, et al. ATF4‐dependent induction of 
heme oxygenase 1 prevents anoikis and promotes metastasis. J Clin 
Investig. 2015;125:2592‐2608.

 10. Chevet E, Hetz C, Samali A. Endoplasmic reticulum stress‐activated 
cell reprogramming in oncogenesis. Cancer Discov. 2015;5:586‐597.

 11. Nagy P, Varga A, Pircs K, Hegedus K, Juhasz G. Myc‐driven over‐
growth requires unfolded protein response‐mediated induction of 
autophagy and antioxidant responses in Drosophila melanogaster. 
PLoS Genet. 2013;9:e1003664.

 12. Hart LS, Cunningham JT, Datta T, et al. ER stress‐mediated autoph‐
agy promotes Myc‐dependent transformation and tumor growth. J 
Clin Investig. 2012;122:4621‐4634.

 13. Spriggs KA, Bushell M, Willis AE. Translational regulation of gene ex‐
pression during conditions of cell stress. Mol Cell. 2010;40:228‐237.

 14. Harding HP, Zhang Y, Zeng H, et al. An integrated stress response 
regulates amino acid metabolism and resistance to oxidative stress. 
Mol Cell. 2003;11:619‐633.

 15. DeNicola GM, Chen PH, Mullarky E, et al. NRF2 regulates serine 
biosynthesis in non‐small cell lung cancer. Nat Genet. 2015;47: 
1475‐1481.

 16. B'Chir W, Maurin AC, Carraro V, et al. The eIF2alpha/ATF4 pathway 
is essential for stress‐induced autophagy gene expression. Nucleic 
Acids Res. 2013;41:7683‐7699.

 17. Ye J, Kumanova M, Hart LS, et al. The GCN2‐ATF4 pathway is criti‐
cal for tumour cell survival and proliferation in response to nutrient 
deprivation. EMBO J. 2010;29:2082‐2096.

https://orcid.org/0000-0001-7475-0590
https://orcid.org/0000-0001-7475-0590
https://orcid.org/0000-0002-6203-8464
https://orcid.org/0000-0002-6203-8464


     |  6071CHEN Et al.

 18. Milani M, Rzymski T, Mellor HR, et al. The role of ATF4 stabiliza‐
tion and autophagy in resistance of breast cancer cells treated with 
Bortezomib. Can Res. 2009;69:4415‐4423.

 19. Tanabe M, Izumi H, Ise T, et al. Activating transcription factor 4 in‐
creases the cisplatin resistance of human cancer cell lines. Can Res. 
2003;63:8592‐8595.

 20. Rzymski T, Milani M, Singleton DC, Harris AL. Role of ATF4 in regu‐
lation of autophagy and resistance to drugs and hypoxia. Cell Cycle. 
2009;8:3838‐3847.

 21. Kearse MG, Wilusz JE. Non‐AUG translation: a new start for protein 
synthesis in eukaryotes. Genes Dev. 2017;31:1717‐1731.

 22. Sulima SO, Hofman I, De Keersmaecker K, Dinman JD. How ribo‐
somes translate cancer. Cancer Discov. 2017;7:1069‐1087.

 23. Sendoel A, Dunn JG, Rodriguez EH, et al. Translation from un‐
conventional 5' start sites drives tumour initiation. Nature. 
2017;541:494‐499.

 24. Mamounas EP, Bryant J, Lembersky B, et al. Paclitaxel after doxo‐
rubicin plus cyclophosphamide as adjuvant chemotherapy for 
node‐positive breast cancer: results from NSABP B‐28. J Clin Oncol. 
2005;23:3686‐3696.

 25. Martín M, Seguí MA, Antón A, et al. Adjuvant docetaxel for high‐risk, 
node‐negative breast cancer. N Engl J Med. 2010;363:2200‐2210.

 26. Donnelly N, Gorman AM, Gupta S, Samali A. The eIF2alpha kinases: 
their structures and functions. Cell Mol Life Sci. 2013;70:3493‐3511.

 27. Ben‐Sahra I, Hoxhaj G, Ricoult S, Asara JM, Manning BD. mTORC1 
induces purine synthesis through control of the mitochondrial tet‐
rahydrofolate cycle. Science. 2016;351:728‐733.

 28. Scheuner D, Song B, McEwen E, et al. Translational control is re‐
quired for the unfolded protein response and in vivo glucose ho‐
meostasis. Mol Cell. 2001;7:1165‐1176.

 29. Martina JA, Diab HI, Brady OA, Puertollano R. TFEB and TFE3 
are novel components of the integrated stress response. EMBO J. 
2016;35:479‐495.

 30. White E. Deconvoluting the context‐dependent role for autophagy 
in cancer. Nat Rev Cancer. 2012;12:401‐410.

 31. Alexandre J, Hu Y, Lu W, Pelicano H, Huang P. Novel action of pa‐
clitaxel against cancer cells: bystander effect mediated by reactive 
oxygen species. Can Res. 2007;67:3512‐3517.

 32. He CH, Gong P, Hu B, et al. Identification of activating transcrip‐
tion factor 4 (ATF4) as an Nrf2‐interacting protein. Implication 
for heme oxygenase‐1 gene regulation. J Biol Chem. 2001;276: 
20858‐20865.

 33. Ye J, Fan J, Venneti S, et al. Serine catabolism regulates mitochon‐
drial redox control during hypoxia. Cancer Discov. 2014;4:1406‐1417.

 34. Huang Y, Dai Z, Barbacioru C, Sadee W. Cystine‐glutamate trans‐
porter SLC7A11 in cancer chemosensitivity and chemoresistance. 
Can Res. 2005;65:7446‐7454.

 35. Ishimoto T, Nagano O, Yae T, et al. CD44 variant regulates redox 
status in cancer cells by stabilizing the xCT subunit of system xc(‐) 
and thereby promotes tumor growth. Cancer Cell. 2011;19:387‐400.

 36. Sato H, Nomura S, Maebara K, Sato K, Tamba M, Bannai S. 
Transcriptional control of cystine/glutamate transporter gene by amino 
acid deprivation. Biochem Biophys Res Comm. 2004;325:109‐116.

 37. Starck SR, Tsai JC, Chen K, et al. Translation from the 5' untrans‐
lated region shapes the integrated stress response. Science. 
2016;351:aad3867.

 38. Lee AS. The ER chaperone and signaling regulator GRP78/
BiP as a monitor of endoplasmic reticulum stress. Methods. 
2005;35:373‐381.

 39. Holohan C, Van Schaeybroeck S, Longley DB, Johnston PG. 
Cancer drug resistance: an evolving paradigm. Nat Rev Cancer. 
2013;13:714‐726.

 40. Fletcher DA, Mullins RD. Cell mechanics and the cytoskeleton. 
Nature. 2010;463:485‐492.

 41. Goyal U, Blackstone C. Untangling the web: mechanisms underlying 
ER network formation. Biochem Biophys Acta. 2013;1833:2492‐2498.

 42. Rao RV, Hermel E, Castro‐Obregon S, et al. Coupling endoplasmic 
reticulum stress to the cell death program. Mechanism of caspase 
activation. J Biol Chem. 2001;276:33869‐33874.

 43. Jeon YJ, Khelifa S, Ratnikov B, et al. Regulation of glutamine carrier 
proteins by RNF5 determines breast cancer response to ER stress‐
inducing chemotherapies. Cancer Cell. 2015;27:354‐369.

 44. Lewerenz J, Maher P. Basal levels of eIF2alpha phosphorylation 
determine cellular antioxidant status by regulating ATF4 and xCT 
expression. J Biol Chem. 2009;284:1106‐1115.

 45. Tew KD. Glutathione‐associated enzymes in anticancer drug resis‐
tance. Can Res. 2016;76:7‐9.

 46. Stamer K, Vogel R, Thies E, Mandelkow E, Mandelkow EM. Tau 
blocks traffic of organelles, neurofilaments, and APP vesicles in neu‐
rons and enhances oxidative stress. J Cell Biol. 2002;156:1051‐1063.

How to cite this article: Chen L, He J, Zhou J, et al. EIF2A 
promotes cell survival during paclitaxel treatment in vitro and 
in vivo. J Cell Mol Med. 2019;23:6060–6071. https ://doi.
org/10.1111/jcmm.14469 

https://doi.org/10.1111/jcmm.14469
https://doi.org/10.1111/jcmm.14469

