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ABSTRACT

Background. Known as a microtubule-destabilizing pro-

tein, STMN1 (gene symbol: STMN1) regulates the

dynamics of microtubules, cell cycle progress, and chemo-

resistance against taxane agents. It is highly expressed in

various human cancers and involved in cancer progression

as well as poor prognosis.

Methods. Expression of STMN1 was examined by

immunohistochemistry using FFPE tissue sections from

186 patients with lung squamous cell carcinoma (LSCC).

Analysis of STMN1 suppression was performed for

STMN1 small interfering RNA (siRNA)-transfected LSCC

cell lines to determine the change in proliferation, invasive

and apoptosis abilities, and paclitaxel sensitivity.

Results. The cytoplasmic STMN1 expression in LSCC was

higher than in normal tissues. The high expression was sig-

nificantly associated with vascular invasion (P = 0.0477)

and poor prognosis. In addition, the proliferating and

invasive abilities were decreased, and the apoptosis ability

and paclitaxel sensitivity were increased in STMN1-sup-

pressed LSCC cells compared with control cells.

Conclusion. The results suggest that STMN1 is a prognostic

factor that also is associated with caner progression and

chemo-resistance. Therefore, STMN1 could be a predictor

for poor prognosis and a potential therapeutic target in LSCC.

Lung cancer remains the leading cause of cancer-related

mortality globally. Non-small cell lung cancer (NSCLC) is

the most commonly diagnosed lung malignancy, account-

ing for approximately 85% of cases.1 Lung squamous cell

carcinoma (LSCC), a subtype of NSCLC, is the second

most frequently diagnosed subtype, accounting for

approximately 30% of total lung malignancies.1

During the last decade, the treatment of lung adeno-

carcinoma has improved significantly with the introduction

of targeted therapies such as the epidermal growth factor

receptor-tyrosine kinase inhibitors and the anaplastic lym-

phoma kinase inhibitiors.2,3 However, in LSCC, no such

molecular targets have been identified, limiting the devel-

opment of new therapies. Therefore, an urgent need exists

to discover reliable prognostic biomarkers for LSCC and

develop improved targeted molecular therapies.

Findings show that STMN1 (oncoprotein 18 and

LAP18) induces microtubule de-polymerization by

sequestering tubulinand stimulation of catastrophes.4 High

STMN1 expression has been associated with cancer
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proliferation, resistance to taxanes such as paclitaxel, and a

poorer prognosis in a variety of human cancers.5 In addi-

tion, STMN1 plays an important role in various biologic

processes that regulate cytoskeleton formation, cell cycle

progression, mitotic division, cellular migration, and

invasion, all of which are critical in tumorigenesis. As

studies show, STMN1 may act as a proliferation marker

and integrate diverse signaling pathways such as tumor

suppressor p27, p53, and phosphatidylinositol-3 kinase

(PI3K/Akt) pathways.6–8

To improve the prognosis for LSCC patients, STMN1

may be important as a cancer biomarker and therapeutic

target. In this study, we performed immunohistochemistry

of clinical LSCC samples to investigate the clinical sig-

nificance of STMN1 and evaluated the relationship

between STMN1 and Ki67. A STMN1 suppression anal-

ysis was performed to determine the effects of STMN1

expression on cellular proliferation, invasion, apoptosis,

and paclitaxel sensitivity in LSCC cell lines.

MATERIALS AND METHODS

Clinical Samples and Cell Lines

Surgical sections were obtained from 186 LSCC patients

(169 men and 17 women) who had undergone potentially

curative surgery at the Integrative Center of General Sur-

gery of Gunma University between April 1999 and January

2013, and had been managed in accordance with institu-

tional guidelines and the Helsinki Declaration after written

informed consent had been obtained from all participants.

All the patients were classified into either a discovery

cohort, whose samples were obtained from General Sur-

gical Science, or a validation cohort, whose samples were

obtained from Thoracic Visceral Organ Surgery. The

median age of the 80 patients in the discovery cohort was

62 years (range, 44–84 years), and the median follow-up

period was 791 days (range, 13–4869 days). The median

age of the 106 patients in the validation cohort was

66 years (range, 48–85 years), and the median follow-up

period was 570 days (range, 23–3360 days). No patients

received chemotherapy or radiotherapy before surgery.

Human LSCC cell lines EBC1, H520, RERF-LC-AI,

and LK-2 were maintained in RPMI-1640 medium con-

taining 10% fetal bovine serum supplemented with 100 U/

ml penicillin and streptomycin sulfate and cultured in a

humidified 5% carbon dioxide (CO2) incubator at 37 �C.

Immunohistochemistry

Paraffin-embedded blocks of the specimens were cut

into 2-lm-thick sections and mounted on glad slides. The

protocol of the immunohistochemistry experiment is

described in previous research.9 The mouse monoclonal

anti-STMN1 antibody (Santa Cruz Biotechnology, Santa

Cruz, CA, USA) and mouse monoclonal anti-human Ki67

antibody (DAKO, Carpinteria, CA, USA) were diluted

respectively at 1:200 and 1:2000 in phosphate-buffered

saline (PBS) containing 0.1% bovine serum albumin.

Negative control specimens were incubated without pri-

mary antibody, and no detectable staining was evident.

The immunohistochemical slides were scanned and

evaluated by two experienced researcher groups. The level

of STMN1 immunoreactivity was defined as in Fig. S1.

The expression levels were evaluated by two groups of

independent researchers, whose evaluations reached a

consensus for all the samples. For Ki-67, a median of 8%

was used as the cutoff point to identify the high and low

groups according to a previous paper.10

Immunofluorescence

The sections were prepared, and endogenous peroxidase

was blocked as described earlier. The sections were then

boiled in citrate buffer (pH 6.4) for 15 min in a microwave.

Nonspecific binding sites were blocked by incubation with

protein block serum-free reagent (DAKO, Carpinteria, CA,

USA) for 30 min, and the sections were incubated with the

primary antibodies against STMN1 (1:200) and Ki67

(1:2000) for 1 h at room temperature. Multiplex covalent

labeling (STMN1, cyanine 3; Ki67, fluorescein) with

tyramide signal amplification (OpalTM 3-Plex Kit; Perk-

inElmer, Waltham, MA, USA) was performed according to

the manufacturer’s protocol. All sections were counter-

stained with DAPI stain (Waltham, MA, USA) and

examined under an All-in-One BZ-X710 fluorescence

microscope (KEYENCE Corporation, Osaka, Japan).

Protein Extraction and Western Blot Analysis

Total protein was extracted from each lung squamous

cell carcinoma cell line including EBC1, H520, LK-2, and

RERF-LC-AI with PROPREP protein extraction solution

(iNtRON Biotechnology, Kyungki-Do, Korea). The pro-

tocol of Western blot analysis was same as described in a

previous paper.11

STMN1 RNA Interference

For the study, STMN1-specific small interfering RNA

(siRNA) and scrambled siRNA as a negative control were

purchased from Bonac Corporation (Fukuoka, Japan).

Using an in vitro electroporation protocol, RNA interfer-

ence assays for the target cell lines EBC-1 and H520 were

performed. In brief, the cells were suspended in Opti-MEM

I (Life Technologies, Carlsbad, CA, USA) without serum
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at a density of 1 9 107 cells/ml. Then siRNA was added to

the cell suspension at a concentration of 1.5 mmol. Next,

100 ll of the cell suspension was transferred to a 2-mm

gap cuvette electrode and then subjected to electroporation

using an electroporator (CUY21EDIT II; BEX Co., Ltd.,

Tokyo, Japan). The conditions for electroporation were as

follows: one pulse of 250 V with a 10-ms duration and a

40-ms interval, followed by one pulse of 20 V with a

50-ms duration and a 50-ms interval at 940 lF capacity

with reversed polarity. After incubation for 20 min, med-

ium was added. After 48 h of incubation, an RNA

interference assay was performed.

Proliferation and Chemo-Sensitivity Assay

Proliferation and chemo-sensitivity assays were per-

formed using cells that had been transfected with siRNA

targeting STMN1 transcripts. For the proliferation assay,

EBC-1 and H520 cells were plated at approximately 5000

cells per well on 96-well plates with 100 ll of medium.

The water-soluble tetrazolium (WST)-8 assay (Dojindo

Laboratories, Tokyo, Japan) was used to quantify cell

viability according to the manufacturer’s protocol. The

absorbance values were read using a microtiter plate reader

(Molecular Devices, Sunnyvale, CA, USA).

For the chemo-sensitivity assay, EBC-1 and H520 cells

were plated at approximately 1 9 104 cells per well on

96-well plates with 100 ll of medium in each well. Various

concentrations (0, 0.1, 1, 10, 100, or 1000 nmol) of

paclitaxel (Sawai Seiyaku, Osaka, Japan) were added for

48 h. Cell viability was quantified by WST-8. Each

experiment was performed with 12 replicate wells for each

concentration, and experiments were repeated twice.

FIG. 1 Immunohistochemical

analysis of STMN1 in surgical

specimens. Representative

immunohistochemical staining

of STMN1 in a normal tissue

and b cancer tissue of the same

case (magnification 9200). c–f
Immunofluorescence staining of

Ki67 (green), STMN1 (red), and

nucleus (DAPI) and merged

image of STMN1 and Ki67 with

50-lm scale bar
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Invasion and Apoptosis Assays

The EBC1 cells were treated with STMN1 siRNA and

then incubated for 48 h. Matrigel invasion assays were

performed using 24-well BioCoat Matrigel invasion

chambers (Corning International, NY, USA) according to

the manufacturer’s instructions. The upper chambers were

seeded with EBC1 cells (3 9 104) in 300 ll of fetal bovine

serum (FBS)-free medium and incubated for 12 h. After

the non-transfected cells were removed, the isolated

transfected cells were stained with a Diff-Quik staining kit

(Sysmex, Hyogo, Japan).

The EBC1 cells transfected with STMN1 siRNA were

resuspended, after which the cell suspension containing

5 9 104 cells per 100 ll was stained with Annexin V-PI as

per the manufacturer’s protocol (Tali Apoptosis Kit

[A10788]–Annexin V Alexa Flour 488, Waltham, MA,

USA, and propidium iodide) and analyzed by the Tali

Image-Based Cytometer (Invitrogen). The apoptotic cells

showed a green fluorescence.

RNA Extraction and Quantitative Real-Time PCR

Total RNA was extracted from cells with the miRNA-

easy Kit (Qiagen, Hilden, Germany). The measurements

and protocol were the same as described in a previous

paper.11

Statistical Analysis

Statistically significant differences were analyzed with

paired t test analysis, the Wilcoxon test for continuous

variables, the chi-square test, and repeated-measures anal-

ysis of variance (ANOVA). Survival curves were generated

according to the Kaplan–Meier method, and statistical

significances were determined using the log-rank test. Uni-

and multivariate survival analyses were performed using

the Cox’s proportional hazards model. Results were con-

sidered statistically significant when the relevant P value

was lower than 0.05. All statistical analyses were per-

formed using JMP 9 software (SAS Institute, Cary, NC,

USA).

RESULTS

High Expression Level of STMN1 in LSCC

Analysis of STMN1 expression was performed by

immunohistochemistry on a discovery cohort and a vali-

dation cohort in combination totaling 186 LSCC samples.

Expression of STMN1 was higher in LSCC tumor cells

than in normal cells in the same sample (Fig. 1a and b). A

high level of STMN1 was expressed by 114 samples, and a

low level of STMN1 was expressed by 72 samples. The

result was validated via RNA sequence analysis using the

TCGA online data set (Fig. S2).

Clinicopathologic Factors of LSCC and Expression

of STMN1 in LSCC

Expression of STMN1 was significantly correlated with

vascular invasion (P = 0.0238) and stage (P = 0.0473),

and a correlation trend was seen with lymph node metas-

tasis (P = 0.0878) (Table 1). Additionally, we found that

STMN1 expression was significantly associated with Ki67

expression (P\ 0.0001) (Table 1) and could be frequently

collocated (Fig. 1c–f).

TABLE 1 STMN1 expression and clinicopathologic factors

Factors Cytoplasmic STMN1 expression

Low (72) High (114) P value

Gender 0.7755

Male 66 103

Female 6 11

Age (years) 0.6642

65\ 57 93

65C 15 21

Histology type 0.2310

Well, moderate 57 82

Poor 15 32

T factor 0.6672

1, 2 59 96

3, 4 13 18

Lymph node metastasis 0.0878

Absent 56 75

Present 16 39

Lymphatic invasion 0.4928

Absent 35 50

Present 37 65

Vascular invasion 0.0238a

Absent 41 45

Present 31 69

Distant metastasis 0.4276

Absent 72 113

Present 0 1

Stage 0.0473a

1, 2 64 88

3, 4 8 126

Ki67 \0.0001a

Low 49 41

High 23 73

aP\ 0.05
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STMN1 Expression Was a Prognostic Marker for 186

LSCC Patients and for 57 LSCC Patients Without

Lymph Node Metastasis

Kaplan-Meier analysis showed that high expression of

STMN1 was strongly associated with a poor overall sur-

vival (OS) for each cohort. In the discovery cohort, 42

cases were classified as high expression of STMN1 and the

remaining 38 cases with low expression of STMN1. The

OS of the STMN1 high-expression group was significantly

shorter than that of the STMN1 low-expression group

(P = 0.0110) (Fig. 2a, left panel), with a similar result

obtained from the validation cohort (P = 0.0213) (Fig. 2a,

center panel) and the total cohort (P = 0.0008) (Fig. 2a,

right panel). Of the 57 patients without lymph node

metastases in the discovery cohort, 30 expressed a high

level of STMN1 but had a shorter OS than the 27 patients

who expressed a low level of STMN1 (P = 0.0199)

(Fig. 2b), with the same expression observed in the

validation cohort (P = 0.0399) and the total cohort

(P = 0.0018) (Fig. 2b; Fig. S3).

STMN1 Expression Independently Predicted Poor

Prognosis

As shown in Table 2, both the univariate analysis and

the multivariate regression analysis showed that high

expression of STMN1 was an independent prognostic

factor for both the 186 LSCC patients (P = 0.0032) and

the 131 LSCC patients without lymph node metastasis

(P = 0.0051).

STMN1 Regulated Proliferation Potency and Increased

Paclitaxel Sensitivity

We evaluated the protein and mRNA levels of STMN1

expression in EBC-1, H520, Lk-2, and RERF-LC-AI cell lines

using Western blotting and reverse transcription-polymerase

FIG. 2 Survival analysis of 186 lung squamous cell carcinoma

(LSCC) patients according to the expression level of cytoplasmic

STMN1. a The overall survival rates of the STMN1 high-expression

group were significantly lower than those of the low-expression group

from each cohort: discovery cohort (P = 0.0110), validation cohort

(P = 0.0213), and total cohort (P = 0.0008). b The STMN1 high-

expression patients without lymph node metastasis had a poorer

prognosis than the STMN1 low-expression group from each cohort:

discovery cohort (P = 0.0199), validation cohort (P = 0.0399), and

total cohort (P = 0.0018)

STMN11 in Lung Squamous Cell Carcinoma



chain reaction (RT-PCR) and found STMN1 strongly

expressed in the EBC-1 and H520 cell lines (Fig. 3a). The

STMN1-suppression experiment was performed by transfect-

ing STMN1 siRNA1 or STMN1 siRNA2 in the EBC-1 and

H520 cell lines and confirmed by Western blotting and RT-

PCR (Fig. 3b and c). The ability of the cell lines to proliferate

was significantly lower in the siRNA-treated cell lines than in

the control cell lines (Fig. 3d). The STMN1 siRNA-transfected

cells also were treated with paclitaxel (0, 0.1, 1, 10, 100, and

1000 nmol) for 48 h. The findings showed that the viability of

the STMN1 siRNA groups was significantly lower than that of

the control groups (Fig. 3e).

Additionally, co-expression analysis of the available

TCGA data on lung squamous cell carcinoma was per-

formed via the cBioPortal website. We identified 75 genes

(Spearman score, [0.44) that correlated with STMN1

mRNA expression. To clarify the functional role of these

genes, we performed Ingenuity Pathway Analysis (IPA)

and the Database for Annotation, Visualization and Inte-

grated Discovery (DAVID) analyses, which showed that 4

genes were related to cell growth, 13 genes were related to

cell proliferation, 10 genes reportedly had biomarker

applications, and 8 genes (including TUBA1B and TYMS)

contributed to drug efficacy (Table S2).

DISCUSSION

This study demonstrated that high expression of STMN1

was associated with poorer prognosis for LSCC patients,

particularly patients without lymph node metastasis.

Expression of STMN1 was significantly associated with all

clinicopathologic factors such as vascular invasion,

advanced stage, and Ki67 expression in surgically resected

LSCC. Consistent with clinical outcome, in vitro silencing

of STMN1 using siRNA inhibited the invasion and prolif-

eration of cell lines compared with controls.

Typically, LSCC grows rapidly and enters the lymphatic

vessels to reach the lymph nodes, from where it spreads

into surrounding and distant tissues. However, in our study,

the patients without lymph node metastasis but high

STMN1 expression had a worse prognosis in all the inde-

pendent cohorts. Similar results have been reported for

esophageal squamous cell carcinoma.12

Our study demonstrated for the first time that STMN1

high expression is an independent risk factor for LSCC

patients without lymph node metastasis. For the patients

whose LSCC had spread to the lymph nodes (n = 22), no

statistically significant prognostic effect was observed, but

this may have been due to the small sample size.

TABLE 2 Uni- and multivariate analyses of clinicopathologic factors affecting overall survival rates

Clinical factors Univariate analysis Multivariate analysis

RR 95% CI P value RR 95% CI P value

Overall survival of all patients

Age (C65/\65 years) 1.01 0.56–1.69 0.9770 – – –

Gender (male/female) 1.34 0.59–3.81 0.5128 – – –

Histology type (well) mod/poor) 1.04 0.62–1.69 0.8690 – – –

T factor (1,2/3,4) 3.98 2.36–6.52 \0.0001a 4.23 2.49–6.99 \0.0001a

Lymph node metastasis (absent/present) 2.12 1.35–3.31 0.0014a 2.02 1.27–3.17 0.0031a

Lymphatic invasion (absent/present) 1.46 0.94–2.32 0.0934 – – –

Vascular invasion (absent/present) 1.61 1.03–2.53 0.0356a 1.32 0.85–2.09 0.2182

STMN1 expression (low/high) 2.09 1.31–3.45 0.0018a 2.04 1.26–3.38 0.0032a

Overall survival of patients without lymph node metastatic

Age (C65/\65) 1.04 0.47–2.04 0.9262 – – –

Gender (male/female) 1.08 0.32–2.69 0.8843 – – –

Histology type (well) mod/poor) 1.37 0.72–2.48 0.3230 – – –

T factor (1,2/3,4) 4.23 2.15–7.93 \0.0001a 4.53 2.29–8.57 \0001a

Lymphatic invasion (absent/present) 1.09 0.61–2.83 0.8493 – – –

Vascular invasion (absent/present) 1.03 0.41–1.92 0.7791 – – –

STMN1 expression (low/high) 2.20 1.21–4.20 0.0093a 2.34 1.28–4.49 0.0051a

RR relative risk, CI confidence interval
aP\ 0.05

P. Bao et al.



The current study showed that high STMN1 expression

correlated with vascular invasion in LSCC, as reported for

diffuse type gastric cancer13 and hepatocellular carci-

noma.14 Consistently, it also was demonstrated that

STMN1 together with its microtubule-destabilizing activity

contributes to epithelial-mesenchymal transition (EMT),

which stimulates the malignant potential in cancer cells.15

As published for bladder cancer,16 breast cancer,17 and

cervical cancer,18 we also found that a crucial relationship

exists between protein levels of STMN1 and the prolifer-

ation marker Ki67 in LSCC patients, and that the invasion

ability in vitro possibly is due to its activity on

microtubules.

In the immunohistochemistry analysis of two indepen-

dent patient cohorts, high STMN1 expression was

correlated with poor OS. Moreover, the multivariate

analysis of OS showed high STMN1 expression to be an

independent prognostic factor. Previous studies also have

shown that high STMN1 expression is related to prognosis

in various cancers.15 Therefore, STMN1 is expected to

serve as a prognostic-predictive marker for LSCC.

Recent studies have suggested that STMN1 high

expression is correlated with the resistance to microtubule-

acting drugs in cultured cells19,20 and in patients with

endometrial cancer21 or breast cancer.22 High expression of

STMN1 has been shown to decrease markedly the binding

of and sensitivity to paclitaxel but not to affect sensitivity

to chemotherapeutic drugs that do not target micro-

tubules.19 Paclitaxel binding with beta-tubulin subunits of

microtubules stabilize the microtubule polymer and protect

it from disassembly by comparing the content of poly-

merized microtubules as a function of STMN1

FIG. 3 STMN1 function analysis of human lung squamous cell

carcinoma (LSCC) cell lines. a EBC-1, H520, LK-2, and RERF-LC-

AI cells were prepared and subjected to Western blotting with

STMN1 antibody, with b-actin used as a loading control. Intensity

was measured using Image Quant LAS 4000. Expressions of STMN1

in EBC-1, H520, LK-2, and RERF-LC-AI cells were evaluated by

quantitative reverse transcription-polymerase chain reaction (RT-

PCR) and normalized by GAPDH expression. b, c Expression level of

STMN1 in EBC-1 followed by detection of H520 treated with STMN1

siRNA1 or siRNA2. Next, suppression of STMN1 expression was

confirmed by a Western blotting experiment and an RT-PCR

experiment. d Proliferation of EBC-1 and H520 treated with siRNA

was inhibited after treatment with siRNA. e Paclitaxel sensitivity of

EBC-1 and H520 cells treated with STMN1 siRNA1 and siRNA2 was

induced compared with the control and parent cells. RERF RERF-LC-

AI, P parent, NC negative control

STMN11 in Lung Squamous Cell Carcinoma



expression.23 We discovered that suppression of STMN1

could increase the paclitaxel sensitivity. Because only a

few patients were treated with taxanes, we could not def-

initely relate the STMN1 expression to the taxane agent

sensitivity in the clinical samples. However, our database

analysis clarified that the STMN1 mRNA expression was

related to cell proliferation-correlated genes and the

paclitaxel-efficacy genes TYMS and TUBA1B (Table S3).

jdmA few recent studies have consistently concluded

that high expression of STMN1 may be related to pacli-

taxel resistance in non-small lung cancer patients.24,25 High

STMN1 expression might be a predictor for paclitaxel

resistance in LSCC patients, and a combination of pacli-

taxel and anti-STMN1 drugs may provide a prospective

therapy against various cancers in the future.

CONCLUSION

This study showed that STMN1 expression is associated

with a shorter OS in LSCC. In addition, high STMN1

expression positively correlated with Ki67 accumulation

and contributed to proliferation, progression, and paclitaxel

resistance in LSCC. Therefore, we conclude that evaluation

of STMN1 expression in LSCC may be a useful prognostic

marker and a promising candidate for targeted therapy.
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