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A B S T R A C T   

Breast cancer is common worldwide, and the estrogen receptor-positive subtype accounts for approximately 70% 
of breast cancer in women. Tamoxifen and fulvestrant are drugs currently used for endocrinal therapy. Breast 
cancer exhibiting endocrine resistance can undergo metastasis and lead to the death of breast cancer patients. 
Drug repurposing is an active area of research in clinical medicine. We found that nafamostat mesylate, clinically 
used for patients with pancreatitis and disseminated intravascular coagulation, acts as an anti-cancer drug for 
endocrine-resistant estrogen receptor-positive breast cancer (ERPBC). Epigenetic repression of CDK4 and CDK6 
by nafamostat mesylate induced apoptosis and suppressed the metastasis of ERPBC through the deacetylation of 
Histone 3 Lysine 27. A combination of nafamostat mesylate and CDK4/6 inhibitor synergistically overcame 
endocrine resistance in ERPBC. Nafamostat mesylate might be an essential adjuvant or alternative drug for the 
treatment of endocrine-resistant ERPBC due to the low cost-efficiency of the CDK4/6 inhibitor.   

Introduction 

Breast cancer (BC) is the most common cancer among women 
worldwide. Approximately 70% of BCs are estrogen receptor (ER)/ 
progesterone receptor-expressing tumors in which hormones play a 
pivotal role in receptor activation, which triggers the growth and pro
gression of the cancer cells. The receptor status has been used as a 
biomarker for therapy and prognosis. Current guidelines from the 
American Society of Clinical Oncology and the College of American 
Pathologists recommend that tumor specimens with at least 1% of 
cancer nuclei which stain for the marker are considered to be ER- 
positive [1]. Presently, ER-positive BC (ERPBC) patients are treated 
with endocrine therapy that antagonizes the estrogen signals. This 
approach remains the backbone of therapy, since its efficacy is at least 

equal to that of chemotherapy, and it has a better toxicity profile [2]. 
Earlier randomized trials have indicated that the use of endocrine 

therapies significantly lowers the recurrence and mortality rates of 
ERPBC [3]. Tamoxifen is a non-steroidal selective ER modulator (SERM) 
with mixed ER agonist and antagonist activities, and has been used 
widely over the past three decades. It remains important, because 67% 
of BC patients respond to tamoxifen as the first-line therapy [4]. How
ever, approximately 20% of patients diagnosed with operable 
ER-positive tumors experience recurrent metastatic disease, in which 
the development of resistance to endocrine therapy is frequently 
observed [5]. Several mechanisms of endocrine resistance have been 
identified, including aberrations in the ER/PR pathway, ESR1 gene 
mutations, increased receptor tyrosine kinase signaling, 
post-translational modification, and altered cell cycle regulation [6]. 

Abbreviations: BC, breast cancer; EMT, epithelial-mesenchymal transition; ER, estrogen receptor; ERPBC, estrogen receptor-positive breast cancer; MMP, mito
chondrial membrane potential; NM, nafamostat mesylate; PFS, progression-free survival; SERD, selective estrogen receptor degrader; SERM, selective ER modulator. 
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This heterogeneity in the development of resistance has an impact not 
only on the disease progression, but also on the therapeutic strategies 
used, since an earlier study showed that ESR1 mutations confer resis
tance to aromatase inhibitor (AI) but not to fulvestrant [7]. Fulvestrant 
is a selective estrogen receptor degrader (SERD) administered in meta
static ERPBC as both a first and second line therapy. SERD is as effective 
as AI in the first-line setting as a monotherapy, but drug-resistance 
inevitably develops, as it does in other endocrine therapies [8]. 

Nafamostat mesylate (NM) is a synthetic serine protease inhibitor 
used for patients with pancreatitis, disseminated intravascular coagu
lation, and systematic inflammatory response syndrome [9,10]. NM acts 
through the inhibition of nuclear factor kappa B (NF-kB), a transcrip
tional factor that binds the promoter of the immunoglobulin kappa 
chain in B cells, causing further apoptosis of pancreatic cancer cells [11, 
12]. A recent investigation reported that NM treatment inhibits 
cyclin-dependent kinase 1 (CDK1), further reducing the proliferation, 
migration, and invasion of human triple-negative BC cell lines [13]. The 
safety of high doses of NM has been determined, and it has been 
approved as a therapeutic drug. It has been demonstrated to have 
anti-cancer activity when combined with chemotherapy or other 
anti-cancer therapeutic agents [13,14]. 

Epigenetic regulation refers to functional changes associated with 
histone modification, DNA methylation, and noncoding RNAs [15,16]. 
Histone modification is governed by acetylation, methylation, phos
phorylation, ubiquitination, etc. For histone acetylation, two groups of 
enzymes that have opposing effects: histone acetyltransferases (HATs) 
and histone deacetylases (HDACs). HATs acetylate the lysine residues in 
the core histone, leading to more transcriptionally active chromatin. 
HDACs remove the acetyl group, which suppresses gene expression [15, 
17]. 

In the present study, we sought to identify whether this low toxicity 
serine protease inhibitor could be used chemotherapeutically to treat 
and prevent the metastasis of endocrine resistance in ERPBC cells. The 
potential functions and mechanisms of NM were evaluated, with 
particular emphasis on the suppression of the proliferation and metas
tasis of the ERPBC cells. 

Materials and methods 

Cell culture 

Tamoxifen-resistant (MCF7-TamR) was purchased from Merck 
(Dietikon, Switzerland), fulvestrant-resistant (MCF7-TamR) was pur
chased from AXOL (Cambridge, United Kingdom), parental ER+ breast 
cell lines [MCF7-Control (Ctrl)] and T47D were purchased from the 
American Type Culture Collection (ATCC, Manassas, VA, USA). T47D 
was treated with tamoxifen (Sigma, St. Louis, MO, USA) or fulvestrant 
(Cayman Chemical, East Ellsworth Rd., MI, USA) and selected resistance 
cells, T47D-TamR and T47D-FulR, respectively. MCF7-TamR and MCF7- 
FulR cells were cultured in DEME/F12 medium with low glucose and 1% 
of FBS containing 1 μM of tamoxifen or 0.1 μM fulvestrant. MCF7 and 
T47D cells were cultured in DMEM (Dulbecco’s modified Minimal 
Essential Medium) medium with high glucose and 10% of FBS. T47D- 
TamR and T47D-FulR were cultured in DMEM with high glucose and 
10% of FBS containing 1 μM of tamoxifen or 0.1 μM of fulvestrant. The 
human normal breast cell line, H184B5F5/M10 was obtained from the 
Bioresource Collection and Research Center (Hsinchu, R.O.C). H184 
cells were cultured in MEM-alpha medium with 10% FBS. 

Cell cytotoxicity assay 

Cell cytotoxicity was determined using the 3-(4,5-dimethylthiazol-2- 
yl)− 2,5-diphenyltetrazolium bromide (MTT) assay. For the effect of 
nafamostat mesylate on MCF7-TamR, MCF7-FulR, MCF7 cell lines were 
seeded in 96-well plates, treated with various concentrations of nafa
mostat mesylate (30, 60, and 90 μM) for 72–96 h. The medium was 

removed, and 30 μL of MTT (Sigma-Aldrich, St. Louis, MO, USA) at 0.5 
mg/mL was added to the wells and then incubated at 37 ◦C for 3–4 h. 
The blue formazan crystals that formed were dissolved in DMSO, and the 
absorption was measured at 595 nm using an ELISA plate reader. For the 
combinational effect of nafamostat mesylate with CDK4/6 inhibitors 
palbociclib [Cayman Chemical (East Ellsworth Rd., MI, USA)], MCF7- 
TamR and MCF7-FulR cells were seeded in 96-well plates overnight 
followed by treatment with nafamostat mesylate (20 μM) and palboci
clib (10 μM) for 72–96 h. The following process was described similarly 
as above. 

Colony formation assay 

Cells were seeded in 12-well plates and then treated with various 
concentrations of nafamostat mesylate or combined with palbociclib for 
48 h. Media were changed every 3 days. After 14–21 days, cells were 
washed with PBS and fixed with methanol at 25 ◦C for 15 min. The fixed 
cells were then stained with 0.5% crystal violet (Sigma, St. Louis, MO, 
USA) for 35 min, washed with water, and then air-dried. Images were 
obtained using a digital camera. Absorption was measured at 550 nm 
using an ELISA plate reader. The crystal violet was dissolved by solution 
(33% acetic acid). 

Apoptosis analysis 

Cells were seeded in 12-well plates overnight, treated with various 
concentrations of nafamostat mesylate or combined with palbociclib for 
96 h, and harvested after removing the medium. The harvested cells 
were incubated with MuseTM Annexin-V & Dead Cell kit reagent (Merck 
Millipore, Billerica, MA, USA) at 25 ◦C for 20 min in the dark. The 
apoptotic cells were measured using a MuseTM Cell Analyzer (Merck 
Millipore, Billerica, MA, USA), and data were analyzed using MUSE 1.5 
Analysis software (Merck Millipore, Billerica, MA, USA). 

Mitochondrial membrane potential analysis 

Cells were seeded in 12-well plates overnight, treated with various 
concentrations of nafamostat mesylate or combined with palbociclib for 
72 h, and harvested after removing the medium. The harvested cells 
were resuspended in Muse™ MitoPotential Kit reagent (Merck Milli
pore, Billerica, MA, USA), and cells were incubated at 37 ◦C for 20 min. 
7-AAD was added, and cells were incubated at 25 ◦C for 5 min. The 
mitochondrial membrane potential of cells was determined using the 
Muse™ Cell Analyzer (Merck Millipore, Billerica, MA, USA), and data 
were analyzed using MUSE 1.5 Analysis software (Merck Millipore, 
Billerica, MA, USA). 

Protein extraction and Western blot analysis 

The method for protein extraction and Western blot analysis were 
described previously [15,18]. For extraction of proteins from cell lines, 
RIPA buffer (50 mM Tris pH 7.5, 1% NP-40, and 0.1% SDS) containing 
protease inhibitors were used. Cell lysates were extracted by centrifu
gation at 13,000 rpm. at 4 ◦C for 10 min. The protein content in the 
supernatants was determined using the Bradford method (Bio-Rad 
Laboratories). For Western blot analysis, 15–50 mg of cell lysates from 
each cell line with/without nafamostat mesylate or combined with 
palbociclib were loaded to 8–12% SDS-PAGE gels and transferred to 
nitrocellulose membranes (GE Healthcare Life Science). The membranes 
were incubated with antibodies overnight at 4 ◦C. The antibodies used in 
these studies are listed in supplementary Table 1. Signals were detected 
using an ECL chemiluminescence kit (GE Healthcare Life Science, Little 
Chalfont, Bucks, UK). 
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RNA extraction and quantitative real-time PCR analysis 

TRI Reagent (Sigma, St. Louis, MO, USA) was used for RNA extrac
tion from cell lines. The quantitative real-time PCR analysis was per
formed in a PRISM ABI7700 Sequence Detection System (Applied 
Biosystems, Foster City, CA, USA) with the preset PCR program, and 18 s 
rRNA was selected as an internal control. cDNA (10 ng) and primers 
(200 nM) were used for the reaction in 1X SYBR Green Mixture (Kapa 
Biosystems, Woburn, MA USA) in a total volume of 20 μL. The sequences 
of the primers used in the quantitative real-time PCR experiment are 
listed in supplementary Table 2. 

qChIP real-time PCR analysis 

The method for qChIP real-time PCR analysis were described previ
ously [15,18]. Cells were seeded in 10 cm cell culture dishes overnight, 
treated with various concentrations of nafamostat mesylate for 48–72 h, 
cross-linked with 1% formaldehyde for 10 min, and stopped by adding 
glycine to a final concentration of 0.125 M. Fixed cells were washed 
twice with Tris-buffered saline (20 mM Tris, pH 7.5, and 150 mM NaCl) 
and harvested in 2 mL of PBS buffer with protease inhibitors. Cells were 
pelleted by centrifugation and suspended in 200 mL of RIPA buffer. Cells 
were sonicated with a 0.25-inch diameter probe for 15 s twice using a 
Bioruptor® Pico sonicator (Diagenode, Belgium). For each immuno
precipitation, 500 μL of lysate was pre-cleared by adding 50 μL of 
blocked protein A beads (50% protein A-Sepharose, Amersham Bio
sciences; 0.5 mg mL− 1 bovine serum albumin, 0.2 mg mL− 1 salmon 
sperm DNA) at 4 ◦C for 1 h. Samples were spun, and the supernatants 
were incubated at 4 ◦C for 3 h with no antibody, nonspecific IgG, or 
antibodies to be tested. Immune complexes were recovered by adding 
50 mL of blocked protein A beads and incubated at 4 ◦C overnight. DNA 
fragment extraction from beads was performed using the Chromatin 
Immunoprecipitation (ChIP) assay kit (Merck Millipore, Billerica, MA, 
USA). For qChIP-real-time PCR analysis, DNA samples were quantified 
by the SYBR Green assay using 1X SYBR Green Mixture (Kapa Bio
systems, Woburn, MA, USA) with specific primers in a total volume of 
20  μL. Data were analyzed by the CT method and plotted as% input 
DNA. qChIP values were calculated by the following formula:% input 
recovery = [100/(input fold dilution/bound fold dilution)] × 2(input 

CT-b◦und CT). The antibodies used in qCHIPreal-time PCR analysis are 
listed in Table 1. The primers used in qChIP real-time PCR analysis are 
listed in supplementary Table 2. 

Statistical analysis 

All error bars analysis was assessed by STDEV. The Student’s t-test 
analysis was used to compare untreated cells. The one-way ANOVA 
analysis was used to compare between different groups under the same 
concentration. Each data is presented as mean SEM. 

In-vivo xenograft studies 

All animal work was carried out in accordance with The AAALAC 
international for animal care. Eight-week-old female SCID mice (NLAC, 
Taiwan) were housed under specific pathogen-free conditions and pro
vided with food and water ad libitum. We numbered mammary ducts 
1–10 in the female mice (Fig. 8A). On day 0, orthotopic mammary tu
mors were inoculated with the breast tumor cell line MCF7-TamR and 
MCF7-FulR (10 × 106 cells in Matrigel) at mammary duct 4 or 9 
(Fig. 8A). Tumors were measured twice a week with digital micro
calipers and volumes calculated (volume x (width2 x length)/2). The 
average tumor volume reached 50–100 mm3 on day 32. The mice were 
then injected with nafamostat mesylate at a concentration of 30 mg kg− 1 

per mouse (n = 6) intraperitoneally, and six mice were kept saline 
treatment as a control (n = 6). Tumors were measured twice weekly, and 
once the maximal tumor volume was reached (400–600 mm3), mice 

were sacrificed. Tumor volumes are represented as mean volume ± s.d. 

Immunohistochemistry and nucleus staining analysis 

Immunohistochemistry staining analysis was performed by using 
Mouse and Rabbit Specific HRP/DAB IHC Detection Kit - Micro-polymer 
(Abcam) and anti-CDK4 and CDK6 antibodies. (B) The nucleus staining 
analysis was performed by counting DAB-positive nucleus staining in 
random nine IHC images. 

Cell cycle analysis 

Cells were seeded in 6 cm dish, starvation overnight, and then 
treated with various concentrations of nafamostat mesylate for 24 h, and 
then the cells were collected after removing the medium. The collected 
cells were first fixed in 70% ethanol (Sigma-Aldrich, St. Louis, MO, USA) 
at − 20 ◦C for 16–18 h. The 70% ethanol was removed, and the fixed cells 
were suspended in MuseTM Cell Cycle Kit (Merck Millipore, Billerica, 
MA, USA) at 25 ◦C for 30 min in the dark. The distribution of the cell 
cycle was measured by MuseTM Cell Analyzer (Merck Millipore, Bill
erica, MA, USA), and data were analyzed by MUSE 1.5 Analysis software 
(Merck Millipore, Billerica, MA, USA). 

Results 

Nafamostat mesylate induced the apoptosis of endocrine-resistant ERPBCs 

Normal breast epithelial cells (H184) were first assessed to clarify 
whether nafamostat mesylate (NM) is a potential anti-cancer drug for 
estrogen receptor-positive breast cancer (ERPBC) since the side-effect of 
NM on normal human cells should be assessed. The viability of H184 
cells was slightly reduced at a higher dose (90 and 120 μM) of NM 
(Fig. 1A). However, NM did not affect the viability of ERPBC (MCF7 and 
T47D) cells (Fig. 1B and supplementary Fig. 1A). We further evaluated 
whether NM is a potential drug for overcoming the endocrine resistance 
of ERPBC. Both Tamoxifen- and fulvestrant-resistant ERPBC cells 
(MCF7-TamR and MCF7-FulR) were treated with a serial dose of NM for 
72 and 96 h. The viability of MCF7-TamR and -FulR cells was signifi
cantly inhibited by NM in a dose and time-dependent manner (Fig. 1B). 
The similar result was also observed in another ERPBC cell line with 
endocrine resistance (supplementary Fig. 1A and B). The proliferation of 
MCF7-TamR and MCF7-FulR cells was also significantly decreased by a 
serial dose (30 to 90 μM) of NM (Fig. 1C and D). NM also caused sig
nificant apoptosis of MCF7-TamR and MCF7-FulR cells in a dose- 
dependent manner (Fig. 2A and B). The levels of cleaved caspase- 
related proteins, such as cleaved PARP, caspase 3, caspase-7, and cas
pase 9, were increased in MCF7-TamR and MCF7-FulR cells under serial 
doses of NM (Fig. 2C). Depolarization of the mitochondrial membrane 
potential (MMP) was markedly increased by NM in a dose-dependent 
manner, compared with untreated MCF7-TamR and -FulR cells, since 
disruption of the MMP is related to apoptosis (Fig. 2D and E). The 
protein levels of members of the Bcl-related families and death families 
were also investigated in MCF7-TamR and -FulR cells treated with a 
serial dose of NM. The levels of Bim and BAX protein were increased, 
and those of Bcl-2 and Bcl-XL were decreased (Fig. 2F). 

Nafamostat mesylate suppressed metastasis of endocrine-resistant ERPBCs 

Drug-resistant cancer cells often have enhanced metastatic activity 
and higher aggressive proliferation ability [19]. The migration and in
vasion abilities of MCF7-TamR and MCF7-FulR cells following 30 μM of 
NM treatment for 18 h were assessed using in vitro Transwell migration 
and invasion assays. The migration activity of MCF7-TamR and 
MCF7-FulR cells was significantly decreased by treatment with 30 μM of 
NM (Fig. 3A and B). The invasive activity of MCF7-TamR and 
MCF7-FulR cells was also significantly repressed by NM (Fig. 3C and D). 
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The levels of epithelial-mesenchymal transition (EMT)-related proteins 
were evaluated in MCF7-TamR and MCF7-FulR cells treated with serial 
doses of NM, using western blotting. The levels of the epithelial markers 
E-cadherin and B-catenin were increased, whereas the levels of the 
mesenchymal markers N-cadherin and vimentin were decreased 
(Fig. 3E). 

Nafamostat mesylate epigenetically repressed CDK4 and CDK6 expressions 
in endocrine-resistant ERPBCs 

NM appears to be a promising anti-cancer drug for overcoming 
endocrine resistance in ERPBC. Drugs inhibiting CDK4/6 activity, such 
as palbociclib, have been widely used as therapeutic strategies for 
ERPBC patients with endocrine resistance [20]. However, the high cost 
of palbociclib (PAL) is a problem, and the mortality rates are still high 
[21]. Therefore, the exploration of alternative strategies to combat 
endocrine resistance in ERPBC is essential. Hence, the levels of members 
of the CDK families were evaluated in MCF7-TamR and MCF7-FulR cells 
treated with NM, using western blot analysis. Serial doses of NM 
administered to MCF7-TamR and MCF7-FulR cells produced significant 
decreases in the protein levels of CDK4 and CDK6, but not CDK1 or 
CDK2 (Fig. 4A). The mRNA levels of CDK4 and CDK6 were decreased by 
NM in two different lines of endocrine drug-resistant ERPBC cells 
(Fig. 4B). Histone acetylation is related to gene expression [22]. The 
levels of acetylated lysines 9, 27, and 56 of Histone 3 were evaluated in 
MCF7-TamR and MCF7-FulR cells under treatment with serial doses of 
NM. Only the acetylation of Histone 3 Lysine 27 was downregulated by 
NM in two different endocrine drug-resistant ERPBC cells (Fig. 4C). The 
localization of H3K27Ac on the promoter region of CDK4 and CDK6 was 
further evaluated in NM-treated MCF7-TamR and MCF7-FulR cells using 
qChIP-PCR experiments. A decrease in the binding levels of H3K27Ac on 

the promoter region of CDK4 and CDK6 was consistently observed in 
two different hormonal drug-resistant ERPBC cells treated with serial 
doses of NM (Fig. 4D–F). CDK4 and CDK6 activity has been reported to 
be linked to tumor progression and cancer metastasis [23]. Besides, no 
specific and consistent effect on the binding levels of H3K27Ac on the 
promoter region of two housekeeping genes (GAPDH and β-actin) and 
other CDK family members (CDK1 and CDK2) was observed in 
NM-treated MCF7-TamR and MCF7-FulR cell (Supplementary 
Fig. 4A–C). FACS analysis for cell cycle progression in MCF7-TamR and 
-FulR cells under serial doses of NM treatment was performed. The result 
indicated G1/S arrest was observed in NM-treated MCF7-TamR and 
MCF7-FulR cells in a dose-dependent manner (supplementary Fig. 2A 
and B). Moreover, phosphorylated Rb, a substrate for CDK4/6, was 
downregulated by NM in MCF7-TamR and -FulR cells (supplementary 
Fig. 3B). The CDK4 and CDK6 expressions were evaluated in H184, 
MCF7-TamR, and MCF7-FulR by western blot analysis. The result 
showed a higher expression of CDK4 in MCF7-TamR and MCF7-FulR 
cells compared with H184 cells and MCF7 cells (supplementary 
Fig. 3A). Besides, CDK6 expression in MCF7-TamR and MCF7-FulR cells 
was higher than in MCF7 cells (supplementary Fig. 3A). Taken together, 
these results indicate that NM may induce apoptosis and suppress 
metastasis in endocrine-resistant ERPBCs via the epigenetic down
regulation of CDK4 and CDK6 expression. 

Enhanced induction of apoptosis and suppression of the metastasis in 
endocrine-resistant ERPBCs by combinational treatment of nafamostat 
mesylate and CDK4/6 inhibitor 

NM represses CDK4 and CDK6 expression in endocrine-resistant 
ERPBCs, and the use of combinations of anti-cancer drugs in the treat
ment of various types of cancer is an emerging issue in clinical medicine 

Fig. 1. Inhibitory effect of nafamostat mesylate on cell viability of endocrine-resistant estrogen receptor-positive breast cancer. (A) IC50 values of H184, parental 
MCF7, MCF7-TamR, and MCF7-FulR cells for NM. (B) Analysis of the viability of H184, parental MCF7, MCF7-TamR and -FulR cells treated with various doses of NM 
for 72 and 96 h, using MTT assays. (C) Analysis of growth of MCF7-TamR (upper) and MCF7-FulR (lower) cells, assessed using colony formation assays. (D) 
Quantitative analysis of colony formation assays for NM-treated MCF7-TamR (left) and MCF7-FulR (right) cells. Data are represented as the mean ± SEM for bio
logical triplicate experiments. *#P < 0.01, compared with the results for untreated H184, parental MCF7, MCF7-FulR, and MCF7-TamR cells. 
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[24]. We, therefore, evaluated the use of combined NM and PAL, a 
CDK4/6 inhibitor, for overcoming endocrine resistance in ERPBCs. The 
IC50 values of MCF7-TamR and MCF7-FulR cells for PAL were 24.9 and 
15.2 μM, respectively (Fig. 5A). The lower dose of NM (20 μM) and PAL 
(10 μM) was used in combination to assess the effect of this strategy on 
the apoptosis of MCF7-TamR and MCF7-FulR cells. The viability of 
MCF7-TamR and MCF7-FulR cells was synergistically inhibited by 
combination treatment with NM and PAL (Fig. 5B). Cotreatment with 
NM and PAL also synergistically caused apoptosis of MCF7-TamR and 
MCF7-FulR cells (Fig. 5C and D). The levels of members of the cleaved 
caspase family, such PARP and caspase-3, 7, 8, 9 were all increased in 
MCF7-TamR and MCF7-FulR cells co-treated with NM and PAL (Fig. 5E). 
The mitochondria membrane potential was further used to evaluate the 
effect of combinational treatment of NM and PAL on apoptosis of 
MCF7-TamR and MCF7-FulR cells. Depolarization of MMP was syner
gistically increased by the combined NM and PAL treatment in 
MCF7-TamR and MCF7-FulR cells (Fig. 5F and G). Moreover, combi
national treatment of NM and PAL significantly increased the expres
sions of Bim and BAX and decreased the levels of Bcl-2 and Bcl-XL in 
MCF7-TamR and MCF-FulR cells (Fig. 5H). The effect of the combined 
NM and PAL treatment on the metastasis of endocrine-resistant of 
ERPBC was further estimated. The migration and invasive activities of 
MCF7-TamR and MCF7-FulR cells were reduced by the combination 
treatment of NM and PAL (Fig. 6A–D). Besides, the combined treatment 
of NM and PAL also reversed EMT in the MCF7-TamR and MCF7-FulR 
cells (Fig. 6E) 

Enhanced epigenetic repression of CDK4 and CDK6 by combinational 
treatment of nafamostat mesylate and palbociclib in endocrine-resistant 
ERPBCs 

Since NM causes apoptosis and suppresses metastasis of endocrine- 
resistant ERPBCs via epigenetic repression of CDK4 and CDK6, the 
level of CDK4 and CDK6 proteins was evaluated in MCF7-TamR and 
MCF7-FulR cells under the combined NM and PAL treatment. The levels 
of CDK4 and CDK6 proteins were all decreased in MCF7-TamR and 
MCF7-FulR cells co-treated with NM and PAL (Fig. 7A). Moreover, the 
combination treatment of NM and PAL significantly reduced the mRNA 
levels of CDK4 and CDK6 in MCF7-TamR and MCF7-FulR cells (Fig. 7C). 
The acetylated K9, K27, and K56 of Histone 3 were further estimated in 
MCF7-TamR and MCF7-FulR cells co-treated with NM and PAL, only 
K27 acetylation of histone 3 was significantly decreased in MCF7-TamR 
and MCF7-FulR cells co-treated with NM and PAL (Fig. 7B). 

Nafamostat mesylate exhibited significant therapeutic activity in 
orthotopic breast cancer mouse models 

We subcutaneously injected endocrine-resistant ERPBC cells into 
Nonobese diabetic-severe combined immunodeficiency (NOD-SCID) 
mice. On Day 32, these mice were intraperitoneally injected with NM 
(30 mg/kg) or saline three times a week (Fig. 8A). The tumor volumes 
following treatment with 30 mg/kg NM were significantly decreased in 
comparison with control mice (Fig. 8B and C). Even though the tumors 
of MCF7-TamR and -FulR xenograft models had different growth rates. 
The tumor disappeared in MCF7-TamR and -FulR xenograft model mice 

Fig. 2. Effect of nafamostat mesylate on apoptosis of endocrine-resistant estrogen receptor-positive breast cancer cells. (A) Analysis of apoptosis in MCF7-TamR 
(upper) and MCF7-FulR (lower) cells treated with serial doses of NM, assessed by Annexin V-dependent flow cytometry assays. (B) Quantitative analysis of 
apoptotic levels of serial doses of NM-treated MCF7-TamR (upper) and FulR (lower) cells (C) Levels of cleaved caspase family members in MCF7-TamR (upper) and 
FulR (lower) cells under serial doses of NM, assessed by western blot analysis using specific antibodies. (D) Analysis of mitochondrial membrane potential for MCF7- 
TamR (upper) and MCF7-FulR (lower) cells treated with serial doses of NM, assessed using flow cytometry assay. (E) Quantitative analysis of total depolarized levels 
of serial doses of NM-treated MCF7-TamR (upper) and FulR (lower) cells (F) Levels of BCL families and death signaling-related proteins in MCF7-TamR (upper) and 
FulR (lower) cells under serial doses of NM, assessed using western blot analysis with specific antibodies. Data are represented as the mean ± SEM for biological 
triplicate experiments. *P < 0.01, compared with the results for untreated MCF7-FulR and MCF7-TamR cells. 
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treated with NM. The administration of NM at 30 mg/kg did not produce 
observable toxic effects on the mice, and the body weights were not 
decreased compared to the control group (Fig. 8D). Immunohisto
chemistry staining (IHC) also confirmed the reduced levels of CDK4 and 
CDK6, which were regulated by NM (Fig. 8E), and we further calculated 
the percentage of nucleus staining (Fig. 8F). We found that NM not only 
decreased tumor size but inhibited the expression of CDK4 and CDK6. 
Taken together, these results suggested that NM has a valid therapeutic 
activity in xenograft models. 

Discussion 

The deprivation of estrogen signaling caused by the use of anti- 
hormone therapies, such as SERDs and selective ER modulators 
(SERMs), is the keystone of adjuvant treatment in ER-positive disease. 
Earlier studies have shown that endocrine therapies significantly reduce 
recurrence and mortality rates [3]. However, close to 30% of patients 
with the early-stage disease will go on to relapse with the metastatic 
disease following endocrine therapies, and these patients are at risk of 
poorer overall survival and have limited treatment options [25]. 

The present study investigated the antitumor and antimetastatic ef
fects of nafamostat mesylate (NM) in endocrine-resistant ERPBC cell 
lines. The IC50 of NM was lower in the endocrine-resistant ERPBC cell 
lines than in the normal breast and parental breast cancer cell lines, 

indicating that endocrine-resistant ERPBC cells have more sensitivity to 
NM than ERPBC cells. The malignancy and associated lethality of the 
cancer cells might be attributable to their invasiveness and metastatic 
mobility, in addition to their uncontrolled growth. Previous reports have 
demonstrated that endocrine-resistant ERPBCs are highly motile [26]. In 
the current investigation, treatment with NM decreased the motility of 
endocrine-resistant ERPBC cell lines in a dose-dependent manner. The 
epithelial-mesenchymal transition (EMT) plays an essential role in 
cancer invasion and metastasis. In the present study, we analyzed the 
protein levels of the EMT-associated factors N-cadherin, vimentin, 
E-cadherin, and β-catenin. Our results indicated that NM inhibited the 
metastasis of endocrine-resistant ERPBCs by enhancing the expression of 
E-cadherin and suppressing the levels of N-cadherin. This phenomenon 
has been described as a cadherin switch, and has been associated with 
enhanced migratory and invasive traits, which result in poorer survival 
in BC patients [27]. 

We demonstrated that NM selectively downregulated the expression 
of CDK4 and CDK6 at the protein and mRNA levels in MCF7-TamR and 
MCF7-FulR cancer cells. These observations suggested that the anti
tumor effect of NM has an excellent kinase selectivity profile. These is
sues have been overcome by the use of far more specific inhibitors, that 
target CDK4 and CDK6, such as PAL, ribociclib, and abemaciclib. The 
addition of CDK4/6 inhibitors that target the cell cycle machinery and 
EMT has significantly improved the outcomes of advanced ER+ breast 

Fig. 3. Suppressive effect of nafamostat mesylate on metastasis of endocrine-resistant estrogen receptor-positive breast cancer. (A) Analysis of migration activity of 
MCF7-TamR (upper) and FulR (lower) cells treated with 30  μM of NM by in vitro Transwell-dependent migration assay. (B) Quantitative analysis of migration activity 
of NM-treated MCF7-TamR (upper) and FulR (lower) cells (C) Analysis of the invasive activity of MCF7-TamR (upper) and FulR (lower) cells treated with 30 μM of 
NM, assessed using in vitro invasive assays. (D) Quantitative analysis of the invasive activity of NM-treated MCF7-TamR (upper) and FulR (lower) cells. (E) Levels of 
markers for epithelial-mesenchymal transition in MCF7-TamR (upper) and MCF7-FulR (lower) cells treated with serial doses of NM, assessed using western blot 
analysis with specific antibodies. Data are represented as the mean ± SEM for biological triplicate experiments. *P < 0.01, compared with the results for untreated 
MCF7-FulR and MCF7-TamR cells. 
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cancers. In particular, PAL has demonstrated significant benefits in 
Phase II and III clinical trials (PALOMA-1, − 2 and − 3), doubling the 
progression-free survival (PFS) compared to letrozole or fulvestrant 
alone [28,29]. A recent meta-analysis of nine studies also demonstrated 
that treatment with CDK 4/6 inhibitors plus endocrine therapy 
improved overall survival, PFS, and objective response rate among pa
tients with HR-positive, ERBB2-negative metastatic BC [30]. However, 
there were several patients who did not respond to PAL, experiencing 
disease progression within 24 weeks, or developing clinical resistance 
within 25 months after the initiation of treatment [31] Adverse effects 
such as neutropenia and leukopenia may result in discontinuation or 
interruption of treatment, hence reducing the therapeutic benefits. 
All-grade neutropenia was reported in approximately 80% of the overall 
population in the PAL arms of both PALOMA-2 and PALOMA-3 [29]. 
The significant myelotoxicity of PAL has led to dose interruption, and 
the drug is administered on a three-week-on/one-week-off schedule, to 
allow marrow recovery. This interrupted dosing offers the possibility of 
potent synergy using combination therapies with drugs acting on other 
aspects of the cell cycle. In the current study, we first demonstrated that 
NM induced apoptosis of endocrine-resistant ERPBC cells alone. We then 
used combinational treatment with NM and PAL, showing that the 
enhanced cooperation of both agents induced apoptosis and suppressed 
metastasis of endocrine-resistant ERPBC cells. This result indicated that 
NM might potentiate the activity of CDK4/6 inhibitors for the treatment 
of endocrine-resistant ERPBC cells. It also implied that NM may be used 
with DK4/6 inhibitors in an alternative dosing strategy during the 
one-week-off schedule. 

Our study also provided insight into the molecular mechanism 
whereby NM induces apoptosis and suppresses metastasis in endocrine- 
resistant ERPBC via epigenetic modification of CDK4/6 expression and 
regulation of H3K27. NM is a synthetic serine protease inhibitor clini
cally used for patients with pancreatitis, disseminated intravascular 
coagulation, and systematic inflammatory response syndrome [9,10]. 
Previous studies have demonstrated the inhibitory effect of NM on nu
clear factor kappa-B (NF-κB) signaling to induce apoptosis and inhibit 
cell adhesion and invasion in various cancer cell lines [11,12,32]. In the 
present study, we examined the anti-cancer activity of NM against 

endocrine-resistant ERPBC cell lines. Our results indicated that NM 
reduced CDK4/6 expression via the epigenetic downregulation of 
H3K27Ac. It is possible that NM inhibited CDK4/6 expression via the 
NF-κB signaling pathway, as NF-κB reportedly regulates H3K27Ac and 
controls genome-wide activation at the promoters and enhancers of the 
targeted genes [33]. NF-kB recruits CBP to activate downstream target 
gene expression [34]. The p65 expression was repressed by NM [12]. 
Taken together, CBP is a potential effector in epigenetic repression of 
CDK4 and CDK6 in NM-treated endocrine-resistant ERPBCs via the 
decreased binding level of H3K27Ac. Future studies should aim to 
analyze the interplay of the NF-κB signaling pathway and 
endocrine-resistant ERPBC at the level of chromatin, considering the 
different mechanisms involved in the development of resistance to 
endocrine treatment. 

Conclusions 

Collectively, our data demonstrated a previously unreported conse
quence of employing NM in endocrine-resistant ERPBC. First, NM 
induced apoptosis and inhibited the metastasis of endocrine-resistant 
ERPBC ells. Second, NM inhibited CDK4/6 expression via epigenetic 
regulation of H3K27, whose levels were decreased in a dose-dependent 
manner. Our results specifically clarified the way in which NM acts as an 
anti-cancer drug for endocrine-resistant ERPBC, by elucidating the 
relationship between signal transduction and epigenetic regulation. 
Enhanced inhibition of endocrine-resistant ERPBC caused by combina
tion treatment with CDK4/6 inhibitor and NM is a potential strategy for 
use in clinical medicine. These findings provided insights into the po
tential of utilizing NM for the treatment of estrogen-resistant ERPBC. 
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Fig. 4. Epigenetic repression of CDK4 and CDK6 expression induced by nafamostat mesylate in endocrine-resistant estrogen receptor-positive breast cancer cells. (A) 
Levels of CDK families in MCF7-TamR (upper) and -FulR (lower) cells treated with a serial dose of NM, assessed using western blot analysis with specific antibodies. 
(B) mRNA levels of CDK4 and CDK6 in MCF7-TamR (upper) and -FulR (lower) cells treated with serial doses of NM, assessed using quantitative PCR assay. (C) 
Acetylation levels of histone 3 in MCF7-TamR (upper) and -FulR (lower) cells treated with serial doses of NM, assessed using western blot analysis with specific 
antibodies. (D) A simple diagram for the P1, P2, P3, and P4 regions of CDK4 (left) and CDK6 (right). (E) Binding levels of Histone 3 Lysine 27 at the promoter region 
of CDK4 n MCF7-TamR (left) and -FulR (right) cells treated with serial doses of NM, assessed using qChIP-PCR assays. (F) Binding levels of Histone 3 Lysine 27 at the 
promoter region of CDK6 in MCF-TamR (left) and -FulR (right) cells treated with serial doses of NM, assessed using qChIP-PCR assay. Data are represented as the 
mean ± SEM for biological triplicate experiments. *#P < 0.01, compared with the results for untreated MCF7-FulR and MCF7-TamR cells. 
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Fig. 5. Effect of the combined nafamostat mesylate and PAL on apoptosis of endocrine-resistant estrogen receptor-positive breast cancer. (A) IC50 value of MCF7- 
TamR (left) and -FulR (right) cells for PAL, assessed using MTT assay. (B) Analysis of cell viability of MCF7-TamR (left) and -FulR (right) cells under combined NM 
and PAL treatment, assessed using MTT assays. (C) Analysis of apoptotic levels of MCF7-TamR (upper) and -FulR (lower) cells under combined NM and PAL 
treatment, assessed using Annexin V-dependent flow cytometry assays. (D) Quantitative analysis of apoptosis in combined NM and PAL treated-MCF7-TamR (upper) 
and -FulR (loer) cells. (E) Levels of cleaved caspase families in MCF7-TamR (upper) and -FulR (lower) cells under combined NM and PAL treatment, assessed using 
western blotting analysis with specific antibodies. (F) Analysis of mitochondrial membrane potential of MCF7-TamR (upper) and MCF7-FulR (lower) cells under 
combined NM and PAL treatment, assessed using flow cytometry assays. (G) Quantitative analysis of total depolarized levels of combined NM and PAL-treated MCF7- 
TamR (upper) and FulR (lower) cells. (H) Levels of BCL families and death signaling-related proteins in MCF7-TamR (upper) and FulR (lower) cells under serial doses 
of NM, assessed using western blot analysis with specific antibodies. Data are represented as the mean ± SEM of biological triplicate experiments. *#P < 0.01, 
compared with the results for untreated MCF7-FulR and MCF7-TamR cells. 
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Fig. 6. Enhanced suppression of combined nafamostat mesylate and PAL on the metastasis of endocrine-resistant estrogen receptor-positive breast cancer. (A) Effect 
of NM and PAL on the migration activity of MCF7-TamR (upper) and MCF7-FulR (lower) cells, assessed using in vitro migration assays. (B) Quantitative analysis of the 
migration activity of MCF7-TamR (upper) and MCF7-FulR (lower) cells under NM and PAL treatment. (C) Effect of combined NM and PAL on the invasive activity of 
MCF7-TamR (upper panel) and MCF7-FulR (lower) cells, assessed using in vitro invasion assays. (D) Quantitative analysis of the invasive activity of MCF7-TamR 
(upper) and MCF7-FulR (lower) cells under NM and PAL treatment. (E) Levels of markers for the epithelial-mesenchymal transition in MCF7-TamR (upper) and 
MCF7-FulR (lower) cells treated with a combination of NM and PAL, assessed using western blot analysis with specific antibodies. Data are represented as the mean ±
SEM for biological triplicate experiments. *P < 0.01, compared with the results for untreated MCF7-FulR and MCF7-TamR cells. 

Fig. 7. Epigenetic repression of combined nafamostat mesylate and PAL on CDK4/6 expression in endocrine-resistant estrogen receptor-positive breast cancer cells. 
(A) Levels of CDK4 and CDK6 expression in combined NM and PAL-treated MCF7-TamR (upper) and MCF7-FulR (lower) cells, assessed using western blot analysis 
with specific antibodies. (B) mRNA levels of CDK4 and CDK6 in MCF7-TamR (upper) and MCF7-FulR (upper) cells treated with NM and PAL, assessed using 
quantitative PRC analysis. (C) Levels of Histone 3 modification in MCF7-TamR (upper) and MCF7-FulR (lower) cells treated with NM and PAL, assessed using western 
blot analysis with specific antibodies. Data are represented as the mean ± SEM for biological triplicate experiments. *P < 0.01, compared with the results for 
untreated MCF7-FulR and MCF7-TamR cells. 
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Fig. 8. Inhibitory effect of NM on endocrine-resistant ERPBC in xenograft models and a model to summarize the results. (A) Eight-week-old female SCID mice were 
inoculated with MCF7-TemR and MCF7-FulR cells orthotopically. On Day 32, mice were injected with saline and nafamostat mesylate (30 mg/kg) three times a week, 
intraperitoneally. (B) Nafamostat mesylate significantly decreased tumor growth. The tumor sizes were measured at Day 56. The upper tumors are the control groups 
and the lower are nafamostat mesylate treatment. (C) Tumor progression was time-dependent. (D) The body weights were not significantly different between the 
control and nafamostat mesylate treatment groups. (E) Nafamostat mesylate significantly reduced expressions of CDK4 and CDK6 by immunohistochemistry stain 
analysis. Scale bars represented 200 mm. (F) Decreased nucleus staining in the Nafamostat mesylate-treated mice. There is a statistical significance between control 
and nafamostat mesylate-treated mice (*P < 0.001). Six mice were used for each group. (G) A model to summarize the results of this report. 
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