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Abstract: 5-Fluorouracil (5-FU) is an effective anticancer drug. However, high drug resistance limits its chemothera-
peutic efficacy. Cancer cell resistance in colon cancer to 5-FU has been attributed to endoplasmic reticulum (ER)
stress. But little is known about any similar role in resistance of breast cancer (BC). Here, we aim to investigate the
role of ER stress played in BC cell resistance to 5-FU and to describe relevant molecular mechanisms. The expres-
sion patterns of 78-kDa glucose-regulated protein (GRP78), octamer 4 (OCT4), long non-coding RNA (IncRNA) myo-
cardial infarction associated transcript (MIAT), and Protein kinase B (AKT) in BC MCF-7 cells resistant to 5-FU were
determined by Western blot assay. Next, gain- and loss of-function experiments were conducted to verify effects of
GRP78, OCT4, MIAT, and AKT on the to 5-FU sensitivity of MCF-7 cells and 5-FU resistant MCF cells (MCF-7/5-FU).
Besides, the in vivo roles of the GRP78/0CT4/IncRNA MIAT/AKT pathway were assessed in tumor-bearing nude
mice. 5-FU induced ER stress increased the expression of GRP78 in MCF-7 cells. GRP78 could positively regulate
the expression of MIAT and AKT through upregulating OCT4, thereby contributing to 5-FU resistance in BC cells. Ad-
ditionally, the function of GRP78 silencing in promoting tumor cell sensitivity was confirmed in vivo. These data sup-
ported an important role of the ER stress-mediated GRP78/0CT4/IncRNA MIAT/AKT pathway in BC cell resistance
to 5-FU, highlighting potential molecular targets for combating 5-FU resistance in BC.

Keywords: Breast cancer, 5-fluorouracil, 78-kDa glucose-regulated protein, octamer 4, protein kinase B, long non-
coding RNA myocardial infarction associated transcript

Introduction

Breast cancer (BC) is the most prevalent malig-
nancy and the leading cause of cancer-related
death in women [1], characterized by the pres-
ence of cancer cells with stem cell-like charac-
teristics and tumor initiation potential [2]. 5-flu-
orouracil (5-FU) is an antimetabolite designed
to achieve chemotherapeutic effects by inhibit-
ing thymidine synthase [3], and is currently one
of the most common chemotherapeutic agents
applied in treatment of several cancers includ-
ing gastric cancer [4], colon cancer [5] and BC
[6]. It is well established that drug resistance is
the major barrier to the efficacy of chemothera-
py in cancer patients [7]. Despite recent prog-
ress, biological mechanisms underlying drug
resistance remain incompletely understood [8].
An understanding of the mechanism of 5-FU

resistance is necessary for the advancement of
BC treatment.

It has been reported that stress-induced cell
defense mechanisms play a crucial role in
mediating tumor resistance, and targeting
stress-related signals comprise a novel strate-
gy to improve chemosensitivity [9]. In particular,
endoplasmic reticulum (ER) stress is increas-
ingly linked to drug resistance in human can-
cers, especially in BC [10-12]. Thus, the investi-
gations into specific mechanisms of ER stress
might help in developing treatments that miti-
gate 5-FU resistance in BC. Glucose regulatory
protein (GRP78), is known to regulate ER stress
[13], and its high expression is correlated to
chemoresistance [14]. Findings from a recent
study suggest that GRP78 mediates the sensi-
tivity of human colon cancer cells to 5-FU via ER
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stress induction [15]. Therefore, GRP78 may
also be involved in the control sensitivity of BC
cells to 5-FU. Besides, GRP78 is reported to
affect chemo-radioresistance via regulating
octamer 4 (OCT4) in head-neck cancer [16].
OCT4, a transcription factor of embryonic stem
cells, has been associated with tamoxifen
resistance in BC [17]. OCT4 can potentiate the
activation of Protein kinase B (AKT) and exert
functions over chromatin plasticity and pluripo-
tency [18]. Recently, the AKT signaling pathway
has been revealed as a critical pathway mediat-
ing drug resistance in many cancers such as
hepatocellular carcinoma [19], lung adenocar-
cinoma [20] and BC [21]. It has been shown
that OCT4 can regulate the expression of long
non-coding RNA (IncRNA) ‘myocardial infarction
associated transcript’ (MIAT) [22], which was
found to regulate AKT and thereby mediate
drug resistance in lung cancer [23].

Based on such existing evidence, we hypothe-
sized that 5-FU could potentially induce ER
stress and activate the GRP78/0CT4/IncRNA
MIAT/AKT pathway, by which the chemoresis-
tance of BC cells to 5-FU is affected. Our study
thus aims to testify this hypothesis in an
attempt to improve the understanding of che-
moresistance-associated molecular mecha-
nisms and suggest new therapeutic targets for
reversing drug resistance in BC.

Materials and methods
Ethics statement

The study was conducted after approval by the
Ethics Committee of Renmin Hospital of Wuhan
University. All participants or their guardians
provided signed informed consent. The experi-
ments involving animals were performed in
compliance with the recommendations in the
Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health.

Study subjects

BC tissues and adjacent normal tissues were
collected from 56 BC patients who received
surgical treatment at Renmin Hospital of
Wuhan University from February 2017 to May
2018. All patients had received 5-FU for a long
period prior to the surgery, with evidence of
drug resistance. All of these patients were diag-
nosed with BC based on the American Joint
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Committee on Cancer criteria for BC. The har-
vested tissues were immediately stored in lig-
uid nitrogen.

Immunohistochemistry

Tissue sections were dewaxed and dehydrated
in ascending series of alcohol. The sections
were heat-pretreated in citrate buffer for 1.5
min, and then cooled down at room tempera-
ture. After phosphate buffered saline (PBS)
washes, each section was incubated with 50
uL 3% H,0, for 20 min at room temperature to
eliminate endogenous peroxidase activity. The
sections were incubated with the primary rab-
bit antibodies against GRP78 (ab108615),
0CT4 (ab109183, 1:1000) and AKT (ab179463,
1:1000) all from Abcam (Cambridge, UK) over-
night at 4°C. After PBS washes, the sections
were incubated at 37°C for 20 min with addi-
tion of 50 pL polymer enhancer and 50 uL
enzyme-labeled rabbit anti-polymer for 30 min
at 37°C. Thereafter, the sections were devel-
oped with 2 drops or 100 uL diaminobenzidine
and observed under a microscope for 3-10 min.
Brown cells were considered as positive cells.
After being rinsed with distilled water, the sec-
tions were counterstained with hematoxylin,
dehydrated with gradient alcohol (75%, 95%
and 100% ethanol), and sealed with neutral
gum, and observed under the microscope.

Cells positive for GRP78, OCT4, and AKT were
defined as the presence of brown-yellow fine
particles in the tumor cells. The percentage of
positive cells was scored as follows: less than
10% was scored as O point (negative), 11% to
51% was scored as 2 points, 51% to 81% was
scored as 3 points; and more than 81% was
scored as 4 points. The staining intensity was
scored as follows: 1 point referred to weak
staining, 2 points referred to medium intensity
and 3 points indicated high intensity staining.
The proportion of positive cells less than 10%
was regarded as negative (-) regardless of their
staining intensity. Based on these two scores,
3 points was weak positive (+), 4-5 points was
positive (+), and 6-7 points was strong positive
(+++).

Cell culture
The 293T cell line was obtained from the Cell

Bank of the Chinese Academy of Sciences
(Shanghai, China). MDA-MB-468 and MCF-7
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cell lines were purchased from the American
Type Culture Collection (Manassas, VA, USA).
293T, MDA-MB-468, and MCF-7 cell lines were
maintained in Dulbecco’s modified Eagle’s
medium (DMEM; 3100022, Gibco, Grand Is-
land, NY, USA). A total of 5 mL of the culture
medium was pipetted into a 15 mL sterile cen-
trifuge tube, and placed in a water-bath at
37°C. Cells were removed from the liquid nitro-
gen and thawed in a 37°C water bath, placed in
a 15 mL centrifuge tube, and centrifuged at
800 r/min for 5 min. The supernatant was
removed and cells were resuspended in 1 mL
of culture medium. The cell suspension was
transferred into a 6 cm culture dish containing
2 mL culture medium, followed by incubation at
37°C with 5% CO,. Cell growth was observed
the next day. The culture medium was renewed
every 1-2 days.

Culture of 5-FU-resistant BC cell line

After normal passage of cells, 5-FU was added
to the culture medium at incremental concen-
trations of 10 to 150 ng/mL, each 10 ng/mL. If
the cells did not require passage, the medium
was replaced with fresh medium containing the
same concentration of 5-FU every 2 days. The
cells were passaged for at least 3 times with
each concentration of 5-FU. The cells were cul-
tured continuously for 8 months and passaged
a total of 50 times.

Cell counting kit-8 (CCK8) assay

CCK8 assay was utilized to quantify cell viabili-
ty. 5-FU-resistant cells and parental cells in
logarithmic growth phase were seeded at
1x10* cells per well in a 96-well plate and cul-
tured with 100 pL medium per well. After 24 h,
the cells were cultured with medium containing
different concentrations of 5-FU (100 pL/well).
Three parallel wells were set up for each con-
centration. A total of 100 yL medium was used
as control. After 48 h, 10 yL CCK8 solution
(CO038, Beyotime, Shanghai, China) was added
to each well. After 2 h of further incubation, the
supernatant was removed. The optical den-
sity (OD) at 450 nm was quantified using an
enzyme-linked immunosorbent assay (ELISA)
plate reader.

Cell transfection

Puromycin-resistant Amp* pLKO.1 vector ex-
pressing siRNA against GRP78, IncRNA MIAT, or
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OCT4 (si-GRP78, si-MIAT or si-OCT4), and G418-
resistant pBABE vector overexpressing GRP78,
IncRNA MIAT, or OCT4 (oe-GRP78, oe-MIAT
or 0e-0OCT4) as well as packaging plasmids
pVSVG, pREV, and pMDL were purchased from
Cyagen Biosciences Inc. (Sunnyvale, CA). After
the above-mentioned plasmids were transfect-
ed into DH5a competent cells, the correspond-
ing plasmids were extracted using a plasmid
extraction kit (DP103-03; TIANGEN Co., Ltd,
Beijing, China). The extracted plasmids were
transfected into 293T cells with Turbofect
transfection reagent (R0O531, Thermo Fisher
Scientific, Waltham, MA, USA). After 12 h, the
culture medium was renewed. The culture
medium was collected at 24" h and 48™ h sep-
arately and the virus was filtered and collected
using a 0.45 pm filter. The BC cell line was
infected with lentiviruses. Stable knockdown or
overexpression cell lines were screened with
puromycin (2 pg/mL) and G418 (500 ug/mL).

Colony formation assay

Cells in the logarithmic growth phase were
seeded at 2x102 cells per well in a 6-well plate
fora 10-d incubation. All samples were assayed
in triplicates. The formation of cell clones was
observed under an inverted microscope. Cells
were washed, fixed with 1 mL formaldehyde for
10 min, and stained with 1 mL 0.1% crystal vio-
let for 10 min. The remaining crystal violet was
washed out with double distilled water. The
cells were then air-dried and photographed.
Stained cells were counted and a curve was
plotted.

Reverse transcription quantitative polymerase
chain reaction (RT-gPCR)

Total RNA from tissues and cells was extracted
using TRIzol reagent (Beijing Solarbio Science
and Technology Co., Ltd., Beijing, China). The
synthesis of primers was conducted by Takara
(Dalian, Liaoning, China) (Table 1). Reverse
transcription was performed according to the
instructions of reverse transcription kit (K1622,
Beijing Yaanda Biotechnology Co., Ltd) to gen-
erate cDNA. Real-Time fluorescence-based
quantitative PCR assay was developed using a
PCR instrument (ViiA 7, Daan Gene Co., Ltd.,
of Sun Yat-sen University, Guangzhou, China).
The relative expression of target genes was
measured by the 222¢t method and normalized
to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA levels.
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Table 1. Primer sequences for RT-gPCR

Gene Primer sequence (5’-3’)

LncRNA MIAT

Forward: 5-AGAGAGGACATGAGGACCCC-3’

Reverse: 5’-CCTACCTCACAGGGCTGTTG-3’
GAPDH Forward: 5’-CGACTTCAACAGCAACTCCCACTCTTCC-3’
Reverse: 5-TGGGTGGTCCAGGGTTTCTTACTCCTT-3’

Note: RT-gPCR, reverse transcription quantitative polymerase chain reaction; INcCRNA, long non-coding RNA; MIAT, myocardial
infarction associated transcript; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

Western blot analysis

Total protein was extracted from cells using
lysis buffer containing phenylmethylsulfonyl
fluoride and phosphatase inhibitors. The pro-
tein concentration was detected using a bicin-
choninic acid protein assay kit. Totally 50 pg
isolated protein was separated by 10% sodium
dodecyl sulfate-polyacrylamide gel electro-
phoresis and transferred to a polyvinylidene
fluoride (PVDF) membrane (Merck Millipore,
Billerica, MA, USA), and then blocked with 5%
skimmed milk for 2 h. The PVDF membrane
was probed with diluted primary rabbit anti-
bodies to GRP78 (ab108615, 1:1000), OCT4
(@ab109183, 1:1000), AKT (ab179463), phos-
phorylated (p)-PERK (ab192591), p-IRE-1
(ab48187), ATF6 (ab203119) and mouse anti-
body to B-actin (@b8226) (Abcam, Cambridge,
UK), overnight at 4°C. After incubation of the
membranes with the secondary antibody,
horseradish peroxidase-conjugated goat anti-
rabbit or anti-mouse immunoglobulin G (IgG)
(TransGen Biotech, Beijing, China), for 1 h
at room temperature, bands were detected
using enhanced chemiluminescence (BB-3501,
Amersham-Pharmacia Biotech, Freiburg, Ger-
many). Images were captured using an image
analysis system (Bio-Rad, Hercules, CA, USA),
and then subjected to gray scale analysis using
Quantity One v4.6.2 Software. The relative gray
scale ratio of the target proteins to B-actin was
calculated.

Tumor xenografts in nude mice

Thirty male BALB/c mice (aged 6 weeks, weigh-
ting about 18-22 g) were purchased from
Shanghai Lingchang Company (SLAC, Shanghai,
China) and maintained for 7 days in a specific
pathogen free (SPF) environment with free
access to aseptic feed and water undera 12 h
light/dark cycle. The cells were stably transfect-
ed with si-NC, si-GRP78, or co-transfected with
si-GRP78 and oe-NC or co-transfected with si-
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GRP78 and oe-MIAT. Cell suspensions were
prepared at a density of 5x10° cells/mL. Mice
were inoculated subcutaneously with 0.2 mL of
the cell suspension via left armpit. After inocu-
lation, all nude mice were kept in a laminar flow
hood in the SPF animal room.

Tumor growth was observed every 3 days after
inoculation, and the data were recorded. Six
days later, a total of 100 uyL 5-FU (30 mg/kg)
dissolved in PBS or an equal volume of PBS
was intraperitoneally injected into the nude
mice every 3 days. The short diameter (a) and
long diameter (b) of the tumor were recorded
using a Vernier caliper. The tumor volume was
calculated based on the formula: tumor volume
=m(a’b)/6.

Statistical analysis

The data were processed using SPSS 21.0 sta-
tistical software (IBM SPSS Statistics, Chicago,
IL, USA). Measurement data were expressed as
mean * standard deviation. Unpaired data with
normal distribution and homogeneity between
two groups were compared using unpaired
t-test. Comparisons among multiple groups
were conducted by one-way analysis of vari-
ance (ANOVA) with Tukey's post hoc test.
Temporal measurements within each group
were compared using repeated measures
ANOVA, followed by a Bonferroni’s post-hoc test
for multiple comparisons. Pearson’s correlation
coefficient was used to assess the relationship
between two indices. A value of P<0.05 indi-
cated significant difference.

Results

5-FU induces ER stress in BC cells and en-
hances drug resistance

The efficacy of 5-FU, a chemotherapy drug for

BC, is limited by drug resistance that may
develop after long-term treatment and 5-FU
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treatment may induce ER stress in tumor cells,
thereby reducing drug sensitivity [15]. In order
to explore the mechanisms of 5-FU resistance
in BC, the effect of 5-FU on ER stress in the BC
cell line MCF-7 was investigated. The expres-
sion of ER stress marker protein GRP78 after
treatment with 10 pyg/mL 5-FU was measured
by Western blot analysis. The results showed
that GRP7 was increased after 5-FU treatment
and peaked at the 24" h (P<0.05; Figure 1A),
indicating increased ER stress. At the same
time, the expression of ER stress protein in BC
cells MDA-MB-468 and MCF-7 was determined
by Western blot analysis. The results showed
that the expression of GRP78 and ATF6 as well
as the extents of PERK and IRE-1 phosphoryla-
tion was significantly increased in both MDA-
MB-468 and MCF-7 cells after 5-FU treatment
(Figure 1B). To investigate the effects of upreg-
ulation of GRP78, the sensitivity of MCF-7 to
5-FU after knock-down or overexpression of
GRP78 was examined by CCK8 assay. The
results showed that the knockdown of GRP78
elevated the sensitivity of MCF-7 to 5-FU
(P<0.05), while the overexpression of GRP78
decreased the sensitivity of MCF-7 to 5-FU
(P<0.05; Figure 1C-E). The 5-FU-resistant cell
line MCF-7/5-FU was constructed, in order to
further explore the relationship between GRP78
and 5-FU resistance in BC. CCK8 assay demon-
strated that the sensitivity of MCF-7/5-FU cells
to 5-FU was significantly lower than that of
MCF-7 cells to 5-FU (Figure 1F). The expression
of GRP78 between MCF-7/5-FU and MCF-7
cells was determined by Western blot analysis.
The expression of GRP78 in MCF-7/5-FU cells
was found to be higher than that in MCF-7 cells
(P<0.05; Figure 1G). Together these results
demonstrated that 5-FU induced ER stress in
BC cells and increased the expression of
GRP78.

GRP78 increases resistance of BC cells to
5-FU by increasing the expression of OCT4

As one of the stem cell markers, OCT4 often
induces an increase in cell stemness and can
lead to cell resistance [17]. It has been report-
ed that GRP78 increases the expression of
OCT4 [16]. Thus, we speculated that GRP78
might promote the resistance of BC cells to
5-FU via regulating OCT4. The expression of
OCT4 in BC tissues and adjacent normal tis-
sues (n=56) was detected by immunohisto-
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chemistry. The results suggested that OCT4
was expressed at a higher level in BC tissues
than in the adjacent normal tissues (P<0.05;
Figure 2A). We further compared the expres-
sion levels of OCT4 between MCF-7/5-FU and
MCF-7 cells. As measured by Western blot anal-
ysis, OCT4 expression levels were higher in
MCF-7/5-FU cells than in MCF-7 cells (P<0.05;
Figure 2B). Once BC cells were treated with
5-FU for 24 h, the expression levels of OCT4
were measured and Western blot analysis
showed OCT4 levels were elevated after 5-FU
treatment (Figure 2C). After the knockdown of
GRP78 in MCF-7/5-FU cells, Western blot analy-
sis showed OCT4 protein expression was down-
regulated (P<0.05; Figure 2D), suggesting OCT4
was positively regulated by GRP78. To investi-
gate whether GRP78 promoted 5-FU resistance
in BC through OCT4, MCF-7 cells were co-trans-
fected with si-OCT4 and oe-GRP78. CCK8 and
colony formation assays were carried out to
examine the sensitivity of the transfected cells
to 5-FU. The results showed that overexpres-
sion of GRP78 increased resistance of cells to
5-FU (Figure 2E, 2F) and colony formation abil-
ity (P<0.05; Figure 2G), which were reduced
upon knockdown of OCT4. These results sug-
gested OCT4 knockdown inhibited the GRP78-
induced resistance to 5-FU. At the same time,
MCF-7/5-FU cells were co-transfected with si-
GRP78 and oe-OCT4. It was demonstrated that
knockdown of GRP78 suppressed the resis-
tance of cells to 5-FU (Figure 2H) and reduced
colony formation rate (P<0.05; Figure 2I), but
those were rescued by overexpression of
OCT4. Thus, the results suggested overexpres-
sion of OCT4 restrained the increase in sensi-
tivity of MCF-7/5-FU cells induced by GRP78
knockdown.

GRP78 upregulates AKT to enhance the drug
resistance of BC cells through the recruitment
of OCT4

AKT has been found to elevate the resistance
of tumor cells to chemotherapy. Moreover,
OCT4 has been reported to increase the expres-
sion of AKT [18]. Next, whether GRP78 could
regulate AKT and OCT4 to affect the resistance
of BC cells to 5-FU was explored. The expres-
sion levels of AKT in BC tissues and adjacent
normal tissues were detected by immunohisto-
chemistry. The results demonstrated that AKT
was highly expressed in BC tissues (P<0.05;
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Figure 1. 5-FU contributes to induced ER stress and enhanced drug resistance in BC cells. A. The GRP78 expression induced by 5-FU treatment in MCF-7 cells
measured by Western blot analysis. B. The expression of ER stress-related proteins in MCF-7 and MDA-MB-468 cells after treatment with 5-FU for 24 h determined
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by Western blot analysis. C. The transfection efficiency of si-GRP78-1 and si-GRP78-2 in 5-FU-treated MCF-7 cells measured by Western blot assay. D. Viability of
MCEF-7 cells exposed to different concentration of 5-FU after knockdown of GRP78 by CCK8 assay. E. The transfection efficiency of oe-GRP78 in 5-FU-treated MCF-7
cells measured by Western blot assay. F. Viability of MCF-7/5-FU and MCF-7 cells exposed to different concentration of 5-FU measured by CCK8 assay. G. The protein
expression of GRP78 in the MCF-7/5-FU and MCF-7 cells measured by Western blot analysis. *P<0.05 vs. the PBS group or MCF-7 cells. Measurement data were
expressed as mean + standard deviation. Data in compliance with normal distribution and homogeneity between two groups were compared using t-test. Compari-
sons among multiple groups were conducted by one-way ANOVA with Tukey’s post-hoc test. Statistical analysis in relation to time-based measurements within each
group was realized using repeated measures ANOVA, followed by a Bonferroni’s post-hoc test for multiple comparisons. The experiment was repeated three times.
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Figure 2. GRP78 upregulates OCT4 to enhance resistance of BC cells to 5-FU. A. The expression of OCT4 in BC tissues and adjacent normal tissues detected by
immunohistochemistry (x400). B. The protein expression of OCT4 in MCF-7/5-FU and MCF-7 cells measured by Western blot analysis. C. The protein expression
of OCT4 after 5-FU treatment measured by Western blot analysis. D. The GRP78 and OCT4 protein expression in MCF-7 cells transfected with si-GRP78 measured
by Western blot analysis. E. The OCT4 protein expression in MCF-7 cells transfected with si-OCT4-1 or si-OCT4-2 measured by Western blot analysis. F. The protein
expression of GRP78 and OCT4 in MCF-7 cells measured by Western blot analysis and the sensitivity of MCF-7 cells to 5-FU assessed by CCK8 assay after GRP78
overexpression with or without the presence of OCT4 knockdown. G. The colony formation rate of 5-FU-treated MCF-7 cells after overexpression of GRP78 with or
without the presence of silencing of OCT4 evaluated by colony formation assay. H. The protein expression of GRP78 and OCT4 in MCF-7/5-FU cells measured by
Western blot analysis and sensitivity to 5-FU examined by CCK8 assay after GRP78 knockdown with or without the presence of OCT4 overexpression. . The colony
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deviation. Data in compliance with normal distribution and homogeneity between two groups were compared using t-test. Comparisons among multiple groups were
conducted by ANOVA with Tukey’s post-hoc test. Statistical analysis in relation to time-based measures within each group was realized using repeated measurement
ANOVA, followed by a Bonferroni’s post-hoc test for multiple comparisons. The experiment was repeated three times.
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Figure 3. GRP78 upregulates AKT through increasing OCT4, thereby enhancing resistance of BC cells to 5-FU. A. The expression of AKT in BC tissues and adjacent
normal tissues detected by immunohistochemistry (x400). B. The expression of AKT in MCF-7/5-FU and MCF-7 cells measured by Western blot analysis. C. The
expression of AKT in MCF-7 and MDA-MB-468 cells after 5-FU treatment. D. The mRNA and protein expression of GRP78, OCT4, AKT, PERK, IRE1 and ATF6 in MCF-
7/5-FU cells after GRP78 overexpression with or without the presence of OCT4 silencing. E. Western blot analysis for expression of AKT protein in MCF-7/5-FU
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cells transfected with si-AKT-1 or si-AKT-2. F. The expression of OCT4 and AKT protein in MCF-7 cells measured by
Western blot analysis and sensitivity of MCF-7 cells to 5-FU evaluated by CCK8 assay after transfection with oe-OCT4
with or without the presence of si-AKT. G. The colony formation rate in 5-FU-treated MCF-7 cells after transfection
with 0e-OCT4 with or without the presence of si-AKT. H. The expression of OCT4 and AKT protein in MCF-7/5-FU cells
and sensitivity of MCF-7/5-FU cells to 5-FU after transfection with si-OCT4 with or without the presence of oe-AKT.
I. The colony formation rate in MCF-7/5-FU cells after transfection with si-OCT4 with or without the presence of oe-
AKT. *P<0.05 vs. adjacent normal tissues, MCF-7 cells, the control group or MCF-7/5-Fu cells treated with oe-NC +
si-NC. Measurement data were expressed as mean + standard deviation. Data in compliance with normal distribu-
tion and homogeneity between two groups were compared using t-test. Comparisons among multiple groups were
conducted by ANOVA with Tukey’s post-hoc test. Statistical analysis in relation to time-based measurements within
each group was realized using repeated measurement ANOVA, followed by a Bonferroni’s post-hoc test for multiple
comparisons. The experiment was repeated three times.

Figure 3A). As measured by Western blot analy-
sis, the expression levels of AKT in MCF-7/5-FU
cells were higher than those in MCF-7 cells
(P<0.05; Figure 3B). The results of Western
blot analysis indicated that AKT was upregulat-
ed when MCF-7 and MDA-MB-468 cells were
treated with 5-FU for 24 h (Figure 3C). The role
played by GRP78 in drug resistance to 5-FU
through OCT4-mediated AKT was further dem-
onstrated by RT-qPCR and western blot analy-
sis. As shown in Figure 3D, GRP78 overexpres-
sion upregulated GRP78, OCT4, AKT, PERK,
IRE1, and ATF6, while silencing of OCT4 in the
presence of GRP78 overexpression reduced
GRP78, OCT4, AKT, PERK, IRE1, and ATF6
(P<0.05). Hence, GRP78 may elevate the
expression of AKT through the upregulation of
OCTA4.

MCEF-7 cells were transfected with si-AKT or oe-
OCT4 to further investigate the effect of AKT
and OCT4 on the sensitivity of BC cells to 5-FU.
It was demonstrated that overexpressing OCT4
inhibited the sensitivity of BC cells to 5-FU,
which was rescued by si-AKT-mediated inhibi-
tion of AKT (Figure 3E, 3F). Furthermore, the
enhanced colony formation ability conferred by
OCT4 overexpression was repressed by AKT
knockdown (P<0.05; Figure 3G). MCF-7/5-FU
cells were then transfected with oe-AKT and si-
OCT4. The results revealed that overexpression
of AKT inhibited the induced sensitivity of MCF-
7/5-FU cells to 5-FU (Figure 3H) and colony for-
mation ability (Figure 3l) by knockdown of
OCT4. These results together demonstrated
that GRP78 was able to upregulate AKT through
OCT4, thereby promoting resistance of BC cells
to 5-FU.

GRP78 regulates OCT4/MIAT/AKT to mediate
resistance of BC cells to 5-FU

It has been reported that there exists a regula-
tory loop between IncRNA MIAT and OCT4 [24],
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and IncRNA MIAT elevates the expression of
AKT [23]. We investigated whether OCT4 regu-
lated AKT through IncRNA MIAT to promote the
resistance of BC to 5-FU. As determined by
RT-gPCR assay, the expression of IncRNA MIAT
in MCF-7/5-FU cells was higher than that in
MCF-7 cells (P<0.05; Figure 4A). Besides, the
expression of IncRNA MIAT was increased in
MCEF-7 cells co-transfected with oe-GRP78 and
si-NC relative to those co-transfected with
oe-NC and si-NC, but decreased in MCF-7 cells
co-transfected with oe-GRP78 and si-OCT4
as compared to the cells co-transfected
with oe-GRP78 and si-NC (P<0.05; Figure 4B).
Subsequently, the results of Western blot anal-
ysis demonstrated that protein expression of
AKT was elevated in the MCF-7/5-FU cells
transfected with oe-MIAT but reduced in cells
transfected with si-MIAT (P<0.05; Figure 4C).
The expression levels of GRP78, OCT4, AKT,
PERK, IRE1, and ATF6 were increased in the
MCF-7/5-FU cells by oe-GRP78 transfection.
The increase in AKT, PERK, IRE1 and ATF6
expression mediated by GRP78 overexpression
was diminished by silencing of MIAT (P<0.05),
while the expression of GRP78 and OCT4 was
not altered (Figure 4D). These results together
demonstrated that GRP78 up-regulated OCT4
to upregulate INcRNA MIAT, thereby increasing
the expression of AKT.

Next, to investigate whether GRP78 upregulat-
ed IncRNA MIAT and AKT to enhance BC cell
resistance to 5-FU, MCF-7 cells were transfect-
ed with oe-GRP78 and si-MIAT, and sensitivity
to 5-FU was assessed by CCK8 assay. The data
showed that enhanced resistance of BC cells to
5-FU induced by GRP78 overexpression was
diminished by si-MIAT (Figure 4E). Meanwhile,
MCF-7/5-FU cells were transfected with si-
GRP78 and oe-MIAT, and 5-FU sensitivity was
detected by CCK8 assay. It was shown that
overexpression of INcRNA MIAT inhibited the
increase in sensitivity of MCF-7/5-FU cells to

Am J Cancer Res 2020;10(3):838-855



ER stress mediates BC cell resistance to 5-FU

A B = WHC S C MCF-7 MCF-7/5-FU
= =3 - + 5k _— _—
z 25 2] = crersssiocTe - z°° g
* < <
5 20 5 AKT-- AKT - — =20 s 0.8
§ §2 § §
315 ] 3 H
| Bractn W W Gocin W W WS © 0 §0¢
5 5
£10 5, & & & o 9 310 04
g 2 o T & & §F e 2
205 2 & ‘}x‘* é}.\" § 05 :'E 0.2
[ @«
Z g0 g €00 % o0
MCF-7 MCF-7/5-FU Control oe-MIAT Control  si-MIAT-1  si-MIAT-2
D GRP76 w— - - E
mm 0e-NC +si-NC mm 0e-NC + si-NC -+ 0e-NC + si-NC
- oe s
4 == GRP78+ siNC oCeNR e . Gop7s NG 120 = GRP78 + Si-NC
- == GRP78 + si-MIAT AKT - - — s = GRP78 + si-MIAT 3 % -+ GRPTS + si-MIAT
2 @ 1
0 5 Q
8 IRE - - 2 5 80
5 PERK W - - 2 6o
g g z
£ ATFG W gy 21 3 40
] H & N
x [B-actin W—_—-G—-— - 5 % 20 )
S
S}fp‘\ﬁ@“m o
GRP78 OCT4 AKT PERK IRE ATF6 O GRP78 OCT4 AKT PERK IRE ATFE 0 1 5 25 50 100 200 400
Ve Concentration of 5-FU (pg/ml)
& & o
&
F GRP75 (i - G
mm oe-NC + si-NC OCT4 W W — mm 0e-NC + si-NC -~ si-NC + oe-NC
== si-GRPT8 + ce-NC == s-GRP78 + oe-NC -=- s5i-GRP78 + oe-NC
25 == si-GRP78 + MIAT AKT D - - s 3 w= si-GRP78 + MIAT 120 -+ si-GRP78 + oe-MIAT
8 s
% 20 R - - § ; 100
2
g 15 PERK e == @ H g 80 .
] i) = 80
£ 10 ATFG - - S £ w .
s 2 k]
05 f-actin . S .- ® Z 20
O L A &
c'a’é = \g?' 3 L e S N S .
GRP78 OCT4 AKT  PERK IRE ATF6 ox et GRP78 OCT4 AKT PERK IRE ATF6 0 1 5 25 50 100 200 400
“\o Q‘& Q'-i\ Concentration of 5-FU (pg/ml)
;3‘ &
&

Figure 4. GRP78-mediated upregulation of OCT4 increases the expression of AKT through regulating MIAT, thereby enhancing the resistance of BC cells to 5-FU. A.
The expression of INCRNA MIAT in MCF-7/5-FU and MCF-7 cells determined by RT-qPCR assay. B. The expression of INcRNA MIAT after MCF-7/5-FU and MCF-7 cells
transfected with oe-GRP78 with or without the presence of si-OCT4 examined by RT-gPCR assay. C. The expression of AKT protein after MCF-7/5-FU and MCF-7
cells transfected with oe-MIAT or si-MIAT measured by Western blot analysis. D. The mRNA and protein expression of GRP78, OCT4, AKT, PERK, IRE1 and ATF6 in
the MCF-7/5-FU cells transfected with oe-GRP78 with or without the presence of si-MIAT measured by RT-qPCR and Western blot analysis. E. The sensitivity of MCF-
7 cells to 5-FU after transfected with oe-GRP78 with or without the presence of si-MIAT assessed by CCK8 assay. F. The mRNA and protein expression of GRP78,
OCT4, AKT, PERK, IRE1 and ATF6 in MCF-7/5-FU cells transfected with si-GRP78 with or without the presence of oe-MIAT measured by RT-qPCR and Western blot
analysis. G. The sensitivity of MCF-7 cells to 5-FU in response to si-GRP78 with or without the presence of oe-MIAT transfection assessed by CCK8 assay. *P<0.05
vs. adjacent normal tissues, MCF-7 cells, the control group or MCF-7/5-FU cells treated with oe-NC + si-NC. Measurement data were expressed as mean + standard
deviation. Data in compliance with normal distribution and homogeneity between two groups were compared using t-test. Comparisons among multiple groups were
conducted by one-way ANOVA with Tukey’s post-hoc test. Statistical analysis in relation to time-based measurements within each group was realized using repeated
measures ANOVA, followed by a Bonferroni’s post-hoc test for multiple comparisons. The experiment was repeated three times.
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5-FU which was induced by inhibition of GRP78
(P<0.05; Figure 4F, 4G). In summary, the
expression of GRP78 was increased through
ER stress in BC cells, which then elevated
the expression of OCT4. Upregulation of OC-
T4 increased the expression of AKT through
IncRNA MIAT, thereby enhancing the resistance
of BC cells to 5-FU.

Knockdown of GRP78 in nude mice enhances
the BC cell sensitivity to 5-FU

In order to investigate the effect of ER stress-
mediated high expression of GRP78 on BC cell
resistance to 5-FU in vivo, mice were subcuta-
neously injected with the MCF-7 cells stably
transfected with si-NC, si-GRP78 alone, or co-
transfected with si-GRP78 and oe-NC or si-
GRP78 and oe-MIAT, and intraperitoneal injec-
tion of 5-FU was applied for treatment during
the experiment. It was demonstrated that mice
lost weight after 5-FU treatment (Figure 5A).
The treatment with 5-FU inhibited tumor
growth, and knockdown of GRP78 enhanced
the inhibitory effect of 5-FU on tumor growth.
However, this enhancement was inhibited by
overexpression of INcRNA MIAT (P<0.05; Figure
5B). After mice were euthanized, the tumors
were excised. The nude mice injected with si-
GRP78-transfected MCF-7 cells and treated
with 5-FU had tumors of a minimum volume.
However, the tumor volume in nude mice inject-
ed with MCF-7 cells co-transfected with si-
GRP78 and oe-NC was larger than that in mice
injected with MCF-7 cells co-transfected with
si-GRP78 and si-MIAT (P<0.05; Figure 5C, 5D).
The protein and mRNA were extracted from the
tumors for RT-gPCR and western blot analysis.
The mRNA and protein expression of GRP78,
OCT4, AKT, PERK, IRE1 and ATF6 was decreas-
ed in tumors of mice upon GRP78 knockdown.
The mRNA and protein expression of GRP78
and OCT4 was decreased but that of AKT,
PERK, IRE1, and ATF6 was increased in tumors
of mice by additional overexpression of MIAT in
the presence of si-GRP78 (P<0.05; Figure 5E).
At the same time, the results of RT-gPCR assay
showed that the expression of IncRNA MIAT
increased upon treatment of 5-FU but reduced
in the nude mice injected with si-MIAT-trans-
fected MCF-7 cells (P<0.05; Figure 5F). These
results demonstrated that knockdown of
GRP78 promoted BC cell sensitivity to 5-FU by
downregulating INcRNA MIAT.
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GRP78 and IncRNA MIAT are highly expressed
in BC tissues

BC tissues and adjacent normal tissues from
BC patients were collected to investigate the
expression levels of GRP78 in BC. The results
of immunohistochemistry displayed that GRP78
was highly expressed in BC tissues as com-
pared to adjacent normal tissues (P<0.05;
Figure 6A). At the same time, the results of
RT-gPCR assay showed that the expression of
IncRNA MIAT in BC tissues was significantly
higher than that in adjacent normal tissues
(P<0.05; Figure 6B). Furthermore, we analyzed
the correlation between GRP78 and AKT
expression in BC tissues. The results showed
that the expression of AKT in BC tissues was
positively correlated with the expression levels
of GRP78 (P<0.05; Figure 6C). Additionally, the
expression of IncRNA MIAT and AKT in BC tis-
sues was examined by RT-gPCR assay and
Western blot analysis, and their relationship
was analyzed. The results indicated IncRNA
MIAT was positively correlated with AKT
(P<0.05; Figure 6D). Overall the findings
showed that the high expression of GRP78
may affect the development of BC cells and
the resistance to chemotherapeutic drugs by
increasing the expression levels of INCRNA MIAT
and AKT.

Discussion

5-FU is a commonly used chemotherapy drug
for BC. However, its use often leads to drug
resistance [25]. Recently, an association of the
molecular mechanism of ER stress with chemo-
resistance has drawn increasing research
attention [26, 27]. Besides, it has been shown
that ER stress and unfolded protein response
activation can modulate the levels and activi-
ties of cell survival- and autophagy-related reg-
ulators, and thereby crucially function in con-
trolling the drug resistance of BC cells [28].
More importantly, 5-FU has been linked to the
stimulation of ER stress in colon cancer [29]
and hepatocellular carcinoma [30]. The current
study mainly investigated the involvement of
ER stress in resistance of BC to 5-FU and the
underlying molecular mechanisms. The results
revealed that 5-FU induced BC cell resistance
through the induction of ER stress, as a result
of which the GRP78/0CT4/IncRNA MIAT/AKT
pathway was activated.
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Figure 7. 5-FU enhances resistance of BC cells to 5-FU by regulating GRP78/IncRNA MIAT/AKT pathway through
inducing ER stress. After BC cells were treated with 5-FU, the expression of GRP78 was elevated through ER stress,
thereby increasing the expression of OCT4. Upregulation of OCT4 increased the expression of AKT through increas-

ing INcRNA MIAT, thereby inducing resistance in BC cells to 5-FU.

First of all, our finding demonstrated that 5-FU
was able to stimulate ER stress, which in turn
induced the resistance of BC cells to 5-FU. The
expression levels of ER stress marker proteins
GRP78 and ATF6 and the extent of PERK and
IRE-1 phosphorylation levels were significantly
upregulated when BC cells were treated with
5-FU. These results are consistent with a previ-
ous study that found 5-FU treatment elevates
the expression of ER stress marker proteins
such as PERK, IRE-1 and ATF4 in colon cancer
[15]. ATF6 is a membrane precursor, located in
the endoplasmic reticulum and its transport
can be induced under ER stress [31]. Moreover,
a high expression of GRP78 was observed in
the 5-FU-resistant BC cell line MCF-7/5-FU.
GRP78, an ER stress survival mediator, is
involved in the regulation of chemoresistance
triggered by ER stress in pancreatic adenocar-
cinoma cells [32]. Similar to these results, we
also found that a high expression level of
GRP78 induced by ER stress could enhance the
resistance of BC cells to 5-FU. Based on these
findings, we established that 5-FU induced ER
stress in BC cells and increased the expression
of GRP78, which enhanced cell resistance to
5-FU.
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In addition, OCT4 was highly expressed in MCF-
7/5-FU cells. The stem cell factor OCT4 has
been found to play a promotive role in drug
resistance in a variety of cancers. For example,
overexpression of OCT4 increases bladder can-
cer cell resistance to cisplatin [33]. Additionally,
OCT4 contributes to tamoxifen resistance in BC
[34]. Also, OCT4 enhances the resistance of
non-small cell lung cancer cells to gefitinib by
potentiating gefitinib-induced apoptosis [35].
Notably, a previous study has reported that
OCT4 is involved in drug-resistance in lung can-
cer through downstream PTEN and TNC genes
[36]. Similar results have been found in our
study, where OCT4 was shown to promote
BC cell resistance to 5-FU via enhancing
5-FU-induced proliferation. The knockdown of
GRP78 has shown tumor-suppressing proper-
ties in head-neck cancer and was found to be
accompanied by downregulation of OCT4 [16],
which partially concurred with our finding that
GRP78 promoted 5-FU resistance by increasing
the expression of OCT4 in BC cells. Furthermo-
re, our study demonstrated that AKT was over-
expressed in MCF-7/5-FU cells. Multiple lines of
evidence have revealed that the AKT pathway
plays a key role in drug resistance of many
cancer cells. For instance, AKT was noted to
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enhance the resistance of lung cancer cells to
antineoplastic drugs [37]. Besides, AKT, upreg-
ulated by miR-222, was found capable of
increasing the drug resistance of BC cells to
adriamycin [38]. Aligned with these findings,
the present study demonstrated that AKT
mediated by OCT4 enhanced 5-FU resistance
in BC cells. A high expression of IncRNA MIAT
has been found in MCF-7/5-FU cells [39], sup-
porting the current paradigm that IncCRNA MIAT
is highly expressed in BC cells and functions as
an oncogene in BC. Interestingly, there exists a
regulatory loop between IncRNA MIAT and OCT4
in malignant mature B cells [24]. More impor-
tantly, the inhibition of IncRNA MIAT is shown to
elevate the sensitivity of BC cells by enhancing
apoptotic response to drugs, accompanied with
a decrease in OCT4 expression [40]. Besides,
the oncogenic role of IncRNA MIAT has been
attributed to its induction of AKT phosphoryla-
tion [41]. These previous findings are partially
consistent with our result showing OCT4 upreg-
ulated AKT via IncRNA MIAT to enhance 5-FU
resistance in BC cells. Additionally, we further
confirmed that knockdown of GRP78 promoted
BC cell sensitivity to 5-FU by downregulating
INcRNA MIAT in nude mice.

In summary, our study demonstrated that
induction of ER stress conferred BC cell resis-
tance to 5-FU by activating the GRP78/0CT4/
IncRNA MIAT/AKT pathway (Figure 7). The pres-
ent study elucidated that the mechanism of
5-FU-induced chemoresistance was mediated
by GRP78 upregulated MIAT and AKT via
increasing OCT4, laying the groundwork for the
development of new therapeutic targets for BC.
However, the specific mechanisms underpin-
ning the role of AKT in 5-FU resistance remain
unclear and future investigations are warranted
for a greater understanding of detailed mecha-
nisms in this context.
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