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ABSTRACT

Glycogen synthesis kinase-33 (GSK-3f) is a kinase shown to regulate esophageal cancer (EC)
progression. However, the significance of GSK-3B in phosphorylation of small kinetochore-
associated protein (SKAP) has not been fully characterized. GSK-33/SKAP expression was analyzed
in EC tissues by RT-gPCR. The association between GSK-33 expression and the overall survival was
analyzed using the Kaplan-Meier method. Transwell and wound healing assays were performed to
assess the effects of GSK-33/SKAP knockdown on EC cell migration and invasion. By in vitro kinase
assay, the SKAP T294 site was identified as a phosphorylated target of GSK-3p. Moreover, we
established two cell lines expressing either T294D (phosphor-mimic) or T294A (phosphor-
deficiency) SKAP to analyze the effect of SKAP phosphorylation on EC cell invasion, migration,
and epithelial-mesenchymal transition (EMT) process. GSK-3(3 was overexpressed and positively
correlated with SKAP levels in EC tissues. Increased GSK-3f expression was associated with EC
poor prognosis. Both of GSK-3f knockdown and silencing SKAP decreased EC cell migration and
invasion. GSK-3f3 phosphorylated SKAP protein at Thr294 site. Additionally, a T294D mutant SKAP
enhanced cell migration, invasion, and EMT process. Conversely, a T294A mutant SKAP inhibited
EC cell malignancy. Meanwhile, cell invasion and migration abilities were inhibited after silencing
GSK-3( in EC109-WT, EC109-T294A and EC109-T294D cells. Phosphorylation of SKAP induced by
GSK-3 promoted EC cell migration and invasion.
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Introduction :
their treatment needs are not met, and targeted

Esophageal cancer (EC) is the sixth leading
cause of death, with 544,076 cases of new deaths
in 2020 [1]. In addition, EC ranks seventh for
incidence, with estimated 604,100 new cases,
representing 3.1% of all cancer cases in 2020
[1]. It has been known that EC tumor onset is
associated with smoking [2], excessive alcohol
consumption [3], and mutations of enzymes in
oxidative metabolism of ethanol [4]. Surgery is
the preferred treatment for the early stage of EC,
and surgery combined with adjuvant chemo/
radiotherapy is the main treatment for middle
and advanced stage of EC patients [5]. Although
multi-disciplinary treatment of EC has become
the mainstream clinical practice, the 5-year sur-
vival rate is still less than 10% [6]. Particularly
for EC patients with recurrent and metastasis,

therapies are urgently needed.

Glycogen synthesis kinase-3p (GSK-3p) is
a serine/threonine protein kinase that plays an
important role in gene expression and cellular
processes [7]. It contains a binding domain that
recognizes the substrate and a kinase domain in
which Y216 phosphorylation enhances GSK-33
activity [8]. It has been revealed that GSK-3f is
involved in some physiological processes, includ-
ing regulation of cell metabolism, proliferation,
migration, and differentiation [9,10]. The protein
kinase GSK-3[ has recently emerged as a crucial
player in the phosphorylation of many substrates
thereby exerting essential regulator function in
many signaling pathways [7]. Intriguingly, the
inhibition of GSK-3f induces a significant thera-
peutic effect on several cancer types, including
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breast cancer, lung cancer, and colorectal cancer
[11-13]. Recently, several studies have reported
that the overexpression of GSK-3p is a common
prognostic biomarker in human EC tissues and
mainly correlated with its kinase activity [14,15].
However, the relevance of GSK-3p to migration
and invasion in EC remains poorly understood.

In recent years, small kinetochore associated
protein (SKAP, also known as KNSTRN) levels
were shown to increase in patients with cancers,
e.g. bladder cancer and cutaneous squamous cell
carcinoma [16-18]. Previous studies have sug-
gested that SKAP promoted microtubule dynamics
and participated in directional cell migration via
interacting with the signaling scaffold protein
IQGAP1 [19]. These findings indicated that
SKAP probably represented as an oncogene in
tumorigenesis. Our previous study on HeLa cell
mitosis revealed that GSK-3 affects the binding to
microtubules depolymerase Kif2b by increasing
phosphorylation of Ser232, Ser237, and Thr294
(T294) in SKAP, which ultimately inhibits Kif2b
activity. In addition, our preliminary results indi-
cated that SKAP directly interacted with the tubu-
lin CLASP1 [20]. Manning et al. have previously
demonstrated that the CLASP1-Astrin-Kif2b
complex served as a molecular switch and played
a regulatory role in spindle assembly checkpoint
signaling, motional microtubule stabilization and
error correction during the early to metaphase
mitosis [21]. However, the role of SKAP T294
phosphorylation on EC tumor progression
remains unknown. Based on the previous findings,
we hypothesized that phosphorylation of T294 on
SKAP by GSK-3B could regulate the invasive and
migratory abilities of EC cells.

Materials and methods
Patients and human tissue samples

A total of 36 EC patients from The First Affiliated
Hospital of Zhengzhou University were enrolled in
this research from 02/2015 until 09/2017. This
research was approved by the Ethic Committee
of The First Affiliated Hospital of Zhengzhou
University. All patients provided their written
informed consent. Matched normal and EC
tumor tissues were selected during esophagectomy
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surgery. Overall survival (OS) was defined as the
time from diagnosis to death or to the last follow-
up date. The Kaplan-Meier method [22] and log-
rank test were utilized to assess the OS over
48 months.

Cell culture, treatment, and transfection

The human EC cell line (EC109) was obtained
from the Cell Bank of the Chinese Academy of
Sciences (Shanghai, China). EC109 cells were
maintained in RPMI 1640 (Gibco, Rockville, MD,
USA) supplemented with 10% fetal bovine serum
(FBS, Gibco) and incubated in a 5% carbon diox-
ide atmosphere at 37°C. For cell treatment, MG132
(Sigma, St. Louis, MO, USA) was used at 20 uM
for 4 h to synchronize the cells in metaphase.

To downregulate GSK-3p expression level in
EC109 cells, siRNAs targeting GSK-3p (si-GSK
-3p-1:  5-GUAAUCCACCUCUGGCUACTT-3’,
si-GSK-3p-2: 5

GGUAUAUCAAGCCAAACUUTT-3’) were
designed and synthesized by Invitrogen
(Carlsbad, CA, USA). Si-NC (5-

UUCUCCGAACGUGUCACGU-3’) was used as
negative control and non-transfected cells were
regarded as control. Cells were transfected with
siRNA using Lipofectamine® 2000 (Invitrogen).
The shSKAP-expressing lentivirus system was
used to knockdown SKAP expression in EC109
cells. The RNA sequence used for sh-SKAP was 5’-
AGGCTACAAACCACTGAGTAA-3
(Invitrogen).

Plasmids

The full-length SKAP mRNA was amplified as
previously described [20]. Flag-tagged SKAP full-
length and deletion truncations were cloned into
pFLAG-CMV-2 (Clontech, Mountain View, CA,
USA). Bacterial expression constructs of SKAP
were cloned into pGEX-5X-3 (GE Healthcare,
Buckinghamshire, UK). Transfection plasmid
containing the Flag-tagged wild-type (WT)
SKAP with shRNA resistance was modified by
site-directed mutation kit (Vazyme Biotech Co.,
Ltd., Piscataway, NJ, USA) according to the man-
ufacturer’s instructions to create the SKAP
mutants T294A and T294D. These plasmids,
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namely Flag-SKAP-WT, Flag-SKAP-T294A, and
Flag-SKAP-T294D. All plasmids used were veri-
tied by sequencing (Invitrogen). To establish
stable clones of SKAP mutant EC109 cell lines,
the Flag-SKAP-WT plasmid was replaced with
Flag-T294A or Flag-T294D. The wild-type or
mutant-type plasmids were transfected into
EC109 cells, and the stable cell clones were
selected using 3 ng/mL puromycin. After that,
the endogenous SKAP in the three cell lines was
knocked down by infection of shRNA-expressing
lentivirus.

RNA extraction and reverse
transcription-quantitative PCR (RT-qPCR)

Total RNA was extracted employing Eastep® Super
Total RNA Extraction Kit (Promega, Madison,
WI, USA). Reverse transcription was carried out
utilizing the Reverse Transcription System
(Promega). qPCR was performed with Eastep®
qPCR Master Mix (Promega) on an ABI7500 sys-
tem (Applied Biosystems, Carlsbad, CA, USA) and
analyzed as normalized fold expression using the
274" method. The gene for GAPDH was used as
a reference gene.

Transwell invasion assay

The 8 uM pore insert in the 24-well transwell
system was coated with Matrigel (Corning Inc.,
Coring, NY, USA). A total of 5 x 10* cells in
0.8 mL FBS-free RPMI 1640 medium was added
into the upper chamber. The bottom chamber was
filled with 0.2 mL RPMI 1640 medium containing
20% FBS. After 48 h, the cells attached to the lower
side of the insert were fixed with 4% paraformal-
dehyde and stained with Giemsa solutions. Five
random fields were observed and counted for
each sample.

Wound healing assay

The EC cells were plated into a 6-well plate
(1 x 10° cells/well) and maintained in a 5% carbon
dioxide atmosphere at 37°C for 24 h. The scrape
line was generated using a sterile pipette tip, fol-
lowed by washing with phosphate buffer solution
(PBS, Solarbio, Beijing, China). Cells were

subjected to incubation at 37°C. Healing was
observed at 24 h, and a representative field for
each sample was photographed.

In vitro kinase assay

The glutathione-S-transferase-(GST)-tagged SKAP
sequence was subcloned into pGEX-6P-1 and
expressed in Escherichia coli, as described in
a previous report [20]. SKAP protein (4 ug) was
incubated with 0.1 pg recombinant GSK3p kinase
(ab60863, Abcam, Cambridge, MA, USA) on ice
for 10 min. Next, the reaction was incubated with
30 uL 1x kinase buffer containing 0.5 pCi [y-32P]
ATP and 0.1 mM ATP at 37°C. 30 min later, the
mixture was subjected to western blot analysis for
detection of p-SKAP (phospho Thr294), SKAP,
and GSK-3[ expression level.

Flow cytometry analysis

The Cycle TEST PLUS DNA Reagent Kit (BD
Biosciences, San Jose, CA, USA) based on propi-
dium iodide staining of DNA content was utilized
to analyze the number of cells in each phase of the
cell cycle (G0/G1, S, and G2/M). After 48 h incu-
bation with the analyzed compounds, the indi-
cated cell lines were then analyzed using a BD
FACSLyric™ flow cytometry (BD Biosciences).

Protein isolation and western blot

Cell lysate preparation was performed using RIPA
Lysis and Extraction Buffer (Thermo Fisher,
Carlsbad, CA, USA), and the supernatant was
further analyzed with SDS-PAGE. Briefly, 30 ug
protein was separated with 12% SDS-PAGE gel on
a double plate vertical electrophoresis apparatus
(Liuyi biology, Beijing, China). Next, the protein
was transblotted onto a PVDF membrane using
a wetting transfer method. The membrane was
probed with mouse anti-SKAP antibody (1:500,
sc-514112, Santa Cruz, Dallas, TX, USA), anti-
p-SKAP (phospho Thr294) antibody (Abiocenter,
Beijing, China), mouse anti-GSK-3p antibody
(1:1000, ab93926, Abcam), mouse anti-E-cadherin
antibody (1:500, ab76055, Abcam), mouse anti-
N-cadherin antibody (1:1000, ab280375, Abcam),
rabbit anti-p-catenin antibody (1:1000, ab223075,



Abcam), rabbit anti-CDK4 antibody (1:1000,
ab108357, Abcam), rabbit anti-CDK6 antibody
(1:2000, ab124821, Abcam), rabbit anti-Cyclin D1
antibody (1:1000, ab134175, Abcam), and rabbit
anti-GAPDH antibody (1:2500, ab9485, Abcam)
at 4°C overnight. After washing with the TBST
buffer, the membranes were incubated with HRP-
conjugated goat anti-rabbit IgG (1:5000, ab6721,
Abcam) or goat anti-mouse IgG (1:5000, ab6728,
Abcam) for 1.5 h at room temperature. Finally,
antibody-bound proteins were observed using che-
miluminescence reagents (Thermo Fisher) in
a Tanon System (Shanghai, China).

Statistical analysis

The experimental results were analyzed using
GraphPad software (San Diego, CA, USA) and
expressed as mean or mean + standard deviation
(SD). Student’s t-test with two-tail was utilized for
group comparison. p < 0.05 was established as
statistical significance.

Results

GSK-3f expression was necessary for EC cell
migration and invasion

In all, 36 EC patients who underwent tumor excision
were included in the study. All the included EC
tissues were diagnosed pathologically as esophageal
squamous cell carcinoma (ESCC). Firstly, RT-qPCR
analysis illustrated that GSK-3B mRNA levels were
higher in EC tumor tissues than non-tumor tissues
(p <0.001, Figure 1(a)). The mean value of the 36 EC
patients’ GSK-383 expression was used as the cutoff
value (2.395), 36 EC patients were divided into low
GSK-3pB expression (n = 19) and high GSK-3p
expression (n = 17) groups. As shown in Table 1,
the baseline characteristics of patients with high or
low GSK-3p expression were comparable, except for
tumor size, TNM stage, and lymph metastasis. The
high GSK-3p level was significantly associated with
larger tumor size (p = 0.009) and advanced TNM
stage (p = 0.008). Patients with high GSK-3f-
expressing tumors underwent lymph node metasta-
sis more than low GSK-3pB-expressing patients
(p = 0.029). Interestingly, the mRNA levels of GSK-
3B were highly predictive of poor EC overall survival,
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as demonstrated by the Kaplan—Meier analysis (log-
rank p = 0.021, Figure 1(b)). In EC109 cells, silencing
GSK-3B was achieved using siRNA technology
(p < 0.001, Figure 1(c)). Interestingly, silencing
GSK-3p significantly inhibited the ability of EC109
cells to invade through the Transwell membrane
(p < 0.001, Figure 1(d)). Moreover, we also con-
firmed the negative role of GSK-3p in cell migration
using the wound healing assay. GSK-3p-silenced
EC109 cells were found to migrate less to the
scratched zone than si-NC-transfected cells
(p <0.001, Figure 1(e)). We further explored whether
downregulation of GSK-33 could influence the
expression of cell cycle-related proteins including
CDK4, CDK6, and Cyclin D1. The western blot
assay proved silencing GSK-3f decreased expression
of cell cycle-related proteins (p < 0.001, Figure 1(f)).
However, most mammalian cells could undergo
a doubling within 24 h that contributes to scratch
closure. Therefore, to further address the inhibition
effect of GSK-3p silencing on EC109 cells scratch
closure, cells were treated with MG132 to arrest cell
cycle in metaphase. The wound healing assay indi-
cated that MGI132 suppressed cell migration
(p < 0.001) and further silencing GSK-3p promoted
the ability of MG132 on migration suppression
(p < 0.001. Figure 1(g)). These results indicated that
GSK-3B might play a key role in the migration,
invasion, and cell cycle in EC cells.

Silencing SKAP inhibited EC cell migration and
invasion

In order to assess the role of SKAP in EC, SKAP
mRNA expression was validated in EC tissues utiliz-
ing qPCR. As shown in Figure 2(a), SKAP mRNA
expression was significantly higher in EC tissues
compared with that in non-tumor samples
(p < 0.001). We also found that the induction of
GSK-3B was highly correlated with SKAP expres-
sion in EC tissues (Spearman’s r = 0.7579, p < 0.001,
Figure 2(b)). Moreover, we silenced GSK-3f in
EC109 cells and observed that silencing GSK-3f
resulted in a significant reduction of SKAP phos-
phorylation level as expected (p < 0.001,
Figure 2(c)). To elucidate whether SKAP affects
the phenotype of EC cells, we inhibited SKAP
mRNA expression level in EC109 cells by RNA
interference (p < 0.001, Figure 2(d)). The transwell
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Figure 1. GSK-3B expression was necessary for EC cell migration and invasion. (a) GSK-3f mRNA expression levels in EC tumor
(n = 36) and non-tumor tissues. (b) Kaplan—Meier analysis of overall survival in EC patients. (c) GSK-3f expression was knocked down

in EC109 cells by transfection of si-GSK-3f. (d)

Transwell cell invasion assay of GSK-3f-silenced EC109 cells. (e) Wound healing cell

migration assay of GSK-3(-silenced EC109 cells. (f) The western blot analysis of CDK4, CDK6, and Cyclin D1 expression level in GSK-
3p-silenced EC109 cells. (g) The wound healing analysis of cell migration in MG132-treated or/and GSK-3[-silenced EC109 cells.

*%p < 0.001.

assay confirmed that SKAP knockdown significantly
suppressed the invasion ratio in EC109 cells
(p < 0.001, Figure 2(e)). In addition, the knockdown
of SKAP resulted in a significant inhibition of
wound closure rate compared with the sh-NC
group, indicating a EC109 cell migration reduction
(p < 0.001, Figure 2(f)). Also, MG132 treatment
suppressed EC109 cell migration as well
(p < 0.001); moreover, sh-SKAP transfection further

enhanced the inhibitory effect of MG132 on cell
migration (p < 0.01, Figure 2(g)).

GSK-3 modulated SKAP phosphorylation at
Thr294 site

Our previous study has reported that GSK-3p
phosphorylated SKAP at Ser232, Ser237, and
Thr294 [20]. Figure 3(a) showed a schematic
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Table 1. Correlation between GSK-3f expression and clinic pathologic characteristics.

Cases (n = 36) GSK-3B
Characteristic Low (n = 19) High (n = 17) Chi-square p Value
Age <60 8 3 5 0.963 0.326
>60 28 16 12
Gender Male 26 12 14 1.648 0.199
Female 10 7 3
Tumor size <3 12 10 2 6.743 0.009
>3 24 9 15
TNM stage -l 19 14 5 7.056 0.008
n-1v 17 5 12
Lymph node metastasis Yes 23 9 14 4.760 0.029
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Figure 2. Silencing SKAP inhibited EC cell migration and invasion. (a) SKAP mRNA expression levels in EC tumor (n = 36) and non-
tumor tissues. (b) Correlation analysis of GSK-3f expression and SKAP expression. GSK-3(3 expression data plotted on x-axis and SKAP
expression data on y-axis for EC tissues. The p-value was derived from Spearman’s correlation testing (Spearman’s r = 0.7579). ()
EC109 cells were transiently transfected with si-GSK-3f. Total protein was extracted and the expression levels of phosphorylation (p)-
SKAP and SKAP were measured by western blot. (d) SKAP expression was knocked down in EC109 cells by transfection of sh-SKAP.
(e) Transwell cell invasion assay of SKAP silencing EC109 cells. (f) Wound healing cell migration assay of GSK-3p silencing EC109 cells.
(9) The wound healing analysis of cell migration in MG132-treated or/and SKAP-silenced EC109 cells. **p < 0.01, ***p < 0.001.
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Figure 3. GSK-3B modulated SKAP phosphorylation at Thr294
site. (a) Potential phosphorylated Thr294 site of SKAP and GSK-
3B was predicted using Mass Spectrometry. (b) In vitro kinase
assay was utilized to the SKAP phosphorylation induced by
GSK-3p.

diagram of SKAP phosphorylation site (Thr294)
being targeted by GSK-3p. To investigate whether
GSK-3B protein regulated the phosphorylation of
SKAP, we generated a GST-SKAP plasmid and
constructed a GSK-3p overexpressing vector. The
in vitro kinase assay showed that GSK-3f, based
on the kinase level, directly phosphorylates SKAP
in the presence of ATP (Figure 3(b)). The result
indicated that GSK-3p was required for SKAP
phosphorylation at the Thr294 site.

Phosphorylation of SKAP was involved in EC cell
invasion, migration, and EMT

We next investigated the role of GSK-3p-mediated
SKAP T294 phosphorylation in EC cells. Firstly,
we established two stable clones of the EC109 cell
line expressing shRNA-resistant and T294 mutant
SKAP plasmids. Briefly, EC109 cells were firstly
infected by a lentivirus that carried both shRNA-
resistant and T294-mutated SKAP sequences,
including the Flag-SKAP-T294A or the Flag-
SKAP-T294D. The western blot assay confirmed
the exogenous expression of SKAP in EC109 cells
(Figure 4(a), left panel). In addition, in EC109 cells
transfected with Flag-WT, Flag-T294A SKAP, or

Flag-T294D SKAP, lentivirus-based sh-SKAP sig-
nificantly knocked down endogenous SKAP
expression, but expressed exogenous shRNA-
resistant SKAP wild-type (Flag-SKAP-WT) or
T294-mutated (T294A or T294D) (Figure 4(a),
right panel). The resulting cell lines were named
as EC109-WT, EC109-T294A, and EC109-T294D
cells, respectively. The transwell assay demon-
strated that EC109-T294D cells had the highest
invasive ability among the three cell lines
(p < 0.001, Figure 4(b)). Remarkably, the EC109-
T294A cells exhibited the lowest invasion ratio,
implying that SKAP T294 phosphorylation might
promote EC cell invasion (p < 0.05, Figure 4(b)).
The wound healing scratch assay was also per-
formed to examine whether phosphorylation of
SKAP could enhance EC109 cell migration. As
shown in Figures 4(c), 24 h after the scratch,
EC109-T294D cells migrated into and largely cov-
ered the original wound area (p < 0.01), whereas
those ECI109-T294A cells failed to cover
a substantial portion of the wound (p < 0.01). To
address whether phosphorylation of SKAP affects
the metastasis-related EMT process in EC cells, we
detected the mRNA and protein levels of EMT-
related markers. As shown in Figure 4(d,e), com-
pared with EC109-WT cells, both mRNA and pro-
tein expression of E-cadherin and P-catenin were
significantly upregulated in EC109-T294A cells,
while  phosphor-deficient ~ SKAP  inhibited
N-cadherin expression (p < 0.05, p < 0.01,
p < 0.001). In addition, phosphor-mimic (T294D)
inhibited the E-cadherin and B-catenin expression
and enhanced the N-cadherin level in EC cells
(p < 0.05, p < 0.01, p < 0.001). These data demon-
strated that phosphorylation of SKAP is coupled
not only with EC cell invasion and migration but
also with the EMT process.

Phosphorylation of SKAP was involved in cell
cycle of EC cells

Furthermore, to investigate the effect of SKAP phos-
phorylation on the cell cycle, flow cytometry analysis
was conducted and the results revealed that SKAP
T294 phosphorylation reduced the percentage of
cells in the G2/M phase of the cell cycle and
increased the percentage of cells in the GO0/Gl
phase (p < 0.001, Figure 5(a)). Additionally, CDK4,
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Figure 4. Phosphorylation of SKAP was involved in EC cell invasion, migration and EMT process. (a) Establishment of EC109-SKAP-
WT, EC109-SKAP-T294A, and EC109-SKAP-T294D cell lines. EC109 cells were firstly infected with lentivirus which carried both shRNA-
resistant and T294-mutated SKAP sequence (Flag-SKAP-WT or Flag-SKAP-T294A or Flag-SKAP-T294D), respectively. Next, knockdown
of endogenous SKAP was performed using shRNA. Western blot was performed to detect the expression levels of exogenous and
endogenous SKAP. (b) Transwell cell invasion assay of EC109-SKAP-WT, EC109-SKAP-T294A, and EC109-SKAP-T294D cells. (c) Wound
healing cell migration assay of EC109-SKAP-WT, EC109-SKAP-T294A, and EC109-SKAP-T294D cells. (d) RT-gPCR and (e) western blot
analysis for E-cad, N-cad, and PB-catenin expression levels in EC109-SKAP-WT, EC109-SKAP-T294A, and EC109-SKAP-T294D cells.

*p < 0.05, **p < 0.01, ***p < 0.001.

CDK6, and Cyclin D1 protein expression were
decreased in EC109-T294D cells (p < 0.05 or
p < 0.001), while increased in EC109-T294A cells
(p < 0.05, p < 0.01 or p < 0.001, Figure 5(b)).
Moreover, MG132 treatment suppressed cell migra-
tion in EC109-WT, EC109-T294A and EC109-
T294D cells (p < 0.001, Figure 5(c)). These results
suggested that T294 phosphorylation-mimic SKAP
(T294D) promoted EC109 cell cycle and migration,
while T294 phosphorylation-defective =~ SKAP
(T294A) conversely inhibited EC cell motility.

GSK-3p regulated EC cell invasion and migration
through SKAP phosphorylation

To address GSK-3B-mediated SKAP phosphoryla-
tion acted to regulate EC cell invasion and migration.
EC109-WT, EC109-T294A, and EC109-T294D cells
were transfected with si-GSK-3f; transwell and

wound healing assays showed that cell invasion and
migration abilities were inhibited after silencing
GSK-3B in both EC109-WT and EC109-T294A
cells (p < 0.01 or p < 0.001, Figure 6(a,b)). It is
noted here that the depletion of GSK-3f suppressed
EC109-T294D cell invasion (p < 0.001, Figure 6(a))
and migration (p < 0.001, Figure 6(b)) as well, sug-
gesting that GSK-33 may mediate phosphorylation
of other substrates to regulate migration and inva-
sion; therefore, further experiments are needed to
verify in the future. Meanwhile, in comparison with
GSK-3B-silenced EC109-WT cells, GSK-3f-silenced
EC109-T294A cells show a decreased invasion
(p < 0.01, Figure 6(a)) and migration (p < 0.05,
Figure 6(b)) abilities, while EC109-T294D cell inva-
sion (p < 0.05, Figure 6(a)) and migration (p < 0.05,
Figure 6(b)) was promoted. Therefore, we prelimin-
ary verified that GSK3p3-mediated phosphorylation
of SKAP promoted EC cell invasion and migration.
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Figure 6. GSK-3B-mediated SKAP phosphorylation regulated EC cell invasion and migration. In si-GSK-3B-transfected EC109-SKAP-
WT, EC109-SKAP-T294A, and EC109-SKAP-T294D cells, (a) transwell and (b) wound healing assays were conducted to assess cell
invasion and migration abilities. EC109-WT vs EC109-T294A or EC109-T294D, *p < 0.05, **p < 0.01, ***p < 0.001; si-NC vs si-GSK-3p,
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Discussion

It was previously reported that GSK-3p is a critical
regulator of cancer cell proliferation and differen-
tiation abnormality [23]. However, the underlying
molecular mechanisms of how GSK-3p governs
the metastasis of EC cells are poorly understood.
Herein, we identified the threonine-specific kinase
GSK-3B as an upstream regulator of SKAP func-
tion and modulated the ability of SKAP to confer
migrated and invasive properties in vitro.

GSK-3P has been previously implicated in the
regulation of tumor progression with different
functions. On the one hand, GSK-3p is regarded
as a tumor suppressor gene. For example, GSK-33
promotes the degradation of proto-oncogenes,
including c-Jun, B-catenin, cyclin D1, and c-Myc
[24,25]. However, a growing number of studies
have shown that GSK-3f had a strong oncogenic
effect, exhibiting gene mutation, abnormal protein
expression, and altered localization in tumors. As
far as molecular mechanism, GSK-3 promotes the
binding between NF-kB p65/p50 and promoter
region of the downstream target gene, enhancing
tumor cell survival and promoting ESCC
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progression [14]. A recent study has indicated
that GSK-3f was highly expressed in ESCC tissues
and cells, inhibition of GSK-3p attenuated tumor
cell survival and proliferation and induced apop-
tosis in ESCC cells [26]. Which was consistent
with our resultsthat GSK-3p expression was sig-
nificantly enhanced in ESCC specimens and high
expression of GSK-3B was associated withpoor
prognosis of ESCC patients. Bolidong et al. [26]
also demonstrated that inhibition of GSK-3p
decreased the expression of cyclin D1 and CDK4,
which was consistent with our results, suggesting
GSK-3f  mediated cell cycle regulation.
Furthermore, our results also proved that silencing
GSK-3p inhibited EC cell migration and invasion
and GSK-3p-mediated regulation of cell cycle pro-
gression was responsible for EC109 cell migration.

SKAP is believed to be responsible for spindle
localization and chromosome segregation [27].
Importantly, SKAP was proved to directly bind
to motor protein CENP-E and regulate its binding
to microtubules [16]. In addition, SKAP links the
outer kinetochore KNL1-MIS12-NDC80 complex
via directly bounding to the kinetochore protein
MIS13 to orchestrate accurate interaction between
kinetochore and dynamic spindle microtubules
[28]. More importantly, cell migration was orche-
strated by dynamic interaction of microtubules
with the plasma membrane cortex, which sug-
gested that SKAP may play a role in tumor cell
migration. Cao et al. [19] found silencing SKAP
inhibited cell migration in breast cancer MDA-MB
-231 cells. In the mechanism, the N-terminal of
SKAP binds to EB1, and its C terminus binds to
IQGAPI1 in order to orchestrate directional cell
migration, via coupling dynamic microtubule
plus-ends, to the cell cortex. Likewise, our results
also show that SKAP inhibition decreased cell
invasion and migration abilities. Besides, our data
clearly provided evidence that the SKAP expres-
sion was up-regulated and positively correlated
with GSK-3p expression in EC tissues.

An increasing number of findings suggests that
the dynamic localization of SKAP in the HeLa cell
mitosis may be regulated by the protein kinase
Aurora B [29,30]. Interestingly, GSK-3p as
a serine/threonine protein kinase could serve as
a key mitotic kinase for regulating metaphase
spindle dynamics [31]. Indeed, GSK3-p can
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phosphorylate Astrin, a spindle- and kinetochore-
associated protein required for proper chromo-
some alignment in metaphase, moreover, Astrin
can form a complex with SKAP [32]. Therefore,
GSK-3p may also phosphorylate SKAP to regulate
its cellular function. Our previous study has
reported that GSK-3B phosphorylated SKAP at
Ser232, Ser237, and Thr294 [20], to investigate
the function of GSK-3B-modulated SKAP
Thr294 phosphorylation on EC cell progress, in
the present study, we established two EC109 cell
lines in which the endogenous SKAP was replaced
with either T294D or T294A SKAP, respectively.
Notably, we found that a phosphorylation-mimic
T294D mutant of SKAP promoted cell invasion
and migration, conversely, a phosphorylation-
defective T294A mutant suppressed invasion and
migration. Additionally, the depletion of GSK-3
in EC109-T294A cells further suppressed cell
invasion and migration. However, GSK-3f silen-
cing decreased the migration and invasion of
EC109-T294D cells as well, suggesting that in
addition to SKAP, GSK-3B could regulate cell
migration and invasion by phosphorylating
other substrates. Furthermore, in comparison
with GSK-3p-silenced EC109-WT cells, GSK-3p-
silenced EC109-T294A cells showed further
decreased invasion and migration abilities while
EC109-T294D cell invasion and migration were
promoted. Therefore, we demonstrated GSK-3p-
mediated SKAP Thr294 phosphorylation pro-
moted EC cell migration and invasion.

In summary, in this research, GSK-3p was
proved to be a critical positive regulator of SKAP
phosphorylation, which contributed to the migra-
tion and invasion of EC cells (Figure 7). Inhibition
of SKAP suppressed the abilities of EC metastasis.
Importantly, we generated SKAP-mutant EC cell
lines (EC109-T294A and EC109-T294D) to con-
firm the effects of SKAP phosphorylation on EC
cell migration and invasion. Our results provided
novel insight into the option of potential target
(GSK-3p and SKAP) therapy for EC.
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