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Cisplatin (Cis-DDP) is one of the most widely used anti-cancer 
drugs. It is applicable to many types of cancer, including lung, 
bladder, and breast cancer. However, its use is now limited 
because of drug resistance. p90 ribosomal S6 kinase (p90RSK) 
is one of the downstream effectors in the extracellular signal- 
regulated protein kinases 1 and 2 (ERK1/2) pathway and high 
expression of p90RSK is observed in human breast cancer 
tissues. Therefore, we investigated the role of p90RSK in the 
Cis-DDP resistance-related signaling pathway and epithelial- 
mesenchymal transition (EMT) in breast cancer cells. First, we 
discovered that MDA-MB-231 cells exhibited more Cis-DDP 
resistance than other breast cancer cells, including MCF-7 and 
BT549 cells. Cis-DDP increased p90RSK activation, whereas 
the inactivation of p90RSK using a small interfering RNA 
(siRNA) or dominant-negative kinase mutant plasmid overexpres-
sion significantly reduced Cis-DDP-induced cell proliferation 
and migration via the inhibition of matrix metallopeptidase 
(MMP)2 and MMP9 in MDA-MB-231 cells. In addition, p90RSK 
activation was involved in EMT via the upregulation of mRNA 
expression, including that of Snail, Twist, ZEB1, N-cadherin, 
and vimentin. We also investigated NF-B, the upstream 
regulator of EMT markers, and discovered that Cis-DDP 
treatment led to NF-B translocation in the nucleus as well as 
its promoter activity. Our results suggest that targeting p90RSK 
would be a good strategy to increase Cis-DDP sensitivity in 
triple-negative breast cancers. [BMB Reports 2019; 52(12): 
706-711]

INTRODUCTION

Triple-negative breast cancer (TNBC), estrogen receptor 
(ER)-negative, progesterone receptor (PR)-negative, and human 
epidermal growth factor receptor (HER2)-negative is a subtype 
of cancer that exhibits the most aggressive behaviors among 
breast cancer subtypes (1). The treatment of TNBC is limited 
because TNBC is insensitive to most hormonal and therapeutic 
agents. Therefore, TNBC exhibits high recurrence and metastasis 
with poor prognosis (2). Although various clinical trials, with 
treatment with cisplatin (Cis-DDP) alone and in combination 
with other agents have been tested in TNBC, there is still a 
lack of information on the effect of breast cancer therapy due 
to drug resistance. 

Cis-DDP is an anti-cancer drug that is classified as an 
alkylating agent. It is widely used in the treatment of ovarian 
and testicular cancers with a high curative effect and other 
cancers including small lung, head and neck, and bladder 
cancers. Cis-DDP exhibits anti-cancer effects via the formation 
of DNA adducts on inter- and intra-strand cross-links to induce 
the DNA damage response, cell cycle arrest, and mitochondria- 
mediated apoptosis. Chemotherapy with Cis-DDP improves 
the recurrence-free survival rate in women with locally 
advanced breast cancer (3). However, the development of 
resistance to Cis-DDP treatment leads to therapeutic failure 
and tumor recurrence. Therefore, it is important to discover 
molecular targets to increase the effectiveness of Cis-DDP 
without drug resistance. 

Emerging reports have demonstrated that approximately 
70% of TNBC is characterized as basal-like BC. Activated 
mitogen-activated protein kinase (MAPK) and Akt pathways are 
involved in TNBCs (4, 5). Extracellular signal-related kinase 
(ERK)1/2 is one of the major MAPK signaling pathways involved 
in cancer cell proliferation, differentiation, and migration, as 
well as epithelial-mesenchymal transition (EMT) (5). Various 
therapies that inhibit MEK-ERK1/2 signaling using a MEK 
inhibitor (trametinib) or a MEK nucleotide analog (gemcitabine) 
have been tested in clinical trials with patients who failed 
multiple therapies (6). However, patients that are treated with 
MEK inhibitors showed low efficacy with a number of side 
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Fig. 1. Inhibition of p90RSK decreases cell proliferation in MDA- 
MB-231 cells. (A) MDA-MB-231, BT549, and MCF-7 breast cancer 
cells were stimulated with Cis-DDP for 24 h and cell viability 
was determined by an MTT assay. (B) Cells were treated with the 
Cis-DDP for 36 h and cell proliferation was determined by FACS 
using a Ki-67 proliferation kit. (C) MDA-MB-231 cells were stimulated
with 20 g/ml of Cis-DDP or 5 g/ml of Dox for 24 h and the 
cell cycle was investigated using FACS. (D) MDA-MB-231 cells were
stimulated with Cis-DDP for 24 h and the protein and mRNA 
expression of p90RSK were determined by western blotting (upper 
panel) and qPCR (lower bar graph). (E) MDA-MB-231 cells were 
stimulated with Cis-DDP for 5 min and whole-cell lysates were 
subjected to western blot analysis against the indicated antibodies. 
(F, G) MDA-MB-231 cells were treated with 10 M of FMK for 3 
h (F) or transfected with pcDNA or DN-RSK1 for 18 h (G) 
followed by treatment with the indicated dose of Cis-DDP for 24 
h and cell viability was determined by an MTT assay. The data 
are presented as means ± SEM (n = 3). *P ＜ 0.05, **P ＜ 0.01
or ***P ＜ 0.001 compared with 0 sample; #P ＜ 0.05, ##P ＜
0.01 or ###P ＜ 0.001 compared with each control.

effects because MEK globally regulates many downstream 
substrates. 

The activation of p90 ribosomal protein S6 kinase (p90RSK), 
which is a downstream substrate of ERK1/2 signaling, is 
associated with tumorigenesis and invasive cancer phenotypes 
(7). p90RSK contains two functional kinase domains, an 
N-terminal kinase domain (NTKD) and a C-terminal kinase 
domain (CTKD) connected by a linker domain (8). Once 
ERK1/2 is activated by various stimuli, such as carcinogens 
and growth factors, it can be docked to p90RSK to activate 
CTKD by phosphorylation of Thr577 (9). Sequential phosphory-
lation of p90RSK at Thr365 and Ser386 in the linker region 
induces 3-phosphoinositide-dependent protein kinase-1-mediated 
NTKD activation that is associated with the activation of 
p90RSK substrates, including transcription factors, c-Fos, and 
Myt1 (10). These transcription factors promote cell survival via 
the regulation of gene transcription, protein synthesis, and the 
cell cycle (11, 12). However, it has not been revealed whether 
p90RSK activation is associated with TNBC proliferation and 
migration via the regulation of transcription factors and the 
underlying signaling pathway. 

In this study, we investigated the role of p90RSK, the 
downstream effector of the MAPK pathway in the proliferation 
and migration of Cis-DDP-treated breast cancer cells. We 
discovered that Cis-DDP treatment increased mRNA expression 
and protein activation of p90RSK. During the inhibition of 
p90RSK kinase activation using a p90RSK specific inhibitor, 
FMK, or a dominant-negative kinase defective mutant, DN-RSK1 
transfection significantly decreased cell viability, cell migration, 
and EMT via the regulation of NF-B transcriptional activity. 
Our study aimed to investigate whether the regulation of 
p90RSK activity is a critical therapeutic target for increasing 
Cis-DDP sensitivity in patients with TNBC. 

RESULTS 

Inhibition of p90RSK decreased cell proliferation in 
MDA-MB-231 cells
Human breast cancer cell lines MDA-MB-231, BT-549, and 
MCF-7 were treated with 0, 5, 10, and 20 g/ml of Cis-DDP 
and cell viability was assessed by the MTT assay. The most 
significant Cis-DDP-mediated cytotoxicity was shown in 
MCF-7 cells, whereas MDA-MB-231 and BT-549 cells showed 
less cytotoxicity after Cis-DDP treatment than MCF-7 cells (Fig. 
1A). Ki-positive cell data also showed the Cis-DDP resistance 
in MDA-MB 231 cytotoxicity compared with MCF-7 cells (Fig. 
1B). As MDA-MB-231 cells presented the strongest Cis-DDP 
resistance, we determined the cell cycle changes by Cis-DDP 
in MDA-MB-231 compared with doxorubicin (Dox) treatment. 
Cis-DDP treatment did not significantly change the G1-S-G2/M 
cell cycle phase, whereas 5 g/ml of Dox treatment induced 
G1 arrest compared with the control sample (Fig. 1C). Next, 
we evaluated p90RSK expression and activation in 
Cis-DDP-treated cells. The mRNA level of p90RSK was 

significantly increased by 20 g/ml of Cis-DDP treatment (Fig. 
1D). To identify the p90RSK-mediated signaling pathway 
associated with Cis-DDP resistance in MDA-MB-231 cells, 
cells were pretreated with a p90RSK specific inhibitor, FMK, 
for 1 h. FMK treatment only inhibited p90RSK activation, not 
the phosphorylation of ERK1/2, p38, and Akt (Fig. 1E), which 
showed the specific inhibitory role of FMK on p90RSK 
activation. It was also investigated whether p90RSK activation 
and expression in MCF-7 cells were affected by Cis-DDP 
treatment as in MDA-MB-231, but Cis-DDP treatment did not 
alter both p90RSK activation and expression in MCF-7 cells 
(Fig. S1A-C). When we examined the inhibitory effect of FMK 
on p90RSK isoforms, such as RSK1 and RSK2, only the mRNA 
expression of RSK1 was downregulated by FMK (Fig. S2A). 
Cis-DDP-induced p90RSK activation was completely blocked 
by FMK pretreatment (Fig. 1E). In addition, FMK treatment for 
24 h resulted in down-regulation of phosphorylation and 
protein expression of p90RSK (Fig. S2B). FMK treatment and 
DN-RSK1 transfection-induced inhibition of p90RSK activation 
significantly sensitized cells to Cis-DDP-induced cell toxicity 
compared with the control, as shown in Fig. 1F and G. 
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Fig. 2. Effect of p90RSK activation on cell migration in Cis-DDP- 
induced MDA-MB-231 cells. (A) Cells were pretreated with 10 M 
of FMK for 3 h or transfected with DN-RSK for 18 h followed by 
treatment with 20 g/ml of Cis-DDP. After 36 h, cells were fixed, 
stained with crystal violet, and photographed using an Olympus 
microscope. The bar indicates 200 m. (B) The migration area 
was measured using Image J software and indicated as fold 
change compared to the control (0) sample. (C-E) MDA-MB-231 
cells were treated with the same conditions as above (Figure 2A) 
and whole protein lysates and RNA samples were subjected to 
western blotting (C) or qPCR (D, E) against MMP2 and MMP9. 
(F-I) MDA-MB-231 cells were transfected with siRNA from the 
control (si-Cont) or RSK1 (si-RSK1) for 48 h followed by treatment 
with 10 or 20 g/ml of Cis-DDP for 24 h. (F) p90RSK protein 
expression was determined by western blotting. (G-I) Total RNA 
samples were subjected to qPCR against RSK1, MMP2, and MMP9
primers. The data are presented as means ± SEM (n = 3). *P ＜
0.05, **P ＜ 0.01 or ***P ＜ 0.001 compared with 0 sample; #P 
＜ 0.05, ##P ＜ 0.01 or ###P ＜ 0.001 compared with each control.

Fig. 3. Involvement of p90RSK activation in Cis-DDP-induced 
EMT. (A-F) MDA-MB-231 cells were pretreated with 10 M of 
FMK for 1 h followed by treatment with 20 g/ml of Cis-DDP for 
6 h. (G-L) Cells were transfected with WT-RSK1 or DN-RSK1 
plasmids for 18 h followed by treatment with 20 g/ml of 
Cis-DDP for 6 h. Total RNA samples were subjected to qPCR 
against E-cadherin (A, G), N-cadherin (B, H), vimentin (C, I), Snail 
(D, J), Twist (E, K), and ZEB1 (F, L) primers. The data are 
presented as means ± SEM (n = 3). *P ＜ 0.05, **P ＜ 0.01 or 
***P ＜ 0.001 compared with 0 sample; #P ＜ 0.05, ##P ＜ 0.01 
or ###P ＜ 0.001 compared with each control.

Effect of p90RSK activation on cell migration in 
Cis-DDP-induced MDA-MB-231 cells
The inhibitory effect of p90RSK activation on MDA-MB-231 
cell migration was demonstrated by a scratch wound-healing 
assay. FMK significantly decreased Cis-DDP-induced migration 
in MDA-MB-231 cells. Furthermore, the overexpression of 
dominant-negative p90RSK1 (DN-RSK1) decreased Cis-DDP 
induced cell migration (Fig. 2A and B). Next, we investigated 
the effect of protein and mRNA expression of matrix 
metallopeptidase (MMP)2 and MMP9 in migration behavior. 
Although migrated cells were less visible in cisplatin treatment 
for 36 hr compared to untreated sample in Fig. 2A, both 
protein and mRNA expression of MMP2 and MMP9 were 
significantly increased by Cis-DDP treatment for 12 hr (Fig. 
2C-I). In addition, deactivation and depletion of p90RSK using 
a FMK treatment and a small interfering RNA (siRNA) 
completely inhibited Cis-DDP-induced mRNA levels of MMP2 
and 9, respectively (Fig. 2D-I). Protein expression of p90RSK 
was depleted by 70% by siRNA of p90RSK compared to 
siRNA of control (Fig. 2F). 

Involvement of p90RSK activation in Cis-DDP-induced EMT
We investigated whether p90RSK regulated EMT on 
stimulation with Cis-DDP. As shown in Fig. 3A-F, mRNA 
expression of E-cadherin, a tumor repressor, was enhanced in 
cells treated with Cis-DDP and FMK, whereas mesenchymal 

markers (N-cadherin and vimentin) and EMT transcription 
factors (Snail, Twist, and ZEB1) were inhibited in the same 
condition. To demonstrate the effect of p90RSK activation on 
Cis-DDP-induced EMT, MDA-MB-231 cells were overexpressed 
with WT-RSK1 and DN-RSK1 and the mRNA levels of 
mesenchymal markers and EMT transcription factors were 
examined. Consistent with the FMK effects shown in Fig. 3A-F, 
DN-RSK1 overexpression, unlike WT-RSK1 overexpression, 
caused the suppression of EMT by the downregulation of 
N-cadherin, vimentin, Snail, Twist, and ZEB1 in Cis-DDP- 
induced cells (Fig. 3G-L). 

Effect of p90RSK activation on NF-B transcriptional activity
As we discovered that p90RSK activation is involved in mRNA 
expression of EMT genes in MDA-MB-231 cells, we examined 
NF-B translocation and transcriptional activity (Fig. 4). As 
shown in Fig. 4A and B, Cis-DDP increased NF-B translocation; 
however, FMK pretreatment significantly decreased Cis-DDP- 
induced NF-B nuclear expression. In addition, Cis-DDP-induced 
phosphorylation of NF-B was completely inhibited by FMK 
treatment (Fig. 4C). Next, we investigated the role of p90RSK 
activation on NF-B promotor activity. NF-B promotor 
activity was strongly increased by 20 g/ml of Cis-DDP 
treatment, whereas FMK treatment blocked Cis-DDP-increased 
NF-B promotor activity (Fig. 4D). TNF- stimulation was used 
as a positive control. 

DISCUSSION 

The purpose of this study was to determine the role of p90RSK 
activation and its underlying signaling pathway on Cis-DDP 
drug resistance in breast cancer cells. We evaluated Cis-DDP 
resistance on cell viability in MDA-MB-231, BT-549, and 
MCF-7 cells and discovered that in TNBC, MDA-MB-231 
exhibited the greatest resistance to cell viability after Cis-DDP 
treatment. Consistent with the cell viability results, the cell 
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Fig. 4. Effect of p90RSK activation on NF-B transcriptional
activity. (A-C) MDA-MB-231 cells were pretreated with 10 M of 
FMK for 1 h followed by treatment with 20 g/ml of Cis-DDP for 
1 h. (A) The p65 expression in cells was observed using a laser 
scanning confocal spectral microscope (Nanoscope systems). Bars 
indicate 30 m. (B) Many nuclear p65 NF-Bs were indicated as 
fold change compared to the control (0) sample. (C) Total protein 
lysates were subjected to western blotting using anti-phospho or 
-total p65 antibodies. (D) MDA-MB-231 cells were co-transfected 
with the pNF-B-luc and pRL-Renilla reporter construct. At 18 h 
after transfection, cells were treated with 10 M of FMK for 1 h 
followed by treatment with Cis-DDP or TNF- (positive control) 
for 12 h. The luciferase activities of the extracts were determined 
and normalized based on Renilla luciferase expression. The data 
are presented as means ± SEM (n = 3). ***P ＜ 0.001 compared 
with 0 sample; ##P ＜ 0.01 compared with each control.

cycle analysis results revealed that 20 g/ml of Cis-DDP 
treatment failed to arrest G0/G1, whereas 5 g/ml of Dox, 
used as a positive control, strongly arrested G0/G1. We 
demonstrated the important role of p90RSK activation in 
Cis-DDP resistance in TNBC. The Cis-DDP treated sample 
showed both increased protein and mRNA expression of 
p90RSK in TNBC, MDA-MB-231 cells. This study is the first to 
show the involvement of p90RSK in Cis-DDP resistance in 
TNBC. 

Recent studies have reported the role of p90RSK in cancer 
development and progression in various types of cancer (13, 
14). p90RSK is a downstream effector of the ERK1/2 signaling 
pathway and leads to mammalian target of rapamycin 
complex 1 (mTORC1) activation that results in an increase in 
BRAF-mutated melanoma cell proliferation in vitro (15). 
p90RSK has also been proposed as an important mediator of 
cancer cell migration and EMT (16). Furthermore, a recent 
study showed a high protein expression level of p90RSK in 
human metastatic breast cancer tissue (7). The depletion of 
p90RSK induces the inhibition of CD44 (a tumor-initiating cell 
phenotype) expression at the cell surface (17). In agreement 
with previous reports, our data showed that p90RSK 
phosphorylation was involved in Cis-DDP resistance by 
inducing cell viability, migration, and EMT. Although a 
previous report has suggested that the phosphorylation of 

p90RSK is a potential predictive marker for chemotherapy 
resistance in ER-positive breast cancer via the Ras/Raf/ERK/ 
p90RSK signaling pathway (18), our results showed that 
p90RSK expression was higher in TNBC (MDA-MB-231) cells 
than ER-positive BC (MCF-7) cells. In addition, we demons-
trated that MDA-MB-231 cells presented more cis-DDP 
resistance than MCF-7 cells, with reduced levels of cell 
viability, proliferation, and G0/G1 arrest.

In Fig. 1E, we found that FMK treatment inhibited the 
phosphorylation of p90RSK at Ser380 within 5 min, but not 
the protein expression of p90RSK. Since we were able to see 
the changes in the mRNA level of RSK1 by FMK treatment for 
24 h, we also tested whether FMK changed protein expression 
of p90RSK or not. As shown in Fig. S2B, Cis-DDP treatment 
led to an increase in both phosphorylation and protein 
expression of p90RSK. As the amount of protein expression of 
p90RSK increases, p90RSK phosphorylation can last for 24 hr. 
If ubiquitin (Ub) binds to p90RSK and FMK abolishes the Ub 
binding, FMK-mediated Ub modifications can be altered to 
p90RSK stability. Therefore, we would like to investigate 
whether ubiquitination could be involved in protein the 
stability of p90RSK in the next study. 

EMT occurs due to the loss of E-cadherin via many signaling 
pathways, including the TGF- signaling pathway and NF-B 
signaling pathway (19). We found that p90RSK activation 
induced NF-B nuclear translocation and transcriptional 
activity (Fig. 4). Ras-activated MAPK also promotes EMT via 
the Twist signaling pathway (20). An EMT transcription factor, 
Twist correlates with MAPK, which is one of the signaling 
pathways involved in the promotion of breast cancer cell 
invasion (21). Various transcription factors are related to EMT 
and cell invasion, and Slug, Snail, and Twist are transcription 
factors that have been reported to regulate the expression of 
tumor suppressor such as E-cadherin (22). Our results indicated 
that p90RSK activation was involved in the upregulation of 
mesenchymal markers, such as Snail, Twist, ZEB1, N-cadherin, 
and Vimentin in Cis-DDP-stimulated MDA-MB-231 cells. The 
overexpression of WT-RSK1 increased the number of mesen-
chymal markers induced by Cis-DDP, whereas the inhibition 
of p90RSK kinase activation reduced the mRNA level of 
mesenchymal markers and the increased mRNA level of 
E-cadherin. Since ERK1/2 increases p90RSK activation to 
stimulate tumorigenesis and invasive cancer phenotypes (5), 
ERK1/2-mediated p90RSK activation could be involve in 
NF-B activation. Many EMT transcription factors including 
Snail, Twist, and ZEB-1 are activated when NF-B translocates 
to the nucleus (23). Therefore, ERK1/2-p90RSK signaling 
pathway results in NF-B transactivation-mediated target gene 
expression, such as Snail, Twist, and ZEB-1.

In conclusion, our study demonstrated, for the first time, that 
p90RSK kinase was involved in Cis-DDP-mediated cell 
viability, cell migration, and EMT. Cis-DDP-induced p90RSK 
activation regulated cell migration via MMP2 and MMP9 
expression and EMT via the Snail/Twist/ZEB1 signaling 
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pathway in MDA-MB-231 cells. The inhibition of Cis-DDP- 
induced p90RSK resulted in the inhibition of NF-B nuclear 
translocation and suppressed NF-B promotor activity. These 
discoveries reveal a new important mechanism in the research 
of Cis-DDP resistance in TNBC and that the regulation of 
p90RSK activity can be a critical therapeutic target for 
increasing Cis-DDP sensitivity in patients with TNBC. 

MATERIALS AND METHODS 

Cell culture 
Human mammary carcinoma cell lines MDA-MB-231 
(HTB-26TM) or MCF-7 (AHTB-22TM) and BT549 (HTB-122TM) 
were obtained from the American Type Culture Collection 
(Manassas, VA, USA). 

Cell transfection 
Rat RSK1 (NM031107) was mutated to K94A/K447A to create 
a kinase dead protein (DN-p90RSK1) with the QuickChange II 
site-directed mutagenesis kit (#200521, Agilent) as described 
previously (24). 

Luciferase reporter assay
Cells were transiently co-transfected with pNF-B-luc and 
p-TK-renilla reporter plasmid by the DEAE-dextran methods as 
described previously (25). 

Real-Time Polymerase Chain Reaction assay
The quantitative RT-PCR (qRT-PCR) assay was used to analyze 
the mRNA expression of RSK1, RSK2, MMP2, MMP9, 
E-cadherin, N-cadherin, vimentin, Snail, Twist, and ZEB1 as 
described previously (24). The relative gene expression was 
calculated using a 2−ct method, which was normalized by 
GAPDH. All primer sequences used in qRT-PCR experiments 
are listed in Supplementary Table 1. 

Statistical analysis
Statistical analysis was performed using GraphPad Prism 5 
(version 5.02, GraphPad Software Inc., San Diego, CA, USA). 
One-way analysis of variance (ANOVA) followed by a 
Bonferroni multiple comparison was performed. A P value ＜ 
0.05 was considered significant. All experiments were 
expressed as the mean ± SEM and were performed indepen-
dently at least 3 times. 
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