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Abstract. Bruton's agammaglobulinemia tyrosine kinase 
(BTK) is an important cytoplasmic tyrosine kinase involved 
in B‑lymphocyte development, differentiation, and signaling. 
Activated protein kinase C (PKC), in turn, induces the activation 
of mitogen‑activated protein kinase (MAPK) signaling, which 
promotes cell proliferation, viability, apoptosis, and metas‑
tasis. This effect is associated with nuclear factor‑κB (NF‑κB) 
activation, suggesting an anti‑metastatic effect of BTK inhibi‑
tors on MCF‑7 cells that leads to the downregulation of matrix 
metalloproteinase (MMP)‑9 expression. However, the effect 
of BTK on breast cancer metastasis is unknown. In this study, 
the anti‑metastatic activity of BTK inhibitors was examined in 

MCF‑7 cells focusing on MMP‑9 expression in 12‑O‑tetrade
canoylphorbol‑13‑acetate (TPA)‑stimulated MCF‑7 cells. The 
expression and activity of MMP‑9 in MCF‑7 cells were inves‑
tigated using quantitative polymerase chain reaction analysis, 
western blotting, and zymography. Cell invasion and migra‑
tion were investigated using the Matrigel invasion and cell 
migration assays. BTK inhibitors [ibrutinib (10 µM), CNX‑774 
(10 µM)] significantly attenuated TPA‑induced cell invasion 
and migration in MCF‑7 cells and inhibited the activation of 
the phospholipase Cγ2/PKCβ signaling pathways. In addition, 
small interfering RNA specific for BTK suppressed MMP‑9 
expression and cell metastasis. Collectively, results of the 
present study indicated that BTK suppressed TPA‑induced 
MMP‑9 expression and cell invasion/migration by activating 
the MAPK or IκB kinase/NF‑κB/activator protein‑1 pathway. 
The results clarify the mechanism of action of BTK in cancer 
cell metastasis by regulating MMP‑9 expression in MCF‑7 
cells.

Introduction

Breast cancer, a primary cause of female mortality (1‑3), is 
characterized by a high mortality rate owing to the invasive 
and metastatic potential of cancer cells (4). In 2018 world‑
wide, the incidence of breast cancer was 24.2%, and the 
invasive cancer rate was 11.6% in woman cancer patents (2). 
Furthermore, in Korea in 2017, the incidence of breast cancer 
was 20.3%, and the invasive cancer rate was 15.6% in woman 
cancer patents (3). One of the primary therapeutic approaches 
against breast cancer metastasis involves the development 
of effective anti‑invasive agents (5,6). Cancer cell invasion, 
induced by extracellular matrix (ECM) degradation, initiates 
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the metastatic process; the cancer cells find their way through 
adjacent tissues, invade blood vessels, and move along the 
vessel walls to migrate to other organs (7,8). ECM degradation 
is caused by various extracellular proteases, of which matrix 
metalloproteinases (MMPs) play a crucial role in breast 
cancer (7,8).

Bruton's tyrosine kinase (BTK) is a member of the Tec 
family of cytoplasmic tyrosine kinases in the B‑cell receptor 
signaling pathway and a driving force for CLL and other 
B‑cell malignancies  (9‑12). BTK, a multidomain protein, 
can interact with and activate other molecules, including 
phospholipase  C  (PLC) γ2  (13‑15). PLCγ2, a member of 
phosphoinositide‑specific PLCs, enhances the activation of 
protein kinase C (PKC) by catalyzing the degradation of phos‑
phatidylinositol‑4,5‑bisphosphate (PIP2) into diacylglycerol 
(DAG) and inositol‑3,4,5‑trisphosphate (IP3). IP3 induces the 
elevation of intracellular calcium levels (16). Activated PKC, 
in turn, induces the activation of mitogen‑activated protein 
kinase (MAPK) signaling, which promotes cell proliferation, 
viability, apoptosis, and metastasis (17,18). Previous research 
on BTK in breast cancer cells has mainly focused on its role 
in the regulation of cell viability (19,20). The effects of BTK 
on the invasion and metastasis of breast cancer cells and its 
signaling mechanism remain unclear.

Matrix metalloproteinases (MMPs) are a family of 
zinc‑dependent endopeptidases that can be divided into 
six subclasses: Collagenases, stromelysins, gelatinases, 
matrilysins, membrane‑associated MMPs, and other 
MMPs (21). MMP‑9 has been identified as a crucial MMP 
involved in cancer cell invasion, and it is directly linked to 
the induction of cancer cell metastasis and poor prognosis 
in cancer patients (22,23). MMP‑9 expression is induced by 
various stimuli, including cytokines, growth factors, and 
12‑O‑tetradecanoylphorbol‑13‑acetate (TPA)  (24‑27). In 
particular, TPA significantly stimulates MMP synthesis and 
secretion by activating PKC (28‑30). TPA‑induced MMP‑9 
expression is triggered by the activation of transcription 
factors, including nuclear factor‑κB (NF‑κB) and activator 
protein‑1 (AP‑1) (31,32). NF‑κB and AP‑1 play pivotal roles 
in TPA‑induced MMP‑9 expression in breast cancer cell 
metastasis and are regulated by MAPKs  (33‑35). The 
signaling pathways mediated by MAPKs activate IκB kinase 
(IKK), extracellular signal‑regulated kinase (ERK), c‑Jun 
N‑terminal kinase (JNK), or p38 MAPK, depending on the 
cell type (24,36‑38). Findings of those studies highlight the 
potential importance of suppressing MMP‑9 expression or its 
upstream regulatory pathways for the treatment of metastasis 
in breast cancer.

In this study, we investigated the regulatory effects of BTK 
inhibitors on PKC‑mediated MMP‑9 expression and invasion 
in MCF‑7 cells. Our data demonstrated that BTK inhibitors 
suppressed TPA‑induced MMP‑9 expression by blocking 
MAPK/NF‑κB/AP‑1 signal transduction via the PLCγ2/PKC 
pathway. Thus, the data confirmed that BTK inhibitors suppress 
MCF‑7 cell metastasis by regulating MMP‑9 expression.

Materials and methods

Cell line and culture. MCF‑7 human breast cancer cells 
were purchased from American Type Culture Collection 

(cat. no. HTB‑22). MCF‑7 cells were cultured in high‑glucose 
Dulbecco's modified Eagle's medium (DMEM; WelGENE 
Inc.) supplemented with 10% fetal bovine serum (Life 
Technologies; cat. no.  160000‑044) and 1% antibiotics 
(anti‑anti). Cultures were maintained in a humidified incubator 
with 5% CO2 at 37˚C.

Reagents. The BTK inhibitor, ibrutinib was purchased 
from Wuhan NCE Biomedical Co., Ltd., while CNX‑774 
was purchased from Selleck Chemicals. TPA (P1585) and 
dimethyl sulfoxide (DMSO; cat. no. 472301) were obtained 
from Sigma‑Aldrich; Merck KGaA. Matrigel was obtained 
from Corning Inc. (cat. no. 356234). Before cell treatment, 
each reagent was dissolved in DMSO.

Measurement of cell viability. The viability of MCF‑7 cells 
was assessed as previously described (39). Cell viability was 
analyzed using the EZ‑Cytox reagent Cell Viability Assay Kit 
(DoGen) following the manufacturer's instructions. MCF‑7 
cells (3x104) well were seeded onto 96‑well plates, treated with 
the indicated concentrations of BTK inhibitors, and incubated 
for 24 h at 37˚C in a humidified atmosphere containing 5% 
CO2. After 24 h, EZ‑cytox reagent solution (10 µl) was added 
to each well of the 96‑well plate, and the cells were further 
incubated for 4 h at 37˚C. The absorbance was measured at 
450 nm using a Sunrise™ ELISA reader (Tecan). The optical 
density of the control was considered 100%.

Western blot analysis. MCF‑7 cells (7x105) were pretreated 
with 10 µM of either of the two BTK inhibitors for 1 h and 
then incubated with TPA for 24  h at 37˚C. Total protein 
was extracted using RIPA buffer (Thermo Fisher Scientific) 
containing protease and phosphatase inhibitors (Calbiochem), 
as previously described (39). The lysates were then centrifuged 
at 16,000 x g for 10 min at 4˚C, and the protein concentra‑
tions in the lysates were assessed using a BioSpec‑nano 
device (Shimadzu). Equal quantities of protein (10 µg) were 
resolved using 10% sodium dodecyl sulfate‑polyacrylamide 
gel electrophoresis and transferred to Hybond™ polyvinyli‑
dene fluoride membranes (GE Healthcare Life Sciences) using 
a western blot apparatus. Each membrane was blocked for 2 h 
with 5% bovine serum albumin (BSA) or 5% skim milk in 
TTBS with Tween‑20, and the blots were incubated overnight 
at 4˚C with primary antibodies (1:2,500 dilution); anti‑β‑actin 
antibodies were obtained from Sigma‑Aldrich; Merck KGaA. 
Primary antibodies (1:2,500 dilution) against the following 
antigens were used: p38 (cat. no. 9212), JNK (cat. no. 9252), 
ERK (cat. no. 9102), IKKα (cat. no. 2682) and IKKβ (cat. 
no. 2678), phosphorylated forms of p38 (cat. no. 9211), JNK 
(cat. no. 9251), and ERK (cat. no. 9101); c‑Jun (cat. no. 9261); 
inhibitory subunit of NF‑κBα (IκBα; cat. no. 2859); IKKαβ 
(cat. no. 2697); and PLCγ2 (cat. no. 3874). These were obtained 
from Cell Signaling Technology (Beverly). Polyclonal anti‑
bodies (1:2,500 dilution) against p50 (SC‑7178), p65 (SC‑372), 
MMP‑9 (SC‑12759), IκBα (SC‑371), PLC γ2 (SC‑5283) and 
proliferating cell nuclear antigen (PCNA) were obtained from 
Santa  Cruz Biotechnology, Inc. Antibodies (1:2,500 dilu‑
tion) against PKCα (ab32376), PKCβ (ab32026), and PKCδ 
(ab182126) were purchased from Abcam. The blots were 
washed in TBS with 0.2% Tween‑20 (TBST) and secondary 
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horseradish peroxidase‑conjugated goat anti‑mouse (cat. 
no. sc‑2005; Santa Cruz Biotechnology, Inc.) or anti‑rabbit 
(cat. no. sc‑2004; Santa Cruz Biotechnology, Inc.) antibody 
(1:2,500 dilution) at 4˚C for 1  h. The protein bands were 
detected by HRP Substrate Luminol Reagent (EMD Millipore 
Corporation), and protein expression levels were determined 
using a Mini HD6 image analyzer (UVItec). The blot was 
re‑probed with an anti‑β‑actin antibody to confirm equal 
loading.

Gelatin zymography analysis. MMP‑9 activity was measured 
by gelatin zymography, as previously described previ‑
ously (39). MCF‑7 cells (7x105) were pretreated with either of 
the two BTK inhibitors (10 µM) in serum‑free medium for 1 h 
and then incubated with TPA (20 µM) for 24 h at 37˚C. The 
conditioned medium was collected after 24 h of stimulation, 
cleared by centrifugation at 1,500 x g for 4 min at 4˚C, mixed 
with non‑reducing sample buffer, and electrophoresed on a 
polyacrylamide gel containing 0.1% (w/v) gelatin. Following 
electrophoresis, the gel was washed at room temperature for 
30 min with 2.5% Triton X‑100, followed by incubation at 37˚C 
for 16 h in 5 mM CaCl2, 0.02% Brij‑35, and 50 mM Tris‑HCl 
(pH  7.5). Finally, the gels were stained with 0.25%  (w/v) 
Coomassie Brilliant Blue in 40% (v/v) methanol and 7% (v/v) 
acetic acid. Proteolysis was detected as a white zone in a dark 
blue field using a digital imaging system (Cell Biosciences).

RNA isolation and quantitative polymerase chain reac‑
tion (PCR). This method was performed as previously 
described (39). Total RNA was isolated from MCF‑7 cells 
using TRIzol reagent (Invitrogen) according to the manu‑
facturer's instructions. cDNA (1 µg) was synthesized using 
a High Capacity cDNA synthesis kit from PrimeScript™ 
RT Reagent Kit (Takara). mRNA levels were determined by 
quantitative PCR analysis using the StepOnePlus™ Real‑time 
PCR System and SYBR‑Green PCR Master Mix (Applied 
Biosystems). The PCR cycling conditions were: Initial dena‑
turation at 95˚C for 5 min, followed by 40 cycles of 95˚C for 
30 sec and 60˚C for 30 sec. The primers used were: MMP‑9 
(NM 004994), 5‑CCT​GGA​GAC​CTG​AGA​ACC​AAT​CT‑3 
(forward), 5‑CCA​CCC​GAG​TGT​AAC​CAT​AGC‑3 (reverse); 
and glyceraldehyde‑3‑phosphate dehydrogenase (GAPDH; 
NM 002046), 5‑ATG​GAA​ATC​CCA​TCA​CCA​TCT​T‑3 
(forward), and 5‑CGC​CCC​ACT​TGA​TTT​TGG‑3 (reverse). 
Gene expression data were normalized to the expression levels 
of the housekeeping gene GAPDH. Relative quantitation was 
performed using the comparative ∆∆Ct method according to 
the manufacturer's instructions (40).

Preparation of nuclear extracts. This method was performed 
as previously described (39). MCF‑7 cells (2x106) were treated 
with either BTK inhibitor and then incubated with TPA for 3 h 
at 37˚C. The cells were then washed twice with ice‑cold PBS, 
resuspended in 1.5 ml ice‑cold PBS (pH 7.5), and centrifuged 
at 1,500 x g for 4 min at 4˚C. Cytoplasmic and nuclear fractions 
were prepared using the NE‑PER Nuclear and Cytoplasmic 
Extraction Kit (Thermo Fisher Scientific).

Membrane fractionation. MCF‑7 cells (5x107) were treated 
with 10 µM of either BTK inhibitor for 1 h and then incubated 

with TPA for 1  h at 37˚C. The cells were immediately 
washed twice, scraped in 1.5 ml of ice‑cold PBS (pH 7.5), and 
pelleted at 300 x g for 3 min at 4˚C. After incubation on ice for 
30 min, the cells were lysed in homogenization buffer (20 mM 
Tris‑HCl, 5 mM dithiothreitol, 2 mM EDTA, 5 mM EGTA, 
and protease and phosphatase inhibitors; pH 7.5) with brief 
sonication (5 times for 10 sec, each at 10% amplitude). The 
resulting cell lysate was centrifuged at 16,000 x g for 15 min 
at 4˚C to separate the soluble (cytosolic) and pellet (membrane) 
fractions. The pellet was resuspended in solubilization 
buffer and incubated on ice for 30 min. The suspension was 
centrifuged at 16,000 x g for 15 min at 4˚C. The supernatant 
was then collected as the membrane fraction.

Dual luciferase reporter assay. MCF‑7 cells (1x105) were 
seeded onto 24‑well plates. Cells were transfected with NF‑κB 
or AP‑1 reporter and Renilla luciferase thymidine kinase 
reporter vector were co‑transfected using Lipofectamine 
2000 (Invitrogen) at 70‑80% confluency. The transfected cells 
were pretreated with either BTK inhibitor at the indicated 
concentration for 1 h and then treated with 100 nM TPA at 
37˚C. Whole‑cell lysates were prepared, and luciferase activity 
was measured using a Dual‑Luciferase Reporter Assay 
System (Promega) and Lumat LB 9507 luminometer (EG&G 
Berthold). Firefly luciferase activity was normalized against 
Renilla luciferase activity.

Matrigel invasion and migration assays. This method was 
performed as previously described (39). The invasion assay was 
carried out in 24‑well chambers (8‑µm pore size) coated with 
20 µl Matrigel (diluted in DMEM). The Matrigel coating was 
rehydrated in 0.5 ml DMEM for 30 min immediately before 
the experiments. The migration assay was performed using an 
insert (8‑µm pore size) in 24‑well chambers without Matrigel 
coating. Cells (3x105) were added to the upper chamber, and 
TPA, alone or with 10 µM of either BTK inhibitor was added 
to the bottom well. Additionally, cells (2x105) transfected 
with BTK small‑interfering RNA (siRNA) were added to the 
upper chamber, and TPA was added to the bottom well. The 
chambers were incubated for 24 h at 37˚C in an atmosphere 
containing 5% CO2. After 24‑h incubation, the cells on the 
upper surface of the chamber were removed with cotton swabs, 
and cells that had migrated were fixed and stained with 0.2% 
crystal violet for 30 min at room temperature and rinsed with 
water to remove any unbound dye. The membranes were dried, 
and invading cells were counted in five random areas of the 
membrane under a light microscope.

Statistical analysis. Data are presented as the mean ± SEM 
from three in experiments performed in triplicate. Statistical 
analysis was performed using ANOVA with Scheffe post hoc 
test (SAS software, version 9.3; SAS Institute Inc.). Differences 
between groups were considered statistically significant at 
P<0.05.

Results

Inhibition of BTK expression attenuates TPA‑induced 
MMP‑9 expression and secretion in MCF‑7 cells. First, we 
evaluated the potential cytotoxic effects of the BTK inhibitors, 
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ibrutinib and CNX‑774, on MCF‑7 cells. The inhibitors did 
not affect cell viability (Fig. 1A and B) or morphology at the 
experimental concentrations used (≤50 µM). Therefore, we 
chose the optimal non‑toxic concentration (10 µM) of the 
BTK inhibitors for subsequent experiments. Next, to validate 
the effects of BTK on TPA‑induced MMP‑9 expression, we 
performed quantitative PCR analysis, western blot analysis, 
and zymography. Western blot analysis revealed that treatment 
with ibrutinib and CNX‑774 suppressed the TPA‑induced 
upregulation of MMP‑9 expression (Fig. 1C, upper panel). 
Quantitative PCR also confirmed that a TPA‑induced increase 
in MMP‑9 mRNA expression in MCF‑7 cells was suppressed 
after treatment with ibrutinib and CNX‑774 (Fig. 1D). The 
degree of TPA‑induced exocytosis of MMP‑9 was assessed 
by zymography, which revealed that treatment with ibrutinib 
and CNX‑774 significantly reduced TPA‑induced MMP‑9 
secretion (Fig. 1C, lower panel). Overall, these findings show 
that the inhibition of BTK expression suppresses TPA‑induced 
MMP‑9 mRNA and protein expression while simultaneously 
suppressing MMP‑9 enzymatic activation.

Inhibition of BTK expression regulates PLC signaling in 
MCF‑7 cells. BTK reportedly regulates the activation of 
PLCγ2 (13,15). We examined the influence of BTK on PLC 
signaling regulation. First, to determine the effects of BTK 

inhibitors on PLCγ2 activation in MCF‑7 cells, we verified 
PLCγ2 phosphorylation and confirmed that treatment with 
ibrutinib and CNX‑774 suppressed PLCγ2 phosphorylation 
(Fig. 2A). In addition, to validate the regulatory effects of 
PLC on MMP‑9 expression, we treated the cells with U‑73122, 
a PLC inhibitor, and confirmed that it suppressed MMP‑9 
expression (Fig. 2B). This result suggests that PLCγ2 regulates 
MMP‑9 expression by inhibiting BTK expression in MCF‑7 
cells.

Inhibition of BTK expression regulates the TPA‑induced 
PKC/MAPK/IKK signaling pathway in MCF‑7 cells. In 
previous studies, we have demonstrated that PKC is involved 
in TPA‑induced MMP‑9 expression via MAPK and IKK 
signaling (31,32). In the current study, we aimed to validate 
the effects of BTK on the PKC, MAPK, and IKK‑mediated 
signaling pathways. First, we assessed PKC phosphorylation 
to determine whether the inhibition of BTK expression influ‑
ences PKC activation in MCF‑7 cells. As shown in Fig. 3A, 
treatment with ibrutinib and CNX‑774 reduced TPA‑induced 
translocation of PKCβ to the membrane. We also assessed 
the phosphorylation of p38, ERK, and JNK after treatment 
with ibrutinib and CNX‑774 to determine the effects of 
BTK inhibitors on TPA‑induced MAPK activation. Ibrutinib 
and CNX‑774 treatment reduced p‑p38, p‑ERK, and p‑JNK 

Figure 1. Effect of BTK inhibitors on the MCF‑7 cells by TPA‑induced MMP‑9 expression. To examine the cytotoxicity of BTK inhibitors, cells were cultured 
in 96‑well plates to 70% confluency and various concentrations of (A) ibrutinib or (B) CNX‑774 were added to the cell culture and incubated for 24 h. The 
EZ‑Cytox Enhanced Cell Viability Assay Kit was used to determine cell viability. The optical density of the control was considered 100%. Data represent 
the mean ± SEM of three independent experiments. #P<0.05 compared with 0 µM of BTK inhibitors at 24 h. MCF‑7 cells were treated with BTK inhibitors 
in the presence or absence of TPA for 24 h. Cell lysates were analyzed by western blotting using an anti‑MMP‑9 antibody. The blot was re‑probed with an 
anti‑β‑actin antibody to confirm equal loading. Conditioned medium was prepared and used for gelatin zymography (C). MMP‑9 mRNA levels were analyzed 
by quantitative PCR and GAPDH was used as an internal control Data are the mean ± SEM of three independent experiments. #P<0.01 vs. untreated control; 
*P<0.01 vs. TPA. (D) The blot was re‑probed with an anti‑β‑actin antibody to confirm equal loading.
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expression (Fig. 3B). In addition, we examined the effects of 
ibrutinib and CNX‑774 on the activation of the IKK protein, 
a signal transducer downstream of the TPA‑induced PKC 
signaling pathway, but upstream of the NF‑κB signal transduc‑
tion cascade. We also confirmed that ibrutinib and CNX‑774 
treatment inhibited TPA‑induced phosphorylation of IKKαβ 
and that TPA induced phosphorylation and degradation of 
IκBα However, IκBα phosphorylation was suppressed in cells 
treated with the BTK inhibitors, thereby preventing its degra‑
dation (Fig. 3C). The results indicate that the inhibition of BTK 
expression regulates PKCβ activation and MAPK/IKK signal 
transduction, and, in turn, regulates TPA‑induced MMP‑9 
expression in MCF‑7 cells.

Inhibition of BTK expression reduces TPA‑induced activation 
of NF‑κB and AP‑1 in MCF‑7 cells. We examined the activa‑
tion of NF‑κB and AP‑1 to verify the signaling mechanism 

downstream of PKC/MAPK and IKK. We confirmed that 
the BTK inhibitors reduced the levels of p65 and p50, the 
subunits of NF‑κB, and p‑c‑Jun (Fig.  4A). In addition, to 
validate NF‑κB and AP‑1 activation, we examined the 
effects of ibrutinib and CNX‑774 on promoter binding using 
the luciferase reporter assay. We observed an increase in 
TPA‑induced activation of NF‑κB and AP‑1 in MCF‑7 cells 
and suppression of TPA‑induced NF‑κB and AP‑1 activa‑
tion after treatment with the BTK inhibitors (Fig. 4B and C). 
These findings suggest that the inhibition of BTK expression 
regulates TPA‑induced MMP‑9 expression in MCF‑7 cells 
by suppressing the activation of NF‑κB and AP‑1 via various 
signaling mechanisms.

Inhibition of BTK expression suppresses TPA‑mediated 
invasion and migration of MCF‑7 cells. The upregulation of 
MMP‑9 expression contributes to the metastasis of cancer 
cells, including breast cancer (21,41). We performed Matrigel 
invasion and cell migration assays to determine whether the 
inhibition of BTK expression suppresses MCF‑7 cell invasion 
and migration in vitro. We observed a marked decrease in the 
invasion and migration of MCF‑7 cells following treatment 
with ibrutinib and CNX‑774 (Fig. 5). These results suggest 
that the inhibition of BTK expression suppresses cancer cell 
metastasis.

Downregulation of BTK expression suppresses TPA‑induced 
MMP‑9 expression along with MCF‑7 breast cancer cell inva‑
sion and metastasis. We regulated BTK expression in MCF‑7 
cells by gene silencing using siRNA to further substantiate 
our findings based on inhibitor‑induced suppression of BTK 
expression. As shown in Fig. 6A, we transfected MCF‑7 cells 
with BTK and control siRNAs and performed quantitative PCR 
after 24 h to validate the knockdown of BTK. A significant 
decrease in TPA‑induced MMP‑9 expression was observed 
when BTK was silenced (Fig. 6B). Transfection with BTK 
siRNA significantly reduced TPA‑induced cellular invasion 
and metastasis (Fig. 6C).

Discussion

Breast cancer‑related mortality commonly results from the 
metastasis of breast cancer cells to the bones, lung, liver, brain, 
and kidney (4). Metastasis is considered a defining character‑
istic of breast cancer and primary cause of patient mortality. 
The initial phase of invasion and metastasis of cancer cells 
involves the degradation of ECM, which functions as a 
biochemical and mechanical barrier (7,42). ECM degradation 
requires the expression and activation of MMPs, which play 
a major role in breast cancer progression (41,42). Among the 
MMPs, MMP‑9 is a crucial protein involved in tumor progres‑
sion and, metastasis, including breast cancer (26,43). MMP‑9 
expression activates various intracellular signaling pathways 
in breast cancer cells via inflammatory cytokines, hormones, 
growth factors, and TPA (41,43).

In this study, we aimed to establish the role of BTK in 
TPA‑induced MMP‑9 expression as well as in the invasion 
and migration of MCF‑7 cells. A previous study has reported 
that BTK translocates to the plasma membrane and, is phos‑
phorylated by Src family kinases, and, in turn, phosphorylates 

Figure 2. Effect of BTK inhibitors on TPA‑induced intracellular signaling 
pathways in MCF‑7 cells. The cells were pretreated with BTK inhibitors for 
1 h and then stimulated with TPA. Cell lysates were analyzed by western blot‑
ting using anti‑p‑PLCγ2 and anti‑PLC γ2 antibodies (A). MCF‑7 cells were 
pretreated with PLC inhibitors for 1 h and then stimulated with TPA. Cell 
lysates were subjected to SDS‑PAGE and analyzed by western blotting using 
an anti‑MMP‑9 antibody (B). Data are the mean ± SEM of three independent 
experiments. #P<0.01 vs. untreated control; *P<0.01 vs. TPA. The blot was 
reprobed with an anti‑β‑actin antibody to confirm equal loading.
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and activates PLCγ2 (13). Activated PLCγ2 catalyzes PIP2 
hydrolysis to generate IP3 and DAG. DAG then promotes 
Ca2+ discharge from IP3 intracellular storage. DAG and Ca2+, 
in turn, activate PKCb, which then induces activation of the 
Ras/RAF/MEK/ERK signaling cascade that promotes cell 
growth and proliferation (36,44‑46). Previous studies have 
focused more on the role of BTK in B‑cell leukemia and 
lymphomas (47,48), which provides the basis for kinase‑targeted 
approaches to treat malignant tumors. However, the role of 
BTK in metastatic cancer, including breast cancer, remains 
unclear. Therefore, we examined whether suppressing BTK2 
expression regulates PLCγ2/PKC‑mediated MMP‑9 expres‑
sion and invasion or migration in MCF‑7 cells. Our results 
confirmed that the inhibition of BTK expression suppresses 
TPA‑induced MMP‑9 expression, invasion, and migration 
and that PLCγ2 is involved in the regulation of TPA‑induced 
MMP‑9 expression.

Another major objective of this study was to investigate the 
anti‑invasive activity of the downregulation of BTK expression 

in the regulation of PKC‑activated MMP‑9 expression in 
MCF‑7 cells. MCF‑7 cells express various types of PKCs that 
play an important role in cell metastasis (18,49). Therefore, 
this study was mainly performed on MCF‑7 cells. In addi‑
tion, it was confirmed that the inhibition of BTK expression 
inhibited MMP‑2 and ‑9 expression and invasion or migration 
in MDA‑MB‑231 cells (Fig. S1). However, our results may be 
limited to the inhibitory effects of metastasis in ER+ MCF‑7 
breast cancer cells. The ability of TPA to activate PKC is 
possible due to the similarity of TPA to DAG, a natural acti‑
vator of classical PKC isoforms. Activated PKC enhances the 
invasion of breast cancer cells by promoting MMP‑9 expres‑
sion (50). TPA binds to the C1 domain of PKC isoforms to 
activate them (51,52). TPA‑mediated PKC activation induces 
PKC isozymes to translocate to the cell membranes, thereby 
leading to differential gene expression, proliferation, apoptosis, 
differentiation, and malignant regulation in cancer cells (51,53). 
The activation of PKC isozymes is achieved by the binding of 
DAG and Ca2+ (18). Various signaling molecules are situated 

Figure 3. BTK inhibitors decrease TPA‑induced activation of the PKC, MAPK, and IKK signaling pathways in MCF‑7 cells. The cells were pretreated 
with BTK inhibitors for 1 h and then stimulated with TPA. The cell lysates were analyzed by western blotting of the PKCα, PKC δ, and PKCβ levels in the 
cytosolic and membrane fractions. The blot was reprobed with an antibody against Na k‑ATPase to confirm equal loading (A). Cells (1x106) were pretreated 
with BTK inhibitors and then stimulated with TPA for 15 min. Cell lysates were assessed by western blotting using antibodies against p38, extracellular 
signal‑regulated kinase (ERK), c‑Jun N‑terminal kinase (JNK), and their phosphorylated forms (B), and the levels of p‑IκBα, IκBα, p‑IKKαβ, IKKα, and 
IKKβ were determined (C). The blot was reprobed with an anti‑β‑actin antibody to confirm equal loading. Data are the mean ± SEM of three independent 
experiments. #P<0.01 vs. untreated control; *P<0.01 vs. TPA. The blot was reprobed with an anti‑β‑actin antibody to confirm equal loading.
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Figure 4. BTK inhibitors block TPA‑induced NF‑κB and AP‑1 activation in MCF‑7 cells. Cells (2x106) were pretreated with BTK inhibitors and then stimulated 
with TPA for 3 h. Western blot analysis was performed to determine the nuclear levels of NF‑κB (p65 and p50) and AP‑1 (p‑c‑Jun). The blot was reprobed with 
an antibody against proliferating cell nuclear antigen to confirm equal loading (A). NF‑κB‑Luc or AP‑1‑Luc reporter and Renilla luciferase thymidine kinase 
reporter vector were co‑transfected into MCF‑7 cells. Cells were treated with BTK inhibitors and stimulated with TPA and the promoter activity of NF‑κB 
and AP‑1 was measured with dual luciferase reporter assays (B and C). Data are the mean ± SEM of three independent experiments. #P<0.01 vs. untreated 
control; *P<0.01 vs. TPA.

Figure 5. BTK inhibitors suppress TPA‑induced Matrigel invasion and migration of MCF‑7 cells. The invasive ability of cells following treatment with BTK 
inhibitors and TPA was determined using a Matrigel invasion assay (magnification, x5). BTK inhibitors block 12‑O‑TPA‑induced Matrigel invasion of MCF‑7 
cells. Cells (3x105) were seeded onto the upper chamber of Matrigel‑coated wells and BTK inhibitors and TPA were placed in the bottom wells. After 24 h, 
the cells attached to the bottom of the filter were fixed, stained, and counted. The error bars are representative of three independent experiments performed in 
triplicate, #P<0.005 vs. untreated control; *P<0.005 vs. control + TPA.
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downstream of the PKC isozymes, including Ras/Raf/MAPKs, 
phosphoinositide 3 kinase (PI3K)/Akt, and transcription factors 

(NF‑κB, AP‑1, and STAT‑3) (18,32). In previous studies, we 
have shown that TPA‑mediated activation of PKCα, PKCb, and 
PKCδ mediates the expression and secretion of MMP‑9 (31,54). 
The present study demonstrated that the inhibition of BTK 
expression reduced TPA‑mediated activation of PKC isozymes 
in MCF‑7 cells.

We evaluated the DNA binding of transcription factors 
(NF‑κB and AP‑1) downstream of MAPKs and IKK and 
determined the TPA‑induced PKC‑mediated downstream 
signaling cascade with respect to MMP‑9 expression in MCF‑7 
cells. MAPKs (ERK, p38, and JNK), as upstream regulators 
of NF‑κB, have been reported to induce MMP‑9 expression 
and activation (55). The activation of MAPK in MCF‑7 cells 
has been confirmed through phosphorylation  (56). NF‑κB 
and AP‑1 are activated by the IKK, MAPKs, or PI3K/Akt 
depending on the cell type (37,57‑60). Activation of NF‑κB and 
AP‑1 is important in MMP‑9 regulation because the NF‑κB 
and AP‑1 binding sites in the MMP‑9 promoter are involved 
in this activation (29,58). We confirmed that the inhibition of 
BTK expression suppressed NF‑κB and AP‑1 activation, while 
it suppressed MAPK and IKK activation at the upstream level.

In conclusion, the inhibition of BTK expression reduced 
TPA‑induced MMP‑9 expression and metastasis by blocking 
NF‑κB and AP‑1 activation via the PLCγ/PKC/MAPK and 

Figure 6. BTK siRNA inhibits TPA‑induced MMP‑9 expression and Matrigel invasion and migration of MCF‑7 cells. BTK expression was significantly 
suppressed in MCF‑7 cells transfected with BTK siRNA. BTK levels were analyzed by quantitative PCR with GAPDH as an internal control (A). Transfected 
cell lysates were analyzed by western blotting using an anti‑MMP‑9 antibody (B). Transfected cell lysates were subjected to Matrigel invasion and migra‑
tion analyses (magnification, x5) (C). The error bars are representative of three independent experiments performed in triplicate. #P<0.005 vs. control; 
*P<0.005 vs. control + TPA.

Figure 7. Schematic signaling pathway of the effect of downregulation of BTK 
expression on TPA‑induced MMP‑9 expression in MCF‑7 cells. Inhibition of 
BTK expression attenuates TPA‑induced MMP‑9 expression and metastasis 
by blocking NF‑κB and AP‑1 activation via the PLCγ2/PKC/MAPK and 
IKK signaling pathways. →, activated; ⊥ means inhibited.
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IKK signaling pathways (Fig. 7). To the best of our knowledge, 
the present study is the first to validate that BTK mediates 
the metastasis of MCF‑7 cells by regulating the PLCγ2/PKC 
signaling pathways, consequently suppressing MMP‑9 expres‑
sion. Therefore, we suggest that regulating BTK expression 
may serve as a therapeutic strategy to inhibit metastasis of 
MCF‑7 breast cancer cells.
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