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Abstract
Glioblastoma multiforme (GBM) is characterized by highly invasive growth, which leads to extensive infiltration and makes
complete tumor excision difficult. Since cytoskeleton proteins are related to leading processes and cell motility, and through
analysis of public GBM databases, we determined that an actin-interacting protein, zyxin (ZYX), may involved in GBM
invasion. Our own glioma cohort as well as the cancer genome atlas (TCGA), Rembrandt, and Gravendeel databases
consistently showed that increased ZYX expression was related to tumor progression and poor prognosis of glioma patients.
In vitro and in vivo experiments further confirmed the oncogenic roles of ZYX and demonstrated the role of ZYX in GBM
invasive growth. Moreover, RNA-seq and mass-spectrum data from GBM cells with or without ZYX revealed that stathmin 1
(STMN1) was a potential target of ZYX. Subsequently, we found that both mRNA and protein levels of STMN1 were
positively regulated by ZYX. Functionally, STMN1 not only promoted invasion of GBM cells but also rescued the invasion
repression caused by ZYX loss. Taken together, our results indicate that high ZYX expression was associated with worse
prognosis and highlighted that the ZYX-STMN1 axis might be a potential therapeutic target for GBM.

Introduction

Gliomas are the most common primary tumors of the central
nervous system in children and adults, of which GBM
multiforme (GBM) is the most malignant form and classi-
fied as a grade IV glioma according to the World Health
Organization (WHO) system [1]. GBM is featured by
highly invasive growth and poor survival, with a median

survival time about 1 year from initial diagnosis [2]. GBM
cells are notorious for their invasiveness, which leads to its
high recurrence rate and reduced life expectancy [3, 4]. Due
to the highly invasive growth, it is almost impossible to
completely remove the tumor mass through regular surgical
procedures. Therefore, identifying reliable biomarkers for
invasiveness of GBM is crucial for prediction of patient
prognosis as well as for identification of novel therapeutic
drug targets.

Migration and invasion are critically dependent on
dynamic organization of the cytoskeleton. Generally, the
cytoskeleton governs the cell size, shape, migration, pro-
liferation, through which the cells respond to their envir-
onment. Mutations and abnormal expression of cytoskeletal
and cytoskeletal-associated proteins play important roles in
tumorigenesis and tumor progression, including tumor cell
migration, invasion, and metastasis. It is well known that
migration and invasion mediated by the cytoskeleton
require functional focal adhesion and the interaction
between the cell and extracellular substrates [5–7]. By
combing datasets related to cell–substrate interaction from
Gene Ontology and the dataset on focal adhesion from
KEGG, followed by analysis of public GBM databases, we
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identified ZYX as a potential critical candidate involved in
GBM invasive growth.

In previous work, the effect of ZYX on the invasiveness
of tumor cells has been reported in other types of cancers.
For example, Yamamura et al. determined that ZYX pro-
motes invasiveness of oral squamous cell carcinoma cells
by upregulating Rac1 and Cdc42 [8]. Sy et al. showed that
ZYX is frequently overexpressed in hepatocellular carci-
noma and renders tumor cells with an invasive phenotype
[9]. Recently, Zhong et al. found that decreased level of
ZYX impairs invasive ability of colorectal cancer cells
probably via the focal adhesion pathway [10]. However,
the role of ZYX in invasion of GBM remains to be elu-
cidated. Therefore, in this study, we explored the role of
ZYX in the invasion of GBM as well as the possible
mechanisms underlying the regulation of ZYX on GBM
behaviors.

Materials and methods

Cell culture

Primary GBM cell (GBM1) were isolated from southwest
hospital [11] and GBM cell lines LN229, T98G, and U87
were obtained ATCC. Human normal astrocytes HEB were
obtained from the Guangzhou Institutes of Biomedicine and
Health, Chinese Academy of Sciences (Guangzhou, China)
[12]. All cell lines were characterized as mycoplasma nega-
tive by Myco-Lumi™ Luminescent Mycoplasma Detection
Kit (Beyotime, Shanghai, China) and validated by STR DNA
fingerprinting using the AmpFLSTR Identifiler kit (Thermo-
Fisher Scientific, Waltham, MA, USA) according to manu-
facturer’s instructions semiannually. The STR profiles were
compared with known ATCC fingerprints (www.ATCC.org)
and with the Cell Line Integrated Molecular Authentication
database version 0.1.200808 (http://bioinformatics.istge.it/
clima/) [13]. The STR profiles matched known DNA finger-
prints or were unique. The cells were cultured at 37 °C in
a humidified incubator with 5% CO2 and 95% O2 in DMEM
and supplemented with 10% fetal bovine serum (Gibco,
Waltham, MA, USA), Plasmocin™ Prophylactic (Invivo-
Gene, CA, USA), and penicillin:streptomycin (1:1000) (Life
Technologies, Waltham, MA, USA).

Patients and tissues

The glioma samples were randomly collected from
patients with glioma who underwent curative resection
from Southwest Hospital (Chongqing, China) during the
period of January 2014 and June 2016 glioma diagnosis
was based on the World Health Organization (WHO)
Classification of Central Nervous System Tumor (2016).

This study was approved by the Ethics Committee of
the Southwest Hospital. Cohorts of patient specimens
from TCGA_Glioma database, Rembrandt database, and
Grevendeel database (http://gliovis.bioinfo.cnio.es/) were
reviewed to validate the prognostic value and function of
ZYX in glioma. The median expression was used as the
final cutoff value.

Immunohistochemistry and scoring

Immunohistochemical (IHC) staining was performed on
tissue slides using an EnVision Kit (DAKO). After
deparaffinized, rehydrated in graded ethanol, antigen
retrieval and blocking, slides were incubated with anti-
ZYX (1:500, ab109316, abcam) and anti-STMN1 (1:200,
ab52630, abcam) at 4 °C for overnight. After washing
with PBS, a horseradish peroxidase-conjugated secondary
antibody (DAKO) was added and incubated at 37 °C for
30 min. Sections were stained by DAB (DAKO) and
counterstained with hematoxylin. IHC scoring method
was performed as previously described [14]. Briefly, to
score the IHC staining data, five images of each sample
were taken and the average integrated optical density was
measured by Image Pro Plus 6.0 software.

Lentiviral infection procedures

To obtain ZYX overexpressing cells, the GBM cells
(LN229 and GBM1) were transfected with the pHBLV-
CMV-MCS-3flag-EF1-puro lentiviral vector carrying
ZYX (Hanbo, Shanghai China). To obtain STMN1 over-
expressing cells, the GBM cells (LN229 and GBM1) were
transfected with the pGC-FU-CMV-EGFP lentiviral vec-
tor carrying STMN1 (Genechem, Shanghai China). Cells
transfected with the empty vector (Mock) were identified
as negative control. To generate stable ZYX knockdown
cells, GBM cell (LN229 and GBM1) was transfected with
lentiviral vector (Genechem) carrying self-complementary
hairpin DNA fragments that could generate ZYX-specific
shRNA and scrambled RNA as control. The shRNA
sequences were list as below:

shZYX-1: 5′-TCCACATGAAGTGTTACAA-3′;
shZYX-2: 5′-GTTCCAAGTCCAGTACCAA-3′;
Scrambled: 5′-TTCTCCGAACGTGTCACGT-3′.
In addition, fresh culture medium with 6 μg/ml of pur-

omycin was used to select stable cell lines.

Western blotting

Western blotting was conducted as previously described
[15]. The commercial antibodies against ZYX and STMN1
were obtained from abcam and β-actin was purchased from
Cell Signaling Technology.
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Immunofluorescence staining

Immunofluorescence staining was conducted as previously
described [16]. Primary antibodies for ZYX and STMN1
were obtained from abcam. Secondary antibodies were
purchased from Invitrogen.

qRT-PCR

qRT-PCR was performed as previously described [17]. PCR
primers were listed as below:

ACTB-F: 5′-CATGTACGTTGCTATCCAGGC-3′;
ACTB-R: 5′-CTCCTTAATGTCACGCACGAT-3′;
STMN1-F: 5′-TCAGCCCTCGGTCAAAAGAAT-3′;
STMN1-R: 5′-TTCTCGTGCTCTCGTTTCTCA-3′;
ZYX-F: 5′-TCTCCCGCGATCTCCGTTT-3′;
ZYX-R: 5′-CCGGAAGGGATTCACTTTGGG-3′.

Cell migration assay and cell invasion assay

LN229 and GBM1 cell suspension (3.0 × 104 cells/ml) was
prepared in serum-free DMEM and 200 μl was inoculated
into the upper chamber, while 700 μl complete medium
was inoculated into the lower chamber. After continuous
culture for 24 h, the chambers were fixed in 4% paraf-
ormaldehyde for 15 min followed by drying and staining
with 0.5% crystal violet for 15 min at room temperature.
For invasion assay, BD Matrigel™ was added into trans-
well chambers before the cells were seeded, the time of
culturing was 48 h.

Animal xenograft

LN229 cells (2 × 105) and GBM1 cells (2 × 105) with pLVX-
eGFP-luciferase lentivirus transfected with shCtrl RNA or
shZYX were injected intracranially into the right brain of
5-week-old female NOD-SCID mice. The size of xenografts
was evaluated with bioluminescence imaging (PerkinElmer,
Waltham, Massachusetts, USA). Tumor-bearing mice were
sacrificed when the animals became moribund. The tumors
were collected for Harris hematoxylin and alcoholic eosin
staining and immunohistochemistry.

RNA sequence and iTRAQ

RNA sequence and iTRAQ (Supplementary Tables 1 and 2)
was conducted by Shanghai Oebiotech Co. Ltd. (Shanghai,
China). Genes were defined as differentially expressed
when logarithmic expression ratios were more than two-fold
(P < 0.05). Proteins were defined as differentially expressed
when logarithmic expression ratios were more than 1.5-fold
(*P < 0.05).

GSEA analysis of differential genes

Download the TCGA, Rembrandt, and Gravendeel database
gene and divide the database patients into high/low ZYX
groups with the median of ZYX gene as the critical point,
then output the matrix graph. Set relevant parameters
according to the instructions of the web page, and output
normalized enrichment score and nominal P value after
GSEA analysis.

Statistical analysis

All experiments were performed at least three times. Results
are presented as the mean ± SD by Student's t test using
SPSS 20.0 software (IBM) and GraphPad Prism 5.0.

Correlation of ZYX and STMN1 expression was calcu-
lated using Pearson analysis. Survival curves were gener-
ated by Kaplan–Meier analysis. Survival curves were
compared between groups using the log-rank test. All sig-
nificant statistical differences were defined as *P < 0.05,
**P < 0.01, and ***P < 0.001.

Results

ZYX expression was increased in GBM cells

To investigate possible candidate genes responsible for cell
migration and invasion in GBM, we first analyzed three
invasion-related genesets, KEGG FOCAL ADHESION,
GO CELL SUBSTRATE ADHESION, and GO CELL
SUBSTRATE JUNCTION. Genes in the three genesets
play critical roles in tumor invasion through regulation on
interactions between cells and the extracellular matrix. A
Venn diagram revealed that 26 genes were found in all three
genesets (Fig. 1a). To further evaluate the potential invol-
vement of the 26 genes in GBM invasion, we analyzed their
expression levels in two widely used databases for GBM,
TCGA_GBM and Rembrandt. Interestingly, the result
showed that ZYX was the most highly increased gene in
both databases (Fig. 1b), which implies a tight relationship
between ZYX and mobility of GBM cells. Then, we
examined the expression of ZYX proteins in a panel of GBM
cell lines with a normal glia line as control. The data show
that ZYX protein levels in GBM cell lines were higher than
that in control cells (Fig. 1c). Furthermore, we also col-
lected six freshly resected tumor tissues and their adjacent
nontumor tissues. Consistent with the cell line results, ZYX
protein levels in tumor tissues were higher than that in
paired nontumor tissues (Fig. 1d). Therefore, ZYX appears
to be a GBM-related gene and may be a candidate for
invasion markers.

814 X.-M. Wen et al.



Increased ZYX was correlated with disease
progression and poor prognosis of glioma

To comprehensively explore the pathological relevance of
ZYX in gliomas, we analyzed ZYX expression in clinical
glioma samples containing grade II, III, and IV or GBM. In
our 84-case glioma cohort, immunohistochemistry staining
revealed clear cytoplasmic localization of ZYX, and ZYX
protein in GBM was much higher than that in grade II and
III gliomas, but there was no difference in ZYX expression
between grade II and grade III gliomas (Fig. 2a, b). In 12
cases of fresh human glioma samples, we also observed
higher ZYX protein level in GBM than grade II and III
gliomas through Western blotting (Fig. 2c). Analyses of
three public glioma databases, i.e., TCGA_GBMLGG,
Rembrandt, and Grevendeel, consistently revealed that the
ZYX mRNA levels in GBM were significantly higher than
that in grade II and III gliomas (Fig. 2d–f). Accordingly,
ZYX was positively correlated with glioma progression.
Moreover, Kaplan–Meier survival analysis on the three
databases suggested that the patients with high ZYX levels
showed shorter overall survival (OS) than those with low
ZYX level in all gliomas as well as GBM only (Fig. 2g–i),
which further supports the oncogenic role of ZYX in glio-
mas. Therefore, ZYX may act as a marker for disease pro-
gression and poor prognosis of glioma patients.

High ZYX expression was related with enhanced
invasiveness of glioma cells

Since ZYX plays pivotal roles in cell–extracellular substrate
interactions, we speculated that ZYX might lead to glioma

progression through promotion of invasion of tumor cells. To
examine this hypothesis, we stably knocked down ZYX in
LN229 cells (LN229/shZYX) and used scrambled shRNA as
control (LN229/Ctrl) (Fig. 3a, b). LN229/shZYX and LN229/
Ctrl cells were subjected to RNA-seq in triplicate. The data
show that ZYX loss resulted in upregulation of 489 genes and
downregulation of 219 genes (P < 0.05 and Fold ≥ 2) (Fig. 3c,
left panel). Gene Ontology (GO) analysis revealed that the
genes significantly altered by ZYX knockdown were enriched
in several cell migration and invasion-related gene clusters
under the context of biological process, such as cell adhesion,
integrin-mediated signaling pathway, extracellular matrix
organization, cell–matrix adhesion (Fig. 3c, right panel). Gene
set enrichment assay (GSEA) further showed that ZYX level
was positively correlated with the levels of genes responsible
for glioma invasion (Fig. 3d), which were defined in our
previous work [18]. The public databases were also analyzed
and the results consistently indicated that high expression of
ZYX enriched genes involved in glioma invasion and cell
migration (Wu_Cell_Migration) [19] (Fig. 3e–g). Thus, both
our own data and public databases identified potential invol-
vement of ZYX in glioma invasion.

ZYX knockdown prevents migration and invasion of
GBM cells in vivo and in vitro

Next, we explored whether ZYX functionally affected the
migration and invasion of GBM cells in Transwell assays.
ZYX knockdown significantly inhibited serum-induced
migration and invasion of tumor cells (Fig. 4a, b). We
also intracranially inoculated control GBM cells or shZYX-
transfected GBM cells into NOD-SCID mice followed by

Fig. 1 ZYX is a candidate gene for regulation of invasive growth of
GBM cells. a The Venn diagram reveals that 26 genes overlap in three
invasion-related genesets: KEGG FOCAL ADHESION, GO CELL
SUBSTRATE ADHESION, and GO CELL SUBSTRATE JUNC-
TION. b The expression of the 26 overlapping genes from two public
glioma databases, i.e., Rembrandt and TCGA_GBM. c ZYX protein

expression is examined in one normal human normal glia cell line
(HEB), three GBM cell lines (LN229, T98G, U87), and three primary
GBM cells (GBM1, GBM2, GBM3) by Western blotting. Actin is
used as a loading control. d ZYX protein expression is examined in six
pairs GBM tumor tissues (T) and corresponding adjacent normal tis-
sues (N) through Western blotting. Actin is used as loading control.
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pathological analysis. We noticed that the margins of
tumors formed by shZYX-transfected GBM cells was
smooth and clearly separated tumor and nontumor areas
(Fig. 4c). However, the margins of tumor formed by control
GBM cells had obvious protrusions into nontumor areas
(Fig. 4c). IHC staining of ZYX indicated that it was highly
expressed in the invasive front of tumors formed by LN229/
Ctrl cells (Fig. 4c). Consistent with the attenuated inva-
siveness of shZYX-transfected GBM cells, the mice with
low ZYX GBM showed significantly longer survival time
than those with control GBM (Fig. 4d, e). Therefore, ZYX

was indeed positively correlated with invasiveness of GBM
cells.

ZYX regulated the transcription of STMN1 in GBM

To explore the underlying mechanism of ZYX-mediated
invasion, we performed iTRAQ-based Mass-Spectrum
using LN229/Ctrl and LN229/shZYX cells to profile altered
proteins related to ZYX loss. By comparing these results
with the data from RNAseq, we found that STMN1, IGTA4,
SRM, and ASNS were downregulated by ZYX knockdown in

Fig. 2 ZYX is associated with
disease progression and poor
prognosis of glioma patients.
a Upper: Representative
immunohistochemistry (IHC)
image of glioma samples in
different grades; Lower:
Magnification of black dotted
area. Scale bar= 100 μm (upper
three images) or 20 μm (lower
three images). b IHC score of
ZYX in 84 glioma tissues of
different grades. Data are
expressed as the mean ± SD,
**P < 0.01. c The expression of
ZYX protein is examined in fresh
glioma tissues of different
grades through Western blotting.
d The mRNA of ZYX in glioma
with various grades in
TCGA_Glioma database. e The
mRNA of ZYX in glioma with
various grades in Rembrandt
database. f The mRNA of ZYX
in glioma with various grades in
Gravendeel database g
Kaplan–Meier survival analysis
of ZYX in glioma patients from
TCGA_Glioma and
TCGA_GBM databases.
h Kaplan–Meier survival
analysis of ZYX in glioma
patients from Rembrandt and
Rembrandt_GBM databases.
i Kaplan–Meier survival
analysis of ZYX in glioma
patients from Gravendeel and
Gravendeel_GBM databases.
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both RNA-seq data and mass-spectrum results (Fig. 5a).
Among the four genes, we saw that STMN1 is known to
play critical roles in tumor cell invasion [20–27]. However,
ITGA4, SRM, and ASNS had not yet been linked to GBM.
Hence, to identify reliable biomarkers for invasiveness
of GBM, we further studied STMN1 in GBM cells. Con-
sistent with the -omics data, both qRT-PCR and Western
blotting confirmed the downregulation of STMN1 with
ZYX knockdown in LN229 and GBM1 cells (Fig. 5b, c).
In addition, immunofluorescence confirmed that lower
expression of ZYX and STMN1 was detected in shZYX-
transfected GBM cells compared with control GBM cells
(Fig. 5d). Furthermore, we analyzed protein expression of
ZYX and STMN1 through IHC (Fig. 5e) in a glioma cohort
containing 61 cases (Supplementary Table 3). The Pearson

correlation analysis showed that the protein expression of
ZYX was positively correlated with that of STMN1 in the
glioma cohort (Fig. 5f). GBM is classified into four sub-
types, proneural, neural, mesenchymal, and classical,
according to features of transcriptomes [28]. To further
evaluate the relationship between ZYX and STMN1, we
analyzed the mRNA expression of the two genes in GBM
subtypes. Highest levels of ZYX mRNA was observed in
classical subtype of GBM (Fig. 5g), but STMN1 mRNA
expressed at the highest levels in the proneural subtype
(Fig. 5h). Although the distribution of ZYX and STMN1
seemed inconsistent, correlation analysis in individual
subtype revealed that ZYX and STMN1 were significantly
positively correlated in proneural and classical subtypes
(Fig. 5i, j). In the other two subtypes, however, no

Fig. 3 High ZYX level
produces an invasion-
supporting gene profile in
glioma cells. a ZYX mRNA
expression in LN229/Ctrl,
LN229/shZYX #1, and LN229/
shZYX #2 cells using qRT-PCR.
b ZYX protein expression in
LN229/Ctrl, LN229/shZYX #1,
and LN229/shZYX #2 cells using
Western blotting. c Gene set
enrichment analysis (GSEA) of
LN229/Ctrl versus LN229/
shZYX #1 in the context of
Glioma_ Invasion genesets.
d Heatmap (left panel) and gene
ontology (GO) analysis (right
panel) of differential genes
through LN229/Ctrl versus
LN229/shZYX #1 from RNA-
Seq. e GSEA of different genes
under ZYX high versus ZYX low
in TCGA_GBM database.
f GSEA of different genes under
ZYX high versus ZYX low in
Rembrandt database. g GSEA of
different genes under ZYX high
versus ZYX low in Gravendeel
database.
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correlation was observed (Fig. 5k, l). Thus, the regulation of
STMN1 by ZYX might be dependent on genetic background.
Together, our results for the first time revealed that STMN1
may be a target of ZYX in GBM cells under specific genetic
backgrounds.

STMN1 may function as a downstream target of ZYX
in GBM cells

Because ZYX might regulate the expression of STMN1 in
GBM, we profiled STMN1 expression in panel of GBM cells.
Like ZYX, STMN1 was found to highly express in GBM cells
compared with a normal astrocyte cell line, HEB (Fig. 6a).
Moreover, we observed that the distribution of STMN1 in
xenografts derived from LN229/Ctrl cells or LN229/shZYX
cells in mice was consistent with that of ZYX (Fig. 6b versus
Fig. 4c). In xenografts derived from LN229/Ctrl cells, the
expression of STMN1 was obvious at the margin of tumor
(Fig. 6b). To examine whether the overexpression of STMN1
could rescue the inhibition of tumor invasion due to ZYX
knockdown, STMN1 was stably transfected into LN229 and
GBM1 cells with or without ZYX knockdown (Fig. 6c).
Migration assays using Transwell plates showed that STMN1

overexpression not only increased migration of GBM cells
with ZYX but also partially rescued the inhibitory effect of
ZYX knockdown on migration (Fig. 6d). Invasion assay also
supported that STMN1 promoted invasion and rescued ZYX
knockdown-induced invasion repression (Fig. 6e). Therefore,
our results indicate that STMN1 could be a downstream
mediator for ZYX functions in GBM cells.

Discussion

In this study, our own data as well as public glioma data-
bases consistently show that the expression of ZYX
increased with the progression of glioma, and the highest
level of ZYX expression was observed in GBM. Survival
analysis further supported the oncogenic features of ZYX in
glioma, including GBM. Functional analysis showed that
ZYX promoted migration and invasion of GBM cells,
potentially through STMN1 signaling. Although ZYX has
been found to promote invasion of colorectal cancer cells
and gastric cancer cells, neither the downstream targets of
ZYX nor clinical relevance of ZYX in GBM has been
reported. Our current study for the first time revealed the

Fig. 4 ZYX knockdown attenuates the migration and invasion of
GBM cells. a The representative migration images (left panel) and
statistical results (right panel) for LN229 and GBM1 cells with Ctrl,
shZYX #1, and shZYX #2 transfection in a Transwell assay. Data are
expressed as the mean ± SD, ***P < 0.001. Scale bar= 50 μm. b The
representative invasion images (left panel) and statistical result of
invaded cells (right panel) for LN229 and GBM1 cells with Ctrl,
shZYX #1, and shZYX #2 transfection in a Transwell assay. Data are
expressed as the mean ± SD, ***P < 0.001. Scale bar= 50 μm.
c Representative H&E staining (left two images) and IHC images of

ZYX (middle two images and right two images) in tumor area and
adjacent nontumor area from xenografts formed by LN229/Ctrl and
LN229/shZYX cells, respectively. Scale bar= 100 μm (left two
and middles two images) or 25 μm (right two images). d Repre-
sentative IHC images of ZYX in the core area of tumor and the invasive
margin of xenograft implanted with GBM-1 cells. e Kaplan–Meier
survival analysis on mice with GBM formed by LN229/Ctrl or LN229/
shZYX #1 cells. OS: Overall survival. f Kaplan–Meier survival analysis
on mice with GBM formed by GBM1/Ctrl or GBM1/shZYX #1 cells.
OS: Overall survival.
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Fig. 5 ZYX regulates mRNA and protein levels of STMN1 in GBM
cells. a STMN1, IGTA4, SRM, and ASNS were consistently down-
regulated by ZYX knockdown in both RNA-seq and iTRAQ Mass-
Spectrum using LN229/Ctrl and LN229/shZYX #1 cells. b The mRNA
levels of STMN1 and ZYX in shCtrl and shZYX #1 GBM cells (LN229
and GBM1) by qRT-PCR. c The protein levels of STMN1 and ZYX
in shCtrl and shZYX #1 GBM cells (LN229 and GBM1) by Western
blotting. d Immunofluorescence staining showing the expression
of STMN1 and ZYX in shCtrl and shZYX #1 GBM cells (LN229
and GBM1). Data are expressed as the mean ± SD, ***P < 0.001.

Scale bar= 10 μm. e Representative IHC images of positive staining
(upper two images) and negative staining (lower two images) for ZYX
and STMN1, respectively, on continuous sections of human glioma
tissues. Scale bar= 100 μm. f Pearson correlation of ZYX IHC scores
and STMN1 IHC scores in 61 glioma tissues. g ZYX expression in
different subtypes of GBM using TCGA_GBM database. Data are
expressed as the mean ± SD. h STMN1 expression in different sub-
types of GBM using TCGA_GBM database. Data are expressed as the
mean ± SD. i–l Pearson correlations of ZYX mRNA and STMN1
mRNA in different subtypes of GBM using TCGA_GBM database.
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Fig. 6 Overexpression of STMN1 rescues the attenuation of
migration and invasion caused by ZYX knockdown in GBM cells.
a Western blotting shows the expression of STMN1 in GBM cell lines.
b Representative IHC images of STMN1 in the tumor area and adjacent
nontumor area from xenograft of LN229/Ctrl or LN229/shZYX cells.
Scale bar= 100 μm (left two images) or 25 μm (right two images).
c Western blotting shows the expression of ZYX and STMN1 in GBM

cells (LN229 and GBM1) treated with Control shRNA (Ctrl), shZYX,
Ctrl, or shZYX with STMN1 expression plasmid (STMN1). d Repre-
sentative image and quantitative result for migration assay of GBM
cells transfected with indicated plasmids. Scale bar= 50 μm.
e Representative image and quantitative result for invasion assay of
GBM cells transfected with indicated plasmids. Scale bar= 50 μm.
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participation of ZYX in migration and invasion of GBM
through the regulation of STMN1 levels.

For GBM, poor prognosis is generally considered to be
consequence of high invasiveness. Our work indicates that
high expression of ZYX may promote invasion of GBM
cells in vitro and in vivo, which we believe leads to the poor
prognosis of patients with high ZYX expression. Invasive
growth depends on the increased mobility of tumor cells
and interactions of tumor cells with the surrounding extra-
cellular matrix [29]. Focal adhesions are known to pay
critical roles during invasive growth of many kinds of
cancers [30]. ZYX is one of the core proteins in focal
adhesion and widely distributed in various cell types [31].
Functionally, ZYX can promote formation of and stabilize
focal adhesions through regulation of the actin cytoskeleton
[32, 33]. ZYX mediates interactions of cells and matrix by
regulating assembly of the actin cytoskeleton, which ulti-
mately affects cell migration, proliferation, and death [34].
Interestingly, TRIP6, a ZYX-related protein, is highly
expressed in glioma, and glioma patients with high TRIP6
expression have a poor prognosis [35], which may also be
related to the function of ZYX. In addition, ZYX also acts as
an oncogene in several types of cancers, such as breast
cancer [36] and melanoma [37].

The GO analysis of our RNAseq data revealed that
forced expression of ZYX led to significant enrichment of
the “biological process” categories, including hemi-
desmosome assembly, cell adhesion, extracellular matrix
organization, homophilic cell adhesion via plasma mem-
brane adhesion molecule, and cell–matrix adhesion. These
categories reflect the known functions of ZYX, indicating
that our RNAseq data were reliable. Ontology analysis
also showed the enrichment of some molecular function
categories, which have not yet been linked with ZYX,
such as fibronectin binding, heparin binding, intracellular
calcium activated chloride channel activity, Ras guanyl-
nucleotide exchange factor activity, and phosphorelay
sensor kinase activity. These molecular function categories
might highlight the potential mechanisms by which ZYX
regulates cell behaviors. Thus, our work herein further
confirms the involvement of ZYX in the invasive ability of
GBM cells and reveals several potential downstream
pathways influenced by ZYX.

Although ZYX may enter the nucleus to regulate the
expression of various genes and functions in the manner of a
transcriptional factor [38, 39], our results did not identify its
nuclear localization, which might imply that ZYX regulated
STMN1 expression through other mediators. In glioma,
LRRC4 [40], miR-9 [41], Malat1 [42], miR-16-1 [43], and
PDGFRA [44] have been found to regulate STMN1
expression and functions. Accordingly, the regulation of
STMN1 might be complicated and the mechanism on the
regulation of STMN1 by ZYX is worth pursuing further.

STMN1 belongs to the stathmin family [45] and acts as a
microtubule destabilizer to regulate microtubules dynamics
[46, 47]. STMN1 plays a pivotal role in cell division and
proliferation by regulating microtubule dynamics in tumor
cells [48, 49]. In gliomas, STMN1 promotes tumor cell
proliferation [41, 42] and decreased expression of STMN1
suppressed neoangiogenesis of gliomas [50]. Moreover,
STMN1 correlates with tumor invasiveness [25, 51–55]. In
brain tumors, Liang et al. observed that interference of
STMN1 limits the spread of malignant gliomas in brain [56],
and Marie et al. confirmed that STMN1 expression was
significantly increased in malignant diffusely infiltrative
astrocytomas compared with pilocytic astrocytoma [57].

Our current results show that overexpression of STMN1
led to enhanced invasion of GBM cells and could at least
partially rescue the invasion deficiency caused by ZYX-
knockdown. Thus, it is possible that ZYX promotes invasive
growth of GBM cells through STMN1. Previous studies
have shown the importance of actin/microtubule dynamics
in both cell front membrane protrusion and cell rear
retraction, which are two key processes of cell invasion
[58–60]. Further evidence of cross-communication and
signaling between the microtubule and actin cytoskeleton
involves the microtubule-interacting protein STMN1
[26, 48, 61]. Thereby, our results imply that ZYX and
STMN1 might synergistically promote the invasion of
human GBM.

Our study provides insights on ZYX functions and reveals
that ZYX may play an important role in the invasion of
GBM, possibly through regulating the expression of
STMN1. Moreover, ZYX correlates with glioma progression
and worse prognosis of patients. ZYX may therefore be a
biomarker for diagnosis and a potential druggable target for
treatment.
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