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Abstract
Astrocytes migration is essential in the formation of the glial scar during the injury response process of the central nervous 
system (CNS) especially during inflammation. Integrin β1 is part of the extracellular matrix receptors in the CNS and it 
has been reported that integrin β-deficient astrocytes randomly migrate into wounds. Previous studies have found that β-1,4 
Galactosyltransferase-I (β-1,4-GalT-I) enhanced the β-1,4-galactosylation of integrin β1. Src-suppressed C kinase substrate 
(SSeCKS) is an inflammatory response protein which functionally interacts with β-1,4 Galactosyltransferase-I (β-1,4-GalT-I). 
In this study we aim to investigate the role of SSeCKS and β-1,4-GalT-I in the migration of astrocytes during lipopolysaccha-
ride (LPS)-induced inflammation. Coimmunoprecipitation and immunofluorescence assays have demonstrated that SSeCKS 
and β-1,4-GalT-I were significantly enhanced in LPS-treated astrocytes and their interactions may occur in the Trans-Golgi 
Network. Lectin blot showed that the knockdown of β-1,4-GalT-I could inhibit the β-1,4-galactosylation of glycoproteins 
including integrin β1 with and without LPS, and that SSeCKS knockdown inhibits the β-1,4-galactosylation of glycopro-
teins including integrin β1 only in LPS-induced astrocytes. Additionally, wound healing assays indicated that β-1,4-GalT-I 
knockdown could inhibit astrocytes migration with and without LPS but SSeCKS inhibited cell migration only when LPS 
was present. Therefore our findings suggest that SSeCKS affects astrocytes migration by regulating the β-1,4-galactosylation 
of glycoproteins including integrin β1, via β-1,4-GalT-I expression in LPS-sensitized astrocytes.
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Introduction

Astrocytes are the most abundant cell type in the CNS and 
are a central element during development and in disease 
processes [1, 2]. During development, they function as a 
glial scaffold for neuroblast migration and are involved in 
the establishment of the blood–brain barrier [3–5]. In a 
multitude of pathological processes, astrocytes take part in 

the pathogenesis of disease and are involved in the injury 
response process. Astrocytes respond to CNS injury by 
migrating and proliferating around the affected region to 
form a glia scar, thus inhibiting axon regeneration in the 
reactive gliosis process [2]. Furthermore, the inflammatory 
reaction could enhance astrocyte migration and exacerbate 
the glia scar formation. Consequently, a better understand-
ing of the factors that influences astrocyte behavior could 
be beneficial for the design of novel strategies that aim to 
regulate glial scar formation and subsequently promote CNS 
recovery.

Integrins are transmembrane receptors, which link the 
ECM to the intracellular actin cytoskeleton. They form 
heterodimers consisting of an α-subunit and a β-subunit 
and can bind different ligands in the ECM and perform 
distinct functions depending on their subunit composition. 
Integrin β1 subunit is part of the cell surface receptors in 
the CNS [6, 7] and astrocytes express several members 
of the β1 class, which are functional ECM receptors for 
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laminin (α1β1 and α6β1), collagen (α1β1) and fibronectin 
(α5β1) [8, 9]. It is reported that β1-deficient astrocytes ran-
domly migrate into the wound [10]. Previous experiments 
have revealed that aberrant N-Glycosylation of integrin β1 
causes reduced integrin α5β1 clustering and influences cell 
migration [11]. However, it is unclear how N-glycosylation 
of integrin β1 is mediated within the astrocytes.

The trans-Golgi network is a highly dynamic series of 
interconnected tubules and vesicles at the trans face of the 
Golgi stack. The trans-Golgi network processes and sorts 
glycoproteins at the interface of the biosynthetic and endo-
somal pathways [12]. The generation and maintenance of 
the apical and basolateral membranes rely on the sort-
ing events that occur in the TGN. β-1,4-GalT-I is the first 
mammalian glycosyltransferase with a resolved crystal 
structure and has been viewed as a biosynthetic enzyme 
in the Golgi apparatus, where it transfers galactose from 
uridine diphosphate-galactose (UDP-Gal) to the terminal 
N-acetylglucosamine (GlcNAc) on oligosaccharide chains 
of membrane-bound and secretory glycoconjugates [13]. 
β-1,4-GalT-I also exhibits cell surface expression, and it 
functions as an adhesion molecule in diverse biological 
processes, that range from gamete binding to neurite out-
growth [14]. It is known that the glycosylation of proteins 
is one of the most important post-translational modifi-
cations and β-1,4-GalT-I is considered to be the major 
galactosyltransferase responsible for β4 galactosylation 
on N-glycan [15–17]. Previous studies showed that β-1,4-
GalT-I has a regulatory role in cytokine production dur-
ing inflammatory reactions in the CNS [18]. It remains 
unknown whether β-1,4-GalT-I is involved in astrocytes 
migration during inflammation.

SSeCKS is identified as a protein kinase C (PKC) sub-
strate/PKC-binding protein. The major 280 and 290 kDa 
SSeCKS isoforms are predicted to localize to the cortical 
cytoskeleton and plasma membrane sites [19]. Previous stud-
ies showed that SSeCKS is a major LPS response protein, 
which is markedly up-regulated in several organs and might 
participate in the alteration of the cytoskeletal architecture in 
endothelial cells during inflammation [19, 20]. Previous data 
indicated that LPS not only induced astrocytes activation but 
also up-regulated the expression of SSeCKS in astrocytes 
[21]. Wassler et al. reported that there was a functional inter-
action between the cytoplasmic domain of β-1, 4-GalT-I and 
the SSeCKS scaffolding protein [22]. Additionally, it had 
been reported that SSeCKS and β-1,4-GalT-I could form a 
positive direction regulation and influence the secretion of 
TNF-α in LPS-stimulated primary astrocytes [23].

In this study, we constructed the SSeCKS and GalT-I 
siRNA vectors, the non-specific vector, and the SSeCKS 
expression vector. We then transfected these vectors into 
the LPS treated rat’s primary astrocytes inflammation 
model in vitro, to investigate the biological functions of 

SSeCKS, β-1,4-GalT-I and integrin β1 in LPS-stimulated 
rat primary astrocytes migration.

Materials and Methods

Cell Culture and Cell Treatment

Primary astrocytes were prepared from the cerebral cortex 
of newborn Sprague–Dawley rats, which were supplied by 
the university laboratory animal services centre in Ningbo 
University. After careful resection of the meninges, the 
neopallium was isolated and the tissues were cut into 1 mm 
cubes. They were then treated by 0.125% trypsin at 37 °C 
for 15 min and subsequently passed through nylon meshes 
of 70-mm pore size. Cells were seeded onto 75 cm2 Falcon 
culture flasks at a seeding density of 2 × 107 cells/flask. 
Cells were incubated in 1:1 DMEM/F12 medium supple-
mented with 4-(2-hydroxyethyl)-1-piper-azineethanesul-
fonic acid (HEPES), sodium bicarbonate, antibiotics, and 
10% heat-inactivated fetal bovine serum and were cultured 
at 37 °C, with 5% CO2 and 95% air for 7–10 days until the 
cells were confluent. To obtain a more homogeneous layer 
of astrocytes, the flasks were placed in a horizontal shaker 
and shaken for 18 h at 180 rpm. The shaker temperature 
was monitored at 37 °C. After 8 h, the supernatant, which 
contained loose astrocytes and oligodendrocytes, was 
discarded. The purity of the astrocytes was found to be 
95% as verified by immunocytochemical staining, with 
glial fibrillary acidic protein (GFAP) monoclonal antibody 
(Sigma, SAB2702474) [24]. To investigate the function of 
SSeCKS and β-1,4-GalT-I in LPS-induced astrocyte, cells 
were allowed to reach 80% confluence. Non-treated cells 
were included as controls in all experiments.

Vector Construction and Transfection

The SSeCKS expression vector was a gift from Pro. Gel-
man (School of Medicine Mount Sinai) and was sub-
cloned to the EGFP vector. The rat SSeCKS siRNA and 
β-1,4-GalT-I siRNA expression vector was constructed, 
which targeted the nucleotide residues 5′-AAG​GAG​ATG​
TCC​ATG​TCC​AAG-3′ and 5′-AAT​TGC​ACA​CAC​AAA​
GGA​GAC-3′. For transient transfection, the SSeCKS and 
GalT-I expression vector, their siRNA vector, and the non-
specific vector were carried out using lipofectamine 2000 
(Invitrogen) and plus reagent in OptiMEM (Invitrogen) as 
suggested by the manufacturer. Transfected cells were used 
for the subsequent experiments 48 h after transfection.
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RNA Isolation and Reverse Transcriptase PCR 
(RT‑PCR) Analysis

The total RNA of the primary astrocytes was extracted using 
a Trizol extraction kit (Invitrogen) according to the manufac-
turer’s protocol, and reverse transcribed using the Thermo-
Script RT-PCR system (Thermo Fisher). Primer sequences 
were listed as follows: SSeCKS: forward, 5′-AAG​AAT​
GGC​CAG​CTG​TCT​AC-3′; reverse, 5′-GCT​TTG​GAA​CTG​
TCT​GTC​ACT-3′; β-1,4-GalT-I: forward, 5′-TAC​AAC​TGC​
TTT​GTG​TTC​AGT​GAT​G-3′; reverse, 5′-GCA​GGC​TAA​
ACC​CGA​ACT​TG-3′. The GAPDH was used as an internal 
control. PCR amplification was carried out with an initial 
denaturing step at 94 °C for 5 min, then 20 cycles at 94 °C 
for 45 s, at 58 °C for 45 s, and at 72 °C for 45 s, and a fur-
ther extension at 72 °C for 10 min. The signal intensities of 
RT-PCR products were quantified with a computing laser 
densitometer.

Immunofluorescent Staining

Cultures grown on coverslips were fixed with 4% paraform-
aldehyde for 20 min at 4 °C followed by phosphate-buffered 
saline (PBS) rinses. Nonspecific binding sites were blocked 
for 2 h at room temperature with 5% normal horse serum 
(Sigma) or normal goat serum (Sigma) diluted in 0.1% 
Triton X-100-PBS. Cells were then incubated overnight at 
4 °C with primary antibodies: polyclonal sheep anti SSeCKS 
(1:100, Sigma, S1562); polyclonal goat anti-β-1,4-GalT-I 
(1:100, Santa Cruz, sc-515551); monoclonal mouse anti 
TGN46 (1:100, Abcam, AB2809). Primary antibodies were 
diluted in blocking buffer. Secondary antibodies conjugated 
with fluorescein isothiocyanate (FITC) (1:100 dilution in 
PBS) or Cy3 (1:800 dilution in PBS), and Hoechst (H33342) 
(Sigma) was used to stain the nucleus for half an hour at 
37 °C. In negative controls, non-immune serum was used 
instead of the primary antibody. Immunopositive cells were 
observed using Leica fluorescence microscope (Germany).

Lectin Blotting

Primary astrocytes were washed with ice-cold PBS and lysed 
(0.5% Triton, 50 mM NaCl, 10 mM NaF, 30 mM tetraso-
dium pyrophosphate, 10% glycerol, 1 mM EDTA, 20 mM 
Tris, 1 mM Pefabloc, 1% Trasylol, 1 mM sodium orthova-
nadate, pH 7.4). Extracts were clarified by centrifugation, 
and protein concentration was determined by the BCA pro-
tein assay system (Pierce Company, USA). Proteins were 
separated with SDS–PAGE (10% gradient gels) and then 
transferred onto a PVDF membrane. Blots were treated with 
25 mM H2SO4 at 80 °C for 60 min to remove sialic acid 
residues and then lectin blotting analysis was conducted 
using Ricinus communis agglutinin (RCA)-I. The blots were 

washed and developed with the electrochemiluminescence 
(ECL) detection system using X-ray film (Fuji Photo Film).

Lectin‑Fluorescent Staining with RCA‑I

Cells were digested with sialidase for 5 h at 37 °C. After 
washing in PBS, cells were blocked with 1% BSA 2 h at 
room temperature and then incubated with monoclonal pri-
mary antibody for integrin β1 (1:100,Sigma, SAB4300655) 
overnight at 4 °C. After washing in PBS three times, the 
second antibodies (FITC-Donkey-anti-mouse, 1:100, Abcam 
ab7057) and tetramethyl rhodamine isothiocyanate (TRITC)-
labeled RCA-I were added in a dark room and incubated for 
2 h at 4 °C. The fluorescence was subsequent detected by 
Leica fluorescence microscope.

Immunoprecipitation

Primary astrocytes were lysed with ice-cold lysis buffer 
(50 mM Tris–HCl pH 7.4, 150 mM NaCl, 1% NP-40, 0.1% 
SDS, 0.5% sodium deoxycholate, 5 mM EDTA, 10 µg/
ml leupeptin, 10 µg/ml aprotinin, and 1 mM PMSF) and 
centrifuged for 30 min at 4 °C. Aliquots of the superna-
tant (0.2 ml) were incubated with 20 µl of protein G-aga-
rose (Roche) at 4 °C for 3 h followed by centrifugation at 
10,000×g for 10 min, 0.1 ml aliquots of supernatant were 
incubated with the monoclonal antibody to SSeCKS, β-1,4-
GalT-I and integrin β1 overnight at 4 °C. Thereafter 30 µg 
protein G-agarose beads were added and the incubation was 
continued with gentle rotation for an additional 2 h. The 
beads were washed five times with PBS and then incubated 
with loading buffer for western blot. The immunoprecipi-
tated integrin β1 subunit was subjected to lectin blotting.

Immunoblot Analysis

After appropriate stimulation, cell lysates were obtained by 
scratching the cell in a lysate buffer. Proteins were loaded 
into wells of a 10% acryl/bisacrylamide gel, and after separa-
tion, proteins were transferred to a polyvinylidene fluoride 
(PVDF) membrane. After saturation in Tris-Buffered Saline 
Tween-20 (TBST) containing 5% milk, the primary antibody 
and secondary horseradish peroxidase-conjugated antibody 
that were diluted in TBST, were sequentially added to and 
incubated with the membranes overnight and 2 h respec-
tively. Results were obtained using ECL.

In Vitro Wound Repair Assay

In vitro scratch wound healing assays were performed 
using a modification of published procedures [25]. Pri-
mary astrocytes (100,000/well) were cultured in six-well 
plates for 7 days prior to wounding. The cell monolayers 
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were mechanically wounded by scraping with a 100 µl pipet 
tip, and the closing of the scratch wound was monitored by 
Nomarksi contrast light microscopy. The migration distances 
of the cells were documented with a Leica camera and soft-
ware immediately and 24 h after wounding.

Statistical Analysis

All the outcomes measurements were made by an investiga-
tor that was blinded to the treatment group. At least three 
assessments were performed for each experiment and all 
data were expressed as mean ± SE. The density of each band 
or area in the figures was detected using the Gel Imaging 
System (GelDoc XR, Bio-Rad) and one-way or two-way 
ANOVA was used to compare the differences among groups. 
When used the 2-way ANOVA to analysis the differences 
between LPS with substrate/enzyme or time with siRNA 
treatment, we have compared the differences between the 
LPS treatment and un-treatment in different siRNA trans-
fected, the specific siRNA transfected with non-specific 
siRNA transfected in different times point. All statistical 

analyses were conducted using STATA 14.0 software pack-
age (Stata Corp., College Station, TX, USA), and all signifi-
cance levels were set at p < 0.05.

Results

The interaction Between SSeCKS and β‑1,4‑GalT‑I 
was Enhanced in LPS‑Treated Astrocytes

Preliminary observations showed that SSeCKS could posi-
tively regulate β-1,4-GalT-I expression in LPS-treated astro-
cytes [23]. In this study, the coimmunoprecipitation experi-
ment results indicated that SSeCKS and β-1,4-GalT-I bind 
together and their interaction was significantly enhanced in 
LPS induced primary astrocytes compared to the normal 
group (p = 0.023, LPS treated vs un-treated in SSeCKS/
GalT1, p = 0.018, LPS treated vs un-treated in GalT1/
SSeCKS) (Fig. 1A, B). Immunofluorescent staining using 
anti-SSeCKS or anti-β-1,4-GalT-I antibody and TGN46 (a 
marker of the trans-Golgi network) demonstrated that the 

Fig. 1   SSeCKS and β-1,4-GalT-I co-immunoprecipitated in pri-
mary astrocytes and co-localized respectively with TGN46. Primary 
astrocytes were cultured in the medium with and without 1  µg/mL 
of LPS for 6 h. A SSeCKS co-purifies with β-1,4-GalT-I in primary 
astrocytes. The lysates were immunoprecipitated with antibodies 
against β-1,4-GalT-I. β-1,4-GalT-I co-purifies with SSeCKS in pri-
mary astrocytes. The lysates were immunoprecipitated with antibod-
ies against SSeCKS. Input 1 and Input 2 represents 10% of the total 
proteins obtained from untreated cells or LPS-treated astrocytes that 
were used for immunoprecipitation. B Quantitative density analysis 
of the interactions between SSeCKS and β-1,4-GalT-I. Bands were 
scanned and the intensities were expressed as mean ± SEM of three 

independent experiments each run in triplicates. Two-way ANOVA 
was used to compare the differences, and then pairwise comparisons 
when interactions are significant. Asterisk indicated that the coimmu-
noprecipitation of both SSeCKS with β-1,4-GalT-I and β-1,4-GalT-I 
with SSeCKS increased significantly in LPS treated astrocytes. 
*p < 0.05. C SSeCKS co-localized with TGN46 in the control group 
(a–d) and LPS-stimulated group (e–h). D β-1,4-GalT-I co-localized 
with TGN46 in the control group (a–d) and LPS-stimulated group 
(e–h). The cells were fixed with paraformaldehyde and stained with 
antibodies to SSeCKS (green), β-1,4-GalT-I (green), TGN46 (red) 
and Hoechst (blue). Three repetitive assessments were performed for 
each experiment. Scale bar 20 µm
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concentration of both SSeCKS (Fig. 1C, a–h) and β-1,4-
GalT-I (Fig. 1D, a–h) were significantly increased in TGN in 
LPS-induced astrocytes compared with the control groups. 
It indicates that LPS could be promoting the transport of 
SSeCKS and β-1,4-GalT-I to the trans-Golgi network.

SSeCKS Promoted β‑1,4‑Galactosyltransferase‑I 
Mediated Proteins β‑1,4‑Galactosylation 
in LPS‑Induced Astrocytes Inflammation

Immunofluorescent results showed that SSeCKS and β-1,4-
GalT-I are co-located in the perinuclear region, and their 
concentrations are enhanced in LPS-stimulated astro-
cytes (Fig. 2A). To study the possible roles of SSeCKS 
and β-1,4-GalT-I in TGN, we successfully transfected the 

EGFP-SSeCKS expression vector into astrocytes (Fig. 2C) 
and found that overexpression of SSeCKS could signifi-
cantly up-regulate β-1,4-GalT-I expression in LPS-stimu-
lated astrocytes (Fig. 2A,m–p) compared to any other control 
group (Fig. 2A,a–h). We investigated the relationship among 
SSeCKS, β-1,4-GalT-I and galactosylation of glycoproteins 
in LPS-induced astrocytes via knockdown of SSeCKS or 
β-1,4-GalT-I. Since the RCA lectin blot is considered to be 
only useful for the identification of β-1,4-linked galactose 
residues attached to N-linked oligosaccharides [13], there-
fore in our experiment, the same amount of proteins was 
analyzed by Coomassie blue staining and RCA-I binding 
to detect the galactosylation of glycoproteins. The SSeCKS 
siRNA and β-1,4-GalT-I siRNA transfection significantly 
decreased the amount of SSeCKS and β-1,4-GalT-I in 

Fig. 2   β-1,4-Galactosylation of Glycoproteins were regulated through 
the interaction between SSeCKS and β-1,4-GalT-I in LPS-stimulated 
astrocytes. A The co-localization of SSeCKS and β-1,4-GalT-I in the 
rat astrocytes by double immunofluorescence. Transfected with the 
SSeCKS overexpression vector and then treated with and without 
LPS for 3  h (i–p), the WT-control group (a–d), the WT-LPS group 
(e–h). Scale bar 20  µm. B Astrocytes were transfected with non-
specific siRNA, SSeCKS siRNA or β-1,4-GalT-I siRNA, and the 
efficiency of the transfection was assessed by RT-PCR. C EGFP and 
EGFP–SSeCKS expression under a fluorescence microscope. D, E 
The normal and LPS-treated astrocytes were transfected with a non-

specific siRNA, SSeCKS siRNA or β-1,4-GalT-I siRNA, and protein 
extraction of each group was separated by SDS-PAGE and analyzed 
by Coomassie Blue staining (D) and RCA lectin (E). F Quantita-
tive analysis of RCA lectin results in astrocytes was conducted three 
times. The densities were detected using the Gel Imaging System 
(GelDoc XR, Bio-Rad), which captured the entire gel lane and two-
way ANOVA was used to compare the differences, and then pairwise 
comparisons when interactions are significant (F = 4.231). *p < 0.05 
compared with normal astrocytes, #p < 0.05 compared with LPS-
treated astrocytes
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astrocytes (p = 0.012 GalT-1 siRNA transfected with nor-
mal, p = 0.024 SSeCKS siRNA transfected with normal) 
(Fig. 2B) and β-1,4-GalT-I knockdown could inhibit β-1,4-
Galactosylation of glycoproteins both in the control and the 
LPS-stimulated groups, and that SSeCKS knockdown sig-
nificantly inhibited β-1,4-Galactosylation of glycoproteins 
only in LPS-stimulated astrocytes, but not in the normal 
group (p = 0.033 GalT-1 siRNA transfected with control, 
p = 0.022 LPS treated with untreated, p = 0.023 LPS treated 
non-specific siRNA transfected with control, p = 0.043 LPS 
treated SSeCKS siRNA transfected with control, p = 0.044 
LPS treated SSeCKS siRNA transfected with un-treated 
SSeCKS siRNA transfected, p = 0.038 LPS treated GalT-1 
siRNA transfected with un-treated GalT-1 siRNA trans-
fected) (Fig. 2D, E, F).

Galactosylation of Integrin β1 was Affected 
by the Interaction Between SSeCKS 
and β‑1,4‑Galactosyltransferase‑I in LPS‑Treated 
Astrocytes

It is reported that the integrin β1, especially the glycosylated 
integrin β1, is important for the regulation of astrocyte 
behavior in CNS. Immunofluorescent staining showed that 
LPS increased integrin β1 co-localization with RCA-I in 
astrocytes and promoted its transport from the cell surface 
into the cell (Fig. 3A), which indicates that LPS could pro-
mote integrin β1 galactosylation and may be involved in the 
signal transmission from the ECM. To further investigate 
whether SSeCKS and β-1,4-GalT-I catalysis are associated 
with galactosylation of integrin β1 in LPS-treated astrocytes, 
we transfected SSeCKS and β-1,4-GalT-I siRNA into astro-
cytes. Immunoprecipitation followed by RCA-I staining 
results showed that knockdown of β-1,4-GalT-I inhibited the 
galactosylation of integrin β1 in astrocytes (Fig. 3B). Knock-
down of SSeCKS could also attenuate β-1,4-galactosylation 

Fig. 3   Galactosylation of integrin β1 on primary astrocytes. A Dou-
ble fluorescence staining was performed using RCA-I (red), and mon-
oclonal antibody against integrin β1 antibodies (green). Pseudocolor 
in yellow indicates co-localization of RCA-I and integrin β1, which 
suggests that integrin β1 contains galactose residues. Astrocytes 
treated with and without 1 µg/mL of LPS, the control group (a–d), the 
LPS group (e–h). Three repetitive assessments were performed for 
each experiment. B Astrocytes were transfected with a non-specific 

siRNA, SSeCKS siRNA or β-1,4-GalT-I siRNA, and the integrin β1 
was detected by immunoprecipitation followed by RCA-I lectin stain-
ing with and without LPS. Quantitative analysis of RCA lectin results 
in astrocytes was conducted three times for each experiment. Two-
way ANOVA was used to compare the differences, and then pairwise 
comparisons when interactions are significant (F = 5.342). #p < 0.05 
comparing with LPS untreated control astrocytes, *p < 0.05 compared 
with LPS-treated astrocytes. Scale bars 20 µm
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of integrin β1 in LPS-treated astrocytes, but not in the nor-
mal group (p = 0.043 GalT-1 siRNA transfected with con-
trol, p = 0.044 LPS treated GalT-1 siRNA transfected with 
un-treated GalT-1 siRNA transfected, p = 0.039 LPS treated 
SSeCKS siRNA transfected with un-treated SSeCKS siRNA 
transfected) (Fig. 3B).

SSeCKS Affects Cell Migration Through Functionally 
Regulating β‑1,4‑GalT‑I in LPS‑Treated Astrocytes

As the galactosylation of integrin β1 is affected by 
SSeCKS and β-1,4-GalT-I, we suspected that regulation 
of SSeCKS and β-1,4-GalT-I may lead to an alteration 
in the astrocyte’s behavior. Using the wound repair assay 
with SSeCKS or β-1,4-GalT-I siRNA transfection, we 
found that cell migration was significantly inhibited in 

β-1,4-GalT-I—knockdown astrocytes with and without 
LPS (p = 0.023 24 h group with 0 h group, p = 0.022 24 h 
group with 0 h group during LPS treated, p = 0.033 GalT-I 
siRNA transfected 24 h group with GalT-I siRNA trans-
fected 0 h, p = 0.034 GalT-I siRNA transfected 24 h group 
with GalT-I siRNA transfected 0 h during LPS treated) 
(Fig. 4). But the migration of SSeCKS deficient astrocytes 
was inhibited only when it was LPS-stimulated, but not in 
its normal status (p = 0.029 SSeCKS siRNA transfected 
24 h group with SSeCKS siRNA transfected 0 h, p = 0.028 
SSeCKS siRNA transfected 24 h group with SSeCKS 
siRNA transfected 0 h during LPS treated) (Fig. 4).

Based on previous studies and our current results, it 
is clear that SSeCKS could influence the migration of 
LPS-induced astrocytes, possibly through the regulation 
of β-1,4-GalT-I catalysis of β-1,4-galactosylation of gly-
coproteins which includes integrin β1.

Fig. 4   Cell migration was influenced by knockdown of SSeCKS 
and β-1,4-GalT-I in LPS-stimulated astrocytes. Primary astrocytes 
monolayer was scratched with a pipette tip and the wound closure 
was monitored 24  h after scratching and was expressed as the per-
centage of the original wound margin distance (recorded at time 
point 0). Wound closure of the different groups in control astrocytes 
(A) and LPS-treated astrocytes (B). Control cells without LPS (A-a, 
f) and with LPS (B-a, f); Cells transfected with β-1,4-GalT-I siRNA 
without LPS (A-b, g) and with LPS (B-b, g); Cells transfected with 
SSeCKS siRNA without LPS (A-c, h) and with LPS (B-c, h). Scale 

bars 100 µm. A-g Quantitative analysis of wound closure in control 
astrocytes. B-g Quantitative analysis of wound closure in LPS-treated 
astrocytes. Cells of different groups were examined by phase contrast 
microscopy and wound areas were measured at 0  h and 24  h after 
scratching. Bars represent mean ± SE of the three to five independent 
experiments each run in triplicates. Three-way ANOVA was used to 
compare the differences, and then pairwise comparisons when inter-
actions are significant (F = 5.221, F = 6.132). *indicated p < 0.05 vs 
control (0 h)
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Discussion

Astrocytes migration is essential for the glial scar formation 
in response to CNS injury. This study provides insights into 
the possible mechanisms of the interaction among SSeCKS, 
β-1,4-GalT-I and integrin β1 in LPS-sensitized astrocytes 
migration. Our results demonstrated that the positive inter-
actions between SSeCKS and β-1,4-GalT-I affected astro-
cytes behavior possibly through the regulation of β-1,4-
Galactosylation of integrin β1 under LPS treatment (Fig. 5).

The yeast two-hybrid system has identified SSeCKS 
as a cytoplasmic partner for the β-1,4-GalT-I cytoplasmic 
domain, and SSeCKS also functions as a cytosolic effector 
associated with β-1,4-GalT-I, which elicits intracellular sig-
nal cascades [22]. In this study, the result of overexpression 
vector transfection experiment showed that an overexpres-
sion of SSeCKS could significantly up-regulate the β-1,4-
GalT-I expression in LPS-stimulated astrocytes. Moreover, 
the co-immunoprecipitation test showed that SSeCKS can 
bind with β-1,4-GalT-I in both the normal and LPS treated 
astrocyte, and the binding was enhanced when LPS added. 

Our results indicated that the interaction between SSeCKS 
and β-1,4-GalT-I may be induced by LPS and play an essen-
tial role in astrocyte activation. PKC activation could also 
release SSeCKS from the cell surface to the perinuclear 
region [19]. Our study showed that both SSeCKS and β-1,4-
GalT-I could translocate from the cell surface to the perinu-
clear region and into the TGN in LPS-induced astrocytes. As 
a scaffolding protein, SSeCKS is involved in the regulation 
of signaling molecules (e.g. PKC, Rho family members) to 
β-1,4-GalT-I, in order to influence β-1,4-GalT-I’s ability to 
bind to the actin cytoskeleton [26, 27]. β-1,4-GalT-I is not 
only a type II membrane glycoprotein, but it also resides in 
the TGN where it is responsible for the galactosylation of 
complex glycoconjugates terminating in N-acetylglucosa-
mine [28]. Our results demonstrated that the knockdown of 
SSeCKS could inhibit the β-1,4-Galactosylation of glycopro-
teins in LPS-stimulated astrocytes. Based on the above data, 
it is possible that SSeCKS regulates the transport of β-1,4-
GalT-I into the TGN, then affects the β-1,4-Galactosylation 
of glycoproteins in LPS-induced astrocytes.

It is reported that the rate of cell migration on basal lam-
ina matrices was directly dependent upon surface GalTase 
expression [29]. Moreover, a previous study also found that 
SSeCKS could regulate the various signaling and cytoskel-
etal functions associated with β-1,4-GalT-I, and SSeCKS 
and β-1,4-GalT-I in the cell surface have a coordinating 
function to cell spread [22]. To better understand the rela-
tionship among SSeCKS, β-1,4-GalT-I, and ECM-mediated 
signaling in LPS-induced astrocytes, we focused our study 
on the role of the integrin β1 subunit that is part of a family 
of cell surface ECM receptor molecules in the CNS, which is 
known to regulate the behavior of many cell types [30, 31]. It 
is suggested that the conditional deletion of integrin-β1 con-
taining heterodimers during brain development led to defects 
in glial differentiation and cell migration [32]. Tomoya Isaji 
et al. revealed that the N-glycosylation on the I-like domain 
of the ββ1 subunit is essential to both heterodimer formation 
and biological functions, such as cell spreading [33]. Guo 
et al. also reported that an increase in β-1–6-GlcNAc sugar 
chains on the integrin β1 subunit stimulated cell migration 
[11]. Therefore, these studies strongly support the notion 
that the glycosylation of integrin β1 plays a vital role in cell 
migration and cell spreading. Our data interestingly showed 
that SSeCKS affects the galactosylation of integrin β1 and 
the migration of astrocytes through functionally regulating 
β-1,4-galactosyltransferase-I catalysis in LPS-induced astro-
cytes inflammation.

In conclusion, our study clearly found that the interaction 
between SSeCKS and β-1,4-GalT-I in the TGN influences 
the galactosylation of glycoproteins including integrin β1, 
which may affect LPS-induced astrocytes migration. This 
study provides further insights into the complex mechanisms 
associated with astrocyte activity. The interactions of the 

Fig. 5   The proposed model showing the interaction between SSeCKS 
andβ-1,4-GalT-I in LPS-induced astrocytes migration. In LPS 
induced astrocyte migration, SSeCKS can bind with β-1,4-GalT-I, 
which promotes β-1,4-GalT-I mediated β-1,4-Galactosylation of inte-
grin β1
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complex SSeCKS and β-1,4-GalT-I with the β1-integrin 
subunit is important for astrocytes to acquire ECM-mediated 
signaling, which may greatly facilitate further studies of the 
interaction between SSeCKS and β-1,4-GalT-I and the func-
tional regulation of astrocytes.
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