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Stathmin 1 promotes the proliferation and malignant
transformation of pancreatic intraductal
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Abstract. Pancreatic intraductal papillary mucinous
neoplasms (IPMNs) are a type of pancreatic tumor, which
have been identified following improvements in diagnostic
imaging. However, the malignant transformation of IPMN
has been difficult to diagnose clinically. To date, the mecha-
nisms driving the progression of IPMN to cancer remain to
be fully elucidated. The present study focused on Stathmin 1
(STMNI1), a protein that is associated with the development
of various types of cancer. The expression of STMNI1 was
examined immunohistochemically in tissues from cases of
IPMN. The correlation between the STMNI staining and
clinical pathological factors was evaluated, and the expres-
sion of STMNI, p27 and S-phase kinase-associated protein 2
(SKP2) were compared. High expression levels of STMNI1
were significantly correlated with regions of malignancy, and
was associated with high expression of SKP2, low expression
of nuclear p27 and a high Ki-67 index. High expression levels
of STMNI1 and SKP2 were significantly correlated with the
transformation of IPMN to carcinoma. In addition, within the
regions of carcinoma, the expression of STMNI1 was weak in
regions of adenoma and high in the cancerous regions. It was
concluded that the high expression of STMNI contributed
to tumor proliferation and malignant transformation in the
patients with IPMN. These results suggested that characteriza-
tion of the expression of STMNI may be a promising approach
for predicting malignant transformation of pancreatic intra-
ductal papillary mucinous adenoma.
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Introduction

Pancreatic cancer often has a poor prognosis due to the diffi-
culty associated with early detection. The majority of cases of
pancreatic cancer are identified at an advanced stage, resulting
in estimated 5-year survival rates of ~5% worldwide (1). In
an effort to enhance early detection methods, the mechanisms
driving pancreatic cancer carcinogenesis are currently being
investigated worldwide; however, they require further eluci-
dation. Pancreatic intraductal papillary mucinous neoplasms
(IPMNs) are a type of pancreatic epithelial tumor. The
incidence of IPMNs has increased due to developments in diag-
nostic imaging modalities, including computer tomography
and magnetic resonance imaging. IPMNs can be classified into
four types, intestinal, gastric foveolar, oncocytic and pancrea-
tobiliary, based on their histology and expression of mucin
proteins. IPMN progresses from benign pancreatic intraductal
papillary mucinous adenoma (IPMA) to malignant pancreatic
intraductal papillary mucinous carcinoma (IPMC) (2,3),
however, the details of this process of carcinogenesis remain to
be fully elucidated. In the present study, the factors affecting
the carcinogenesis of IPMN were investigated.

p27 is a well-known tumor suppressor. It was first iden-
tified as an inhibitor of cyclin-dependent kinase (CDK)
complexes in transforming growth factor f-arrested cells and
was classified as a member of the Cip/Kip family of CDK
inhibitors (CKIs) (4). CKIs associate with a broad spectrum
of cyclin-CDK complexes to negatively regulate progression
through the G1 phase of the cell cycle (5). Previously, the
expression of p27 was reported to suppress carcinogenesis in
types of cystic cancer, including ovarian tumors and pancre-
atic mucinous cystic tumors (6). However, the role of p27 in the
progression of IPMN to IPMC remains to be elucidated.

Stathmin 1 (STMNI) is an important cytoplasmic
phosphoprotein, which regulates microtubule dynamics
by preventing the polymerization of tubulin and through
promoting microtubule destabilization. STMNI is expressed
at high levels in various types of human malignancy and is
referred to as oncoprotein 18; the expression of STMNI
correlates with tumor progression and poor prognosis in
several types of cancer, including breast cancer (7), prostate
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cancer (8), gastric cancer (9), hepatocellular carcinoma (10),
oral squamous cell carcinoma (11), colorectal cancer (12),
malignant mesothelioma (13) and urothelial carcinoma (14).
These previous studies indicate that STMN/ is a fundamental
cancer-associated gene, and a potential target for diagnosis
and treatment. In our previous study, STMNI contributed
to poor prognosis and cancer progression in patients with
extrahepatic cholangiocarcinoma (15). Additionally, there is
evidence to suggest that STMNI regulates the function of p27,
a cytoplasmic protein shown to regulate cell migration. For
example, Baldassarre er al (16) reported that STMNI1 binds
to p27 in the cytoplasm of cancer cells and enhances their
proliferation by suppressing p27 function. In our previous
study, a similar association between STMNI1 and p27 was
found in the cytoplasm of extrahepatic cholangiocarcinoma
cells, which resulted in suppressed proliferation by inhibiting
the intranuclear transport of p27 (15). The present study aimed
to provide a follow up by investigating the correlation between
STMNI and p27 in the carcinogenesis of IPMN.

In the present study, the expression of STMNI and cell
cycle regulators, p27 and S-phase kinase-associated protein 2
(SKP2) were evaluated in tissue samples of IPMN using
immunohistochemical analyses. The aim of the present study
was to clarify the function of STMNI in the carcinogenesis of
IPMN and to investigate the mechanisms by which STMN1
drives this process of carcinogenesis.

Materials and methods

Patients and samples. The immunohistochemical analyses
were performed on tissue samples obtained from 27 patients
with IPMNs, who had undergone potentially curative surgery
between 1995 and 2011 at Gunma University Hospital
(Maebashi, Japan). All patients signed written informed
consent forms as required by the institutional guidelines of
Gunma University Graduate School of Medicine (Maebashi,
Japan).

Immunohistochemical staining. Each 4-um-thick tissue
section was mounted on a silane-coated glass slide, deparaf-
finized, and soaked for 30 min at room temperature in 0.3%
H,O,/methanol to block endogenous peroxidases. The sections
were then heated in boiling water and Immunosaver (Nishin
EM, Tokyo, Japan) at 98°C for 45 min. Nonspecific binding
sites were then blocked by incubating the slides with Protein
Block Serum-Free (Dako North America, Inc., Carpinteria,
CA, USA) for 30 min at room temperature. Subsequently,
the slides were incubated for 24 h at 4°C with the following
primary antibodies (dilution, 1:100): Anti-STMNI1 antibody
(catalog no., sc-48362; Santa Cruz Biotechnology, Inc., Santa
Cruz, CA, USA); anti-p27 antibody (catalog no., sc-56454;
Santa Cruz Biotechnology, Inc.); anti-SKP2 antibody (catalog
no., D3G5; Cell Signaling Technology, Inc., Danvers, MA,
USA) and anti-Ki-67 antibody (catalog no., ab833; Abcam,
Cambridge, UK). The primary antibody was visualized using
the Histofine Simple Stain PO (Mouse) kit (Nichirei, Tokyo,
Japan) with a 5-min incubation time. The 3,3'-diaminobenzi-
dine tetrahydrochloride chromogen was applied as a 0.02%
solution containing 0.005% H,0O, in 50 mM ammonium
acetate-citrate acid buffer (pH 6.0). The sections were lightly
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Table I. Scoring criteria of immunohistochemical evaluation.

Positively stained cells (%)

Stain intensity 0 1-10 10-50 =50

0 Score 0 Score 0 Score 0 Score 0
1+ Score 0 Score 1 Score 2 Score 3
2+ Score 0 Score 2 Score 4 Score 6
3+ Score 0 Score 3 Score 6 Score 9

counterstained with Mayer's hematoxylin and mounted.
Negative controls were established by omitting the primary
antibody. As it was previously confirmed that esophageal
carcinomas expressed STMNI, p27 and SKP2 (17), esopha-
geal carcinoma tissues that were preserved in our department
were used as a positive control.

The protocol for the subsequent analysis of the immu-
nohistochemical staining has been described in previous
reports (15,18). The intensity of the STMNI, p27 and SKP2
staining was scored as no expression (0), weak positive
expression (1+), positive expression (2+) or strong positive
expression (3+). In addition, the number of tumor cells within
each tissue sample were counted, and the percentage of posi-
tively stained cells was determined. All the samples were then
scored as 0, 1, 3,4, 6 or 9, according to the criteria presented
in Table I. Tissue samples with scores of 0-4 were considered
negative for expression, whereas tissue samples with scores
of 6-9 were considered positive for expression. Each case
was evaluated by two observers. The expression of Ki-67
was determined as the percentage of cells with a high level of
nuclear expression in ~1,000 cells per sample, according to a
previous report (19).

Statistical analysis. The data for the continuous variables
are expressed as the mean + standard error of the mean. The
significance of differences between the values was determined
using Student's 7-test and analysis of variance. Statistical
analysis of the immunohistochemical staining was performed
using the %? test. P<0.05 was considered to indicate a statis-
tically significant difference. All statistical analyses were
performed using JMP software, version 5.01 (SAS Institute,
Inc., Cary, NC, USA).

Results

Immunohistochemical staining of STMNI, SKP2 and p27
in IPMN tissue samples. The expression of STMNI1 was
evaluated using immunohistochemistry in 27 IPMN samples.
Overall, 17 IPMN samples (41.2%) were negative for the
expression of STMNI (Fig. 1A), whereas 10 samples (58.8%)
exhibited positive cytoplasmic staining for STMNI (Fig. 1B).
Although no correlations were found between the expression
of STMNI and age, gender, cystic diameter or presence of an
intracystic nodule, the samples exhibiting significantly high
expression levels of STMNI tended to be from patients diag-
nosed with IPMC (Table II). In the samples, high expression
levels of STMNI1 were also associated with high expression
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Table II. Correlation between expression levels of STMN1 and
clinicopathological factors using immunohistochemistry.

STMNI1 STMNI1
Factor low (n=17) high (n=10) P-value
Age (years) 0.4007
<60 6 2
=60 11 8
Gender 0.2847
Male 5 5
Female 12 5
Cystic diameter (mm) 0.9521
<30 10 6
=30 7 4
Intracystic nodule 0.1588
- 13 5
+ 4 5
Diagnosis 0.0004*
IPMA 15 2
IPMC 2 8
Histological 0.262
subclassification
Gastric 5 2
Intestinal 14 5
Pancreatobiliary 1 2
Oncocytic 0 1
SKP2 expression 0.0286*
Low 15 5
High 2 5
Nuclear p27 expression
Low 7 8 0.0499*
High 10 2
Ki-67 labeling index
(permille), mean+SD 9.71£104  78.8+58.8  0.0002*

“Statistically significant (P<0.05). Data represent the number of
patients in each category unless otherwise indicated. STMNI,
Stathmin 1; IPMA, intraductal papillary mucinous adenoma;
IPMC, intraductal papillary mucinous carcinoma; SKP2, S-phase
kinase-associated protein 2; SD, standard deviation.

levels of SKP2, low nuclear expression levels of p27 and a high
Ki-67 index (Fig. 2). No correlations were found between the
expression of STMNI and the histological subclassification
of IPMN (Table I). Of note, the samples with low expression
levels of STMNI1 and SKP2 tended to be IPMA, whereas those
with high expression levels of STMNI and SKP2 tended to be
IPMC (Table III).

Upregulation of STMNI in cancerous areas of IPMN tissue
samples. As the results of the immunohistochemical staining
detected an association between high expression levels of
STMNI and IPMC, the present study evaluated the localiza-
tion of STMNI in the IPMC cases. The images in Fig. 3A-C
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Table III. Correlation between STMN1 and SKP2.

Expression of STMN1/SKP2 (n)

High/low
Diagnosis Low/low  or low/high  High/high  P-value
IPMA 13 2 1 <0.05
IPMC 1 5

STMNI1, Stathmin 1; SKP2, S-phase kinase-associated protein 2;
IPMA, intraductal papillary mucinous adenoma; IPMC, intraductal
papillary mucinous carcinoma.

Figure 1. Immunohistochemical staining of STMNI in primary intraductal
papillary mucinous neoplasm samples. (A) Low expression of STMNI in
a primary intraductal papillary mucinous adenoma tissue specimen (mag-
nification, x200). (B) High expression of STMNI in a primary intraductal
papillary mucinous carcinoma tissue specimen (magnification, x200).
STMNI, Stathmin 1.

show the adenomatous and cancerous areas in each of three
IPMC cases. In each case, the expression of STMNI1 was weak
in the adenomatous regions and high in the cancerous regions
(Fig. 3A-C).

Discussion

In the present study, it was demonstrated that high expression
levels of STMN1 were associated with tumor proliferation and
malignant transformation in IPMN tissue samples. The cases
of IPMC tended to have high expression levels of STMNI. The
increased expression of STMNI correlated with high expres-
sion levels of SKP2, low nuclear expression levels of p27 and a
high Ki-67 index. In addition, STMNI was expressed at high
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Ki-67

Case 1

Case 2

Figure 2. Immunohistochemical staining of STMNI1, SKP2, p27 and Ki-67 in primary intraductal papillary mucinous neoplasm samples. Images of case 1
show low expression levels of STMNI and SKP2, high nuclear expression of p27 and a low Ki-67 index. Images of case 2 show high expression levels of
STMNI and SKP2, low nuclear expression of p27 and a high Ki-67 index. Magnification, x50. STMNI, Stathmin 1; SKP2, S-phase kinase-associated protein 2.

Cancerous area

Cystic (adenomatous) area

Cy?tic (adenomatous) area

Cystic (&idenomaoué) area
N

Cancerous area

Figure 3. Localization of the expression of STMNI in primary intraductal papillary mucinous neoplasm samples using immunohistochemical staining.
(A-C) Three separate cases showing tissues, in which expression levels of STMNI were high in adenomatous areas and low in cancerous areas. Magnification,

x50; magnification of insets, x200. STMNI, Stathmin 1.

levels in the cancerous regions, compared with the adenoma-
tous regions of the IPMC samples.

Previous reports have described an association between
the expression of STMNI and the proliferation and malignant
transformation of cancer cells. Karst er al (20) reported that
STMNI1 is expressed at higher levels in tubal intraepithelial
carcinoma and invasive carcinoma, compared with normal
epithelium in pelvic serous carcinoma, and that this expression

is associated with tumor initiation. Singer et al (10) reported
that the expression of STMNI is increased in hepatic carci-
noma, compared with normal tissue, and that the expression
of STMNI is associated with protumorigenic events in human
hepatocarcinoganesis. Additionally, Ghosh er al (8) reported
the increased expression of STMN 1 in human prostate cancer,
and concluded that it contributes to tumorigenesis. The results
of the present study were in agreement with these previous
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reports. In analyzing the immunohistochemical staining of
IPMN tissues, the cases of IPMC consistently demonstrated
high expression levels of STMNI. Specifically, the expression
of STMNI1 was weak in adenomatous regions, but high in
cancerous regions. In addition, thee tissues with high expres-
sion levels of STMNI1 exhibited low nuclear expression levels
of p27 and higher Ki-67 indices. These results suggested that
STMNI contributed to the proliferation and malignant trans-
formation of IPMNs.

Previous studies have established an association between
STMNI and p27. Baldassarre et al (16) reported that STMN1
binds to p27 in the cytoplasm, and that sarcoma cells with
high expression levels of STMNI and low expression levels of
p27 demonstrate increased proliferation and invasion (16). In
our previous report, a similar association was found between
STMNI and p27 in extrahepatic cholangiocarcinoma, in which
samples with high expression levels of STMNI tended to
have low expression levels of p27. Subsequently, STMNI1 was
shown to interact with p27 directly in the cytoplasm of chol-
angiocarcinoma cells in vitro. The knockdown of STMNI by
small interfering RNA triggered an increase in the expression
of p27 and suppressed the proliferation of cholangiocarcinoma
cells. It was demonstrated that STMNI interacts with p27 in
the cytoplasm, inhibiting the function of nuclear p27, thereby
leading to the progression of cancer (15). In the present study, a
similar inverse association was found between the expression
of STMNI and the expression of nuclear p27 in the cases of
IPMN, and it was further demonstrated that these cases were
associated with a high Ki-67 index, as shown in Table I. These
data suggested that STMNI inhibited the function of p27
in the nucleus, upregulating proliferation and consequently
contributing to the malignant transformation of IPMNs.

SKP2 promotes the degradation of p27 via the
ubiquitin-proteasome system (21). As indicated in Tables I and
I1, high expression levels of STMNI1 were significantly corre-
lated with high expression levels of SKP2. Additionally, low
expression levels of STMNI1 and SKP2 tended to be observed
in IPMA, whereas high expression levels of STMN1 and SKP2
tended to be observed in the cases of IPMC. These results
suggested that STMNI1 and SKP2 functioned cooperatively in
the malignant transformation of IPMN.

At present, it is difficult to diagnose cases of cancerous
IPMN, and there is no sensitive marker to diagnose IPMC. As
pancreatectomy is a high-risk surgical procedure, diagnostic
markers are critically required to distinguish malignant
transformation in IPMN. Bhagirath ez al (22) reported that
serum and urine concentrations of STMNI were elevated in
patients with bladder cancer, compared with healthy subjects,
suggesting that this may be a viable marker for malignancy. In
the present study, it was demonstrated that STMNI contributed
to the proliferation and malignant transformation of IPMNs.
Although further investigations are required, STMNI has the
potential to be a diagnostic marker for cancer progression
in IPMNGs.

In conclusion, the present study demonstrated that the
expression of STMN1 was correlated with tumor proliferation
and malignant transformation in patients with IPMN. There-
fore, evaluating the expression of STMNI in patients with
IPMN may be a useful predictor of malignant transformation.
Additionally, it was demonstrated that the suppression of
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p27 by STMNI1/SKP2 was critical for IPMN carcinogenesis.
Although further investigations are required, STMNI, SKP2
and p27 may be promising therapeutic targets for IPMNs.
As the present study indicated that STMNI contributed to
proliferative ability and malignant transformation in IPMN,
although further investigations are required, STMNI may
offer potential as a marker for cancer progression in IPMNs.
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