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Egr-1 Enhances Drug Resistance of Breast
Cancer Cells by MDR1 Dependence
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Paclitaxel (PTX) is one of the most effective drugs used in the treatment of breast cancer.
Nonetheless, the appearance of MDR1 (multidrug resistance 1) in tumor cells has become a
significant hindrance for efficacious chemotherapy. In this study, we show that the expression
level of Egr-1 (early growth response gene-1) in cancer tissues (from paclitaxel chemotherapy
failure patients) and MCF-7/PTX cells (the breast cancer cell line that was resistant to paclitaxel)
was increased. Cell proliferation assay and apoptosis assay revealed that Egr-1 could promote
cell growth and inhibit apoptosis in MCF-7/PTX. Mechanistic studies indicated that Egr-1 could
bind to the proximal MDR1 promoter and enhance MDRI1 transcription. These findings indicate
that paclitaxel induced Egr-1 accumulation and upregulated the expression of MDR1, thereby
inducing the drug resistance in MCF-7/PTX. Our results suggest a novel pathway by which
paclitaxel induces MDR1 expression, possibly illuminating a potential target pathway for the

prevention of MDR1-mediated drug resistance.
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INTRODUCTION

Breast cancer (BC) is one of the most common
causes of death of women worldwide, and the second
leading cause of cancer-related mortality (Jemal et al.,
2009). A range of risk factors, such as genetic factors,
hormones, immunity, and other lifestyles factors are
related with development of BC (Dumitrescu, Cotarla,
2005). Notably, deaths due to BC have decreased because
of routine treatment, including surgery, hormone therapy,
radiotherapy, and chemotherapy (Berry et al., 2005).
Nonetheless, the clinical therapy efficacy in individuals
is still unsatisfactory (Guarneri, Conte, 2004). The
molecular-targeted therapy has altered the therapeutic
approach for multiple tumors. With the development of
the understanding of the related gene’s aberrant expression
in BC, it is meaningful to identify the specific oncogene
and the underlying mechanism for a new biomarker and
therapeutic target (Bos, 2005).
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Egr-1, as an important nuclear transcription factor
that is induced by mitogen and differentiation factors, was
first discovered in 1987 (Milbrandt, 1987). Egr-1 is also
known as NGFI-A (Jimenez-Cervantes ef al., 1998), zif268
(Christy, Lau, Nathans, 1988), krox24 (Lemaire et al.,
1988), and Tis8 (Varnum et al., 1989). Egr-1 promotes cell
proliferation, differentiation, and transformation (Sukhatme
et al., 1988), and can be transiently activated by many
cytokines, growth factors, hormones, and DNA-damaging
agents (Tao et al., 2013). Egr-1 is expressed in many normal
tissues; its absence is often found in BC. In a previous
study, the expression of Egr-1 mRNA was decreased in
several human BC cell lines and tumor tissues, which was
in accordance with Egr-1 functioning as a tumor suppressor
in breast carcinoma (Huang et al., 1997).

Paclitaxel (PTX), a new anticancer agent with a novel
mechanism of action, has been used in treatment of breast
cancer (Mekhail Markman, 2002). A major problem in
the clinical treatment of breast cancer with PTX is MDR1
(multidrug resistance 1) in tumor cells. It was found that
acquisition of MDR1 phenotype in tumor cells is one of
the main challenges during the treatment process, which
often results in chemotherapeutic failure (Bast, Hennessy,
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Mills, 2009; Gottesman, 2002). MDRI1 results from the
overexpression of P-glycoprotein (P-gp), an ATP-binding
cassette transporter localized to the cell membrane and
the best characterized drug efflux pump (Roninson ef
al., 1986; Wang et al., 2018a). The overexpression of
MDRI1 could contribute to anticancer drug resistance
by extruding drugs out of tumor cells.

The purpose of this study is to explore the molecular
mechanism underlying the effect of Egr-1 on PTX
chemotherapy failure in a MDR1-dependent manner
and provide a novel target for clinical treatment in drug
resistance breast cancer.

MATERIAL AND METHODS
Cell culture and reagents

MCF-7/PTX cells were obtained from Beijing
Tumor Cell Bank (Beijing, China). MCF-7/PTX cells
were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum, 5 nmol/L
paclitaxel, 100 pg/mL penicillin, and 100 pg/mL
streptomycin. Antibodies to the following epitopes and
proteins were purchased from the indicated vendors: Egr-
1 (Bioworld), Cleaved Caspase 3 (CST), MDRI1 (Santa
Cruz Biotechnology), and actin (ZSGB-BIO). CCKS8 was
obtained from Beyotime. The Annexin V-FITC Kit (FITC
Annexin V Apoptosis Detection Kit I) was obtained from
BD (USA). Paclitaxel (PTX) was purchased from Guilin
Huiang Biochemistry Pharmaceutical Co. (China).

Transfection

Transfection was carried out using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s
instructions. The siRNAs (Egr-1, negative control) were
obtained from GenePhara. After 48 h of transfection,
the efficiency of overexpression was analyzed by
Western blot.

Immunoblotting

Total cell lysates were solubilized in lysis buffer.
Proteins were resolved by SDS-PAGE gels and then
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proteins were transferred (Bio-Rad) to polyvinylidene
difluoride membranes (Millipore). The membranes
were blocked with 5% nonfat milk for 2 h at room
temperature prior to incubation with indicated
primary antibodies. Subsequently membranes were
washed and incubated for 1 h at room temperature
with peroxidase-conjugated secondary antibodies
(LI-COR Biosciences). Following several washes,
chemiluminescent images of immunodetected bands on
the membranes were recorded on X-ray films using the
enhanced chemiluminescence (ECL) system (Tanon)
according to the manufacturer’s instructions.

Cell proliferation assay

Cell proliferation was detected with a Cell Counting
Kit-8 (CCK-8 kit, Beyotime). 24 h after transfection,
cells were plated in a 96-well microplate (Corning
Incorporated, New York, USA) in triplicate and incubated
at 37°C with 5% CO2. 10 pL CCK-8 solution with 100
puL serum-free medium (Hyclone) was added to each
well at 24 h, 48 h, 72 h and 96 h, respectively, followed
by incubation for 2 h. The absorbance at 450 nm (OD
value) was recorded to gauge the cell viability by a multi-
function enzyme-linked analyzer (Biotek Instruments,
Winooski, VT, USA). 1 x 103 cells were plated into 6-cm
plates. Two weeks later, cells were fixed with methanol
and stained with 0.1 % crystal violet. The number of
colonies, defined as > cells/colony, was counted. The
experiments were performed in triplicate.

Immunohistochemistry

Immunohistochemistry was performed according
to the streptavidin—peroxidase (Sp) method using a
standard SpKit (Zhongshan biotech, Beijing, China).
The tissue slice was incubated with monoclonal mouse
anti-Egr-1 antibody (1:100) (Bioworld) overnight at
4°C, and diaminobenzidine (DAB; Zhongshan Biotech,
Beijing, China) was used to produce a brown precipitate.
The immunoreactivity was assessed blindly by two
independent observers using light microscopy (Olympus
BX-51) and the image was collected by Camedia Master
C-3040 digital camera.
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Rhodamine-123 retention assay

P-gp activity was evaluated using a rhodamine-123
retention assay in MCF-7/PTX cells. The cells were
first incubated in FBS-free DMEM for 18 h and then in
Hanks’ balanced salt solution for 30 min at 37°C. The
cells were then incubated with 20 mM rhodamine-123
for 90 min. Following this incubation, the medium was
completely removed, and the cells were washed three
times with ice-cold phosphate buffer (pH 7.0). After
lysis, the thodamine-123 content in the cell lysates was
measured using excitation and emission wavelengths of
485 and 528 nm, respectively. Fluorescence values were
normalized to the total protein content of each sample
and presented as the ratio to control values.

Chromatin immunoprecipitation (ChIP)

MCF-7/PTX cells was cross-linked by incubation
in 1% (v/v) formaldehyde-containing medium for 10
min at 37°C, then sonicated to form soluble chromatin.
Egr-1 antibody was used to precipitate DNA fragments
bound by the corresponding elements. The protein--
DNA complex was collected using protein A Sepharose
beads (Millipore, Darmstadt, Germany) followed
by the processes of elution and reverse crosslink.
After protease K treatment (Millipore), samples were
extracted with phenol/chloroform and precipitated with
ethanol. Recovered DNA was re-suspended in TE buffer
(Millipore) and amplified by PCR. Primers designed
specifically to detect if Egr-1 could bind with the gene
promoter of MDRI1 (Ibsbio).

Human tumor tissue samples

A total of 30 specimens of breast biopsy were obtained
from Xuzhou Health Hospital of Women and Children. Four
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cases of cancerous tissues and four cases of paracancerous
tissues collected from Xuzhou Health Hospital of Women
and Children. Four cases of BC were confirmed by
postoperative pathology. All patients failed with paclitaxel
treatment, without serious complications of heart and lung.
The material was recruited stored at -80 °C.

Statistical analysis

The data were analyzed by SPSS 18.0 statistical
software. The measured data were expressed as mean
+ standard deviation ( & s). The measurement data were
tested by Student’s t-test. Assume that the test level
was determined by o = 0.05, P < 0.05 was considered
statistically significant. The graph was drawn using
Graphpad 5.0 software.

RESULTS
Egr-1 overexpression in drug-resistant BC

Four cases of PTX chemotherapy failure breast cancer
patients’ tissues were collected from Xuzhou Health
Hospital of Women and Children to explore the
expression of Egr-1. The expression level of Egr-1 was
significantly upregulated in cancerous tissues compared
with paracancerous tissues (*P < 0.05, **P < 0.01, ***P
< 0.001, Figure 1A). Further, immunohistochemistry
(IHC) of 30 cases of PTX chemotherapy failure breast
cancer tissues showed that Egr-1 was mostly located
in the nucleus of BC tissues and were more positive in
cancerous tissues than paracancerous ones (Figure 1B).
Subsequently, we investigated the expression of Egr-1
on paclitaxel (PTX)-resistant human breast carcinoma
(MCF-7/PTX, paclitaxel at 5 nmol/L concentration) cells
(Figure 1C). These results suggested that the level of
Egr-1 in drug resistance BC was increased.
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FIGURE 1 - Egr-1 was overexpressed in drug resistance BC. A. The expression levels of Egr-1 in cancerous tissues and
paracancerous tissues of PTX chemotherapy failure BC by Western blot. Comparison of Egr-1 in PTX chemotherapy failure
BC cancerous tissues and paracancerous tissues, *P < 0.05, **P < 0.01, ***P < 0.001. B. The expression of Egr-1 in PTX
chemotherapy failure BC cancerous tissues and paracancerous tissues of BC by immunohistochemistry. (Upper figure 10x,
lower figure 40x, n = 30). C. The expression of Egr-1 in MCF-7 and in MCF-7/PTX (paclitaxel at 5 nmol/L concentration) by

Western blot, *P < 0.05, n = 3.

Down-regulating Egr-1 inhibited cell proliferation
of MCF-7/PTX

To investigate the effect of Egr-1 on cell proliferation
in MCF-7/PTX, we performed the loss-of-function
experiments. A cell counting Kit-8 (CCKS) assay
showed that, with paclitaxel at 5 nmol/L concentration,
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MCF-7/PTX cell proliferation was suppressed after
transfecting siEgr-1 compared with siNC group (Figure
2A). Furthermore, clone formation assay also showed that
knocking down Egr-1 inhibited MCF-7/PTX (paclitaxel
at 5 nmol/L concentration) cell proliferation (Figure 2B).
Taken together, these results showed that downregulating
Egr-1 inhibited the cell proliferation of MCF-7/PTX.

Braz. J. Pharm. Sci. 2023;59: 18705



Egr-1 Enhances Drug Resistance of Breast Cancer Cells by MDR1 Dependence

A MCEF-7/PTX B

SiNC siEgr-1
Egr-1 R s

A -

[ 3 X
2991 —= siNC
. *k
8 -= siEgr-1
[
2
- *
22
c
2
=
«©
£
i
S
o
T 04 r T "
N 9 ) ™

Day

MCEF-7/PTX
3 siNC
Bl siEgr-1
S
£ 1.0- - -
g
0 *%
3
5 0.5
£
0.0 T
MCF-7/PTX

FIGURE 2 - Downregulating Egr-1 inhibited the cell proliferation of MCF-7/PTX. A. Western blot of the expression of Egr-1
protein in BC cell lines MCF-7/PTX (paclitaxel at 5 nmol/L concentration) transfected with siRNA of Egr-1 (siEgr-1) and siRNA
of negative control (siNC). CCKS8 analysis was performed to examine the cell proliferation of MCF-7/PTX cells transfected with
siRNA of Egr-1 (siEgr-1) and siRNA of negative control (siNC). The cell proliferation absorbance was detected in 24 h, 48 h,
72 h and 96 h, *P < 0.05, **P < 0.01, n = 3. B. Knocking- down Egr-1 suppressed clone formation in MCF-7/PTX (paclitaxel at

5 nmol/L concentration), **P < 0.01, n = 3.

Down-regulating Egr-1 promoted apoptosis of MCF-
7/PTX

An apoptosis assay was used to explore the
effect of Egr-1 on MCF-7/PTX, paclitaxel at 5 nmol/L
concentration. An annexin V-FITC binding assay
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revealed that the apoptotic rate in siNC groups was
higher compared with siEgr-1 groups in MCF-7/
PTX (Figure 3A). Similar effects were observed in
Western blots (Figure 3B). These data indicated that
downregulating Egr-1 could promote the apoptosis of
MCEF-7/PTX.
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FIGURE 3 - Downregulating Egr-1 promoted the apoptosis of MCF-7/PTX. A. Annexin V-FITC binding assay was used to
observe apoptotic cells by fluorescence microscope in MCF-7/PTX cells (paclitaxel at 5 nmol/L concentration) transfected with
siRNA of Egr-1 (siEgr-1) and siRNA of negative control (siNC). Prophase apoptotic cells were recognized by binding with FITC
on the membrane (cell membrane displays green). Anaphase apoptotic cells were recognized by binding with FITC and PI on
the nuclei (nuclei displays red). Data shown were from a typical experiment performed in triplicate. B. Western blot analyzed
the expression of Egr-1 and cleaved caspase 3 protein in BC cell lines MCF-7/PTX (paclitaxel at 5 nmol/L concentration)
transfected with siRNA of Egr-1 (siEgr-1) and siRNA of negative control (siNC). *P < 0.05, n = 3.

Egr-1 was responsible for MDR1 activation

A previous report that Egr-1 was downregulated in BC
was contrary to our findings (Ronski et al., 2005). In the
present study, we used BC cells that were resistant to PTX.
MDRI, also known as ATP-binding cassette transporter
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B1 (ABCBI) or P-glycoprotein (P-gp), contributed to the
formation of drug resistance (Wang ef al., 2018b). In this
regard, we explored the interaction of Egr-1 and MDRI.
Western blots were used to detect the expression of MDR1
after Egr-1 knocking down in MCF-7/PTX, paclitaxel at
5 nmol/L concentration (Figure 4A). The expression level
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of MDR1 was significantly decreased in siEgr-1 group was lower in MCF-7/PTX cells than MCF-7 cells. The
compared with siNC group. To certify the underlying rate of rhodamine-123 in MCF-7/PTX was higher in
mechanisms, we performed ChIP experiment. The results siEgr-1 group than siNC group (Figure 4C). These

showed that Egr-1 could interact with MDR1 and result in results suggest that paclitaxel, at 5 nmol/L concentration,
Egr-1-mediated MDR1 increase (Figure 4B). increased activity of MDR1 in the MCF-7/PTX cells and
We next examined MDRI transport activity with a contributed to their chemoresistance. Collectively, these

rhodamine-123 retention assay. The rate of intracellular findings indicated that Egr-1 might bind to MDR1 and
accumulation of rhodamine-123, a substrate of MDRI, then activate MDRI1 expressing.
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[FIGURE 4 - Egr-1 was responsible for the activation of MDRI. A. Effects of knocking down Egr-1 on protein expression of
MDRI in MCF-7/PTX cells (paclitaxel at 5 nmol/L concentration) by Western blot, *P < 0.05, **P < 0.01, n = 3. B. MCF-
7/PTX cells (paclitaxel at 5 nmol/L concentration) were transfected with siRNA of Egr-1 (siEgr-1) and siRNA of negative
control (siNC). Lysates were immunoprecipitated with anti-Egr-1 antibody and immunoblotted with anti-MDRI1 and anti-Egr-1
antibody. Chromatin immunoprecipitation (ChIP) analysis in MCF-7/PTX cells. The results verified that Egr-1 could bind
with the gene promoter region of MDRI1. The input DNA sample was 10% of the sample used for ChIP and anti-IgG was
used for negative control. C. MCF-7/PTX cells (paclitaxel at 5 nmol/L concentration) incubated with 20 mM rhodamine-123
for 90 min. MCF-7/PTX cells were transfected with siRNA of Egr-1 (siEgr-1) and siRNA of negative control (siNC) for 48 h.
Rhodamine-123 florescence in cell lysates was measured at excitation and emission wavelengths of 485 and 528 nm, respectively.
The fluorescence values were normalized to the total protein content of each sample. *P < 0.05, n = 3.
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DISCUSSION

Breast cancer (BC) remains the most frequently
diagnosed cancer and the leading cause of cancer death
in women worldwide (Chen et al., 2018). Chemotherapy
plays an important role in the comprehensive treatments
of BC. The role of paclitaxel in the chemotherapy of
BC was officially confirmed in the 1980s (Seidman e¢
al., 1995). The combination of surgery and adjuvant
chemotherapy has become the main choice of treatment
for the BC patients and has already proven clinical
efficacy (Morris, Fornier, 2009). Additionally,
chemotherapy has become the mainstay of systemic
treatment for advanced patients, although they typically
respond poorly and rapidly progress, especially triple-
negative breast cancer (TNBC) patients (Crown,
O’Shaughnessy, Gullo, 2012). Finding targeted
therapies in the area of BC chemotherapy failure is of
great importance.

A previous study suggested that the cause of
paclitaxel chemotherapy failure was the production of
multidrug resistance (Gottesman, Fojo, Bates, 2002).
Multidrug resistance was one of the major obstacles in BC
chemotherapy and was influenced by several important
factors including drug efficacy, cellular response to
the treatments, and tumor microenvironment (Han et
al., 2007). The MDR1 gene encoded the cellular efflux
protein ABCBI (P-glycoprotein, P-gp), one of the ATP-
binding cassette superfamily, which led to resistance to
various chemotherapeutic drugs (Kovalev, Tsvetaeva,
Grudinskaja, 2013; Vaidyanathan et al., 2016; Chen et al.,
2017). As an efflux pump, MDR1 exported chemotherapy
drugs from intracellular to extracellular compartment of
the cell plasma membrane. Consequently, the intracellular
drug concentration was not enough to kill tumor cells
(Wang et al., 2018b). As the essential role of MDRI1 in
inducing the multidrug resistance during chemotherapy,
it is pivotal to overcome the MDR 1-mediated efflux
activities and improve the anti-cancer drug delivery.

In this study, the relationship of Egr-1 and MDRI1
was investigated. We found that the expression level
of Egr-1 in PTX chemotherapy failure breast cancer
was increased and the similar change was observed in
Western blots. Our results indicated that Egr-1 could
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bind to the promoter of MDR1 and activate MDR1
expression. Hence, Egr-1 could promote MCF-7/PTX
cell proliferation and inhibit apoptosis, resulting in PTX
drug resistance.

Previous studies demonstrated that the Egr-
1 considered as a tumor suppressor and was
downregulated in BC (Huang et al., 1997). Some authors
were of the view that Egr-1 was downregulated in BC
cells and inhibited cell proliferation via GPER/EGFR/
ERK signaling and then participated in the transcription
of genes regulating in cell proliferation (Pupo et al.,
2012; Vivacqua et al., 2012). Recent promising research
pointed out that Egr-1 functions as a repressor of matrix
metalloproteinase-2 (MMP-2) through downregulating
MMP2 promoter activity, then markedly inhibit BC
cells’ invasive and proliferative capacities (Zcharia et
al., 2012). In the MDA-MB-231 cell line, the expression
level of Bim (BH3-only protein) was increased through
the upregulation of Egr-1 which induced apoptosis
(Yamaguchi et al., 2010). The view of these findings
was that Egr-1 was associated with anti-cancer activities
through multiple molecular mechanisms that were
inconsistent with our study. Our results showed that
Egr-1 could enhance the PTX resistance in MCF7/PTX
by binding to the promoter of MDRI1. Hence, the role
of Egr-1 in PTX resistance breast cancer might be an
oncogene via promoting cell proliferation and inhibiting
apoptosis. Conversely, in breast cancer, Egr-1 was
reported as a tumor inhibitor by regulating downstream
genes. The differingt roles of Egr-1 in breast cancer and
drug resistant-breast cancer need further elucidation.
The expression of MDR1 might cause this inconsistency
in the occurrence and development of tumors. Therefore,
the relationship between Egr-1 and the expressions of
MDRI1 need more exploration.

In summary, our study confirmed that Egr-1 was
increased in PTX chemotherapy failure BC tissues and
PTX drug resistance cells. We also found that Egr-1 could
affect the cell proliferation and apoptosis of MCF-7/PTX.
In addition, Egr-1 could bind to the promoter of MDR1
and further activate the transcription activity of MDRI.
Taken together, Egr-1 could provide a theoretical basis
for the development of tumor therapy target drug by
regulating the drug resistance in BC.
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CONCLUSIONS

We have demonstrated that the expression of Egr-1
was upregulated and could be combined with MDRI1 to
lead to the chemotherapeutic drug resistance of breast
cancer cells. This study provides a new method for
improving the clinical efficacy of chemotherapy and
benefit the masses of tumor patients.
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