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Abstract: Colon cancer is the third major cause of cancer deaths, accounting for about 8% in terms of mortality globally.

The present study aims to explore the effect of silencing Astrocyte Elevated Gene-1 (AEG-1), a metastasis mediating

factor, and how it interacts with Exostosin-1 (EXT-1) protein to inhibit the proliferative and invasive potential in

colon cancer cells. Forward siRNA transfection was performed using AEG-1 siRNA in SW480 and SW620 colon

cancer cell lines, and the expression levels of mRNA and protein were analyzed by Real-time PCR and

Immunofluorescence. A simple bioinformatics approach was carried out to identify the possible interactions between

AEG-1 and EXT-1 using Easy Networks and Pathway Commons Database. Cell survival and clonal efficiency were

determined using Cell Counting Kit-8 assay and clonogenic assay, apoptosis using flow cytometry analysis, migration

and invasion using scratch and Transwell assays, respectively. Forward siRNA transfection significantly suppressed the

expression of AEG-1 in mRNA and protein levels on SW480 and SW620 colon cancer cells. From our results, we

found that EXT-1 mRNA and protein level was significantly upregulated in AEG-1 siRNA transfected cells. Moreover,

treatment with AEG-1 siRNA inhibited the proliferation, clonogenic ability, migration, and invasion and also induced

apoptosis. Through the bioinformatic approach, our data analyses pointed towards the crosstalk between AEG-1 and

EXT-1 mediated through Patched-1 (PTCH-1) protein. Our current results demonstrated that silencing AEG-1 can

restrain cell proliferation, migration, and invasion, ultimately leading to apoptosis. In AEG-1 siRNA transfected cells,

PTCH-1 activity might be modulated by several genes and, in turn, affects the EXT-1 activity. Collectively, these

observations not only provide insight into the interplay between AEG-1 and EXT-1 but also suggest that AEG-1 may

represent a possible candidate therapeutic target through interaction with EXT-1 in colon cancer.

Introduction

Colon cancer (CC) is considered the third major cause of
cancer-death, accounting for about 8% in terms of mortality
globally (Budisan et al., 2019). Till now, there are no
effective treatments available to reduce the risk of CC, and

the rate of metastasis for this cancer seems to be very high
(Vogelstein and Kinzler, 2004). Activities of several signaling
pathways like Wnt/β-catenin, PI3K/Akt, MAPK and NF-κB
are found to be correlated with colon carcinogenesis, which
provides potential biomarkers in CC (Lièvre et al., 2010;
Grady and Pritchard, 2014). Identifying the potential
therapeutic targets is highly needed to efficiently inhibit the
proliferation, invasiveness, and metastasis of CC cells (Akagi
et al., 2013). Metadherin (MTDH) or Astrocyte Elevated
Gene-1 (AEG-1) has been shown to have an upraised
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expression in fetal astrocytes after subsequent infection by
HIV-1 or gp-120 treatment (Zhong et al., 2003). The
location of AEG-1 is highly significant in several
malignancies such as glioma, breast cancer, and
hepatocellular carcinoma (HCC). However, a copious
amount of investigation is necessary on AEG-1 to
distinguish the entire biochemical as well as molecular
properties. Localization of AEG-1 is not only limited in the
membrane, but also includes cytoplasm, nucleus, and
endoplasmic reticulum (ER). It is reported to be
overexpressed in most cancers, including CC, and promotes
tumor cell proliferation, invasion, and metastasis (Hu et al.,
2009; Li et al., 2017; Yao et al., 2014; Zhu et al., 2015). It is
also evident that increased AEG-1 expression is in
correlation with the Union for International Cancer Control
(UICC) (Song et al., 2010). AEG-1 is considered as a
downstream target of H-ras oncogene and plays a significant
role in H-ras-mediated carcinogenesis (Lee et al., 2006).
Comprehensively, these observations stipulate that AEG-1
could act as a possible fundamental gene in controlling the
progression of the tumor (Lee et al., 2008). In some studies,
oncogene AEG-1 was found to impede apoptosis and
enhance migration and invasion via the PI3K/Akt signaling
pathway (Noch and Khalili, 2013). Apoptosis, also known as
type-I cell death, is an eminently controlled physiological
process that plays a significant role in maintaining normal
colonic epithelium (Watson and Pritchard, 2000). Increasing
evidence was shown in the disruption between the
equilibrium of growth and the rate of cell apoptosis during
CC formation. Inhibition of apoptosis could possibly cause a
disparity in human intestinal epithelial cell homeostasis,
which associates with the genesis of CC and its deprived
reaction to therapies (Abraha and Ketema, 2016). Mutations
in onco- and tumor-suppressor genes like APC, K-RAS,
AEG-1, P53 and PIK3CA were reported to lead to
inefficacious apoptosis mechanisms (Armaghany et al.,
2012). Continual genomic alteration due to the imbalance in
CC may also give rise to variations in genes, which has been
found to be involved in controlling apoptosis (Stoian et al.,
2014). Li et al. (2018) suggested that AEG-1 may function
via the expression of numerous apoptosis-related proteins in
CC cells. Through some studies, AEG-1 overexpression
enhanced migration and matrix invasive ability in
HCC, HeLa, and neuroblastoma cells. In vivo studies have
also proven that AEG-1 overexpression resulted in
metastatic tumors in nude mice models of human liver
cells (Byoung et al., 2009; Gnosa et al., 2016; Emdad et al.,
2006). Though various signaling pathways and small
molecules have been discovered, additional research is
required to elucidate the complete mechanism of invasion
and metastasis.

For decades, it is well known that heparan sulfate
proteoglycans (HSPGs) are intricated in the development of
cancer at various stages. Studies have proven that depletion
of HSPGs could be responsible for tumor growth and
invasion, which substantially inhibit invasion and metastasis
of renal carcinoma cells (Qazi et al., 2016). In particular,
various CC critical genes, including Exostosin-1 (EXT-1),
exhibit a strong relationship with HSPGs. EXT-1, a well-
known tumor suppressor, is a type-II transmembrane

glycoprotein with glycosyl-transferase activities required for
the biosynthesis of HS, and its localization is limited to ER
(Busse et al., 2007). This EXT-1 is a co-polymerase that is
accountable for HS formation. Both EXT-1 and EXT-2
protein forms a hetero-oligomeric complex, which led to an
assemblage in Golgi. Some mutations of EXT-1 and EXT-2
have been reported to be a significant pathogenic effect of
hereditary multiple exostoses, distinguished by several
cartilage-capped malignancies (Pacifici, 2017).

The reason behind investigating both AEG-1 and EXT-1
in our study is that AEG-1 is oncogenic because it plays a
significant role in the activation of diverse signaling pathways
involved in cancer proliferation and invasion. It is also a
pivotal intermediate for malignant tumors and a major
converging point of a complex network of cancer pathways
and EXT-1, being a tumor suppressor could help in the
biosynthesis of HSPGs. Although studies have reported that
HS backbone synthesis is mediated by its biosynthetic
enzyme EXT-1, the involvement of EXT-1 in CC metastasis
is not well understood (Busse-Wicher et al., 2014). Thus, the
main aim of our current study was to investigate the effect of
silencing AEG-1, a metastasis mediating factor and how it
interacts with EXT-1 protein to inhibit the proliferative and
invasive potential in CC cells. To the best of our knowledge,
this is the first study to find the potential relationship
between AEG-1 and EXT-1 in CC cells. In addition, in silico
analysis was also performed to find the possible biological
interactions between AEG-1 and EXT-1.

Materials and Methods

Cell culture conditions
CC primary and metastatic cell lines SW480 and SW620 were
acquired from NCCS, Pune, India. There was no mycoplasma
infection or changes in cellular morphology seen during the
usage of these cell lines. Culturing was done with Dulbecco’s
Modified Eagle’s Medium (DMEM) containing 10% Fetal
Bovine Serum (FBS), 1% glutamine, and 1% penicillin-
streptomycin at 37°C in 5% CO2. Materials including
DMEM, FBS, trypsin, antibiotic-antimycotic solution, Opti-
MEM and Phosphate-Buffered Saline (PBS) were obtained
from GIBCO (Thermo Fisher Scientific).

Transient siRNA transfection
Transfection of SW480 and SW620 with MTDH/AEG-1
Silencer Pre-designed siRNA (Ambion, Thermo Fisher
Scientific) was carried out with the help of Lipofectamine
RNAiMAX Transfection Reagent acquired from Invitrogen,
Thermo Fisher Scientific using the protocol specified by
manufacturer’s instructions. Seeding was done in Opti-
MEM without antibiotic, and after it reaches 30%–50%
confluence, forward transfection was performed for the
adherent cells. Transfected cells were collected after 24 h,
and it was utilized for further experiments.

Cell proliferation assay
The Cell Counting Kit-8 (CCK-8, Sigma-Aldrich) was used to
determine cell proliferation. A total of 2000 transiently
transfected cells were seeded into 96-well plates and grown
overnight at different time intervals of 24 h, 48 h, and 72 h.

564 SUSHMITHA SRIRAMULU et al.



CCK-8 (10 µL) reagent was added to each well individually
and kept for incubation at 37°C for a period of 4 h. The
resulting absorbance was measured at 450 nm with a
microplate reader (Robonik Touch Well Reader, India).

Clonogenic assay
A total of 1000 transiently transfected cells were seeded in a 6
well plate followed by incubation. The total time of incubation
for this assay was 12 days at 37°C, after which they were
stained using 0.5% crystal violet at room temperature (RT)
for just 15 min. Colonies with more than 50 cells as a
minimum for scoring were counted under an inverted
phase-contrast microscope (Leica Microsystems).

Apoptosis assay
Transient transfection was carried out using AEG-1 siRNA,
and the cells were resuspended 24 h post-treatment in 1X
binding buffer. Cell apoptosis was examined using the kit
obtained from BD Pharmingen. The FITC Annexin-V
Apoptosis Detection Kit (Cat. No #556547) was used
according to the manufacturer’s instructions. BD FACS
CantoTM (BD Biosciences) was used to determine the
percentage of apoptotic cells. Annexin-V FITC and
Propidium Iodide (PI), each of 5 μL were used to stain the
cells at RT in dark for 10–15 min, and analysis was carried out.

Scratch assay
A total of 75,000 transfected cells were seeded in 24-well plates
and grown overnight. Opti-MEM was used to starve the cells
for 24 h and subsequently, after confluency, a scratch was
made with a sterile 200 μL tip across the cell monolayer.
After scratching, unattached cells were washed off and day 0
pictures were taken in Leica Image viewer. 24 h, 48 h, and
72 h post-scratching images were taken in 4X magnification.
Using Image J software (Polygon selection mode), the area
of the wound was measured.

Transwell invasion assay
Transfected cells were starved using Opti-MEM for 24 h prior to
seeding in the Transwell chambers. Matrigel (Cat. No. #356234,
Corning) was used to pre-coat the Transwell chambers
(Corning). In the upper chamber of a Transwell, 2 × 104 cells
were added in 100 μL serum-free medium and the lower
chamber contained 500 μL of 10% FBS DMEM medium. After
incubation for about 48 h at 37°C, the cells in the upper chamber
were removed. Those that invaded through the membranes were
fixed using methanol and further stained with Giemsa. Images
were acquired in Leica Image viewer and invading cells were
counted under the microscope in five random fields.

Gene expression analysis using qPCR
Cells were treated with TRIzol reagent (Invitrogen, USA) in
order to extract RNA. Quantity and purity check of total
RNA for all samples was determined using NanoDrop at
260 nm and 280 nm, respectively. Reverse transcriptase
reaction was performed using the Eurogentec Reverse
Transcriptase PCR kit (Eurogentec, Belgium). The mRNA
levels of human normal colon RNA (Cat. No. #AM7986,
Ambion) and colon cancer cells were assessed using qPCR.
The qPCR was performed using Eurogentec TakyonTM ROX

SYBR Mastermix, dTTP Blue kit (Takyon, Eurogentec,
Belgium) for genes with primer sequences mentioned in
Tab. 1. The reaction setup (50°C for 2 min, Carryover
prevention; 95°C for 3 min, Takyon activation; 95°C for
10 s, Denaturation and 60°C for 1 min, Annealing/
Extension) was carried out in ABI 7500 Fast Real-Time PCR
System (Applied Biosystems) and threshold cycle value (Ct)
was acquired. Normalization of target gene Ct value with β-
actin expression was done to obtain the ΔCt values and fold
change was calculated.

TABLE 1

List of primer sequences used to identify the gene expression
patterns in qPCR

Primers Sequence

β-actin F: 5’-TTCTACAATGAGCTGCGTGTG-3’
R: 5’-GGGGTGTTGAAGGTCTCAAA-3’

AEG-1 F: 5’-TTGAAGTGGCTGAGGGTGAA-3’
R: 5’-TACGCTGCTGTCGTTTCTCT-3’

EXT-1 F: 5’-GCTCTTGTCTCGCCCTTTTGT-3’
R: 5’-TGGTGCAAGCCATTCCTACC-3’

PCNA F: 5’-CTGTGTAGTAAAGATGCCTTC-3’
R: 5’-TCTCTATGGTAACAGCTTCC-3’

CDK-6 F: 5’-GGATATGATGTTTCAGCTTCTC-3’
R: 5’-TCTGGAAACTATAGATGCGG-3’

BAX F: 5’-GTGCCGGAACTGATCAGAAC-3’
R: 5’-CCAAAGTAGGAGAGGAGGCC-3’

CASPASE-3 F: 5’-ATGGTTTGAGCCTGAGCAGA-3’
R: 5’-GGCAGCATCATCCACACATAC-3’

CASPASE-8 F: 5’-ACCTTGTGTCTGAGCTGGTCT-3’
R: 5’-GCCCACTGGTATTCCTCAGGC-3’

CASPASE-9 F: 5’-GCAGGCTCTGGATCTCGGC-3’
R: 5’-GCTGCTTGCCTGTTAGTTCGC-3’

BCL-2 F: 5’-GCCTTCTTTGAGTTCGGTGG-3’
R: 5’-GAAATCAAACAGAGGCCGCA-3’

COL1A1 F: 5’-GCTACCCAACTTGCCTTCATG-3’
R: 5’-TGCAGTGGTAGGTGATGTTCTGA-3’

VIMENTIN F: 5’-GGAAACTAATCTGGATTCACTC-3’
R: 5’-CATCTCTAGTTTCAACCGTC-3’

PIK3CA F: 5’-GAGTAACAGACTAGCTAGAGAC-3’
R: 5’-AGAAAATCTTTCTCCTGCTC-3’

AKT-1 F: 5’-ACCTCAAGCTGGAGAAC-3’
R: 5’-CAAAAGGTCTTCATGGTGG-3’

NF-κB F: 5’-CACAAGGAGACATGAAACAG-3’
R: 5’-CCCAGAGACCTCATAGTTG-3’

VEGF F: 5’-ACCTCCACCATGCCAAGT-3’
R: 5’-TTGGTCTGCATTCACATCTG-3’

PTCH-1 F: 5’-GGGTGGCACAGTCAAGAACAG-3’
R: 5’-TACCCCTTGAAGTGCTCGTACA-3’

EXT-2 F: 5’-AAGCACCAGGTCTTCGATTACC-3’
R: 5’- GAAGTACGCTTCCCAGAACCA-3’

SDC-1 F: 5’-TGGGGATGACTCTGACAACT-3’
R: 5’-CACTTCTGGCAGGACTACAG-3’

SDC-4 F: 5’-GGCCCTGAAGTTGTCCATCCCT-3’
R: 5’-CATCCTCACTCTCTTCAACGGGTG-3’
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Immunofluorescence analysis
SW480 and SW620 cells were grown on coverslips and
transfected with AEG-1 siRNA. After 24 h, cold PBS was
used to wash the cells, and further, cells were fixed using
chilled methanol for about 10 min at −20°C.
Permeabilization of cells was carried out with 0.1% Triton
X-100 for 15 min at RT. After blocking in 2% bovine serum
albumin (BSA) for about 1 h at RT, the coverslips were
stained with the desired concentration of primary antibodies
AEG-1 (1:250) (Catalog #40-6400-Invitrogen, Thermo
Fisher Scientific), EXT-1 (1:500) (Catalog No. # PA5-76041),
and BAX (1:500) (Catalog No. sc-7480). Incubation for
overnight at 4°C and further treated by Alexa FluorTM 633
goat anti-rabbit (IgG) secondary antibody (Catalog #A-
21070-Invitrogen, Thermo Fisher Scientific) for about 1 h at
RT protected from light (Invitrogen, 1:400). DAPI (Sigma
Aldrich) was used for nuclear counterstaining followed by
mounting the coverslips on glass slides using a mounting
medium, and then images were taken in EVOS FLoid Cell
Imaging Station (Invitrogen, Thermo Fisher Scientific).

Bioinformatic approach using Easy Networks and Pathway
Commons database
The network interaction data was visualized through esyN
(“easy networks”) (Bean et al., 2014). In esyN, the interaction
network was predicted by utilizing human interaction data of
both kinds, genetic and physical, available in HumanMine
(Smith et al., 2012) and BioGRID (Oughtred et al., 2019)
with the set of genes of interest. Pathway Commons
(Rodchenkov et al., 2020), on the other hand, integrates the
expression and interaction data from 22 databases using
Systems Biology Graphical Notation (SBGN) (Le et al., 2009)
and PATIKAweb (Dogrusoz et al., 2009) tool.

Statistical data analysis
The statistical significance was assessed using Student’s t-test with
Graph Pad Prism 5.0 software and P < 0.05 was considered to be
statistically significant. Data are expressed as mean ± standard
deviation. All experiments were carried out in triplicates.

Results

Silencing of AEG-1 upregulate EXT-1 expression in CC cells
SW480 and SW620 cells were cultured in 10% FBS DMEM
and subcultured for further experiments after reaching
about 80% confluence. The mRNA and protein expression
levels of AEG-1 were assessed in SW480 and SW620 cells.
The expression pattern of AEG-1 was analyzed by qPCR
and immunofluorescence, respectively. Results from qPCR
demonstrated that AEG-1 expression was found to be
significantly upregulated in CC cells compared to the
normal colon cells confirming it is an oncogene (Fig. 1a)
whereas the cells transfected with AEG-1 siRNA showed
significant downregulation in both SW480 and SW620 cells
(Figs. 1c and 1d). Immunofluorescence analysis displayed
that the fluorescence intensity of AEG-1 protein was found
to be decreased in AEG-1 siRNA transfected cells indicating
significantly lower expression of protein in both SW480
(Figs. 2a and 2b) and SW620 cells (Figs. 2c and 2d). Further
examination for the function of AEG-1 in CC cell behavior

was by using these cells in subsequent experiments.
Alongside, as studies have exhibited that EXT-1 acts by
suppressing tumor growth in many kinds of tumor cells
including CC and further studies have stipulated that EXT-1
majorly participates in HS biosynthesis contributing to
invasiveness and metastasis of cancer cells, we thus
identified the EXT-1 expression in CC cells. It was found to
be significantly downregulated in CC cells compared to the
normal colon cells, confirming it is a tumor suppressor
(Fig. 1b). In this study, we surprisingly found that EXT-1
expression was significantly upregulated in AEG-1 siRNA
transfected cells (mRNA level) in both SW480 and SW620
cells (Figs. 1e and 1f). Immunofluorescence analysis was
performed to confirm further in protein level, where the
results displayed that the fluorescence intensity of EXT-1
protein was found to be increased in AEG-1 siRNA
transfected cells indicating significantly higher expression of
protein in both SW480 (Figs. 2e and 2f) and SW620 cells
(Figs. 2g and 2h).

Molecular interactions of AEG-1 and EXT-1 proteins through
Patched-1 protein
From esyN and Pathway Commons data integration and
analyses, it was apparent that AEG-1 and EXT-1 proteins
were capable to perturb each other’s function in more than
one way (Figs. 3a and 3b). Both the protein–protein
interaction network data analyses pointed towards the
crosstalk between AEG-1 and EXT-1 mediated through
Patched-1 (PTCH-1). Further, the PTCH-1 activity and
expression might be modulated by a number of genes as
evident from the figure and in turn, affects the AEG-1
and/or EXT-1 activity.

Silencing of AEG-1 inhibits CC cellular proliferation in vitro
AEG-1 silencing effects on the growth of SW480 and SW620
cells in vitro were detected. Detection was done by CCK-8
assay. Our results displayed that the proliferation of SW480
and SW620 transfected cells was significantly suppressed in
a time-dependent manner (Figs. 4a and 4b). Average
Inhibition Rate (in %) was calculated using a formula: [(OD
value of control group–OD value of experimental group)/
OD value of control group] x 100%. Inhibition rate of
SW480 cells were 16.3% (24 h), 52.2% (48 h), 54.9% (72 h)
and SW620 cells were 4.6% (24 h), 41.3% (48 h), and 41.6%
(72 h). To support proliferation studies, the expression of
proliferation markers like proliferating-cell nuclear antigen
(PCNA) and cyclin-dependent kinase 6 (CDK-6) was
observed in qPCR and was found to be significantly
downregulated after AEG-1 siRNA transfection in SW480
and SW620 cells (Figs. 1g and 1h). Colony formation assay
further confirmed that knockdown of AEG-1 displayed a
significant reduction in the colony-forming ability of SW480
and SW620 cells (Figs. 4c and 4d). Collectively, these results
suggest/strongly supported that in absence of AEG-1, both
the number and the size of colonies are suppressed.

Silencing of AEG-1 increases apoptosis-associated proteins in
CC cells
Apoptosis which is vitally important in cell growth
suppression was detected by Annexin-V FITC/PI staining by
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flow cytometry. As presented in the Figs. 4e and 4f. the flow
cytometry analysis was carried out and the early apoptosis rate of
SW480 and SW620 control cells was found to be 31.8% and
16.5% respectively whereas the AEG-1 siRNA transfected cells
were 48.4% and 22.3% respectively (Figs. 4e and 4f). Apoptosis
detection rate (in %) was plotted in Y-axis and cells before and
after treatment with AEG-1 siRNA in X-axis for SW480 and
SW620 cells (Figs. 4g and 4h). To support apoptosis analysis, the
expression of apoptosis markers like bcl-2-like protein 4 (BAX),
Caspase-3, Caspase-8 and Caspase-9 was observed in qPCR and
were found to be upregulated whereas anti-apoptotic B-cell
lymphoma-2 (BCL-2) marker was found to be downregulated in
AEG-1 siRNA transfected cells compared to control cells (Figs.
1i and 1j). Furthermore, the expression of proteins related to
apoptosis was determined by immunofluorescence analysis.
Immunofluorescence results showed that the fluorescent intensity
of BAX was found to be increased in AEG-1 siRNA transfected
cells indicating significantly higher expression of protein in both

SW480 (Figs. 5a and 5b) and SW620 cells (Figs. 5c and 5d).
These results suggest that AEG-1 knockdown may induce
apoptosis. This results in inhibition of the cellular proliferation
indicating that AEG-1 may function through apoptosis-related
protein expression in CC cells.

AEG-1 knockdown inhibits the migration capability of CC cells
Scratch assay was performed to examine the effect of AEG-1
knockdown on the migration ability of SW480 and SW620
cells (Figs. 6a and 6b). Silencing of AEG-1 in CC cells
significantly slowed down the wound closure and also
inhibited migration in AEG-1 siRNA transfected cells in a
time-dependent manner (Figs. 6c and 6d). As Collagen type I
alpha 1 chain (COL1A1) expression appeared to be associated
with invasion and metastasis, we observed the role of COL1A1
in migration by qPCR and were found to be significantly
downregulated in AEG-1 siRNA transfected cells compared to
control cells (Figs. 7a and 7b). The results thus revealed that

FIGURE 1. (a) Basal level expression of AEG-1 in normal colon cells and colon cancer cells (SW480 and SW620). (b) Basal level expression of
EXT-1 in normal colon cells and colon cancer cells (SW480 and SW620). (c) Downregulation of AEG-1 after silencing with AEG-1 siRNA in
SW480 cells and (d) SW620 cells. (e) Upregulation of EXT-1 after silencing with AEG-1 siRNA in SW480 cells and (f) SW620 cells. (g)
Expression of PCNA and CDK-6 after treatment with AEG-1 siRNA supporting proliferation studies in SW480 cells and (h) SW620 cells.
(i) Expression of apoptotic and anti-apoptotic markers (BAX, BCL-2, CASPASE-3, 8 and 9) after treatment with AEG-1 siRNA in SW480
cells and (j) SW620 cells (P < 0.05)
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suppression of COL1A1 in AEG-1 siRNA transfected cells could
attenuate the migration capabilities in SW480 and SW620 cells.

AEG-1 knockdown inhibits invasive potential in CC cells
In addition to migration, we observed the invasive potential of
both SW480 and SW620 cells (Figs. 6e and 6f). From the
results of the Transwell assay, it was clearly displayed that

count of invasive cells was found to be significantly
decreased in AEG-1 siRNA transfected cells. To support
invasive analysis, we investigated the AEG-1 knockdown
effect on the expression of key epithelial-to-mesenchymal
transition (EMT)-related marker vimentin. As the
expression of vimentin plays a crucial role in the invasion
and metastasis of CC, it is considered as one of the finest

FIGURE 2. (a) Increased AEG-1 protein expression in control SW480 cells compared to the (b) cells treated with AEG-1 siRNA. (c) Increased
AEG-1 protein expression in control SW620 cells compared to the (d) cells treated with AEG-1 siRNA. (e) Decreased EXT-1 protein
expression in control SW480 cells compared to the (f) cells treated with AEG-1 siRNA. (g) Decreased EXT-1 protein expression in control
SW620 cells compared to the (h) cells treated with AEG-1 siRNA

FIGURE 3. Predictive Molecular interactions between MTDH/AEG-1 and EXT-1 through (a) Easy Networks database and (b) Pathway
Commons database
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indicators of EMT in carcinogenesis. Thus, we noted that the
expression of vimentin was significantly decreased following
AEG-1 siRNA treatment in SW480 and SW620 cells
compared to control cells (Figs. 7c and 7d).

Knockdown of AEG-1 downregulates potent oncogenes and
suppresses angiogenesis
The molecular mechanism of AEG-1-mediated CC cell
growth was investigated. Our study examined the expression

of potent oncogenes which includes Phosphatidylinositol-
4,5-bisphosphate 3-kinase (PIK3CA), Protein Kinase-B
(AKT-1) and Nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-κB). We identified that the expression
of PIK3CA, AKT-1 and NF-κB was significantly
downregulated in AEG-1 siRNA transfected cells compared
to control (Figs. 7g and 7h). This indicated that the
abnormal expression of oncogenes which was found to be
reduced in AEG-1 siRNA transfected cells led to inhibition

FIGURE 4. (a) Cell proliferation assay before and after treatment with AEG-1 siRNA in SW480 cells and (b) SW620 cells. (c) Colony-forming
assay before and after treatment with AEG-1 siRNA in SW480 cells and (d) SW620 cells. (e) FACS analysis using Annexin-V/FITC in SW480
cells and (f) SW620 cells. (g) Graph plotted for apoptosis detection rate (in %) before and after treatment with AEG-1 siRNA in SW480 cells
and (h) SW620 cells (P < 0.05)

FIGURE 5. (a) Decreased expression of BAX protein in control SW480 cells compared to the (b) cells treated with AEG-1 siRNA. (c)
Decreased expression of BAX protein in control SW620 cells compared to the (d) cells treated with AEG-1 siRNA
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FIGURE 6. (continued)
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FIGURE 6. (a) Migration of SW480 cells and (b) SW620 cells before and after treatment with AEG-1 siRNA at 0 h, 24 h, 48 h, and 72 h. (c)
Scratch assay before and after treatment with AEG-1 siRNA at different time intervals in SW480 cells and (d) SW620 cells. (e) Transwell assay
for invasive ability before and after treatment with AEG-1 siRNA in SW480 cells and (f) SW620 cells (P < 0.05)

FIGURE 7. (continued)
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of tumorigenesis. In addition, we further identified the
vascular endothelial growth factor (VEGF) expression in
AEG-1 siRNA transfected cells as its well-known that CC
cells secrete a high level of VEGF and promote angiogenesis
to maintain the nutrition and oxygen supply in the tumor
microenvironment. Thus, our results revealed that AEG-1
knockdown significantly suppressed VEGF expression in AEG-1
siRNA transfected cells compared to control cells (Figs. 7e and 7f).

Altered EXT-1 expression in AEG-1 siRNA transfected cells
upregulate potent genes involved in metastasis of CC cells
The expression level of PTCH-1 with tumor suppressor
properties involved in relation with EXT-1 in invasion and
metastasis process was also identified using qPCR (Fig. 7i). We
found that the expression of PTCH-1 was also found to be
significantly upregulated in AEG-1 siRNA transfected cells
(Figs. 7j and 7k). In addition, we observed the expression of
EXT-2 (tumor suppressor), Syndecan-1 (SDC-1) and Syndecan-
4 (SDC-4) which are HSPGs belonging to the syndecan
proteoglycan family. As these syndecans can interact with the
surrounding microenvironment through HS chains, they play a
major role in the cancer invasion and metastasis process. The
expression level of EXT-2, SDC-1 and SDC-4 was observed in
qPCR and it was found to be significantly upregulated in

AEG-1 siRNA transfected cells, which confirms that it might
inhibit CC invasion and metastasis (Figs. 7l and 7m).

Discussion

CC is considered one of the common malignant tumors,
and the prevalence rate begins to increase globally in recent
times. Even though there are substantial improvements in
diagnostic and treatment protocols including chemotherapy,
radiotherapy, and surgery, still the rational clinical outcome
remains dissatisfying for the patients suffering from CC
(Chen et al., 2008; Compton, 2003). Thus, it is mandatory
to attain a greater understanding of this disease in order to
initiate a novel therapeutic approach for CC.

As previous studies demonstrated that AEG-1 expression
seems to be much higher in CC cell lines compared to normal
colon cells (Gnosa et al., 2016), we performed loss-of-function
assay via AEG-1 siRNA for investigating its role in cell
behavior (including proliferation, apoptosis, migration, and
invasion) in SW480 and SW620 cells in vitro. In this study,
we have also transiently transfected AEG-1 siRNA into
SW480 and SW620 cells and the expression pattern of
AEG-1 were found to be efficiently downregulated after
transfection. We observed inhibition in cellular proliferation

FIGURE 7. (a) Downregulation of COL1A1 after treatment with AEG-1 siRNA supporting migration studies in SW480 cells and (b) SW620
cells. (c) Downregulation of Vimentin after treatment with AEG-1 siRNA supporting invasion studies in SW480 cells and (d) SW620 cells. (e)
Downregulation of VEGF after treatment with AEG-1 siRNA in SW480 cells and (f) SW620 cells. (g) Downregulation of oncogenes (PIK3CA,
AKT-1, NF-κB) after treatment with AEG-1 siRNA in SW480 cells and (h) SW620 cells. (i) Basal level expression of PTCH-1 in normal colon
cells and colon cancer cells (SW480 and SW620). (j) Upregulation of PTCH-1 after silencing with AEG-1 siRNA in SW480 cells and (k) SW620
cells (l) Upregulation of EXT2, SDC-1 and SDC-4 after silencing with AEG-1 siRNA in SW480 cells and (m) SW620 cells (P < 0.05)
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and reduction in colony numbers in SW480 and SW620 AEG-
1 siRNA transfected cells, confirming that the proliferation
was controlled by AEG-1 expression. Meanwhile, reduced
EXT-1 expression was also found in CC cells when
compared to normal colon cells. Further, alteration of EXT-
1 expression (mRNA and protein level) in AEG-1 siRNA
transfected cells was observed. In addition, we also found
that cells with low AEG-1 expression showed decreased
proliferation, clonogenic ability, migration and invasion and
induced apoptosis in vitro.

We then identified the possible interaction networks
between AEG-1 and EXT-1 proteins using esyN and Pathway
Commons databases. It was evident from the data analyses
that AEG-1 and EXT-1 expression is modulated through
PTCH-1. There are previous studies that revealed that CC
metastasis and PTCH-1 expression are inversely correlated,
and loss of its expression stimulated the metastatic potential
(You et al., 2010). Our data are in line with these results to
describe that PTCH-1, a receptor of the Hedgehog pathway,
was found to be significantly upregulated in AEG-1 siRNA
transfected cells confirming the inhibition of metastasis.
Thus, PTCH-1 activity might be modulated by several genes
and in turn, it affects EXT-1 activity.

Apoptosis is a vigorous cellular self-destruction process
that not only aims to restrict viral replication by destroying
the infected cells but in addition, it imparts to restrict
dissemination (Jorgensen et al., 2017). As siRNA has been
reported to promote apoptosis in tumor cells, we have also
investigated whether AEG-1 silencing could promote
apoptosis or not by analyzing the phosphatidylserine
membrane. Cells undergoing early apoptosis were found to
be significantly increased in AEG-1 siRNA transfected
groups when compared to control groups in both SW480
and SW620 cells. However, we found that siRNA did not
influence the cells undergoing late apoptosis. Thus, these
results indicate that AEG-1 siRNA transfected cells
decreased the proliferation of SW480 and SW620 cells by
inducing apoptosis. Pro- and anti-apoptotic BCL-2 family
proteins regulate the permeabilization of the external
membrane of mitochondria. Here, we found that AEG-1
could induce a significant upregulation in pro-apoptotic
BAX and also a significant downregulation in anti-apoptotic
BCL-2 directing to increased apoptosis in AEG-1 siRNA
transfected cells. Balancing between the pro- and anti-
apoptotic proteins does determine whether a cell undergoes
apoptosis or not. We are in plan to induce apoptosis in near
future by using a targeted AEG-1 inhibitor, in order to
attain the goal of treating CC cells.

Further, we investigated whether AEG-1 siRNA-
mediated silencing affected migration and invasion of CC
cells. From our results, we observed that siRNA-mediated
silencing of AEG-1 expression in SW480 and SW620 cells
decreased migration and invasive potential. Consistent with
previous in vitro results in other cell types (Wang et al.,
2017), AEG-1 silencing resulted in decreased cell migration
and invasion in SW480 and SW620 cells.

From earlier studies, it is much familiar that there is a
strong relationship between HS and cancer. HSPGs play a
pivotal role in cell adhesion, invasiveness, and metastasis of
cancer cells. There seem to have conflicting reports

pertaining to the role of HS in cancer where it could
inhibit or promote invasion and metastasis (Tímár et al.,
2002; Sanderson, 2001). Interactions of proteins in tumor
cells could solely depend on the structural properties of
HS. Tumor cells generally modify their cell surface HS
profile either by differential expression of specific PG
protein cores or by modification of the structure of HS
chains (Hull et al., 2017; Blackhall et al., 2003; Theocharis
et al., 2016). There are several mRNA levels of HS
biosynthesis-related enzymes or genes reported in most of
the cancers, including CC (Fernández-Vega et al., 2015;
Suhovskih et al., 2015), glioma (Ushakov et al., 2017),
breast and prostate cancer (Mao et al., 2016; Fernández-
Vega et al., 2013).

EXT-1 is majorly involved in the biosynthesis of HS (Okada
et al., 2010) and both EXT-1 and EXT-2 possess in vitro HS
polymerase activity (Busse et al., 2007; Senay et al., 2000). It
has been reported that EXT-1 expression is able to extricate
HS-deficient mutant Chinese Hamster Ovary cells, which
harbor missense mutations in EXT-1 (Lin et al., 2000). Evident
results pointed out that EXT-1 is essential for HS biosynthesis
by performing in vivo studies in the EXT-1 knockout mouse
model (Kenneally et al., 2000). Even though there are studies
that show modifications in the EXT’s expression level and it
further affects tumor progression and metastasis, still no clear
research has been performed on how these changes affect
chain elongation of HS which eventually control the biological
function of EXTs (Sembajwe et al., 2018). Continued
investigations on the biosynthetic enzymes related to HS could
help us to inhibit the metastasis of tumor cells.

To the best of our knowledge, our present study is the first
to identify the potential relationship between AEG-1 and EXT-
1 in CC cells. Interestingly, this is the first report to show that
AEG-1 silencing could inhibit cell proliferation and invasive
potential through EXT-1. Also, we found that EXT-1 mRNA
and protein expression was upregulated in AEG-1 siRNA
transfected cells. Silencing AEG-1 expression could be able to
interfere the expression of EXT-1 through PTCH-1, thereby
affecting cell adhesion and cell-ECM interactions which
further led to inhibition of invasion and metastasis. These
findings suggest that AEG-1 might have the ability to regulate
proliferative and invasive potential in AEG-1 siRNA
transfected cells indirectly through regulating the expression
of EXT-1. Till now the molecular mechanisms underlying
these observations have not been fully studied. Our present
results could add to the body of evidence that loss of SDC-1
and SDC-4 is a typical feature of cancer progression and
incidence of metastasis (Li et al., 2019). In fact, our results
showed that along with upregulation of EXT-2 (essential for
the HSPG biosynthesis), SDC-1 and SDC-4 which are HSPGs
belonging to syndecan proteoglycan family was also found to
be upregulated in AEG-1 siRNA transfected cells confirming
that cells may lead to inhibition of metastasis. Further studies
on protein levels of these HSPG related genes might be
required to conclude its firm role in inhibiting metastasis.

Conclusions

Our results demonstrated that AEG-1 siRNA could reduce cell
proliferation, migration, and invasion of both SW480 and
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SW620, finally leading to apoptosis. Our current results
indicated that AEG-1 was significantly correlated with CC
cell proliferation. Inhibition of AEG-1 could represent a novel
therapeutic target for the prevention and treatment of CC.
Through this study, we report, the link between the
expressions of EXT-1 to AEG-1 in CC cells. Silencing of
AEG-1 increased the EXT-1 expression, which in turn may
inhibit cell proliferation and invasion. Results from in silico
interaction studies pointed towards the crosstalk between
AEG-1 and EXT-1 mediated through PTCH-1. In our
experimental data, PTCH-1 activity was modulated by AEG-1
silencing, and in turn, it affects the expression of EXT-1.
These observations from the investigation not only provide
insight into the interplay between AEG-1 and EXT-1 during
CC but further open up new perspectives related to the
function of EXT-1 under normal and pathological states as
well. Further extensive studies are necessary to determine the
mechanisms underlying the increased expression of EXT-1 in
AEG-1 silenced CC cells and its role in relation to inhibit cell
proliferation and invasion. Collectively, from our data, we can
conclude that AEG-1 could be a possible therapeutic target
candidate for CC through the interaction with EXT-1.

Limitations of the study
Further extensive in vivo studies are required to uncover the
mechanism of action of AEG-1 protein in colon
carcinogenesis. However, finding the signaling cascade of
how AEG-1 siRNA transfected cells inhibit metastasis
through EXT-1 would be of great interest in the future.
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