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Abstract. — OBJECTIVE: The present study
aimed to explore whether Hippo/YAP signal-
ing pathway was involved in STMN1 (stathmin
1)-mediated liver cancer progression.

PATIENTS AND METHODS: STMN1 ex-
pression patterns were determined by Real
Time-Polymerase Chain Reaction (PCR) assay
(RT-PCR) and Western blotting. The relationship
between STMN1 expression levels and the clin-
ical features and the prognosis of patients with
liver cancer were evaluated by y*-test and stu-
dent’s t-test. Cell Counting Kit-8 (CCK-8), flow
cytometry and in vivo tumor formation assays
were used to assess cell proliferation, apop-
tosis and tumorigenesis, respectively. Interac-
tion between STMN1 and Yes associated protein
(YAP1) was determined by immunoprecipitation
(IP) and immunofluorescence technologies.

RESULTS: The results showed that STMN1 ex-
pression in liver cancer tissues was significant-
ly higher than that in the adjacent normal tissues
and increased STMN1 expression predicted an
advanced clinical process and short overall sur-
vival of patients. Cell proliferation was increased
and apoptosis was decreased when STMN1 was
upregulated in HepG2 and SNU-398 cells. Be-
sides, our results demonstrated that the overex-
pression of STMN1 enhanced the tumorigenesis
of liver cancer cells through upregulating YAP1.

CONCLUSIONS: The current study demon-
strates that STMN1 upregulation promotes the
occurrence and development of liver cancer via
activating YAP1 signaling. STMN1 overexpres-
sion may be an early event of liver carcinogene-
sis and it may be served as a marker for the di-
agnosis and treatment of liver cancer.

Key Words:
STMNI1, Hippo/YAP, Liver cancer, Proliferation, Tu-
morigenesis.

Introduction

Primary liver cancer is the third leading cause
of cancer-related death in the world' with hepato-
cellular carcinoma (HCC) as the most common
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type. Although serum alpha-fetoprotein (AFP)
has long time been considered as a useful bio-
marker for diagnosis, low serum AFP is not
specific for certain HCC patients after surgery?.
In addition, liver cancer is a significantly hete-
rogeneous entity at the molecular and clinical le-
vels. Therefore, it is essential to further elucidate
the pathogenetic mechanisms underlying liver
cancer, aiming to find appropriate diagnostic and
therapeutic targets.

STMNI1 (stathmin 1 or oncoprotein-18) is a
gene which belongs to a microtubule-destabilizing
protein family** and is transcriptionally repressed
by functional p53, a tumor suppressive protein®.
STMNI1 was first identified as a cellular phospho-
protein and was overexpressed in leukemia in
19837. Nowadays, STMNI has been documented
to be highly expressed in many kinds of cancers,
including liver cancer®®. The high expression of
STMNI closely associates several clinicopatho-
logical features of liver cancer’, and significantly
enhances liver cancer cell invasion*’. However,
the roles and mechanisms of STMNI in liver can-
cer progression still remain largely unclear.

The Hippo-YAP network is one of the signa-
ling pathways which play important roles in cell
proliferation and survival'®'?. The transcriptional
co-activators Yes associated protein (YAP) and
the highly similar protein TAZ are the major
downstream effectors of this pathway and are
under the negative control of a core cascade of
proteins, including LATS1/2, NF2, and MST1/2.
In the presence of Hippo pathway, both YAP and
TAZ are directly phosphorylated by LATSI1/2
and kept in cytoplasm and subsequently degra-
ded via proteasomal pathway'*">. However, YAP/
TAZ will translocate into the nucleus and interact
with the transcription factors, such as TEAD and
CREB family once getting out of the supervi-
sion of Hippo pathway, leading to the activation
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of genetic programs'®. Recently, the deregulated
Hippo/YAP pathway is detected in the majority
kinds of cancers, including liver cancer. Perra et
al'” and Yimlamai et al'® illustrated that the high
expression of YAP was an early event in liver
cancer and it had the potential to be served as a
therapeutic target for liver cancer.

The present study focused on exploration of the
roles and mechanisms of STMNI in liver cancer
progression. Our results revealed that STMNI was
overexpressed in liver cancer tissues and functioned
as an oncogene by promoting YAPI expression.

Patients and Methods

Liver Tissue Samples

Twenty-six matched liver cancer tissues and
normal tissues were obtained from patients with
liver cancer. All patients received hepatectomy
as the first treatment mean and signed informed
consent before the study. Protocols involved in
human tissue samples were carried out according
with the Helsinki Declaration guide and were
approved by the Ethical Committee of No. 1 Peo-
ple’s Hospital of Jining City, Shandong Province.

Cell Lines and Culture Conditions

Human liver cancer HepG2 and SNU-398 cells
were purchased from American Type Culture
Collection (ATCC; Manassas, VA, USA). HepG2
cells were cultured in the complete medium, whi-
ch was made up of 90% of F-12K medium (Gibco,
Rockville, MD, USA) and 10% of fetal bovine
serum (FBS; Gibco, Rockville, MD, USA). SNU-
398 cells were maintained in Roswell Park Me-
morial Institute-1640 (RPMI-1640) medium, sup-
plemented with 10% fetal bovine serum (FBS).

Modification of the Expression of
STMNI1/YAPT

Lentivirus vector used to upregulate STMNI1
(OE-STMN1) and its negative control vector
(OE-NC) were purchased from OriGene (Beijing,
China). Small interfering RNAs (siRNAs) used
to silence STMNI1 (si-STMNI), and the short
hairpin RNAs (shRNAs) used to knock down
YAPI (sh-YAP1), as well as their negative control
vectors (si-NC and sh-NC) were obtained from
GenePharma (Shanghai, China). To construct
stable cell lines, cells infected with OE-STMNI1
or OE-STMNI + sh-YAP1 were selected with 8
pg/ml puromycin, or 8 pg/ml puromycin + 100
ug/ml G418 for 14 days, respectively.
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Real Time-Polymerase chain reaction
(PCR) assay (RT-PCR)

Total mRNA was extracted from cells and
tissues by using the Total RNA Extraction
TRIzol reagent (Baiaolaibo Co., Ltd., Beijing,
China) according to the manufacture’s proto-
cols. Then, a total of 1 ug mRNA was reversely
transcribed into the first-strand cDNA using
the First Strand cDNA Synthesis Kit (Sangon
Biotechnology, Shanghai, China), following by
RT-PCR procures with TransStart Green qPCR
SuperMix (Transgen Biotechnology, Beijing,
China) on DA7600 Real-Time Nucleic Acid
Amplification Fluorescence Detection System
(Bio Rad, Hercules, CA, USA). Melting-curve
was conducted to analyze the reaction spe-
cificity. Glyceraldehyde-3-phosphate  dehy-
drogenase (GAPDH) was served as an inter-
nal reference. Primers for STMNI, Ankyrin
repeat domain 1 (ANKRDI), Hepatocellular
carcinoma upregulated long non-coding RNA
(HULC), Cellular communication network fac-
tor 2 (CTGF/CCN2) and GAPDH were obtai-
ned from Sangon Biotechnology (Shanghai,
China) and were listed as follows: STMNI:
sense-5’-GTACTTCTGGACTCACGGGC-3’,
STMNI: antisense-5’-AGGATCCTCTTGGC-
CAGACT-3; ANKRDI: sense-5-AGAACT-
GTGCTGGGAAGACG-3> ANKRDI: anti-
sense-5’- GCCATGCCTTCAAAATGCCA-3’;
HULC:  sense-5-ACTCTGAAGTAAAGGC-
CGGA-3’, HULC: antisense-5’-TGCCAGGAA-
ACTTCTTGCTTG-3’; CTGF: sense-5’-CACC-
CGGGTTACCAATGACA-3’, CTGF: antisen-
se-5’- TCCGGGACAGTTGTAATGGC-3%;
GAPDH: sense-5-ACTAGGCGCTCACTGT-
TCTCTC-3°, GAPDH: antisense-5’-CATGGT-
TCACACCCATGACG-3".

Western Blot Assay

Total protein was isolated from tissues and
cells using RIPA lysis referring to the in-
structions. The proteins were then centrifuged
at a 12,000xg speed at 4°C for 25 min. After
concentrations was determined by bicinchoni-
nic acid (BCA) analysis (Millipore, Billerica,
MA, USA), 20 pg protein from each sample
was separated by 10% SDS-PAGE (sodium do-
decyl sulfate-polyacrylamide gel electrophore-
sis). Then, the proteins were transformed onto
polyvinylidene difluoride (PVDF) membranes
(Millipore, Billerica, MA, USA). The membra-
nes were then immersed into 5% nonfat milk
for 1 hour at room temperature and incubated



Stathmin 1 promotes the progression of liver cancer through interacting with YAP1

with the following primary antibodies at 4°C
overnight: anti-STMNI antibody (No. ab52630),
anti-YAPI1 antibody (No. ab52771), anti-GAPDH
antibody (No. ab181602), all obtained from Ab-
cam (Cambridge, MA, USA). On the next day,
the membranes were incubated with the corre-
sponding secondary antibodies (Thermo Fisher
Scientific, Waltham, MA, USA) at room tempe-
rature for 1 hour. After washing with Tris-HCI
Buffer Solution-Tween 20 (TBST) for 4x5 min,
the complexes were measured with enhanced
chemiluminescence substrate (ECL; Millipore,
Billerica, MA, USA) and analyzed by Image J
software.

Immunoprecipitation (IP)

Liver cancer HepG2 and SNU-398 cells were
lysed in RIPA buffer with protease (Roche, Shan-
ghai, China). Then, a total of 1 mg proteins was
precleared with protein A/G-Sepharose beads
(Sigma-Aldrich, St. Louis, MO, USA) at 4°C for
30 min. Then, the proteins were immunopreci-
pitated with anti-STMNI1 antibody overnight at
4°C and protein A/G-Sepharose beads in suc-
cession. Subsequently, the immune complex was
subjected to Western blot assay with anti-YAP1
antibody after being washed with RIPA buffer
for three times.

Immunofiluorescence Assay

After 24 hours of cell treatments with OE-ST-
MNI1, OE-NC, si-STMNI1 or si-NC, HepG?2 cells
were seeded onto the cover glasses in 24-well
plates and cultured at 37°C for 36 hours. The cells
were then fixed in 4% paraformaldehyde for 10
min, and were permeabilized with 0.25% Triton
X-100 (Solarbio, Beijing, China) for 10 min. Next,
5% goat serum was used to block the nonspecific
binding for 1 hour at room temperature, and the
cells were then incubated with anti-YAP1 anti-
body (No. ab52771, Abcam, Cambridge, MA,
USA), anti-CREB antibody (No. ab168928, Ab-
cam, Cambridge, MA, USA) or anti-TEAD an-
tibody (No. ab58310, Abcam, Cambridge, MA,
USA) in a humidified chamber at 4°C overnight.
After washing with PBS for three times, the cells
were incubated with DyLight® 650/488 secondary
antibody (Abcam, Cambridge, MA, USA) at ro-
om temperature for 1 hour in the dark. 4, 6-dia-
midino-2-phenylindole (DAPI) was used for cell
nuclei dyeing. The content and subcellular loca-
tion of the measured proteins were determined by
confocal laser scanning microscopy (Olympus,
Tokyo, Japan).

Cell Growth Assessment

Cell Counting Kit-8 (CCK-8) assay was car-
ried out to investigate cell proliferation under
altered STMNI1 expression conditions. In brief,
transfected HepG2 and SNU-398 cells were se-
eded into the 96-well plate with 3000 cells in
each well. Subsequently, 10 pl CCK-8 solution
(Beyotime Biotechnology, Shanghai, China) were
added into per well and incubated for further 4
hours at 37°C. The optical density (OD) values at
450 nm were measured.

Cell Apoptosis Detection

HepG2 and SNU-398 cells were inoculated
into 12-well plate and cultured at 37°C overnight.
Then, si-NC, si-STMNI1, OE-NC and OE-ST-
MNI1 were given to cells. After 48 hours, the cells
were resuspended with Annexin-binding buffer
which was mixed with 5 ul Annexin V and 5 pl
PI solution (BD Biosciences, Franklin Lakes, NJ,
USA) and incubated at room temperature for 15
min in the dark. The apoptotic percentages of cel-
Is with different treatments were detected by flow
cytometry (BD Biosciences, Franklin Lakes, NJ,
USA) and analyzed by FlowlJo software.

In Vivo Tumor Bearing Models

Protocols involving animals were performed
in accordance with the principles and procedu-
res of the National Institutes of Health Guide
for the Care and Use of Laboratory Animals
and were approved by the Ethical Committee
of No. 1 People’s Hospital of Jining City Shan-
dong Province. Briefly, HepG2 or SNU-398 cel-
Is (5%10%) with various STMNI1/YAP1 expres-
sing patterns were injected into the armpit area
of BALB/c nude mice at 4-week-old (5 mice/
group). 28 days post-transplantation, the mice
were sacrificed and the tumors were collected
for weighing.

Statistical Analysis

Data are presented as means + standard de-
viation (SD) and analyzed with Graph Pad Prism
software 6.0 with Student’s #-tests or One-way
analysis of variance (ANOVA) followed by Stu-
dents-Newman-Keuls (S-N-K) test. The associa-
tion between STMNI expressions and the clinical
features was determined by y*-test. Kaplan-Meier
was carried out to analyze the effect of STMNI
expressions on the overall survival of patients
with liver cancer. p<0.05 was regarded as a stati-
stically significant difference.
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Results

STMN1 Is Overexpressed in
Liver Cancer Tissues

To investigate the effects of STMNI in the
progression of liver cancer, we first compared its
expression profiles between liver cancer tissues
and the normal adjacent liver tissues. The results
showed that STMNI expression was significantly
elevated in liver cancer tissues as compared to
that in the normal tissues at both mRNA (Figure
1A) and protein (Figure 1B) levels, suggesting
that the high expression of STMNI might play a
role in the occurrence and development of liver
cancer.

STMINT1 Has Vital Clinical Significances in
Liver Cancer

Next, we explored the clinical significance of
different STMNI1 expression patterns in patien-
ts with liver cancer. As shown in Table I, we
concluded that the expression of STMNI was
positively related to tumor diameter (p=0.017),
tumor number (p=0.043), TNM stage (p=0.018),
the incidence of vascular invasion (p=0.09) and
distant metastasis (p=0.02). Moreover, the high
expression of STMNI predicted a shorter overall
survival in patients with liver cancer (Figure 2).
Overall, these results indicate a crucial clinical
value of STMNI in liver cancer.

Overexpression of STMN1 Promotes Cell
Growth and Inhibits Cell Apoptosis in
Liver Cancer

To determine the effects of STMNI in the
progression of liver cancer, loss-of-function and
gain-of-function assays were carried out in liver

cancer HepG2 and SNU-398 cells. Compared
with the control group, the mRNA and pro-
tein expression levels of STMNI in OE-STMNI
group were significantly increased while they
were reduced in si-STMN1 group (Figure 3A-3B).
Upregulation of STMNI significantly increased
cell proliferation (Figure 3C-3D) and decreased
cell apoptosis (Figure 3E), while the deletion of
STMNI expression caused the opposite results.
These results suggest that STMNI serves as an
oncogene in liver cancer.

Upregulation of STMNI1 Activates YAPT
Signaling in Liver Cancer

Then, we explored the effects of STMNI on
the activation of YAP signaling. IP assay showed
that STMNI1 protein could interact with YAPI
protein in liver cancer HepG2 and SNU-398 cells
(Figure 4A). Besides, overexpression of STMNI1
increased YAPI expression (Figure 4B) and pro-
moted its nuclear location (Figure 4C), while ST-
MNI1 downregulation caused the opposite results
(Figure 4B-4C). Moreover, STMNI1 upregulation
enhanced the interactions between YAPI protein
and the transcription factors TEAD and CREB
in HepG2 cells (Figure 5A), and increased the
mRNA expression levels of CTGF, ANKRDI,
HULC and MCAM (Figure 5B). Together, the
above findings demonstrate that STMNI1 can in-
duce the activation of YAP1 signaling.

STMN1 Enhances Cell Tumorigenesis Via
Upregulating YAPI in Liver Cancer
Furthermore, we explored whether YAP1 took
part in STMNI-mediated liver cancer progres-
sion via recruiting the sh-YAP1 to downregulate
YAP1 expression in HepG2 and SNU-398 cells.
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Figure 1. Evaluation of STMNI expression patterns in liver cancer tissues and normal liver tissues. A, The mRNA expression
levels of STMNI in 26 matched liver cancer tissues and normal tissues were detected by RT-PCR technology. B, The protein
expression profiles of STMNI were determined by western blot assay in 26 matched liver cancer tissues and normal tissues,
and the representative image was shown. (***p<0.001, Tumor group vs. Control group).
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Table I. Analysis of the clinical significance of STMNI in liver cancer.

Variable Number Low expression High expression p-value
Age (years) 0.682
<50 48 22 26
>50 55 23 32
Gender 0.755
Male 88 39 49
Female 15 6 9
HBV 0.124
Negative 26 8 18
Positive 77 37 40
Tumor diameter (cm) 0.017
<5 36 10 26
>5 67 35 32
Tumor number 0.043
Single 85 41 44
Multiple 18 4 14
Liver cirrhosis 0.256
No 35 18 17
Yes 68 27 41
Serum AFP (ng/L) 0.061
<400 39 19 20
>400 64 26 38
TNM stage 0.018
/11 41 26 15
/v 62 19 43
Vascular invasion 0.09
No 37 21 16
Yes 66 26 40
Distant metastasis 0.02
No 28 18 10
Yes 75 29 46

HBYV: Hepatitis B Virus; AFP: alpha fetoprotein; TNM: Tumor lymph node metastasis stage.

The expression of YAPI in sh-YAPI1 stably tran-
sfected HepG2 and SNU-398 cells was decreased
to 30-40% of that in cells transfected with sh-NC
(Figure 6A-6B). STMNI overexpression signifi-

—— Low expression
—— High expression

50

Percent survival

P<0.05
0 T T l

0 20 40 60
Time (months)

Figure 2. Evaluation of STMNI expression in predicting
the overall survival of patients with liver cancer. Differences
in the overall survival of patients with STMNI high/low
expressions were analyzed by Kaplan-Meier analysis.

cantly increased cell proliferation (Figure 6C-6D)
and decreased cell apoptosis (Figure 6E), as well
enhanced cell tumorigenesis (Figure 6F). Howe-
ver, the knockdown of YAPI rescued the above
effects of OE-STMNI in both HepG2 and SNU-
398 cells (Figure 6C-6F), suggesting that YAP1
is strongly implicated in the enhancement of cell
tumorigenesis induced by STMNI.

Discussion

STMNI1 has been identified to be frequently
amplified in a range of human cancers, such as
breast cancer'®, gastric cancer®, prostate can-
cer?!, esophageal cancer?’, cervical cancer®, and
ovarian cancer?, as well as liver cancer®®. Consi-
stently with previous studies??, the present study
demonstrated that STMNI1 was highly expressed
in liver cancer tissues at both mRNA and protein
levels, which was significantly associated with
the tumor diameter (p=0.017), tumor number
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Figure 3. The effects of STMNI1 on HepG2 and SNU-398 cell proliferation and apoptosis. HepG2 and SNU-398 cells were
instantaneously transfected with si-STMNI, si-NC, OE-STMN1 or OE-STMNI, then the following experiments were carried
out. A-B, STMNI1 expressions in mRNA and protein levels were examined by RT-PCR and western blot assays, respectively.
C-D, CCK-8 was used to detect the effects of STMNI on cell proliferation, and results showed that STMNI1 overexpression
could enhance cell proliferation. E, Flow cytometry was carried out to detect cell apoptosis and results revealed that OE-
STMNI inhibited cell apoptosis rates. (*p<0.05, ***p<0.001, there were significant differences between si-STMN1 group and
si-NC group; #p<0.01, there were significant differences between OE-STMNI group and OE-NC group).

(p=0.043), TNM stage (p=0.018), the incidence
of vascular invasion (p=0.09) and distant meta-
stasis (p=0.02) in recruited Chinese liver cancer
patients, as well as the shorter overall survival.
Our results revealed a potential of STMNI as a
marker for the diagnosis of liver cancer and a po-
tent target for liver cancer treatment again.

In this study, we explored STMNI roles in
liver cancer progression with both STMNI si-
lenced expression and ectopic expression. CCK-
8 and flow cytometry assays showed that liver
cancer HepG2 and SNU-398 cell proliferation
was significantly enhanced while cell apoptosis
proportion was reduced when STMNI was ove-
rexpressed, suggesting that STMNI serves as an
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oncogene in liver cancer. Hsich et al’ explored
STMNI effect on liver cancer Hep3B and HepG2
cell invasion, and they showed that STMNI upre-
gulation significantly enhanced cell invasion. To-
gether, these findings indicate an important role
of STMNI in the development and progression of
liver cancer. Consistently, Jeon et al>* demonstra-
ted that silencing STMNI significantly inhibited
the proliferation, migration, invasion and the in
vivo growth of xenografts in nude mice in poorly
differentiated gastric cancer cells. Chung et al*
demonstrated that knockdown of STMNI with
siRNA transfection repressed the proliferation
of prostate cancer cells. Kang et al?’ indicated
that STMNI1 downregulation induced by siRNA
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Figure 4. The effects of STMNI1 expression profiles on YAPI expression and subcellular location. A, IP assay was used
to assess the interaction between YAP1 and STMNI proteins in HepG2 and SNU-398 cells. B, Western blot assay was used
to detect YAP1 expression after HepG2 and SNU-398 cells transfection with OE-STMNI1, OE-NC, si-STMNI or si-NC
(***p<0.001, there were significant differences between si-STMNI group and si-NC group; “p<0.05, there were significant
differences between OE-STMNI1 group and OE-NC group). C, Immunofluorescence assay was used to assess YAPI location
in HepG2 cells transfected with OE-STMN1 or OE-NC treatment (magnification: 100x).

transfection or microRNA-221 mimic apparently stance in non-small-cell lung cancer cells and
suppressed cell proliferation, monolayer colony strongly associated with the stem cell type of
formation, invasion, migration abilities and indu- ovarian cancer?.

ced Gl phase arrest, as well as repressed tumor Studies have shown that the Hippo-YAP si-
formation capacity of gastric cancer AGS and gnaling pathway is a major contributor to the
MKN7 cells. Moreover, scholars?® also revealed tumorigenesis of liver cancer. Inhibition of the

that STMNI overexpression induced radioresi- Hippo-signaling effector YAP by miR-375 could
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Figure 6. Assessment of the effects of STMN1/YAPI axis on the tumorigenesis of HepG2 and SNU-398 cells. A-B, The
mRNA and protein expression levels of STMNI in YAPI stable silenced HepG2 and SNU-398 cells were tested by RT-PCR
and western blotting (***p<0.001, there were significant differences between sh-YAP1 group and sh-NC group). C-D, Cell
proliferation was detected by CCK-8 assay. E, Cell apoptosis was detected by flow cytometry assay. F, Tumor sizes and weights
in mice injected with HepG2 or SNU-398 cells in control, OE-STMNI1 or OE-STMNI1+sh-YAP1 group were determined by
in vivo tumor-burdened experiments. (***p<0.001, there were significant differences between OE-STMN1 group and control
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significantly decreased HCC cell proliferation
and invasion®. In addition, inhibition of YAP
by ActinomycinD enhanced the anti-tumor role
of Corosolic acid in liver cancer’'. However, the
enhanced expression and nuclear accumulation of
YAP could significantly promote liver cancer pro-
gression*>¥. All the findings support the opinion
that YAP is the attractive therapeutic target for
cancers®*. In the present study, we demonstrated
for the first time, that STMNI1 could interact with
YAPI protein and significantly promote YAPI
expression and nuclear accumulation, and enhan-
ce the interaction between YAP1 and CREB and
TEAD, as well as increased the expressions of
CTGF, ANKRDI, HULC and MCAM, four YAP/
TAZ-regulated genes. These results suggest that
the activated YAPI signaling might be involved
in STMNI-mediated the malignant phenotypic
transformation of liver cancer cells. To reveal
YAPI1 roles in STMNI-mediated liver cancer
progression, we carried out in vivo tumor for-
mation assays in nude mice. The results showed
that YAP1 deletion impaired the role of STMNI
in tumor growth promotion, which demonstrated
that STMNI facilitated the progression of liver
cancer in a YAPI1-dependent manner.

Conclusions

The present study illustrates a functional link
between STMNI1 and Hippo/YAP signaling in
the progression of liver cancer, which reveals
that STMNI not only promote YAPI expression,
but also functions as a co-activator of YAP to
accelerate cancer progression. Collectively, this
study demonstrates that STMNI overexpression
may be an early event of liver carcinogenesis and
it can be served as a marker for the diagnosis and
treatment of liver cancer.
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