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ABSTRACT. Our study aimed to investigate the co-localization and 
protein-protein interactions between ezrin and p65 in human breast 
cancer cells. Liquid chromatography-mass spectrometry (LCMS) was 
used to uncover novel protein interactions with ezrin in MDA-MB-231 
cells. Endogenous co-immunoprecipitation was used to validate 
protein-protein interactions between ezrin and p65 in MDA-MB-231. 
Exogenous interactions between ezrin and p65 were validated in MDA-
MB-231 cells via Flag-ezrin and HA-p65 co-transfection and followed 
by co-immunoprecipitation. Immunofluorescence staining was used 
to visualize ezrin and p65 co-localization in MDA-MB-231. LCMS 
results showed that there were 1000 proteins interacting with ezrin 
in MDA-MB-231 cells. Ezrin and p65 interactions were confirmed 
with both endogenous and exogenous methods. We were also able to 
visualize ezrin and p65 co-localization in MDA-MB-231. In summary, 
we found protein-protein interactions between Ezrin and p65 in human 
breast cancer cells.
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INTRODUCTION

Breast cancer is the most frequently diagnosed cancer, and accounts for 25% of all 
cancer cases and 15% of all cancer-related deaths in women. It is the leading cause of cancer-
related death worldwide; with an estimated occurrence of 1.7 million cases and 521,900 deaths 
in 2012 (Torre et al., 2015). It is known that most breast cancer patients die from metastasis 
(Marino et al., 2013) and resistance to chemotherapy (Li et al., 2015). Therefore, understanding 
the underlying mechanism of cancer metastasis and chemoresistance is important for the 
development of molecular target-based therapies in breast cancer patients.

Recently, advances in molecular profiling were reported to offer more accurate 
predictions on cancer metastasis and treatments as well as enabling the selection of therapeutic 
targets (Cyr and Margenthaler, 2014).

Ezrin is a member of the ERM (ezrin-radxin-moesin) family, which was originally 
discovered to be a component of the intestinal brush border microvilli (Bretscher, 1983). It was 
then identified as the major component of microvilli in the placenta (Bretscher, 1989). Ezrin was 
found to be associated with various types of cancer, such as colon cancer (Gavert et al., 2010), 
pancreatic cancer (Meng et al., 2010), and gastric cancer (Li et al., 2011). In addition, studies 
have also reported on correlations between ezrin overexpression and breast cancer development/
metastasis (Elliott et al., 2005; Mak et al., 2012; Ghaffari et al., 2014). Short hairpin RNA-mediated 
knockdown of ezrin in MDA-MB-231 cells led to an increase in cell adhesion and a decrease in cell 
migration (Szeto et al., 2013), suggesting that ezrin may regulate focal adhesion dynamics.

NF-κB was first identified in 1986 as the transcription factor for the κ-immunoglobulin 
light chain in B lymphocytes (Sen and Baltimore, 1986), and was found to be closely associ-
ated with breast cancer. Biswas et al. (2001) found that NF-κB activity was significantly higher 
in patients with estrogen receptor (ER)-negative breast cancer as compared with ER-positive 
breast cancer patients. This was especially true in infiltrating ductal carcinoma with poor tissue 
differentiation and during lymphatic metastasis (Singh et al., 2007), suggesting that constitutive 
activation of NF-κB may be an important step in the pathogenesis of ER-negative breast cancer. 
The p65/p50 heterodimer is the main form of NF-κB (Lernbecher et al., 1993), and the p65 sub-
unit is closely associated with the biological activity of breast cancer cells (Pande et al., 2013).

Studies have examined the effect of p65 and ezrin knockdowns on tumor metastasis 
in various types of cancers (Wu et al., 2014; Qu et al., 2015). However, few studies have 
examined the interactions between ezrin and p65, and their effects on tumor invasion and 
migration. Therefore, we investigated the interaction between ezrin and p65 in breast cancer 
cells in order to determine whether they contribute to tumor invasion and migration, and to 
provide potential new drug targets for breast cancer treatments.

MATERIAL AND METHODS

Cell cultures

MDA-MB-231 were obtained from the cell resource center of Shanghai Academy of 
Sciences, Chinese Academy of Sciences (Shanghai, China). MDA-MB-231 cells were cultured 
in Leibovitz’s L-15 medium (Thermo Fisher Scientific Inc., Shanghai, China) containing 
10% fetal bovine serum (FBS; Gibco, Thermo) at 37°C with saturated humidity and without 
CO2. Culture media were replaced every 2 to 3 days, and cells were subcultured in trypsin-
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ethylenediaminetetraacetic acid (EDTA, 0.25%, Solarbio Technology Co., Ltd., Shanghai, 
China) when confluence reached 85-90%.

Coomassie brilliant blue (CBB) and silver staining

Immunoprecipitation (IP) samples prepared from whole cell lysate of MDA-MB-231 
cells incubated with ezrin antibody (Cell Signal Technology, Inc. and Sigma, USA) were 
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using a 
10% separating gel, and were stained with CBB G250 (Brunelle and Green, 2014) and silver 
nitrate (Chevallet et al., 2006), separately, according to a previous protocol. Silver nitrate 
protein bands were recovered and stored in ddH2O.

Liquid chromatography-mass spectrometry (LCMS)

IP samples and recovered protein bands from silver staining were sent to GigaScience 
(Shenzhen, China) for LCMS.

Plasmid construction

The cDNA sequence of Ezrin was obtained from Zhoushan Tongsheng Biotechnology 
Co., Ltd. (Zhoushan, China). The ezrin gene was amplified by polymerase chain reaction 
(PCR), and subcloned into pcDNA3.1 vectors (InvitrogenTM, Thermo) to construct plasmid 
pcDNA3.1 Flag-ezrin. The primers for Flag-ezrin were designed with the Primer premier 6.0 
software (Premier Biosoft, USA), and synthesized by InvitrogenTM (Table 1). The amplifying 
system and reaction conditions for construction of pcDNA3.1 Flag-ezrin are listed in Tables 
2 and 3. The endonuclease and ligation system for construction of pcDNA3.1 Flag-ezrin are 
described in Tables 4 and 5. PCR products were analyzed by 3% agarose gel electrophoresis. 
Plasmid DNA was recovered with the DNA purification kit (Thermo) and stored at -20°C. 
HA-p65 plasmids, which were already transformed into DH5α competent cells, were obtained 
from the First Affiliated Hospital of Sun Yat-sen University (Guangzhou, China).

F: forward primer; R: reverse primer.

Table 1. Primers for ezrin.

 Sequence 
F 5'-CCCAAGCTTGAATCCATGCCGAAACCAATCAATGTCC-3' 
R 5'-CCGCTCGAGTCAGTGGTGGTGGTGGTGGTGATACAGGGCCTCGAACTCGTC-3' 
F 5'-ATGCCGAAACCAATCAATGTCC-3' 
R 5'-GATACAGGGCCTCGAACTCGTC-3' 

 

Table 2. Amplification system for ezrin.

 Volume (L) 
DNA template 4 
Primers F: 1 
 R: 1 
dNTPs 4 
Kod plus Neo 0.5 
PCR buffer (Mg2+) 5 
ddH2O 34.5 
Total 50 

 F: forward primer; R: reverse primer.
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Competent DH5α cells

DH5α cells were obtained from Professor X.C. Bai (Department of Cell Biology, 
Southern Medical University), and were stored at -80°C with 50% glycerol and 50% Luria-
Bertani (LB) medium (Gibco). Inoculated DH5α cells were cultured overnight at 37°C and 
220 rpm in 1% LB with ampicillin (50 mg/mL, 1:100). Control DH5α cells were cultured at 
37°C and 220 rpm in LB without ampicillin for 1 h. DH5α cells were then transferred into a 
pre-cooled tube and placed on ice for 5 min. Sterilized CaCl2 (0.1 M) was added to the cells, 
which were placed on ice for 30 min, followed by centrifugation at 4000 g and incubation at 
4°C for 10 min. Cells were then resuspended in sterilized CaCl2 (0.1 M) and 50% glycerol, 
and stored at -80°C.

Heat-shock transformation of DH5α with pcDNA3.1 Flag-ezrin

pcDNA3.1 Flag-ezrin (1 µL, at >100 mg/mL) was added to 100 µL DH5α cells on ice 
for 30 min. Cells were heated at 42°C in water for 90 s, followed by immediate incubation on 
ice for 2 min. Transformed cells were cultured in LB without ampicillin at 220 rpm and 37°C 
for 1 h. Cells were then centrifuged at 4000 g for 5 min and resuspended in 50 mL LB. Cells 
were inoculated on LB plates with ampicillin and cultured at 37°C for 12-20 h. A single clone 
was randomly selected and cultured in LB with ampicillin at 220 rpm and 37°C for 8-16 h. 
Cells were centrifuged at 3000 g for 3 min, resuspended in LB with ampicillin, then stored at 
-80°C.

Step Temperature (°C) Time Cycle number 
Pre-degeneration 94 2 min  
Degeneration 98 10 s 30 cycles 
Annealing 60 30 s 
Extension 68 2 min 
Extension terminal 68 5 min 1 cycle 
Storage 4   

 

Table 3. PCR conditions for ezrin.

Table 4. Enzymatic system for Flag-Ezrin.

 Volume (L) 
PCR product 12 
 3 
HindIII/XbaI 1/1 
ddH2O 13 
Total 30 

 

Table 5. Ligation system for Flag-Ezrin.

 Volume (L) 
10X Ligase buffer 1 
HindIII/XbaI 0.2 
Fragment 7.8 
T4DNA ligase 1 
Total 10 
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Plasmid extraction

The pcDNA3.1 Flag-ezrin and HA-p65 plasmids were extracted with the plasmid 
mini kit (Tiangen Biotech Co., Ltd., Beijing, China) according to manufacturer protocol. The 
concentrations of the plasmids were detected using the Nanodrop 2000. Plasmids were stored 
at -20°C and were sequenced by InvitrogenTM (Thermo).

Endogenous co-IP

MDA-MB-231 cells were cultured on 3-cm plates (Corning-Costar, New York, USA) 
until they reached 90% confluence. Media were then discarded, and the cells were washed 
with PBS (Boster Bioengineering Co., Ltd., Wuhan, China) on ice. Pre-cooling IP lysis buffer 
(0.5 mL; 50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA-2Na, 1% Triton-X 100, 0.5 mM 
sodium pyrophosphate, 1 mM β-glycerophosphate and 1 mM Na3VO4; Boster) containing 
a protease inhibitor cocktail (PIC, 1:100, Sigma Aldrich Co., LLC, Shanghai, China) was 
added. After samples were incubated on ice for 10 min, cells were scraped and gently rotated 
at 4°C for 20 min. Cells were then centrifuged at 12,000 g and 4°C for 10 min. Supernatant 
was collected, and input (50 µL) was taken from the supernatant. Anti-ezrin (1:50, Cell Signal 
Technology, Inc.) and anti-p65 (1:50) antibodies were added. IgG (ZSGB Biotechnology Co., 
Ltd., Beijing, China), used as the control, was added to another cell lysate of MDA-MB-231 
with the same concentration as the anti-ezrin antibody. Samples were rotated at 4°C overnight.

Protein A + G agarose (Beyotime Biotechnology Co., Ltd., Shanghai, China) was 
prepared and washed for 3 times with IP lysis buffer containing PIC. Samples were mixed with 
protein A + G agarose, separately, and rotated at 4°C for 2 h. They were then washed for three 
times with IP lysis buffer, and proteins were eluted with 35 µL 2X loading buffer (100 mM 
Tris-HCl, pH 6.8, 4% SDS, 0.5% bromophenol blue, 20% glycerol, 2% β-mercaptoethanol, 
Solarbio). Eluded proteins were stored at -20°C.

Exogenous co-IP and transfection

MDA-MB-231 cells were cultured on 3-cm plates until they reached 70% confluence. 
Cells were co-transfected with pcDNA3.1 Flag-ezrin and HA-p65 (1:1) by Lipofectin® 
transfection reagent 3000 (Thermo) according to manufacturer specifications. Cells were 
immunoprecipitated according to the aforementioned protocol after 48 h of transfection. Anti-
Flag (1:100, Beijing Ray Antibody Biotech, Co., Ltd., Beijing, China) and anti-HA (1:1000, 
Proteintech Group Inc., Wuhan, China) antibodies were used for immunoprecipitation. The 
samples were store at -20°C.

Western blot (WB)

The protein concentrations were determined using the method developed by Lowry 
et al. (1951) with BSA serving as standards. Samples containing 30-250 μg proteins were ran 
on SDS-PAGE with a 5% stacking gel and a 10% separating gel. Proteins were transferred to 
polyvinylidene fluoride membranes (Millipore Corporate, Billerica, MA, USA). Following 
the transfer, the membranes were blocked for 2 h with PBS containing 0.05% Tween-20 and 
5% non-fat milk at room temperature and then incubated with primary antibodies (anti-Ezrin 
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1:4000, anti-p65 1:6000, anti-Flag 1:8000, anti-HA 1:6000) at 4°C overnight. After washing 
with PBS, membranes were incubated with the appropriate secondary antibodies (1:3000, 
Jackson ImmunoResearch Laboratories Inc., USA). Protein bands were developed with 
electrochemiluminescence (Beyotime).

Immunofluorescence (IF) staining

Co-transfected and untransfected MDA-MB-231 cells were cultured on glass bottom 
plates (Nest Biotechnology Co., Ltd., Wuxi, China) at 25% confluence. Cells were fixed in 4% 
paraformaldehyde (Solarbio) for 30 min at room temperature and quenched for 5 min with 30 
mM glycine in PBS. They were then permeabilized with 0.5% Triton-X (Solarbio) for 5 min 
at room temperature. Unspecific binding was blocked with 5% non-fat milk and 2% BSA for 1 
h at room temperature. Cells were incubated with primary antibodies (mouse anti-Ezrin 1:100, 
rabbit anti-p65 1:100, mouse anti-Flag 1:100, rabbit anti-HA 1:100) at 4°C overnight. This 
was followed by 1-h incubation with secondary antibodies (Fluor® 594 goat anti-mouse and 
Fluor® 488 goat anti-rabbit) (1:500, ZSGB). Nuclei were stained with DAPI (4',6-diamidine-2-
phenylindole, Thermo), and immunofluorescence was observed with a confocal laser scanning 
microscope (Olympus Corporation, Beijing, China).

RESULTS

Enrichment of ezrin-specific binding proteins shown by CBB and silver staining

Following IP, the input and IP samples were analyzed by SDS-PAGE and stained with 
CBB and silver nitrate. IgG was used as control. As shown in Figure 1, bands can be seen on 
the gel for both IP and input samples. Difference in pattern of protein bands between IP and 
input samples, which indicated enrichment of specific binding proteins of ezrin, can be seen. 
The ezrin protein band appeared next to the 8-kD band of the ladder.

Figure 1. Coomassie brilliant blue staining of MDA-MB-231 after immunoprecipitation (IP). The MDA-MB-231 
samples were analyzed by SDS-PAGE and then stained by CBB following IP. The protein accumulating at 80 kD 
corresponds to ezrin.
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In the silver staining, bands were also found on the gel for input, IgG mouse control, 
and IP samples (Figure 2). Again, difference in pattern of protein bands between IP and IgG 
mouse control samples, which indicated enrichment of specific binding proteins os ezrin, can 
be seen. As expected, ezrin had an 80-kD band.

Figure 2. Silver staining of MDA-MB-231 after immunoprecipitation (IP). The MDA-MB-231 samples were 
analyzed by SDS-PAGE and then stained by silver nitrate. The protein accumulating at 80 kD corresponds to ezrin. 
IgG mouse was taken as control.

p65 is an ezrin binding protein detected by LCMS

LCMS was conducted on the IP sample, which was previously stained with CBB. 
Notably, we were able to identify p65 in the IP sample via LCMS. In addition, protein p65 was 
also found to be in the recovered protein bands from silver staining. The results of LCMS are 
not included in this article.

Ezrin and p65 binding identified by endogenous co-IP and WB

As shown in Figure 3, using an anti-ezrin antibody (Figure 3A), we were able to 
detect three protein bands in three samples: Ezrin Input, Ezrin IP, and p65 IP. Similarly, using 
an anti-p65 antibody (Figure 3B), protein bands were detected in the samples of Ezrin IP, p65 
Input, and p65 IP.
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Ezrin and p65 binding identified by exogenous co-IP and WB

As shown in Figure 4A, using the anti-Flag antibody, we were able to detect bands of 
IP Flag and IP HA samples. Similarly, using anti-HA antibody (Figure 4B), protein bands were 
detected in the samples of IP Flag and IP HA samples. Results confirmed that the anti-Flag 
antibody was able to immunoprecipitate HA-p65 fusion protein, while the anti-HA antibody 
was able to immunoprecipitate Flag-ezrin fusion protein.

Figure 3. Western blot result of endogenous co-immunoprecipitation (IP) in MDA-MB-231. MDA-MB-231 
samples were analyzed by western blot following IP. Anti-ezrin (A) and anti-p65 antibodies were used (B). “Ezrin 
Input” and “Ezrin IP” indicate ezrin staining, while “p65 IP” indicates p65 staining. IgG was taken as control.

Figure 4. Western blot result of exogenous co-immunoprecipitation prepared from MDA-MB-231 with co-
transfection of pcDNA3.1 Flag-Ezrin and HA-p65. Samples were detected by anti-Flag (A) and anti-HA antibodies 
(B). “Flag IP” and “Flag Input” indicate IP samples prepared by Flag antibody and its corresponding input samples. 
“HA IP” and “HA Input” indicate IP samples prepared by HA antibody and its corresponding input samples. “IgG 
mouse “and “IgG rabbit” are controls.

Ezrin and p65 co-localization shown by IF staining

As shown in Figure 5, the blue DAPI stained the nucleus (Figure 5A), the green 
fluorescence was indicative of the p65 protein (Figure 5B, anti-p65, Fluor® 488), and the 
red fluorescence was indicative of the ezrin protein (Figure 5C, anti-Ezrin, Fluor® 594). The 
appearance of both green and the red (yellow) fluorescence supported p65 and ezrin co-
localization (Figure 5D).
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As shown in Figure 6, MDA-MB-231 cells were also co-transfected with pcDNA3.1 Flag-
ezrin and HA-p65. Again, nucleus was represented in blue (Figure 6A), p65 protein was shown in 
green (anti-HA, Fluor® 488), ezrin protein was shown in red (anti-Flag, Fluor® 594). The combina-
tion of green and red fluorescence indicated co-localization of HA-p65 and Flag-Ezrin (Figure 6D).

Figure 5. Immunofluorescence staining in MDA-MB-231 cells. MDA-MB-231 cell was stained for the nucleus (A, 
DAPI), p65 (B, anti-p65, Fluor® 488), and ezrin (C, anti-Ezrin, Fluor® 594). Yellow immunofluorescence indicates 
co-localization between p65 and Ezrin (D).

Figure 6. Immunofluorescence of MDA-MB-231 with Flag-Ezrin and HA-p65 co-transfection. Following co-
transfection with Flag-Ezrin and HA-p65, MDA-MB-231 cells were stained for the nucleus (A, DAPI)), p65 
protein (B, anti-HA, Fluor® 488), and ezrin protein (C, anti-Flag, Fluor® 594). The combination of green and red 
indicates HA-p65 and Flag-Ezrin co-localization (D).
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DISCUSSION

Using co-IP and immunofluorescence, we were able to identify direct interactions 
between ezrin and p65 in the breast cancer lines MDA-MB-231. Similar results were found in 
MCF-7, and T47D as well as in the human renal epithelial cell line HEK-293T (data not shown). 
Wang et al. (2014) found that ezrin Tyr353 is phosphorylated via the Akt pathway, which 
induces activation of NF-κB in epidermal growth factor (EGF)-treated tongue squamous cell 
carcinomas (TSCCs). Using siRNA-mediated knockdown of ezrin, it was found that nuclear 
translocation of p65 following EGF treatment was inhibited in TSCC cells. Furthermore, 
EGF-induced epithelial-mesenchymal transition in TSCC cells was blocked, suggesting that 
ezrin plays critical roles in the metastasis and invasion of tumor cells. Ben-Shmuel et al. 
(2013) found that ezrin can be phosphorylated by L1 through Rho-associated protein kinase 
in colorectal cancer, and that ezrin might be associated with activation of NF-κΒ pathway, 
which results in tumor cell motility and an increase in the expression of insulin-like growth 
factor-binding protein 2. These results were consistent with research by Gavert et al. (2010) 
and Shvab et al. (2015).

However, no study has reported the co-localization and direct interaction between 
Ezrin and p65 in breast cancer cells. Ezrin was highly expressed on invasive tumors, and was 
strongly associated with cancer metastasis (Ghaffari et al., 2014). Therefore, we focused on 
determining the binding partners of ezrin. Following screening by LCMS, we selected p65 as 
our target protein. Not only does this protein interact with ezrin, but also has importance in 
the NF-κB signaling pathway, which is involved in tumor metastasis and invasion. IP, as the 
common method for identifying protein-protein interaction, was employed to examine the 
direct interactions between ezrin and p65. With endogenous co-IP methods, we confirmed 
endogenous interactions between Ezrin and p65 in MDA-MB-231 cells (Figure 3). Similar, 
but weaker interactions were also confirmed in MCF-7 and T47D cells (data not shown). 
We also carried out exogenous co-IP, in which MDA-MB-231 were first co-transfected with 
pcDNA3.1 Flag-Ezrin and HA-p65 prior to prepare whole cell lysate. The results confirmed 
exogenous interactions between ezrin and p65 (Figure 4). It is possible that the interaction 
between ezrin and p65 is involved in activation of NF-κB pathway leading to tumor metastasis.

As a subunit of the NF-κB transcription complex, p65 was found to be highly expressed 
in the lymph nodes of metastasizing primary prostate (Lessard et al., 2006) and non-small-cell 
lung cancer tumors (Zhang et al., 2012). The inhibitory effect of I-κB on cytoplasmic NF-κB 
is exerted primarily through interactions with the p65 subunit. Although p65 bound the DNA 
to activate transcription, its direct interactions with ezrin have not been studied. Due to its 
critical role in NF-κB signaling and its associations with ezrin, we investigated the interactions 
between ezrin and p65 in highly metastatic human cancer cell line MDA-MB-231. Previous 
studies have shown that by silencing p65, the invasive ability of MDA-MB-231 cells was 
reduced (Wang et al., 2011a). In addition, proliferation and apoptosis of MDA-MB-231 was 
inhibited and promoted, respectively (Wang et al., 2011b). Additionally, Wang et al. (2011c) 
also discovered that silencing p65 could arrest MDA-MB-231 at the G0/G1 phase, which may 
be mediated by the downregulation of cyclin D1 and upregulation of p21.

In our study, we co-stained ezrin and p65 in the cytoplasm of MDA-MB-231 cells. 
Previous research by Liu et al. (2015) showed that p65 interacts with small ubiquitin-related 
modifier 2/3 (SUMO2/3), which is a key regulator in the development of hepatocellular 
carcinoma (Qin et al., 2014). Moreover, p65 was regulated and stabilized in the cytoplasm 
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by SUMO2/3 against the ubiquitin-proteasome system (UPS). The scaffolding protein Ezrin-
binding phosphoprotein of 50 kDa (EBP50) was also found to be associated with the UPS in 
a previous study (Song et al., 2015). Therefore, we speculate that the interactions between 
ezrin and p65 and their indirect or direct interaction with UPS and SUMO2/3 may affect 
the protein degradation system, which may contribute to metastatic and invasive abilities of 
MDA-MB-231 cells.

In conclusion, we discovered and identified interactions between ezrin and p65 in 
breast cancer cells. Further investigations need to be carried out to determine the effect of this 
interaction on the metastasis of breast cancer.
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