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Background: Stathmin1 (STMN1) is a cytosolic phosphoprotein that regulates cellular microtubule dynamics and is known to have
oncogenic activity. Despite several reports, its roles in gastric cancer (GC) remain unclear owing to a lack of analyses of highly
metastatic cases. This study aimed to investigate STMN1 as a prognostic and predictive indicator of response to paclitaxel therapy
in patients with GC, including inoperable cases.

Methods: Immunohistochemical analysis of STMN1 was performed on both operable (n¼ 95) and inoperable GC (n¼ 61)
samples. The roles of STMN1 in cancer cell proliferation and sensitivity to a microtubule-targeting drug, paclitaxel, were
confirmed by knockdown experiments using GC cell lines.

Results: Multivariate and Kaplan–Meier analyses demonstrated that high STMN1 was predictive of poor prognosis in both the
groups. In the operable cohort, STMN1 expression correlated with cancer curability, recurrence, and resistance to adjuvant
therapy. A correlation with paclitaxel resistance was observed in inoperable cases. Knockdown of STMN1 in GC cell lines inhibited
proliferation and sensitised the cells to paclitaxel by enhancing apoptosis.

Conclusions: STMN1 is a possible biomarker for paclitaxel sensitivity and poor prognosis in GC and could be a novel therapeutic
target in metastatic GC.

Gastric cancer (GC) is one of the most common malignancies
globally, with approximately 989 600 (7.8% of the total) new cases
and accounting for 738 000 (9.7% of the total) cancer-related
deaths in 2008 (Jemal et al, 2011). Although the incidence of GC

has been decreasing recently, its prognosis is generally poor with
5-year relative survival below 30% in most countries (Brenner et al,
2009). Surgery is the only curative treatment for patients with
operable GC, and postoperative chemotherapy can improve the
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survival rate after surgery (Cao et al, 2014). However, most patients
are not eligible for radical surgery because of locally advanced or
metastatic disease (Sugano, 2008). Therefore, it is important to
identify predictors of poor prognosis and new therapeutic targets
for patients with refractory GC.

Stathmin1 (STMN1), also known as oncoprotein 18, is a
promising molecular target in several cancers and an important
cytoplasmic phosphoprotein that regulates cellular microtubule
dynamics. STMN1 promotes microtubule depolymerisation by
sequestering tubulin (Marklund et al, 1996; Rubin and Atweh,
2004; Budhachandra et al, 2008) and stimulating catastrophes
(Howell et al, 1999). High STMN1 expression is associated with
poor prognosis in a variety of human cancers such as nasophar-
yngeal carcinoma (Cheng et al, 2008; Hsu et al, 2014), distal
oesophageal adenocarcinoma (Akhtar et al, 2014a), oesophageal
squamous cell carcinoma (Akhtar et al, 2014b), breast cancer
(Golouh et al, 2008), hepatocellular carcinoma (Hsieh et al, 2010),
cholangiocarcinoma (Watanabe et al, 2014), prostate cancer
(Mistry and Atweh, 2006), colorectal cancer (Wu et al, 2014),
and non-small cell lung cancer (NSCLC; Nie et al, 2015). STMN1
was suggested as a possible prognostic marker and a potential
therapeutic target for GC (Jeon et al, 2010; Kang et al, 2012; Ke
et al, 2013). In these previous studies, the immunohistochemical
analyses of STMN1 expression were all performed on operable
(resected) GC specimens and not on inoperable cases including
locally advanced cases and those with distant metastasis.

With the development of molecular targeting agents, improve-
ment in patient outcomes is expected in many cancers; however,
significant progress has not been achieved in developing targeted
therapies for advanced GC (Wong and Yau, 2012; Lee et al, 2014).
Conventional cytotoxic agents are still the foundation of the
treatment for advanced cases and paclitaxel, a microtubule-
targeting drug, is one of the key therapeutics.

In this study, we performed immunohistochemical tests on
human specimens to clarify the clinical significance of STMN1 in
GC patients, including, importantly, biopsy specimens of inoper-
able tumours. We also conducted STMN1 suppression analysis to
determine the effects of STMN1 expression on the proliferation,
chemotherapeutic sensitivity, and paclitaxel-induced apoptosis of
GC cells. Our results suggest that STMN1 expression could be used
to predict the prognosis and therapeutic response to paclitaxel and
would be a novel therapeutic target.

MATERIALS AND METHODS

Clinical samples and cell lines. We used 156 GC samples
collected from 95 operable GC cases (resected tumour specimens
from 77 men and 18 women) and 61 inoperable GC cases
(endoscopic biopsy specimens from 42 men and 19 women;
inoperable status determined at initial diagnosis). Of the 95
operable GC patients, 35 were treated with S-1 (Taiho Pharma-
ceutical Co. Ltd.; Tokyo, Japan) and 14 were treated with 5-FU-
based chemotherapy after surgery. Of the 61 inoperable patients,
39 were treated with paclitaxelþ S-1 and 22 were treated with
cisplatinþ S-1. S-1 (also known as TS-1) is one of the oral 5-FU-
based anti-cancer drugs that combines tegafur, gimeracil, and
potassium oxonate. The combination therapy of S-1 with cisplatin
or paclitaxel is the standard regimen for inoperable GC patients in
Japan (Mochiki et al, 2006; Satoh et al, 2011; Mochiki et al, 2012).
All clinical GC samples were collected from Gunma University
Hospital, Department of General Surgical Science between July
1999 to October 2011 and were used in accordance with the
Helsinki Declaration and the guidelines of Gunma University
Ethical Review Board for Medical Research Involving Human
Subjects (approval number: 150044) after obtaining the written

informed consent. The pathological features of the specimens were
classified based on the 14th edition of the Japanese Classification of
Gastric Carcinoma outlined by the Japanese Gastric Cancer
Association. According to histology, the specimens were classified
into differentiated type (well and moderately differentiated) and
undifferentiated type (poorly differentiated and signet ring cells).

Human GC cell lines KATOIII, MKN7, MKN45 and MKN74
were maintained in RPMI 1640 containing 10% foetal bovine
serum (FBS) and supplemented with 100 units per ml penicillin
and streptomycin sulphate, and were cultured in a humidified 5%
CO2 incubator at 37 1C.

Immunohistochemistry. Paraffin-embedded blocks of the speci-
mens were cut into 2 mm-thick sections and mounted on glass
slides. All sections were incubated at 60 1C for 60 min and
deparaffinised in xylene, rehydrated, and then incubated with fresh
0.3% hydrogen peroxide in 100% methanol for 30 min at room
temperature to block endogenous peroxidase activity. After
rehydration through a graded series of ethanol treatments, antigen
retrieval was performed using Immunosaver (Nishin EM, Tokyo,
Japan) at 98–100 1C for 30 min, and then the sections were
passively cooled to room temperature. After rinsing in 0.1 M
phosphate-buffered saline (PBS, pH 7.4), sections were incubated
in Protein Block Serum-Free Reagent (DAKO, Carpinteria, CA,
USA) for 30 min to block non-specific binding sites. The sections
were incubated overnight at 4 1C with mouse monoclonal anti-
STMN1 (OP18) antibody (Santa Cruz Biotechnology, Santa Cruz,
CA, USA) at a dilution of 1 : 100 in PBS containing 0.1% bovine
serum albumin. The primary antibody was visualised using the
Histofine Simple Stain MAX-PO (Multi) Kit (Nichirei, Tokyo,
Japan) according to the manufacturer’s instructions. chromogen
3,3-diaminobenzidine tetrahydrochloride was applied as a 0.02%
solution in 50 mM ammonium acetate-citrate acid buffer (pH 6.0)
containing 0.005% hydrogen peroxide. The sections were lightly
counterstained with haematoxylin and mounted. Negative controls
were incubated without the primary antibody, and no detectable
staining was evident.

STMN1 immunostaining was evaluated independently by two
experienced researchers and using the method described by Altan
et al (2013). The method was based on the intensity and percentage
of cytoplasmic or nuclear stained cells. The intensity was scored as
follows: 0, no staining; 1þ , weak staining; 2þ , moderate staining;
and 3þ , strong staining (Supplementary Figure 1). The percentage
of stained cells was calculated by examining at least 1000 cancer
cells in five representative areas and was scored as follows: 0, no
staining; 1þ , 1–10%; 2þ , 11–50%; 3þ , 51–100%. The final
grading was calculated by multiplying the intensity score with the
percentage score. The lower grades (0, 1, 2, 3, and 4) were
considered to be indicative of low expression, whereas the higher
grades (6–9) were regarded indicating high expression.

Online microarray database search for STMN1 mRNA expres-
sion in GC. We used an online database KM plotter
(www.kmplot.com) to validate the relevance of STMN1 mRNA
expression to overall survival in patients with GC (Forster et al,
2011; Kim et al, 2012; Busuttil et al, 2014; Szasz et al, 2016). KM
plotter is an entirely independent patient database, and a large
scale survival data, which can be stratified by selected gene and
characteristics including stage, Lauren classification, differentia-
tion, gender, perforation, treatment, HER2 status, and data sets,
can be available. We chose Affymetrix ID, 217714_x_at (STMN1),
and investigated the prognostic value of STMN1 mRNA expression
in 876 GC samples without above-mentioned characteristic
restrictions. Auto select best cut-off value was used to identify
the high and low groups. Overall survival data of 876 patients
available were analysed by Kaplan–Meier survival curves (cut-off
value was 361, and expression range of probe was 35–1473).

BRITISH JOURNAL OF CANCER High STMN1 level is associated with chemo-resistance and poor prognosis

1178 www.bjcancer.com | DOI:10.1038/bjc.2017.76

www.kmplot.com
http://www.bjcancer.com


Protein extraction and western blotting. Total protein was
extracted from KATOIII, MKN7, MKN45, and MKN74 cells using
PROPREP protein extraction solution (iNtRON Biotechnology,
Sungnam, Kyungki-Do, Korea). Total proteins were separated by
sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS–
PAGE) using Bis-Tris gels and were transferred to membranes by
wet transfer. The membrane was blocked with 5% skim milk and
incubated overnight at 4 1C with anti-STMN1 rabbit monoclonal
antibody (1 : 1000, Cell Signaling Technology, Danvers, MA, USA)
and b-actin mouse monoclonal antibody (1 : 2000, Sigma, St Louis,
MO, USA). Bands on the membrane were detected with ECL
Prime Western Blotting Detection Reagent using an Image Quant
LAS4000 (GE Healthcare Life Sciences, Tokyo, Japan).

RNAi for down-regulation of STMN1. STMN1-specific siRNA
oligos (STMN1 siRNA1; GAAACGAGAGCACGAGAAAtt:
STMN1 siRNA2; CGAGACUGAAGCUGACUAAtt) and a non-
targeting control siRNA oligos (NT siRNA) were purchased from
Bonac Corporation (Fukuoka, Japan). MKN7 and MKN45 cell
lines were seeded at 1� 105 cells per well in a volume of 2 ml in 6-
well flat-bottom plates and then incubated in a humidified
atmosphere (37 1C and 5% CO2) for 24 h. After incubation,
500 ml of Opti-MEM I Reduced Serum Medium (Invitrogen), 5ml
Lipofectamine RNAi MAX (Invitrogen) and STMN1 siRNA
(50 nM final concentration in each well) were mixed and incubated
for 20 min. The siRNA reagents were then added to the cells. The
RNA interference assay was conducted after 24 h incubation.

RNA extraction and quantitative reverse transcription poly-
merase chain reaction (RT-qPCR). Total RNA was extracted
from cells using the miRNeasy Kit (Qiagen, Hilden, Germany), and

the quantity of isolated RNA was measured with an ND-1000
spectrophotometer (Nano Drop Technologies, Wilmington, DE,
USA). RT-qPCR was performed using the GoTaq 1-Step RT-qPCR
System (Promega, Madison, WI, USA) according to the manu-
facturer’s instructions. The program consisted of four stages:
reverse transcription at 37 1C for 15 min, reverse transcriptase
inactivation and hot-start activation at 95 1C for 10 min, 40 cycles
of 95 1C for 10 s, 60 1C for 30 s, and 72 1C for 30 s, and dissociation
at 60–95 1C. The sequences of the primer pairs were as follows:
STMN1 forward primer, 50-AAGGATCTTTCCCTGGAGGA-30;
STMN1 reverse primer, 50-CATTTGTGCCTCTCGGTTCT-30;
GAPDH forward primer, 50-AAGGTGAAGGTCGGAGTCAAC-30;
GAPDH reverse primer, 50-CTTGATTTTGGAGGGATCTCG-30.

Cell proliferation assay. Proliferation analysis of MKN7 and
MKN45 cells treated with NT siRNA or STMN1 siRNA was
performed. The cells were seeded in 96-well plates (approximately
3000 cells per well in 100ml of medium containing 10% FBS). After 0 h,
24 h, 48 h, and 72 h, cell proliferation was measured with the Cell
Counting Kit-8 (CCK-8; Dojindo Laboratories, Tokyo, Japan). Ten
microliters of the cell counting solution was added to each well and
incubated for 2 h at 37 1C. The absorbance of each well was determined
using an Absorbance Spectrophotometer (Bio Rad, Hercules, CA,
USA) at 450 nm with the reference wavelength set at 650 nm.

Paclitaxel sensitivity assay. Paclitaxel sensitivity of cells treated
with NT siRNA or STMN1 siRNA was measured. The cells were
plated in 96-well plates at approximately 8000 cells per well with
100 ml of medium, and after 24 h of incubation, the cells were
treated with various concentrations of paclitaxel (0, 1.0, 10, 100,
and 1000 nM) for 48 h. Cell viability was assessed using CCK-8
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Figure 1. Immunohistochemical staining of STMN1 in GC samples. (A) Representative immunohistochemical staining of STMN1 in GC tissues
(tumour) and normal gastric mucosa (normal; original magnification, � 200). The expression level of STMN1 was stronger in GC tissues than in
normal gastric mucosa. (B and C) Low and high expression of STMN1 in GC specimens (original magnification, � 400). Sixty GC specimens (38.5%)
were classified into the low-STMN1-expression group and 96 (61.5%) were assigned to the high-STMN1-expression group. (D) Kaplan–Meier
overall survival in total GC cohort (n¼ 156); analyses were based on the expression of STMN1 (P¼0.0003). (E) Kaplan–Meier overall survival
analyses of the operable GC cohort (n¼95) according to the expression level of STMN1 (P¼0.0032). (F) Kaplan–Meier overall survival analyses of
the inoperable GC cohort (n¼61) according to the expression level of STMN1 (P¼0.0044). Kaplan–Meier overall survival rate in the high-STMN1-
expression group was significantly lower than that in the low-STMN1-expression group.
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(10 ml per well, for 2 h at 37 1C) and by measuring the absorbance
of the medium at 450 nm with the reference wavelength set at
650 nm with an absorbance spectrophotometer (Bio Rad, Hercules,
CA, USA). Paclitaxel was purchased from Sawai Pharmaceutical
Co., Ltd.

Apoptosis assay. MKN7 and MKN45 cells treated with NT siRNA
or STMN1 siRNA were seeded in 96-well plates. After 24 h,
paclitaxel was added (paclitaxel concentrations: 0, 1.0, 10, and
100 nM) to the cells and incubated for 48 h. Paclitaxel-induced
apoptosis was evaluated using the Amplite fluorometric Caspase-3/
7 Assay Kit (AAT Bioquest) according to the manufacturer’s
instructions. Absorbance was read using the Enspire (Perkin
Elmer) plate reader.

Statistical analysis. High-STMN1-expression group and low-
expression group in clinical GC samples were compared using
the Wilcoxon test, the chi-squared test, and the repeated-measures

ANOVA. The Wilcoxon test was used to compare NT siRNA
group with STMN1 siRNA group in in vitro analysis. Kaplan–
Meier curves were generated for overall disease-free survival and
statistical significance was determined using the log-rank test.
Univariate and multivariate survival analyses were performed
using Cox’s proportional hazards model. A P-value of o0.05 was
considered significant. All statistical analyses were performed using
JMP software (SAS Institute Inc., Cary, NC, USA).

RESULTS

Immunohistochemical staining for STMN1 in GC specimens.
We used immunohistochemistry to examine the expression of
STMN1 in 156 GC specimens. The expression level of STMN1 was
stronger in GC tissues (tumour) than in normal gastric mucosa
(normal; Figure 1A). Among 156 GC cases, 60 (38.5%) GC

Table 1. Clinical factors and STMN1 expression from GC patients

Clinical factors Total GC cohort (n¼156) Resected GC cohort (n¼95) Unresectable GC cohort (n¼61)

Low n¼60 High n¼96 P-value Low n¼36 High n¼59 P-value Low n¼24 High n¼37 P-value
Age 64.4±9.5 63.5±10 0.7804 63±9.4 65±8.2 0.403 63.5±10 65±10 0.562

Gender
Male 44 75 0.4956 28 49 0.524 16 26 0.7672
Female 16 21 8 10 8 11

Histology type
Well, moderate 33 45 0.3231 19 31 0.9822 14 14 0.1164
Poor, signet 27 51 17 28 10 23

Tumour Depth
m, sm 12 10 0.2388 12 10 0.1003 0 0 0.9086
mp, ss 20 33 17 28 3 5
se, si 28 53 7 21 21 32

Lymph node
metastasis

Absent 28 40 0.5404 18 27 0.6883 2 3 0.975
Present 32 56 18 32 22 34

Liver metastasis
Absent 56 90 0.9179 35 58 0.7253 21 32 0.9086
Present 4 6 1 1 3 5

Peritoneal
metastasis

Absent 51 76 0.3568 35 55 0.3756 16 21 0.437
Present 9 20 1 4 8 16

Clinical stage
I 24 24 0.1218 24 24 0.0667 0 0 0.0314a

II 5 14 5 14 0 0
III 13 17 6 14 7 3
IV 18 41 1 7 17 34

First treatment
Sugery 36 59 0.856 — — — — — —
chemotherapy 24 37 — — — — — —

Surgical operation
Absent 14 28 0.4214 — — — 14 28 0.1554
Present 46 68 — — — 10 9

Curability
Curative 46 63 0.1394 36 54 0.0264a 10 9 0.1554
Non—curative 14 33 0 5 14 28

Recurrence
Absent — — — 28 26 0.0001a — — —
Present — — — 8 33 — — —

Clinical response
PR — — — — — — 20 20 0.0395a

SD — — — — — — 2 12
PD — — — — — — 2 5

Abbreviations: PD¼progressive disease; PR¼partial response; SD¼ stable disease.
aSignificant difference Po0.05.

BRITISH JOURNAL OF CANCER High STMN1 level is associated with chemo-resistance and poor prognosis

1180 www.bjcancer.com | DOI:10.1038/bjc.2017.76

http://www.bjcancer.com


specimens were classified into the low-STMN1-expression group
(Figure 1B) and 96 (61.5%) were assigned to the high-STMN1-
expression group (Figure 1C).

Clinicopathological significance of STMN1 expression of GC.
Kaplan–Meier analysis of data from 156 GC patients demonstrated
that the overall survival rate in the high-STMN1-expression group
was significantly lower than that in the low-STMN1-expression
group (Figure 1D). This was found to be the case in both operable
(P¼ 0.0032, n¼ 95) and inoperable (P¼ 0.0044, n¼ 61) cohorts,
classified according to the initial diagnosis of the 156 patients
(Figure 1E and F ). To confirm the prognostic significance of
STMN1 expression in a large scale cohort, we used the KM plotter
(www.kmplot.com), which includes published microarray data
from 876 GC samples (Forster et al, 2011; Kim et al, 2012;
Busuttil et al, 2014; Szasz et al, 2016). We validated that high
expression of STMN1 in GC samples from a large database was

associated with poor prognosis, the same as was found in our GC
cohort (HR¼ 1.47, 95% CI¼ 1.22–1.77, Po0.05, Supplementary
Figure 2).

Unexpectedly, clinicopathological analyses of STMN1 expres-
sion in GC revealed no significant correlation among any of the
investigated factors in the overall GC cohort (Table 1). Never-
theless, high expression of STMN1 in operable GC patients was
found to be significantly associated with poor cancer curability
(P¼ 0.0264) and recurrence (P¼ 0.0001), whereas in inoperable
cases, this parameter was shown to relate to the progression of
clinical stage (P¼ 0.0314) and poor clinical response against
first-line chemotherapy (P¼ 0.0395; Table 1).

Uni- and multi-variate regression analyses for overall survival, using
data from 156 GC samples, indicated that high expression of STMN1
was an independent factor for poor prognosis (univariate analysis:
RR¼ 2.49, 95% CI¼ 1.52–4.25, P¼ 0.0002; multivariate analysis:
RR¼ 2.79, 95% CI¼ 1.65–4.91, Po0.0001) and was associated with

Table 2. Univariate and multivariate analyses of overall survival in 156 GC patients

Univariate analysis Multivariate analysis

Clinicopathological variables RR 95% CI P-value RR 95% CI P-value

Age
r65 vs 465 1.03 0.65–1.62 0.8976 — — —

Gender
Male vs female 1.19 0.69–1.95 0.5078 — — —

Histology type
Well, mod vs poor 2.08 1.31–3.36 0.0017a 1.79 1.129–2.92 0.0137a

Tumour depth
SS vs SE, SI 20.3 4.48–357.6 o0.0001a 10.3 2.14–186.9 0.0011a

Lymph node metastatic
Absent vs present 1.97 1.22–3.25 0.0048a 1.55 0.92–2.65 0.0942

Peritoneal dissemination
Absent vs present 3.32 1.94–5.51 o0.0001a 3.06 1.74–5.24 0.0002a

Distant metastasis
Absent vs present 2.65 1.15–5.28 0.0232a 2.01 0.86–4.14 0.1022

STMN1 expression
Low vs high 2.49 1.52–4.25 0.0002a 2.79 1.65–4.91 o0.0001a

Abbreviations: CI¼ confidence interval; RR¼ relative risk; SE¼ serosa; SI¼ adjacent structures; SS¼ subserosa.
aSignificant difference Po0.05.

Table 3. Relationship between STMN1 expression and clinical factors (recurrence, clinical response)

STMN1 expression and recurrence in operable GC treated by adjuvant therapy (n¼49)

S-1-treated operable GC (n¼35) 5-FU-based medicine treated operable GC (n¼14)

Recurrence Low (n¼10) High (n¼25) P-value Low (n¼5) High (n¼9) P-value
Absent 5 4 0.0440a 2 3 0.8037

Present 5 21 3 6

STMN1 expression and clinical response in inoperable GC (n¼61)

PaclitaxelþS-1-treated inoperable GC (n¼39) CisplatinþS-1- treated inoperable GC (n¼22)

Clinical response Low (n¼13) High (n¼26) P-value Low (n¼11) High (n¼11) P-value
PR 12 13 0.0141a 8 7 0.4836

SD 1 9 1 3

PD 0 4 2 1
Abbreviations: PD¼progressive disease; PR¼partial response; SD¼ stable disease.
aSignificant difference Po0.05.
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several cancer staging determinants, specifically, the histological type,
tumour depth, and peritoneal dissemination (Table 2).

STMN1 expression and chemotherapeutic response. STMN1 is
known to regulate cellular microtubule dynamics and its expres-
sion was confirmed to correlate with prognosis of GC patients.
Based on these findings, we focused on the functional relevance of
STMN1 to GC cellular sensitivity to chemotherapy, especially to
paclitaxel treatment.

Of the 95 operable GC patients, 35 were treated with S-1 and 14
were treated with 5-FU-based medicine as an adjuvant therapy
after the radical surgery. High STMN1 expression was significantly
associated with a high recurrence rate (P¼ 0.044) and poor
prognosis (P¼ 0.0214) in patients treated with S-1 after surgery
(Table 3 and Figure 2A). These relationships, however, were not
observed in patients treated with 5-FU-based adjuvant therapy
(Table 3 and Figure 2B).

In the inoperable GC cohort (n¼ 61), 39 patients were treated
with paclitaxelþ S-1 and 22 were treated with cisplatinþ S-1 as
first-line chemotherapy. High STMN1 expression correlated with
poor clinical response (P¼ 0.0141, Table 3) and poor survival
(P¼ 0.0082, Figure 2C) in the paclitaxelþ S-1-treated group
(n¼ 39), but not in the cisplatinþ S-1-treated group (Table 3
and Figure 2D).

Functional analysis of STMN1 in GC cell lines. We evaluated
STMN1 expression in KATOIII, MKN7, MKN45, and MKN74 cell
lines by western blotting (Figure 3A). We selected MKN7 and
MKN45, which showed higher expression of the protein, for

knockdown experiments to analyse the functional significance of
STMN1 in proliferation and sensitivity to paclitaxel. siRNA was
used to silence STMN1 and repression of the protein was
confirmed by western blotting and RT–PCR (Figure 3B). Cell
proliferation in the STMN1 siRNA groups was significantly
suppressed compared to that in the NT siRNA groups and was
closely associated with a decrease in STMN1 expression (Po0.05,
Figure 3C). Cell viability in the STMN1 siRNA group decreased
significantly following paclitaxel treatment compared to the NT
siRNA group (Po0.05, Figure 3D). Furthermore, paclitaxel-
induced apoptosis in the STMN1 siRNA group was enhanced
more than that of the NT siRNA group. Determination of caspase-
3/7 activities revealed that STMN1 knockdown enhanced pacli-
taxel-induced apoptosis. The number of apoptotic cells in the
STMN1 siRNA groups after paclitaxel treatment was significantly
higher than that in the other groups (Po0.05, Figure 3E).

DISCUSSION

In this study, we showed that high STMN1 expression was
associated with poor prognosis in 156 GC patients including both
cohorts of 95 operable and 61 inoperable cases. Thirty-nine and 22
inoperable GC patients were treated with paclitaxelþ S-1 and
cisplatinþ S-1 combination therapies, respectively. We found that
high STMN1 expression correlated to poor prognosis and poor
response against chemotherapy in the paclitaxelþ S-1 treatment
group, but this correlation was not observed in the cisplatinþ S-1
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Figure 2. Overall survival curves of GC patients according to expression of STMN1. (A and B) Kaplan–Meier overall survival analyses of GC
patients with operable tumours treated with S-1 and 5-FU-based medicine as adjuvant therapies after surgery. High STMN1 expression was
significantly associated with poor prognosis in patients treated with S-1 after surgery (P¼0.0214). However, this relationship was not observed in
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treatment group. Moreover, multivariate analyses demonstrated
that STMN1 expression was an independent prognostic factor in
our cohorts. Our data suggests that STMN1 evaluation in GC
tissues might be a useful marker for poor prognosis and
chemosensitivity prediction.

In cancer patients, high STMN1 expression in tumours has
already been reported to be associated with poor prognosis and
more aggressive malignant potential than those with low STMN1
expression in tumours (Cheng et al, 2008; Golouh et al, 2008;
Hsieh et al, 2010; Jeon et al, 2010; Kang et al, 2012; Ke et al, 2013;
Hsu et al, 2014; Watanabe et al, 2014; Akhtar et al, 2014a; Akhtar
et al, 2014b). These previous studies examined the significance of
STMN1 expression only in resected cancer samples. On the other
hand, our study evaluated the relationship between STMN
expression, clinicopathological factors, and chemosensitivity in
both resected GC samples and biopsy samples from inoperable
GC patients. In this study, we clarified that high expression of
STMN1 in the operable GC cohort was correlated with high
recurrence rate after resection and advanced malignancy and
high expression in the inoperable GC cohort correlated with

advanced clinical stage and poor clinical response after chemother-
apy. Our study is the first to demonstrate the possible clinical
utility of STMN1 as a marker for both of operable and inoperable
GC patients.

Wu et al (2014) reported that silencing STMN1 enhanced 5-FU
sensitivity of colorectal cancer cells via a caspase-6-dependent
mechanism. In addition, it was reported that STMN1 expression is
related to the chemosensitivity to tamoxifen monotherapy in breast
cancer (Golouh et al, 2008) and to platinum compounds and
vinorelbine in NSCLC (Mlak et al, 2015). These observations
suggest that STMN1 might be a drug sensitivity marker not only
for taxane agents, but also for several conventional anti-cancer
drugs. The association of high STMN1 expression with poor
prognosis was observed in patients treated with S-1, but not in
patients who received 5-FU-based adjuvant therapy. The limited
number of patients in these treatment groups might have
contributed to the low detection power of STMN1 compared to
that in the other studies of cancer marker genes.

Previous studies have examined the association between
STMN1 expression and the response to taxane therapy, and a
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Figure 3. Functional analysis of human GC cell lines treated with STMN1 siRNA. (A) Expression of STMN1 was evaluated in GC cell lines KATOIII,
MKN7, MKN45, and MKN74 by Western blotting. b-Actin was used as the loading control. (B) STMN1 expression in MKN7 and MKN45 cells
treated with STMN1 siRNA1 or siRNA2 was detected by western blotting and RT-qPCR. STMN1 expression was suppressed in both STMN1
siRNA1 and siRNA2 groups. (C) Proliferation of MKN7 and MKN45 cells after STMN1 siRNA treatment was evaluated using Cell Counting Kit-8 kit.
Cell proliferation in the STMN1 siRNA groups was significantly suppressed compared to that in the NT siRNA groups. (D) Paclitaxel sensitivity of
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close association has been reported in ovarian cancer (Su et al,
2009), breast cancer (Alli et al, 2002), lung cancer (Yuan et al,
2012), and endometrial cancer (Werner et al, 2014). While
studying its functional mechanisms, Iancu et al (2001) found that
inhibition of STMN1 expression in erythroleukaemia cells
increased the ratio of polymerised tubulin and the sensitivity to
paclitaxel. Alli et al (2002) also reported that overexpression of
STMN1 decreased polymerisation of microtubules and decreased
sensitivity to paclitaxel by binding to paclitaxel and inhibiting the
G2 to M transition of cells. Consistent with these reports, we found
that STMN1 knockdown increased paclitaxel sensitivity and
paclitaxel-induced apoptosis and that high STMN1 expression
was associated with poor prognosis in inoperable GC patients
receiving a paclitaxelþ S-1 combination, but not in the cisplatin
þ S-1 group. Our data suggest that STMN1 expression is a
predictive marker of the clinical response to combination
chemotherapy treatment including taxane agents.

Candidates for targeted therapy against refractory cancers are
believed to express cancer-specific profiles. In this study, we
examined the STMN1 expression profiles in normal human tissues
using an RNA sequencing database (RefEx [http://refex.dbcls.jp]).
Expression was detected in only the testis and cerebrum, and not
in other vital organs (Supplementary Figure 3). Consistently, we
and other researchers have also found that the expression of
STMN1 in cancer tissues is higher than that in normal tissues
and that it is associated with poor prognosis and cancer
progression in several types of cancers (Curmi et al, 1999; Rana
et al, 2008; Nie et al, 2015; Saito et al, 2016). Moreover, knockdown
of STMN1 in cancer cells decreased proliferation and increased
taxane-induced apoptosis. A targeting strategy of cancer-specific
STMN1 expression could be a promising universal therapeutic
tool against refractory cancers including GC with STMN1
accumulation.

In summary, STMN1 expression is associated with cancer
progression and chemo-resistance in clinical GC samples. STMN1
expression might be a prognostic marker for GC. STMN1 was also
shown to regulate the proliferation and paclitaxel sensitivity of GC
cells. Our results suggest that STMN1 expression in GC might be a
useful prognostic marker and a promising candidate for targeted
therapy.
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