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ABSTRACT

Metastasis remains the major obstacle of improving the survival of patients with hepatocellular carcinoma
(HCCQ). Epithelial-mesenchymal transition (EMT) is critical to cancer metastasis. Successful induction of EMT
requires dramatic cytoskeleton rearrangement. However, the significance of microtubule (MT), one of the core
components of cell cytoskeleton, in this process remains largely unknown. Here we revealed that STMN2, an
important MT dynamics regulator, is barely expressed in normal live tissues but markedly up-regulated in HCCs,
especially in those with early recurrence. High STMN2 expression correlates with aggressive clinicopathological
features and predicts poor prognosis of HCC patients. STMN2 overexpression in HCC cells promotes EMT, in-
vasion and metastasis in vitro and in vivo, whereas STMN2 knockdown has opposite results. Mechanistically,
STMN2 modulates MTs disassembly, disrupts MT-Smad complex, and facilitates release from MT network,
phosphorylation and nuclear translocation of Smad2/3 even independent of TGFp stimulation, thereby
enhancing TGFp signaling. Collectively, STMN2 orchestrates MT disassembly to facilitate EMT via TGF-f
signaling, providing a novel insight into the mechanisms underlying cancer metastasis. STMN2 is a promising
prognostic biomarker and potential therapeutic target for HCC.

1. Introduction

Hepatocellular carcinoma (HCC) is the sixth most common cancer
and the fourth leading cause of cancer-related death globally [1].
Despite the substantial progress in surveillance and treatment, the long
survival of HCC still remains dismal, mainly due to the frequent
metastasis and recurrence [2]. However, to date, effective strategies to
prevent cancer metastasis are still lacking. Therefore, comprehensive
elucidation of the molecular mechanisms underlying HCC metastasis is
urgently needed.

Epithelial-mesenchymal transition (EMT) has been wildly demon-
strated to be crucial for the invasion-metastasis cascade in various
cancers including HCC [3,4]. During EMT, epithelial cells undergo
dramatic cytoskeleton rearrangement and transform into mesenchymal
phenotype with a spindle-like cell shape and increased migratory and
invasive capabilities [5]. Cell cytoskeleton consists of actin filament
(F-actin), microtubule (MT) and intermediate filament [6]. However,
most present studies have mainly focused on the contributions of F-actin

dynamics to EMT [5,7,8], and the significance of MT in this process still
remains largely unknown.

MT is a highly dynamic polymer of af-tubulin heterodimers, with the
plus end undergoing dramatic switch between tubulin assembly and
disassembly, a behavior named dynamic instability [9]. MT rearrange-
ment depends greatly on this behavior and is critically involved in
various cellular processes, including cell shape, cell motility and intra-
cellular signal transduction [6,9,10]. It is noteworthy that the dynamic
instability is closely regulated by the stathmin family proteins [9,11,12].

Stathmin family proteins, serving as major MT destabilizing factors,
play a critical role in MT disassembly and dynamics [11,12]. This family
consists of four members, namely STMN1-4 [11]. Among these, STMN2
(also named SCG10) is of particular interest. In contrast to the other
three members, STMN2 is highly expressed in embryos, but dramatically
reduced in adults [13,14]. Moreover, the mRNA level of STMN2 is
significantly up-regulated in HCC tissues according to the Oncomine
database. Functionally, STMN2, as a MT destabilizer, is critically
involved in neurite extension and cell motility [12,13,15,16]. Notice-
ably, ectopic expression of STMN2 in adult liver induces organ fibrosis
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List of abbreviations

STMN2 stathmin 2

HCC hepatocellular carcinoma

EMT epithelial-mesenchymal transition
MT microtubule

ANLT adjacent nontumor liver tissue
NLT normal liver tissue

(O overall survival

DFS disease free survival

TGFp transforming growth factor beta

Smad2/3 smad family member 2/3

TPRI transforming growth factor beta receptor type I
TTK TTK protein kinase
TCGA  The Cancer Genome Atlas

by facilitating the hepatic stellate cell phenotype change from quiescent
fat-storing cell to mobile myofibroblast-like cell [15], a similar phe-
nomenon of EMT process [17]. Additionally, a few emerging evidences
indicate that MT destabilization is required for EMT process [18-20].
These findings have greatly aroused our interest in the role of STMN2 in
HCC progression, especially EMT.

In this study, we revealed that STMN2 is frequently up-regulated in
HCC and predicts poor prognosis of HCC patients. Furthermore, STMN2
promotes HCC cell EMT, invasion and metastasis in vitro and in vivo.
Mechanistically, through modulating MTs disassembly, STMNZ2 disrupts
the complex between Smads and MTs, and facilitates the dissociation of
Smad2/3 from MT network and phosphorylation and nuclear trans-
location of these proteins even independent of TGFp stimulation,
thereby facilitating TGFp signaling and consequent EMT and metastasis.

2. Materials and methods
2.1. Patients and tissue specimens

This study was approved by both of the Ethics Committee of Xiangya
Hospital, Central South University (CSU) and the Affiliated Cancer
Hospital of Xiangya School of Medicine, CSU. Informed consent was
obtained from each patient before study. 30 pairs of frozen fresh HCC
specimens and adjacent nontumor liver tissues (ANLTSs) for quantitative
real-time PCR (qRT-PCR) and western blot analyses were obtained be-
tween January 2011 and December 2013 at the Department of Surgery,
Xiangya Hospital. 136 pairs of paraffin-embedded HCCs and ANLTSs in
training cohort and 54 paraffin-embedded normal liver tissues were
collected from HCC and hepatic hemangioma patients respectively, who
had undergone curative resection at the Department of Surgery, Xiangya
Hospital from February 2006 to December 2010. In addition, 102 pairs
of paraffin-embedded HCCs and ANLTs in validation cohort and 35
paraffin-embedded normal liver tissues were correspondingly obtained
from HCC and hepatic hemangioma patients, who had received curative
resection at the Department of Abdominal Surgical Oncology, the
Affiliated Cancer Hospital of Xiangya School of Medicine from January
2006 to December 2010. The diagnosis of patients was confirmed by two
independent pathologists. The details for the patient enrollment are
shown in Supplementary Fig. 1A. The clinicopathological features of
these patients are listed in Supplementary Table 1. The follow-up pro-
cedures were regularly performed as our previous study described [21].
Research protocols was performed in strict compliance with the
REMARK guidelines for reporting prognostic biomarkers in cancer [22].

2.2. Cell lines and cell culture

The source of cell lines used in this study were described previously
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[23]. Cells were maintained in Dulbecco’s Modified Eagle’s Medium
(BioInd, Beit Haemek, Israel) supplemented with 10% fetal bovine
serum (BioInd) and 1% penicillin-streptomycin (BioInd) at 37 °C with
humidified atmosphere and 5% CO2.

2.3. RNA extraction and quantitative real-time PCR(qRT-PCR)

Total RNA was extracted from frozen tissues or cells using Trizol
reagent (Life Technologies, Carlsbad, CA) according to the manufac-
turer’s protocol. cDNA was synthesized using universal cDNA synthesis
kit (Toyobo, tokyo, Japan) and subsequently subjected to quantitative
real-time PCR (qRT-PCR) using SYBR Green PCR Kit (Roche Life Sci-
ences, Switzerland). qRT-PCR was performed on PRISM 7300 Sequence
Detection System (Applied Biosystems, CA) and done in triplicate. The
relative fold change of target gene was normalized to GAPDH expression
and calculated using 2722 method. All the primer sequences are listed
in Supplementary Table 4.

2.4. Western blot

Total protein was harvested using RIPA lysis buffer (CWBIO, Beijing,
China), and cytoplasmic/nuclear protein were extracted by NE-PER™
Nuclear Cytoplasmic Extraction Reagent kit (Thermo Scientific, MA)
according to the manufacturer’s instructions. Identical quantities of
proteins were separated by 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and then transferred onto PVDF mem-
brane (Millipore, Bedford, MA). After blocking with 5% skim milk, the
membranes were incubated with primary antibodies overnight at 4 °C
and then treated with HRP-conjugated secondary antibodies at room
temperature for 30 min. The protein bands were visualized and imaged
by ChemiDocTM Touch Imaging System (BIO-RAD, CA) using enhanced
chemiluminescence regents (Thermo Scientific, MA). The antibodies are
presented in Supplementary Tables 5 and 6

2.5. Immunohistochemistry (IHC)

IHC assay were performed with Universal two-step detection kit
(ZSGB-BIO, Beijing, China) according to the procedure described pre-
viously [23]. Briefly, after antigen retrieval in microwave, the sections
were incubated with primary antibodies in a humidified chamber at 4 °C
overnight. Then the sections were incubated with HRP conjugated sec-
ondary antibody for 30 min at room temperature and subjected to DAB
treatment, followed by counterstaining with hematoxylin, dehydrating
in graded alcohols and mounting. Negative controls were included in all
assays. The antibodies were listed in the Supplementary Table 4. IHC
staining was scored basing on the staining intensity and percentage of
positive cells. IHC staining score (IS) = SI (staining intensity) x PP
(percentage of positive cells); SI was scored as 0 (negative) 1 (weak), 2
(moderate) and 3 (intense); PP was categorized as score 0 (<5%), 1
(5-25%), 2 (25-50%), 3 (50-75%) and 4 (>75%); IHC staining scoring 2
or less was defined as low expression and 3-12 as high expression [24].

2.6. Vector construction and transfection

The ectopic expression and knockdown lentivirus as well as control
lentivirus were all purchased from Vigene Biosciences (Jinan, China).
For overexpression studies, full length cDNA of STMN2 was inserted into
lentiviral vectors. To knockdown STMNZ2 in HCC cells, three shRNA
target sequences (shRNA1l: 5- GCTGAAACAATTGGCAGAGAA -3,
shRNA2: 5- GGCTAATCTAGCTGCTATTAT -3/, shRNA3: 5'-
GCTGATCTTGAAGCCACCATC-3') were designed. The pLent-
2in1shRNA-GFP-Puro lentiviral vector was applied to delete smad2/3,
which contained both H1 promoter- and U6 promoter-driven cassettes
and could simultaneously express shSmad2 (5-GGATGAAGTATGTG-
TAAAC-3') and shSmad3 (5'-GGATTGAGCTGCACCTGAATG-3') [25].
Lentivirus transfection was performed according to the manufacturer’s
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instructions. Stable clones were selected using 2 pg/ml puromycin
(Sigma-Aldrich, St. Louis, MO). The siRNA targeting TTK
(5'-GUGGCAGAGAAUUGACAAUTT-3') was purchased from Gene-
Pharma (Shanghai, China) and transfection was conducted with Lip-
ofectamine 2000 (Invitrogen) following the manufacturer’s instruction.
Overexpression or depletion of target genes was verified by qRT-PCR
and/or Western blot.

2.7. Wound-healing assay

Wound-healing assay were performed to evaluate cell migration
capacity. After grown to confluence in 6-well plate, cells were incubated
with 10 pg/ml mitomycin (Sigma, St. Louis, MO) for 1 h to inhibit cell
proliferation, which could confound the evaluation of cell migration
[26]. Wound was made through the monolayer cell with a 10 pl sterile
pipette tip and cells were cultured with replaced medium. The percent of
wound closure was calculated after 24 h and the assays were performed
in three times.

2.8. Transwell invasion assay

For invasion assay, 24-well transwell chamber with 8-pm pore insert
Corning Costar Corp, Corning, NY) was used. About 1 x 10° cells in 200
pL of serum-free medium were placed into the upper chamber coated
with Matrigel (20 pl, BD Biosciences, Franklin Lakes, NJ), while serum
containing medium was in the under chamber. After 24 h of incubation,
cells on the upper side of the insert were removed carefully and cells
adhering to the underside of the membrane were fixed in 20% methanol
and stained with 0.1% crystal violet. The numbers of invaded cells were
counted and each assay was performed in triplicate.

2.9. HCC mouse model

Orthotopic HCC model in mouse was established as described before
[23]. Briefly, Stably transfected and luciferase labeled cells were sub-
cutaneously injected into the left upper flanks of male nude mice
(BALB/c, 4-6 weeks old). After two weeks, the subcutaneous tumors
were resected and cut into pieces of approximately 1 mm® and
implanted into the liver of nude mice (6 in each group). The tumor
formation and metastasis were monitored by bioluminescence imaging
using the Xenogen IVIS imaging system 100 (Caliper Lifescience, Hop-
kinton, MA). In brief, mice were injected intraperitoneally with
D-luciferin (Caliper Lifescience, Hopkinton, MA) at 100 mg/kg and then
subjected to imaging. The mice were sacrificed six weeks later and the
livers and lungs were harvested, imaged and processed for histological
examination. All animal experiments were performed at the Department
of Laboratory Animals of CSU according to the guidelines approved by
the Medical Experimental Animal Care Commission of CSU.

2.10. Immunofluorescence (IF)

Cells were fixed with 4% paraformaldehyde (PFA), permeabilized
with 0.1% Triton X-100 and blocked with 5% bovine serum albumin
(BSA). Then, cells were incubated with primary antibodies in PBST with
1% BSA overnight at 4 °C, followed by fluorescence labeled secondary
antibody incubation for 30 min at room temperature. Actin cytoskeleton
were stained with rhodamine-conjugated phalloidin (Roche, Basel,
Switzerland) directly. DAPI was used for nuclear staining. Images were
captured by inverted fluorescence microscope DMI4000-B (Leica, Wet-
zlar, Germany) and TCS SP8 confocal laser microscope (Leica, Wetzlar,
Germany).

2.11. Gene set enrichment analysis

Gene Set Enrichment Analysis (GSEA) method was adopted to
conduct Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
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Genomes (KEGG) pathway analyses using The Cancer Genome Atlas
database (TCGA, http://cancergenome.nih.gov). GSEA were performed
with clusterProfiler package of R language and false discovery rate
(FDR) < 0.25 and P < 0.05 were set as the cut-off criteria.

2.12. Multi-pathway Reporter Array

The Cignal Finder Cancer 10-Pathway Reporter Array (SABio-
sciences, Valencia, CA) including 10 most common and important
pathways in cancer development was employed to investigate the po-
tential pathways that were regulated by STMN2 in HCC. The assay was
performed according to the manufacturer’s instructions and done in
triplicate. Relative firefly luciferase activity was calculated and
normalized to the constitutively expressed renilla luciferase.

2.13. Immunoprecipitation (IP) assay

Cells were lysed in ice-cold RIPA buffer (CWBIO, Beijing, China)
supplied with 1% protease inhibitor cocktail (CWBIO, Beijing, China).
Lysate was centrifuged to remove insoluble fraction and subsequently
cleared by incubation with protein G agarose (Cell Signaling Technol-
ogy, Danvers, MA) for 1 h at 4 °C. The pre-cleared supernatant were
incubated with primary antibodies or control IgG at 4 °C overnight. The
immunocomplexes were next precipitated by incubation with protein G
agarose (Cell Signaling Technology, Danvers, MA) for 2 h at 4 °C. The
beads were washed with RIPA buffer five times and protein complexes
were eluted out by 1 x SDS sample buffer and then subjected to western
blot analysis.

2.14. Microtubule sedimentation assay

The Microtubule/Tubulin In Vivo Assay Biochem Kit (Cytoskeleton,
Denver, CO) was used to isolate soluble and polymerized (cytoskeletal)
tubulin according to the product manual. Briefly, cells were washed
twice with 37°C PBS PH 7.4 and then lysed in microtubule stabilization
buffer. Follwing a centrifugation at 14,000 rpm for 10 min at 37 °C,
supernatants containing soluble tubulin were collected and pellets
containing polymerized (cytoskeletal) tubulin were dissolved in a vol-
ume of microtubule depolymerization buffer equal to the lysate super-
natant volume. The tubulin in supernatant and pellet fractions of the
same volume were analyzed by western blot. The relative amounts of
polymerized tubulin was evaluated by the ratio of densitometry value of
polymerized tubulin to the sum of the densitometry values of soluble
and polymerized tubulin [27].

2.15. Statistical analysis

Statistical analysis was performed using SPSS 18.0 software (SPSS
Inc., Chicago, IL) and GraphPad Prism 6 (GraphPad Software, San Diego,
CA). Data were presented as mean + standard deviation (SD). Quanti-
tative data were compared by student’s t-test or Mann-Whitney U test
when the variance is not homogeneous. Categorical data were analyzed
using Chi-square test or Fisher exact test. Spearman’s rank analysis was
conducted to assess the correlations between different protein expres-
sions. Survival curves were constructed using the Kaplan-Meier method
and evaluated using log-rank test. Univariate and multivariate analyses
were performed to determine prognostic factors based on the Cox pro-
portional hazards regression model. P < 0.05 (two-tailed) was consid-
ered statistically significant.

3. Results
3.1. STMN2 expression is up-regulated in HCC tissues

Data sets from Oncomine database (https://www.oncomine.org)
indicated that STMN2 mRNA was significantly up-regulated in HCC
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tissues compared to normal liver tissues (NLTs) (Fig. 1A). By qRT-PCR
detection in 30 pairs of frozen fresh HCC specimens, we found that
STMN2 mRNA was markedly elevated in HCCs compared with matched
ANLTs (Fig. 1B). Consistently, western blot further confirmed STMN2
up-regulation in HCC tissues at protein level (Fig. 1C). Then, we per-
formed immunohistochemistry (IHC) to analyze STMN2 expression in
two independent cohorts of HCCs and NLTs. The results showed that
STMN2, mainly localized in the cytoplasm, was barely expressed in
NLTs, but frequently elevated in HCCs (Fig. 1D). Of note, HCCs with
early recurrence (<2 years) (HCC-ER) showed much higher STMN2
expression than those without early recurrence (HCC-NR) (Fig. 1D).

DNA methylation is a common epigenetic mechanism of transcrip-
tional regulation in HCC [28], and decreased methylation of gene pro-
moter contributes to increased gene transcription [28,29]. Therefore, we
further analyzed the promoter methylation status of STMN2 using
TCGA-methylation database, and found that STMN2 promoter was
hypomethylated in HCC tissues compared to normal liver tissues (Sup-
plementary Fig. 1B). In line with it, the mRNA level of STMN2 was
markedly increased in HCC samples of TCGA (Supplementary Fig. 1B).
Altogether, these data fully indicated that STMN2 was up-regulated in
HCC and this might be caused by promoter demethylation.

3.2. High STMN2 expression correlates with poor clinicopathological
features and survival of HCC patients

We then investigated the clinical significance of STMN2 expression
using two independent cohorts of HCC patients. STMN2 expression was
defined as high and low according to the IHC scoring criteria mentioned
in the materials and methods. In training cohort (n = 136), high
expression of STMN2 was significantly associated with liver cirrhosis,
advanced Edmondson-Steiner grade, macrovascular invasion (MaVI),
microvascular invasion (MVI) and tumor early recurrence (all with P <
0.05; Supplementary Table 2). Patients with high STMN2 expression
suffered from shorter overall survival (OS) (1-, 3-, 5-year OS: 73.24%,
37.51%, 18.05% vs. 88.89%, 61.90%, 46.77%; P < 0.001) and worse
disease-free survival (DFS) (1-, 3-, 5-year DFS: 57.75%, 27.14%, 15.27%
vs. 76.56%, 53.99%, 36.07%; P < 0.001) than those with low STMN2
expression (Fig. 1E). Univariate and multivariate cox regression analysis
indicated that STMN2 overexpression served as an independent risk
factor for both OS (HR = 1.972, 95% CI: 1.262-3.081; P = 0.003) and
DFS (HR = 1.634, 95% CI: 1.059-2.521; P = 0.026) (Table 1). The
prognostic value of STMN2 expression was further verified in the vali-
dation cohort (n = 102, Supplementary Table 3). Collectively, these
results indicated that STMN2 overexpression was associated with ma-
lignant behaviors and predicted poor prognosis of HCC.

3.3. STMNZ2 promotes HCC migration and invasion in vitro and
metastasis in vivo

Similar to HCC tissues, STMN2 was also up-regulated in HCC cell
lines compared with the normal liver cell line L02 according to qRT-PCR
and western blot analyses (Fig. 2A and B). To determine the effect of
STMN2 expression on the invasiveness of HCC cells, lowly metastatic
potential cell lines PLC/PRF/5 and Huh7 with relatively low STMN2
expression and the highly metastatic potential cell lines HCCLM3 and
MHCC97-H with high STMN2 expression were chosen for subsequent
functional assays. We first stably raised STMN2 expression in PLC/PRF/
5 and Huh7 cells and knocked down it by two independent shRNAs
(shSTMN2-2 and shSTMN2-1) in HCCLM3 and MHCC97-H cells. Over-
expression or knockdown efficiency was verified by qRT-PCR and
western blot (Supplementary Fig. 2A). Wound-healing and transwell
invasion assays showed that up-regulation of STMN2 in PLC/PRF/5 and
Huh7 dramatically promoted cell migration and invasion compared
with the control cells (Fig. 2C and Supplementary Fig. 2B). Conversely,
STMNZ2 knockdown markedly inhibited the migratory and invasive ca-
pacities of HCCLM3 and MHCC97-H cells (Fig. 2C and Supplementary
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Fig. 2B). To further assess the proinvasive role of STMN2 in vivo,
orthotopic xenograft tumor models in nude mice were established.
STMN2 expression in xenograft tumors was verified by IHC (Supple-
mentary Fig. 2C). The results showed that STMN2 overexpression
increased the incidence of pulmonary/intraheptatic metastasis and the
number of pulmonary/intraheptatic metastasis nodule, whereas STMN2
knockdown reduced the incidence of pulmonary/intraheptatic metas-
tasis and the number of pulmonary/intraheptatic metastasis nodule
(Fig. 2D and E). In summary, STMN2 facilitated HCC cell migration and
invasion in vitro as well as metastasis in vivo.

3.4. STMNZ2 induces EMT in HCC

In this study, we noticed that STMN2 overexpression enabled PLC/
PRF/5 and Huh?7 cells to change from round-like epithelial morphology
to spindle-like mesenchymal appearance, whereas depletion of STMN2
in mesenchymal-like HCCLM3 and MHCC97-H cells led to a reverse
effect (Fig. 3A and Supplementary Fig. 3A). These phenomenon together
with the role of STMN2 in HCC invasion and metastasis, promoted us to
determine whether STMN2 induced EMT in HCC. To this aim, gene set
enrichment analysis (GSEA) was performed using the TCGA database
and the result indicated that STMN2 was significantly correlated with
EMT biological process in HCC (NES = 1.573, P = 0.0001, Supple-
mentary Fig. 3B). Furthermore, western blot and qRT-PCR analyses
showed that STMN2 overexpression in PLC/PRF/5 and Huh7 cells
down-regulated epithelial markers (E-cadherin and f-catenin) and up-
regulated mesenchymal markers expression (Vimentin, N-cadherin and
Snail), whereas STMN2 knockdown increased epithelial markers and
reduced mesenchymal markers expression in HCCLM3 and MHCC97-H
cells (Fig. 3B and C and Supplementary Figs. 3C and D). Immunofluo-
rescence (IF) detection of EMT markers in HCC cells also obtained
similar results (Fig. 3D and Supplementary Fig. 3E). Moreover, IHC
staining on consecutive sections showed that STMN2 was negatively
associated with E-cadherin expression and positively correlated with
Vimentin and Snail expression in HCC samples in both training and
validation cohorts (Fig. 3E). Hence, it was concluded that STMN2 trig-
gered EMT in HCC.

3.5. STMN2 activates TGFp pathway in HCC

To unveil the functional mechanisms of STMN2 in HCC, we con-
ducted GSEA analysis using the TCGA database to systemically screen
the potential signaling pathways modulated by STMN2. The results
showed that several term/pathways involved in cancer progression were
significantly enriched, including Pathways in cancer, TGFp pathway,
Calcium pathway and MAPK pathway (Fig. 4. A, Supplementary Fig. 4).
Moreover, a Cignal Finder Cancer 10-Pathway Reporter Array was
performed in HCC cells and the results indicated that TGFp signaling was
the most significantly activated pathway upon STMN2 overexpression
and vice versa (Fig. 4B). For the canonical TGFp pathway (Smad-
dependent), upon TGFf binding to its receptors, Smad2/3 are recruited
and phosphorylated at their C-terminal SSXS motif by TGFp receptor
type I (TBRI), subsequently forming a complex with Smad4 and trans-
locating into nucleus for gene transcription [30]. To further confirm the
influence of STMN2 expression on TGFf pathway, western blot was
performed to evaluate the activity of Smad2/3 in HCC cell lines after
STMN2 gene interference. According to the results, the total expression
of Smad2/3 showed no considerable changes, while the level of phos-
phorylated Smad2/3 (p-Smad2/3) was increased upon STMN2 over-
expression in PLC/PRF/5 cells, and STMN2 knockdown in HCCLM3 cells
decreased the level of p-Smad2/3 (Fig. 4C). Furthermore, IHC analysis
showed that p-Smad2/3 expression was positively associated with
STMN?2 expression in HCC samples both in training and validation co-
horts (Fig. 4D). These results indicated that STMN2 activated TGFp
signaling in HCC. In addition, somewhat surprisingly, we found that
STMN2-induced TGFp signaling activation in PLC/PRF/55™N2 cells was
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Fig. 1. STMN2 is up-regulated in HCC and predicts poor prognosis. (A) Comparing the level of STMN2 mRNA in HCC tissues and normal liver tissues in
Oncomine database. (B) qRT-PCR analysis of STMNZ2 expression in thirty pairs of HCC samples. Data were presented as log2-fold change. (C) Western blot detected
the expression of STMNZ2 in representative paired HCC samples and two normal liver tissues (NLT). (D) Representative IHC staining for STMN2 in NLT, adjacent
nontumor liver tissue (ANLT), HCC without early tumor recurrence (HCC-NER) and HCC with early tumor recurrence (HCC-ER) (left panel). IHC staining score of
STMN?2 for NLT, ANLT, HCC-NER and HCC-ER in two independent cohorts (right panel). P-values were calculated by Mann-Whitney U test. (E) Overall survival (OS)
and disease-free survival (DFS) of HCC patients with high or low STMN2 expression in training and validation cohorts (log-rank test).
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Table 1
Univariate and multivariate analyses of risk factors associated with overall survival (OS) and disease-free survival (DFS) of HCC patients in training cohort.
Variables oS DFS
Univariate Analysis Multivariate Analysis Univariate Analysis Multivariate Analysis
HR(95% CI) P Value HR(95% CI) P Value HR(95% CI) P Value HR(95% CI) P Value

Gender

Female 1 1

Male 1.085(0.654-1.799) 0.753 NA 1.110(0.679-1.815) 0.676 NA
Age

<60 years 1 1

>60 years 1.225(0.731-2.052) 0.441 NA 1.205(0.730-1.989) 0.466 NA
AFP

<20 ng/ml 1 1

>20 ng/ml 1.292(0.827-2.016) 0.260 NA 1.418(0.918-2.190) 0.115 NA
HBsAg

Negative 1 1

Positive 1.307(0.795-2.149) 0.291 NA 1.459(0.892-2.386) 0.133 NA
Liver cirrhosis

Absence 1 1 1

Presence 1.633(1.023-2.067) 0.040 1.279(0.764-2.139) 0.349 1.294(0.841-1.992) 0.241 NA
Child-Pugh classification

A 1 1

B 1.473(0.879-2.468) 0.141 NA 1.336(0.801-2.229) 0.267 NA
Tumor nodule number

Solitary 1 1

Multiple (>2) 1.553(0.998-2.417) 0.051 NA 1.450(0.945-2.223) 0.089 NA
Tumor size

<5cm 1 1

> 5cm 1.508(0.985-2.308) 0.059 NA 1.412(0.940-2.120) 0.096 NA
Capsular formation

Presence 1 1 1

Absence 1.461(0.943-2.264) 0.090 NA 1.579(1.030-2.420) 0.036 0.996(0.635-1.560) 0.985
Edmondson-Steiner grade

1&I1 1 1 1 1

&IV 1.661(1.075-2.566) 0.022 1.486(0.915-2.413) 0.110 1.801(1.180-2.749) 0.006 1.516(0.971-2.367) 0.067
Macrovascular invasion

Absence 1 1 1 1

Presence 3.680(2.323-5.830) <0.001 2.563(1.579-4.160) <0.001 3.420(2.147-5.447) <0.001 2.442(1.502-3.968) <0.001
Microvascular invasion

Absence 1 1 1 1

Presence 2.341(1.539-3.559) <0.001 2.014(1.307-3.102) 0.002 2.290(1.590-3.428) <0.001 1.856(1.209-2.847) 0.005
BCLC stage

0&A 1 1 1 1

B&C 1.685(1.072-2.646) 0.024 1.393(0.683-2.188) 0.377 1.704(1.104-2.629) 0.016 1.438(0.740-2.252) 0.262
TNM stage

I 1 1 1 1

TI&IIT 3.059(1.722-5.432) <0.001 1.899(1.035-3.483) 0.038 1.837(1.669-4.821) <0.001 1.988(1.129-3.500) 0.017
STMN2 expression

Low 1 1 1 1

High 2.306(1.498-3.549) <0.001 1.972(1.262-3.081) 0.003 2.044(1.358-3.076) 0.001 1.634(1.059-2.521) 0.026

Abbreviations: AFP, alpha-fetoprotein; HBsAg, hepatitis B surface antigen; TNM, tumor node metastasis; BCLC, Barcelona Clinic Liver Cancer. HR, hazard risk ratio; CI,

confidence interval; NA, not applicable.

not much attenuated by TGFp signaling inhibitor SB431542 even at a
high drug concentration (2 pM) [31,32], which was enough to effec-
tively block the interaction between TGFp and TPRI, thus abolishing
TGFp stimulation on this pathway. Similarly, HCCLM3*"°®! still main-
tained a certain level of p-Smad2/3 after SB431542 treatment (Fig. 4E),
which was further verified in two other HCC cell lines (MHCC97-H and
HepG2) with high endogenous expression of STMN2 (Supplementary
Fig. 4B). These findings suggested that STMN2 could enhance TGFf
signaling even independent of TGFf stimulation, at least to some extent.

3.6. STMNZ induces EMT via TGFp pathway

Considering the essential role of TGFp pathway in EMT [5], we next
determined whether STMN2 induced EMT in HCC via this pathway.
Since Smad2/3 are key intracellular transducers for TGFp signaling [30],
we simultaneously knocked down Smad2/3 to block TGFf pathway in
corresponding HCC cells (Supplementary Fig. 5A). Expectedly, Smad2/3
knockdown effectively inhibited TGFp signaling and reversed the
expression of downstream EMT markers in STMN2-overexpressing cells
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(PLC/PRF/55™N2 and HCCLM3*"®™) (Fig. 5A). However, PLC/PRF/5°"!
and HCCLM3*"S™N2-2 cells with low level of STMN2 had low activity of
TGFp signaling and deletion of Smad2/3 in these cells only exerted
marginal effect on the expression of EMT markers (Fig. 5A). These re-
sults were further confirmed by IF and gRT-PCR analyses (Fig. 5B,
Supplementary Fig. 5B). Consistently, Smad2/3 knockdown effectively
blocked STMN2-induced cell migration and invasion (Fig. 5C and D and
Supplementary Figs. 5C and D). Moreover, consecutive sections of
xenograft tumors were subjected to IHC analysis, indicating that
p-Smad2/3, Vimentin and Snail expression were increased and E-cad-
herin expression was decreased in STMN2-overexpressing tumors
compared with the controls, whereas opposite results were observed in
STMN2-knockdown tumors (Fig. 5E). Together, these data further
reinforced the link between STMN2 and TGFf pathway, and fully
demonstrated that STMN2 induced EMT via this pathway in HCC.



F.-J. Zhong et al.

ASs
w

L6

S|

Xpr

Ty

NA

x2

00

m

Relativ

C PLC/PRF/5

&

Ctrl — STMN2

Invasion

SEGE

PLC/PRF/S

.

100

-
(=]
=

w
[=]

Invaded cell numbers  Wound closure(%)
—
wn
[=]

N B O @
==

Cancer Letters 506 (2021) 128-141

o » b
Voo
9 ‘Q“d\ 00\}‘\ ,bc’db CJ\QQ. ‘(:\ @Qc;l’ oég,
G F P F S
STMN2 — ) - —— 20
Qor" Q@
@ € GAPDH | D aams s cmmh G e e | -
HCCLM3
PLC/PRF/5 shCtrl ShSTMN2-2 HCCLM3
L 10 o022

==

=]

Ctrl

o

P=0.0009

STMN2

Cirl STMN2

Orthotopic tumour

Lung

D3

Incidence of pulmonary metastasis

Incidence of intrahepatic metastasis

Oh

Invasion

shCtrl shSTMN2-2
P=0.0110

Invaded cell numbers  Wound closure(%
—_
wn
=1

o shCtrl shSTMN2-2
Pulmonary metastasis

PLC/PRF/5" PLC/PRF/55™N2

E3

Intrhepatic metastasis

Group Pulmonary metastasis Group Intrahepatic metastasis
PLC/IPRF/5°" 0/6 PLC/PRF/5!" 0/6
PLC/PRF/5STMN2 416 PLC/PRF/5STMN2 5/6
HCCLM3e! 5/6 HCCLM3se 6/6
HchMsShSTMN2—2 2/6 HCCLMSshSTMN2-2 2/6

D4 E2

53 -PLC/PRF/5 .HCCLM3 58 -PLC/PRF/5 .HCCLM3

23 ! P=0.0307 ER 0 P=0.0158

e = b -

30 %1 _P=0.0280 £ 7 213 P=00182.

SEES 'T' - SZE i_ ’

282 = 5 582, - X
« M A e g 7] & L Y 0

ZE Fa®™ o g\mﬂ SE Fa 4 0
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3.7. STMN?2 facilitates samd2/3 release and activation by orchestrating
microtubule disassembly

We then investigated how STMN2 activates TGFp pathway in HCC.
Smad2/3 were found to bind microtubules (MTs) in epithelial cells and
MTs negatively regulated TGFp pathway by tethering Smad2/3 in the
MT cytoskeleton network, which prevented Samd2/3 access to and
phosphorylation by TGFp-activated TBRI [33]. Since STMNZ2 is a pre-
dominant MT-destabilizing factor, we speculated that STMN2 might
facilitate Smad2/3 release and activation by modulating MTs disas-
sembly. To test this hypothesis, we first examined the effect of STMN2
on MTs in HCC cells. Results showed that the level of acetyla-
ted-a-tubulin, a known marker of stable and long-lived MT [34], was
decreased after STMN2 overexpression in PLC/PRF/5 cells, whereas
STMNZ2 knockdown increased it in HCCLMS3 cells according to western
blot and IF analyses (Fig. 6. Al, 2 and Supplementary Fig. 6A).
Consistently, STMN2 overexpression increased soluble dimeric tubulin
and decreased polymerized tubulin, whereas STMN2 knockdown ob-
tained inverse results, as evaluated by the microtubule sedimentation
assay (Fig. 6A3. IF staining of MT also showed that there was a reduction
of MT intensity in PLC/PRF/55™N2 and HCCLM3*"“"! cells compared
with PLC/PRF/5%™ and HCCLM3*PS™N22 ce]ls respectively (Fig. 6B and
Supplementary Fig. 6B). Collectively, these data indicated that STMN2
decreased MT stability and promoted MTs disassembly in HCC.

Next, we tested the association between Smad2/3 and MTs in HCC.
Smad2/3 are mainly localized in cytoplasm, which will rapidly trans-
locate into nuclear to regulate gene transcription after phosphorylation
[30]. In this study, we observed that Smad2/3 co-localized with MTs in
cell cytoplasm (Fig. 6B and Supplementary Fig. 6C). This phenomenon
was further confirmed by immunoprecipitation (IP) examination, which
showed that Smad2/3 bound tubulin in HCC cells (Fig. 6C). These results
were consistent with the previous report showing that endogenous
Smad2/3 bound MTs in epithelial cells [33].

Further, we revealed that STMN2 overexpression impaired the
binding of Smad2/3 to MT and vice versa (Fig. 6C). Consistently, up-
regulation of STMN2 in PLC/PRF/5 cells resulted in a decrease of MT
density and notable increase of Smad2/3 release and nuclear trans-
location, whereas, after STMN2 depletion in HCCLM3 cells, MT amount
was increased and more Samd2/3 were trapped in the MT network and
less translocated into nuclear (Fig. 6B and Supplementary Figs. 6B and
C). Cell fractionation analysis by western blot also showed that STMN2
overexpression, not affecting the total smad2/3 level, substantially
decreased cytoplastic smad2/3 and increased nuclear smad2/3 and vice
versa (Supplementary Fig. 6D). Furthermore, cells were treated with
MT-stabilizing agent taxol (1 pM) [33] to verify that STMN2-induced
Smad2/3 activation was indeed dependent on its MT-destabilizing ac-
tivity. The efficiency of taxol in stabilizing MT in STMN2-interfered cells
was confirmed before subsequent experiments (Supplementary Fig. 6E).
Expectedly, taxol prevented Smad2/3 dissociation from MTs (Fig. 6D)
and inhibited its phosphorylation and transcriptional regulation on
downstream EMT markers in STMN2-overexpressing cells (Fig. 6E), but
had no considerable effect in low STMN2-expressing cells, which con-
tained stable MT networks (Fig. 6D and E). IF and qRT-PCR assays also
showed that taxol reversed the EMT process caused by STMN2 over-
expression (Fig. 6F and Supplementary Fig. 6F). Consistently,
STMN2-mediated cell migration and invasion were effectively inhibited
by taxol treatment (Supplementary Fig. 6G). Altogether, these results
indicated that STMN2 disrupted the complexes between smad2/3 and
MTs, and promoted Smad2/3 release, phosphorylation and nuclear
translocation via modulating MTs disassembly, thus facilitating TGFp
signaling and EMT.

3.8. TTK mediates STMNZ2-induced phosphorylation of Smad2/3

We then attempted to explore the mechanisms underlying TGFp-in-
dependent phosphorylation of Smad2/3 caused by STMN2
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overexpression, as STMN2 did not have phosphatase activity itself.
Interestingly, a previous study suggested that MT disassembly enhanced
TTK (also named Mpsl) expression and TTK could directly mediate
TGFp-independent phosphorylation of Smad2/3 [35]. Moreover, TTK
was dysregulated in various cancers including HCC [36,37], and play a
important role in cancer invasion and EMT [36,38]. These evidences
raised the possibility that TTK would be implicated in STMN2-induced
phosphorylation of Smad2/3 in HCC. To this end, we first tested the
effect of STMN2 expression on TTK activity. The results showed that
STMNZ2 overexpression in PLC/PRF/5 cells increased TTK expression
and STMN2 knockdown decreased it in HCCLM3 cells (Supplementary
Fig. 6H), and STMN2-induced TTK expression could be blocked by taxol
(1 pM) treatment (Supplementary Fig. 6H), suggesting that STMN2
promoted TTK expression in a MT-destabilizing manner. Further,
knockdown of TTK in PLC/PRF/55™N2 and HCCLM3*M™ cells could
effectively inhibit the expression of p-Smad2/3 induced by STMN2
(Fig. 6G), indicating that TTK was responsible for STMN2-induced
phosphorylation of Smad2/3 in HCC.

4. Discussion

MT is a highly dynamic polymer and cells can adapt their MT cyto-
skeleton to perform different biological functions by modulating MT
dynamics [9]. Accumulating evidences suggest that cancer invasion is
associated with aberrant MT dynamics and MT dynamics regulators are
frequently found to be dysregulated in malignancies [19,20,39,40].
STMNZ2, as a MT destabilizer, plays a crucial role in regulating MT dy-
namics [12,13] and cell motility [15,16]. Previously, a study suggested
that activation of p-catenin/TCF could promote STMN2 expression in
hepatoma cells [41]. Besides, STMN2 was found to be implicated in
PAK4-induced gastric cancer invasion [42]. It has been shown more
recently that STMN2 overexpression predicts poor survival in
non-small-cell lung cancer [43] and ovarian cancer [44]. Beyond that,
the significance of STMNZ2 in cancers remains elusive.

Herein, we found that STMN2 is barely expressed in normal liver
tissues, which is consistent with the previous study [15], but markedly
up-regulated in HCC tissues. @ Meanwhile, according to
TCGA-methylation database analysis, its up-regulation may be caused
by promoter demethylation, which together with the mechanisms un-
derlying STMN2 promoter demethylation deserve further investigation.
In addition, we revealed that HCC patients with early recurrence show
significantly higher STMN2 expression than those without early recur-
rence, implying the potential of STMN2 to determine metastatic
behavior [45]. Furthermore, we found that STMN2 overexpression is
correlated with aggressive clinicopathological features and HCC pa-
tients with high STMN2 expression suffered from shorter OS and DFS. In
line with clinical observations, functional assays demonstrated that
STMN2 promotes HCC cell migration, invasion and metastasis in vitro
and in vivo. Recently, a few emerging evidences have suggested that
EMT, a key process in cancer invasion [3], is associated with aberrant
MT dynamics and MT-destabilizing factors may contribute to EMT
[18-20]. Consistently, in this study, we demonstrated that STMN2
triggers EMT. Together, these results suggest that STMNZ2 is an oncogene
and plays an crucial role in HCC metastasis.

Canonical TGFp pathway (Smad-dependent) is the major inducer of
EMT and plays a predominant role in cancer cells dissemination and
metastasis [3,5]. Hyperactivation of TGF-f§ pathway is a common event
and also a hallmark of aggressive HCC [30,32]. Here, we found that
STMN2 could significantly enhance TGFf pathway in HCC. Blocking
TGFp signaling by deleting Smad2/3 in HCC cells significantly abolished
STMN2-mediated EMT, migration and invasion, suggesting that STMN2
induces EMT and metastasis via TGFp pathway in HCC.

Next, we wondered how STMN?2 activates TGFp pathway. It has been
well-established that MT plays a critical role in intracellular signals
transduction through several mechanisms, such as regulating the
availability of signaling molecules by sequestering and releasing means
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tub antibody and analyzed by immunofluorescence (IF). (A3) Soluble (S) and polymerized (P) tubulin in indicated cells were detected by western blot. The bands
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(B) Representative confocal images of co-immunofluorescent staining of Smad2 (green) and MTs (red) in indicated cells. (C) Immunoprecipitation (IP) analysis of the
interactions between Smad2/3 and tubulin in indicated cells. (D) IP analysis of the interactions between Smad2/3 and tubulin in indicated cells with or without taxol
(1 pM) treatment. (E) Western blot examined the expression of p-Smad2, p-Smad3, Smad2, Smad3 and EMT markers in STMN2-interfered cells and the control cells in
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detection of EMT markers (F). *P < 0.05, **P < 0.01,

***Pp < 0.001; P-values were

calculated by Student’s t-test. (G) Western blot analysis of the expression of p-

Smad2, p-Smad3, Smad2 and Smad3 in STMN2-interfered cells with or without TTK knockdown.
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[10,33]. In the current study, we found that STMN2 mediates MTs
disassembly, disrupts MT-Smad complex, and release Smad2/3 from the
MT network, consequently facilitating Samd2/3 access to and phos-
phorylation by TGFp-activated TPRI [30,33], consequently enhancing
TGFp pathway. Interestingly, we further found that, via modulating MT
disassembly, STMN2 could enhance TTK expression, a protein kinase
could directly phosphorylate Smad2/3 [35], and thus induced
TGFp-independent Smad2/3 phosphorylation. This is in line with pre-
vious studies that had also showed TGFp-independent Smad2/3 phos-
phorylation following MTs disruption [33,35,46]. Above all, these
results indicate that STMN2 enhances TGFp pathway in both TGFp-de-
pendent and -independent manners via modulating MTs disassembly,
thereby triggering EMT, which for the first time links the MT cytoskel-
eton to smad2/3 activity in HCC and broadens our understanding of the
activation of TGFf pathway in this type of cancer. Generally, tumor fate
is governed by the cell autonomous properties and microenvironmental
cues [47,48]. TGFp has emerged as a major microenviromental cue in
favor of HCC progression [47,48]. In addition to the basal level of TGFf
secreted by tumor cell themselves, elevated TGFp by tumor micro-
enviroment plays a prominent role in HCC invasion and metastasis [30,
48]. Theoretically, during the process of metastasis, by virtue of
STMN2-MT-Smads axis, HCC cells may adapt themselves to insufficient
TGFp stimulation in the changing microenvironment so as to facilitate
EMT and metastasis efficiently. Nowadays, inhibiting TGF§ pathway
represents a promising approach to combat HCC progression [49].
However, current strategies targeting TGFp signaling mainly focus on
the TGFB-TPR axis [49,50]. According to our results, targeting
STMN2-MT-Smads axis may be also important to effectively block TGFf
signaling in HCC with high STMN2 expression.

Moreover, in contrast to the traditional notion that intracellular
signaling pathways regulate cytoskeleton rearrangement to induce EMT
[5,71, we here demonstrated that MT cytoskeleton rearrangement could
inversely regulate TGFp signaling to facilitate EMT, providing the first
evidence concerning the significance of MT dynamics for EMT in HCC
and shedding new light on how MT dynamics contribute to this process.
MTs and their dynamics are attractive therapeutic targets in various
cancers including HCC [51-54]. However, conventional MT-targeting
agents, which directly target MT itself, is limitedly used in HCC due to
side effects and chemoresistance [51,54]. Interfering MT dynamics is the
main mechanism of action of blocking MT-related oncogenic effects
[51], and increasing evidences highlight that tumor-specific MT dy-
namics regulators are promising targets for developing new anticancer
agents with improved specificity, enhanced efficacy and reduced
toxicity [51,55-57]. Our results also provide rationale for targeting MT
dynamics regulator and support the potential utility of STMN2 as a
target for developing novel therapeutic strategies to combat HCC
metastasis.

In summary, we revealed that STMN2 is up-regulated in HCC and
associated with early recurrence and worse survival. STMN2 coordinates
MT cytoskeleton rearrangement and TGFf signaling to facilitate EMT
and metastasis, extending our understanding of the molecular mecha-
nism underlying HCC metastasis. STMN2 could serve as a promising
prognostic biomarker and potential therapeutic target for HCC.
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