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Cancer metastasis represents an advanced stage of malig-
nancy and is the leading cause of cancer-related deaths.
Metastasis is a multistep process that includes migration
and invasion of cancer cells, hallmarks of malignancy. These
processes require the involvement of a wide array of cellular
mechanisms led by cytoskeleton dynamics as well as molec-
ular alterations such as expression of adhesion and proteo-
lytic enzymes. Cell migration in itself is a highly integrated
process that includes development of cytoplasmic protru-
sions, attachment, and traction. Additional secondary
changes associated with cell migration and invasion include
production of reactive oxygen species (ROS), development
of chemoresistant cancer stem cells, introduction of muta-
tions in DNA damage repair genes, and contribution of
microRNAs (miRNAs). Cell release of exosomes and their
participation in modulating cell behavior are a new and
exciting observation. In this special issue on Molecular Reg-
ulation of Cancer Cell Migration, Invasion, and Metastasis,
we have invited a few papers that address such issues.

One of the papers investigated the binding partner of
AG73, a synthetic laminin α1 chain peptide, in breast cancer
cells that mediate cancer progression. The findings demon-
strated an intrinsic interaction between AG73 and syndecans
that mediates tumor cell adhesion and invasion. One of the
papers investigated the expression of syndecans, Sdc1 in par-
ticular, in tumor cells and stroma of invasive lobular and duc-
tal breast carcinoma. Sdc1 was expressed in the epithelium of

90% carcinoma of both histological types. It was also most
frequently expressed in tumor-associated stroma. In metasta-
tic epithelium, Sdc1 was negatively correlated with patient’s
age and statuses of estrogen receptors (ERs) and progester-
one receptors (PRs) in the primary tumors, while stroma of
metastases demonstrated a positive correlation with focus
number in primary tumors and a negative association with
PRs in primary tumors. One of the papers found a role of
syndecan-2 in colorectal cancer cell migration. This finding
can help understand the biology of tumors and suggests that
syndecan-2 may be used as a target to therapy and diagnosis.

One of the papers of this special issue assessed the
expression level of Epac1 and PDE4 in rectal carcinoma.
It was found that their expression is increased in rectal car-
cinoma tissue; however, no significant association between
these proteins and degree of differentiation, histological
type, and lymph node metastasis was reported. The fifth
paper investigated the anticancer potential of metformin
against glioblastoma multiforme cancer. The results showed
a significant decrease in survival, motility, and invasion as
well as an increase in cell adhesion in metformin-treated
cancer cells.

One of the papers assessed the role of long noncoding
RNA LOXL1-AS1 on human medulloblastoma cell prolifera-
tion and metastasis. The paper reported overexpression of
Lcn RNA LOX1-AS1 in medulloblastoma tissues as well as
in advanced stages. The proliferation and metastasis of
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medulloblastoma by this noncoding RNA was mediated by
activation of the P13K-AKT pathway. The latter study opens
the door for the exciting roles of noncoding RNA in regulat-
ing cancer cell behavior.
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Breast cancer is one of the most common forms of cancer affecting women in the United States, second only to skin cancers.
Although treatments have been developed to combat primary breast cancer, metastasis remains a leading cause of death. An
early step of metastasis is cancer cell invasion through the basement membrane. However, this process is not yet well
understood. AG73, a synthetic laminin-α1 chain peptide, plays an important role in cell adhesion and has previously been
linked to migration, invasion, and metastasis. Thus, we aimed to identify the binding partner of AG73 on breast cancer cells that
could mediate cancer progression. We performed adhesion assays using MCF10A, T47D, SUM1315, and MDA-231 breast cell
lines and found that AG73 binds to syndecans (Sdcs) 1, 2, and 4. This interaction was inhibited when we silenced Sdcs 1 and/or
4 in MDA-231 cells, indicating the importance of these receptors in this relationship. Through actin staining, we found that
silencing of Sdc 1, 2, and 4 expression in MDA-231 cells exhibits a decrease in the length and number of filopodia bound to
AG73. Expression of mouse Sdcs 1, 2, and 4 in MDA-231 cells provides rescue in filopodia, and overexpression of Sdcs 1 and 2
leads to increased filopodium length and number. Our findings demonstrate an intrinsic interaction between AG73 in the tumor
environment and the Sdcs on breast cancer cells in supporting tumor cell adhesion and invasion through filopodia, an
important step in cancer metastasis.

1. Introduction

Laminin-111 (LM-111) is involved in both normal and
neoplastic breast biology and enhances adhesion, migration,
and metastasis of tumor cells. This basement membrane
glycoprotein is cleaved in the breast tumor environment,
suggesting bioactive fragments may be released into the
tumor environment [1–7]. Supporting this idea, synthetic
peptides of LM-111 can alter the behavior of tumor cells.
AG73 is a synthetic peptide based on the LM-α1 chain

(RKRLQVQLSIRT, residues 2719-2731) that affects many
physiological events. The role of AG73 in metastasis has been
documented in melanoma, adenoid cystic, oral squamous
cell, and ovarian carcinoma [8–14], and we previously
reported that AG73 increases breast cancer metastasis to
the bone [14]. Further, HT1080 human fibrosarcoma,
B16F10 mouse melanoma, and SW480 human colon adeno-
carcinoma cells are known to adhere to AG73 [15]. However,
a scrambled sequence of AG73 (LQQRRSVLRTKI) does not
promote cell adhesion. Furthermore, AG73 can be conjugated
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to polysaccharides (chitosan and alginate) and hyaluronate
hydrogels and promote cell viability, neurite extension,
capillary-like networks with endothelial cells, and acinar-like
structures with salivary gland cells [16–19]. AG73 also
inhibits the ability of cells to spread on LM-111 [15], indicat-
ing it likely has physiological relevance.

The receptors for AG73 may also play an important role
in tumor growth and metastasis. In the absence of an added
peptide, a subpopulation of B16F10 cells, which were adhe-
sion selected to AG73 over 30 times, has effects on tumor
cells including increased invasion in vitro, subcutaneous
tumor growth, and metastatic colony growth in the lungs
and the liver [10]. These results suggest that AG73 receptors
and their signaling pathway(s) are important in the metasta-
sis of these cells, and thus, we focused on the receptors in the
breast cancer cells that bind to AG73. AG73 specifically binds
to cell surface proteoglycans, including syndecans (Sdcs) 1, 2,
and 4 in nonbreast cells [12, 20–24]. The Sdcs are a family
consisting of four transmembrane heparan sulfate proteo-
glycans that interact with integrins, growth factors, and
chemokine receptors. Although they are not the primary
receptors for the extracellular matrix (ECM), growth fac-
tors, or chemokines, they synergize with these molecules’
prototypic receptors through simultaneous ligand engage-
ment [25–27]. These receptors play critical regulatory roles
in a variety of physiological and pathophysiological functions
including wound healing, inflammation, neural patterning,
tumor growth, and angiogenesis [28, 29]. Thus, we hypothe-
sized that AG73 binds to breast cancer cells through the Sdcs.
Here, we demonstrate that AG73-induced filopodium forma-
tion in breast cancer cells is mediated through Sdcs 1, 2, and
4. These data identify the receptors for a sequence in LM-111
that may play a role in the malignant phenotype of breast
cancer. This is the first study to our knowledge to identify
Sdcs as a binding partner for the laminin peptide, AG73, in
breast cancer cells.

2. Materials and Methods

2.1. Cell Culture. The human breast carcinoma cell line
MDA-MB-231 (MDA-231) was grown in DMEM/F-12
(Invitrogen) supplemented with 5% FBS (Gemini), 2mM
L-glutamine, 1mM sodium pyruvate, 0.02mM nonessential
amino acids, puromycin (1μg/ml), and fungizone (2.5μl/ml)
(Invitrogen). The MDA-231 cells expressing Green Fluores-
cent Protein (GFP) were a gift from Dr. D. Welch (The
University of Kansas Medical Center). Human MCF7 and
T47D breast carcinoma cells were grown in DMEM
(Invitrogen) supplemented with 10% FBS (Gemini), 4.5 g/l
D-glucose, (+) L-glut, and (-) sodium pyruvate (Invitrogen).
Human SUM1315 breast carcinoma cells were grown in
Ham’s F-12 (Invitrogen), 5% FBS (Gemini), 5μg/ml insulin,
10 ng/ml EGF, and 10mM HEPES (Sigma-Aldrich). Human
MCF10A normal breast epithelial cells were grown in
DMEM/F-12 (Invitrogen) supplemented with 5% horse
serum (Invitrogen), 20 ng/ml EGF, 10μg/ml insulin, and
0.5μg/ml hydrocortisone (Sigma-Aldrich). All cell media
contained 100U/ml penicillin and 100μg/ml streptomycin
(Invitrogen). Additionally, all cells were maintained at 37°C

in a 5% CO2/95% humidified air atmosphere and were
routinely checked for mycoplasma.

2.2. Adhesion Assays. Adhesion assays were performed as
described [30, 31]. Briefly, 96-well plates were coated
with AG73 and scrambled (2μg/ml), laminin (10μg/ml),
rec-LG-4 and mutant rec-LG4 [20] (AG73 site mutated
RKR-AAA; 11μg/ml, a kind gift from Drs. Kentaro
Hozumi and Yoshihiko Yamada), or basement membrane
extract (10μg/ml, BME/Matrigel, Trevigen/Bio-Techne)
overnight in PBS at 4°C. (The scrambled peptide is a random
sequence scramble of the AG73 amino acid sequence.) Wells
were blocked with 3% heat-denatured BSA (10min at 85°C)
for 1 hr at 37°C. Cells were untreated or treated for 30min
with either PBS; 5mM EDTA; 10mg/ml heparin; heparan
sulfate; chondroitin sulfates A, B, and C; hyaluronic acid
(Sigma-Aldrich); 10-fold molar excess of AG73; or scrambled
peptide, prior to 30min adhesion. Heparin, heparan sulfate,
and chondroitin sulfate B were used at 1-200μg/ml in the
dose-response experiment with the IC50 calculated using
Prism (GraphPad Software). The cells (30,000 cells/50μl/well
of DMEM-0.1% BSA) were then added with the treatment to
the blocked wells and incubated at 37°C for 30min. The
medium with unattached cells was removed from the wells.
The adherent cells were stained for 10min with 0.2% crys-
tal violet in 20% methanol and washed twice with water.
The cells were lysed with 10% SDS (50μl/well), and the
optical density (600 nm) was measured. Each sample was
performed in triplicate, and the experiment was repeated
at least three times.

2.3. Silencing of Sdc Expression and Rescue. MDA-231 cells
were infected with a lentivirus from Open Biosystems
containing GFP. NS1 control is the nonsilencing (NS)
shRNAmir sequence in the lentivirus vector GINZEO; Sdc
1 KD, the Sdc 1-silencing shRNAmir sequence in the lentivi-
rus vector GINZEO; NS2 control, the nonsilencing (NS)
shRNAmir sequence in the lentivirus vector GIPZ; Sdc 2
KD, the Sdc 2-silencing shRNAmir sequence in the lentivirus
vector GIPZ; and Sdc 4 KD, the Sdc 4-silencing shRNAmir
sequence in the lentivirus vector GIPZ. All cells were selected
two times by flow cytometry for the top 5% of the GFP
expression. These cells are not a cloned population but a
heterogeneous population of cells that stably express the
shRNAmir. Stable expression was determined by flow
cytometry. To assure the results were not due to off-target
effects of the shRNAmir, rescue experiments were carried
out in the human cell lines using mouse Sdcs 1, 2, and 4
(OriGene) which are not targeted by the human shRNAmir.
Specific targeting to human Sdc family members while
expressing a mouse homolog has been demonstrated [32].
Mouse Sdc does rescue the knockdown of human Sdc. The
mouse Sdc cDNA was cloned into the pBABE retrovirus
(a kind gift from Dr. B. Parker, Northwestern University)
which expresses the mCherry fluorescent protein. The cells
were selected two times by flow cytometry for the top 5%
of the mCherry fluorescent expression. Controls were the
KD or NS cells infected with the pBABE retrovirus con-
taining only the mCherry fluorescent protein and termed
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empty vector (EV) since there was no cDNA for Sdc.
Stable expression was determined by flow cytometry.

2.4. Flow Cytometry. Cells were harvested with Versene
(Invitrogen, 0.48mM EDTA) for 10min at 37°C with gentle
agitation. Cells were washed in PBS and resuspended in cold
buffer containing 1% FCS. A total of 2 × 105 cells per sample
was used. Following centrifugation, cells were resuspended in
Hanks’ balanced salt solution/2% BSA and incubated for
30min at 4°C with titrated antibodies (20μg/ml mouse
anti-Sdc 1 (B-A38, AbD Serotec), rabbit anti-Sdc 2 (R&D
Systems), rabbit anti-Sdc 3 (midi), and rabbit anti-Sdc 4
(Zymed)); cells were then washed 2x with PBS, incubated
with secondary antibody for 30min at 4°C (1 : 100 dilution
of donkey anti-mouse or rabbit-Cy5 (Jackson ImmunoRe-
search)), washed again 2x with PBS, and resuspended in
100μl of PBS. The samples were analyzed using a Beckman
Coulter FC500 flow cytometer. Human Sdc expression was
analyzed comparing the relative amount of human Sdc-
stained cells with the IgG controls, and then KD cells were
compared to NS-infected cells. Isotype-matched antibodies
were used as negative controls.

2.5. Real-Time Quantitative PCR Analyses. Total RNA was
isolated from breast cancer cells using RNAqueous-4PCR
(Invitrogen) according to the manufacturer’s instructions.
RNA samples were then quantified using a NanoDrop
(NanoDrop Technologies), and equal RNA concentrations
were used for reverse-transcriptase PCR. First-strand cDNA
synthesis and amplification were performed using a qScript
cDNA SuperMix (Quanta BioSciences). Real-time PCR was
carried out using a 7900HT Fast Real-Time PCR System
(Applied Biosystems). cDNA templates were combined with
a SYBR Green PCR Master Mix (Applied Biosystems).
Primer sequences were obtained from PrimerBank, which
contains primers that can be used for qPCR under stringent
and allele-invariant amplification conditions [33]. The infor-
mation can be accessed at https://pga.mgh.harvard.edu/
primerbank/. The specific Sdc primers used were as follows:
Sdc 1 forward: 5′-CTC TGA CAA CTT CTC CGG CTC-3′,
Sdc 1 reverse: 5′-TCT GGC AGG ACT ACA GCC TC-3′;
Sdc 2 forward: 5′-GCT CTG CCC CTA AAC TTC TGC-3′,
Sdc 2 reverse: 5′-CTC TGC TGT GGT TTT GCT CCT-3′;
Sdc 3 forward: 5′-CCC AGC TCC CTA GCT CTC TC-3′,
Sdc 3 reverse: 5′-GCT GTC TCA ATG CCC GAC T-3′;
Sdc 4 forward: 5′-GCT CTT CGT AGG CGG AGT-3′, Sdc
4 reverse: 5′-CCT CAT CGT CTG GTA GGG CT-3′; and
GAPDH forward: 5′-TGG TGA AGC AGG CGT CGG
AGG-3′, GADPH reverse: 5′-CGT CAA AGG TGG AGG
AGT GGG TGT C-3′. Samples were amplified by an initial
denaturation at 95°C for 2min, followed by 40 cycles at
95°C for 10 sec and at 62°C for 30 sec. A melting curve was
generated at the endof every run toensureproductuniformity.
Gene expression was normalized to GAPDH. All reactions
were run in triplicate, and each experiment was repeated at
least three times.

2.6. Solid Phase. Solid-phase assays were performed as
described [34]. Peptides were coated on 96-well plates (dried
onto the well overnight, 100μg/ml in H2O); the wells were
blocked (3% heat-denatured BSA) for 1 hr at 37°C and then
incubated with MDA-231 cell lysate (2mg/ml) in 3% BSA
overnight at 4°C. For heparin inhibition, 20mg/ml of heparin
was added to the cell lysate before binding to the plate.
For trypsin inhibition, cells were treated with trypsin
(Invitrogen) for 10min before lysing the cells. Binding
was detected using anti-Sdc antibodies (0.2μg/ml, mouse
anti-Sdc 1 (B-A38, AbD Serotec); rabbit anti-Sdcs 2, 3
(midi), and 4 (Zymed/Thermo Fisher Scientific)) followed
by goat anti-mouse or rabbit-HRP-conjugated secondary
antibodies (1 : 5000 dilution in 3%BSA-PBS). The signal
was detected at 450nm after incubation with TMB solution
followed by 1M H2SO4. For protein analysis, MDA-231 cell
membranes were biotinylated (62) and membrane factions
were isolated for enrichment of proteoglycans as described
(82). Six-well plates were coated with peptide, and the bio-
tinylated MDA-231 cell membrane was incubated with either
AG73 or scrambled peptide. The bound material was scraped
from the dish and electrophoresed on a 4-12% Bis-Tris gel.
Bound material was transferred to PVDF and incubated
with streptavidin-horseradish peroxidase, and reactive pro-
teins were detected using a SuperSignal® West Dura
Extended Duration Substrate (Pierce). Chemiluminescence
was detected using a Fujifilm LAS-1000 Luminescent
Image Analyzer “intelligent dark box” (Fujifilm Medical
Systems USA Inc., Stamford, CT) using exposure times at
subsaturation levels.

2.7. Actin Staining. AG73 or a scrambled peptide was dried
onto coverslips overnight (100μg/ml in H2O). The coverslips
were washed and blocked with 3% heat-denatured BSA.
MDA-231 cells were collected using EDTA and counted
and attached for 2 hours in serum-free media to the blocked
and coated coverslips. The cells were fixed for 20min in 4%
paraformaldehyde (Electron Microscopy Sciences, Hatfield,
PA) in PBS. After washing, the cells were permeabilized
with 0.1% Triton X-100 (Sigma-Aldrich) in PBS for 5min
and washed, and then actin filaments were detected by
staining with a 1 : 40 dilution of Alexa Fluor 647
fluorescent-labeled phalloidin (Invitrogen) in 1% BSA. The
cells were then washed, fixed, and mounted upside down
on slides with a SlowFade Antifade Reagent (Invitrogen)
and observed with a LSM 510 Zeiss confocal microscope
(Carl Zeiss MicroImaging Inc., Thornwood, NY). The filo-
podia were quantified using ImageJ analysis software.

3. Results and Discussion

3.1. AG73 Binds to Sdcs on Breast Cancer Cells. AG73 medi-
ates the adhesion of many different cell types, while a
scrambled sequence of AG73 does not promote cell adhe-
sion or have other biological activities [9, 30, 31]. To
determine whether breast carcinoma cell lines bind to and
interact with AG73, adhesion assays were performed as pre-
viously described [30, 31]. MDA-231 breast carcinoma cells
bound to LM-111, AG73, and recombinant LM-LG4 (a
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Figure 1: Breast cancer cell adhesion to AG73 is likely through a proteoglycan. (a) Adhesion to AG73 (A) and recombinant LG4 (rLG4) is
inhibited by heparin (H, hatched; 10mg/ml), while adhesion to LM-111 (LM) is inhibited by EDTA (E, diagonal; 5mM) compared to
PBS-treated cells (C, control, solid). The cells do not bind to the scrambled (S) peptide or rLG4 mutant (rLG4m, AG73 site mutated
RKR-AAA). (b) Many different breast cancer cells (MDA-231, SUM1315, T47D, and MCF7) as well as normal breast cell lines (MCF10A)
bind to AG73. (c) Heparin (H), heparan sulfate (Hs), and chondroitin sulfate B (B) significantly inhibited adhesion of MDA-231 cells to
AG73 compared to PBS-treated cells (C, control). Hyaluronic acid (Ha), chondroitin sulfate A (A), and chondroitin sulfate C (CC) had no
effect on adhesion to AG73 but did affect adhesion to LM-111 (LM). ∗p < 0 05, ∗∗p < 0 01, and ∗∗∗p < 0 001. One-way ANOVA with
Bonferroni posttest. (d) Serial dilutions of heparin, heparan sulfate, and chondroitin sulfate B inhibit adherence of cell binding. The IC50
followed the order heparin (0.8 μg/ml), heparan sulfate (6.6 μg/ml), and chondroitin sulfate B (22.4μg/ml);. (e) MDA-231 cell adhesion to
LM-111 (LM), AG73, and rLG4 is inhibited by a 10-fold molar access of AG73 but not the scrambled (S) peptide. Adhesion to basement
membrane extract (BME, Matrigel) was unaffected by AG73 or scrambled peptide. Cells were treated with either PBS (C, solid), 10-fold
molar excess of AG73 (diagonal), or scrambled peptide (S, hatched) prior to adhesion. Bars: mean adhesion ± SEM.
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recombinant protein from the laminin globular domain 4 at
the C terminus of the LM-α1 chain where the AG73 sequence
is located (rec-LG4) [20]), but not to either the scrambled
peptide or the rec-LG4-mutant (mutated AG73 site; RKR-
AAA [20]) (Figure 1(a)). We found that a variety of different
breast cell lines bound to AG73 including MCF10A, T47D,
SUM1315, and MDA-231 (Figure 1(b)).

To evaluate if cell binding was through proteoglycans or
integrins, the effects of heparin and EDTA on MDA-231 cell
adhesion to these peptides were examined. Heparin
completely inhibited the binding of the MDA-231 cells to
AG73, while EDTA had no effect (Figure 1(a)). These
results suggest that the MDA-231 cells interact with
AG73 through membrane-associated heparan sulfate pro-
teoglycans but not through integrins. In addition, heparin
and EDTA inhibited binding to LM-111 and rec-LG4
suggesting that cells bind to these molecules through pro-
teoglycans and integrins (Figure 1(a)). Cell binding to
LM-111 through both proteoglycans and integrin α6β1
is well established [35], and binding to the rec-LG4 is

mediated through both Sdcs and integrin α2β1 in fibro-
blasts [20].

Additional experiments were performed to further
characterize the proteoglycan receptor binding of AG73 to
MDA-231 breast cancer cells. Since proteoglycans contain
heparan sulfate and chondroitin sulfate side chains, these gly-
cosaminoglycans (GAG) and others were tested for their
ability to inhibit the MDA-231 cell attachment to AG73.
Adhesion of MDA-231 cells to AG73 could be significantly
(p < 0 001) blocked by heparin, heparan sulfate, and chon-
droitin sulfate B, but not by hyaluronic acid, chondroitin sul-
fate A, or chondroitin sulfate C (Figure 1(c)). Serial dilutions
of heparin, heparan sulfate, and chondroitin sulfate B
demonstrated that the concentration required to inhibit
adherence by 50% followed the order of heparin (IC50,
0.8μg/ml), heparan sulfate (IC50, 6.6μg/ml), and chondroitin
sulfate B (IC50, 22.4μg/ml) (Figure 1(d)). These results sug-
gest that the charge of the glycosaminoglycan is important
for preventing the AG73-receptor contact because heparin
has the most negative charge and chondroitin sulfate B the
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Figure 2: Sdcs 1-4 as well as glypican (Gpc)1 are expressed in MDA-231 cells. (a) qPCR was used to detect the message levels of each Sdc and
glypican 1 (Gpc1) in breast cancer cell lines. Bars: mean Ct values are normalized to GAPDH ± SEM. All reactions were run in triplicate and
repeated three times, and gene expression was normalized to the housekeeping gene GAPDH. (b) Sdcs 1 and 4 bind to AG73. For this solid-
phase assay, wells were uncoated (0) or coated with AG73. Cells were pretreated with either heparin (H) or trypsin (T) before they were lysed.
Controls were left untreated (0). The MDA-231 cell lysate binds to AG73 but not to the scrambled peptide (data not shown). The wells were
then incubated with antibodies to Sdcs and detected using a secondary-HRP conjugate. Heparin and trypsin pretreatment inhibited Sdcs 1
and 4 binding to AG73. Bars: mean OD 450 nm ± SEM. (c) AG73 binds a >250, 90, and 50 kDa biotinylated protein from the surface of
MDA-231 cells. Biotinylated MDA-231 cell membrane was incubated with AG73 (A) or scrambled peptide (S) as in (b). Proteoglycan
bands usually appear as a smear due to the heparan sulfate and chondroitin sulfate glycosaminoglycan chains.
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least. In addition, these results indicate that heparan sulfate
may be the GAG involved in binding AG73 since it had a
greater affinity for AG73 than chondroitin sulfate B. Previous
studies have also demonstrated that cell binding to AG73 can
be inhibited by heparin and that these peptides bind to
several different types of proteoglycans, e.g., AG73 binds to
Sdcs 1 and 4 on both human salivary gland cells and
human dermal fibroblasts and to a chondroitin-heparan
sulfate proteoglycan on B16F10 melanoma cells [22, 30].
A tenfold molar access of AG73 was unable to inhibit

breast cancer cell adhesion to the basement membrane
extract (BME) that contains LM-111, entactin, collagen
IV, and heparan sulfate proteoglycans [36] (Figure 1(e)).
However, AG73 could inhibit the ability of the breast
cancer cells to adhere to LM-111 (Figure 1(e)), indicating
it likely has physiological relevance in the direct binding
of cells to LM-111.

Hozumi et al. [20] have shown that the AG73 sequence is
essential for binding of the proteoglycan receptors Sdcs 1, 2,
and 4 to rec-LG4 on fibroblasts; however, other
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cytometry measuring surface expression of Sdcs in MDA-231: (a) only Sdc 1 expression is decreased at the cell surface when the Sdc 1
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with Bonferroni posttest.
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proteoglycans like glypican-1 do not bind to rec-LG4 or
AG73. Thus, to explore if the Sdcs could be the proteoglycan
receptor binding AG73 in breast cancer cells, expression of
the Sdcs in MDA-231 cells was examined by qPCR. MDA-
231 breast cancer cells as well as other breast cancer cell lines,
e.g., MCF7, T47D, and SUM1315, express all four Sdcs, i.e.,
1-4 (Figure 2(a)). Therefore, binding of the Sdcs to AG73
was investigated using a solid-phase assay as previously
described [34]. Sdcs 1 and 4 bound to AG73 (Figure 2(b))
but did not bind to the scrambled peptide (data not shown),
and this binding was inhibited by heparin and pretreatment
of MDA-231 cells with trypsin, which cleaves proteoglycans
from the cell surface [37, 38] (Figure 2(b)). CD44 or
glypican-1 (other proteoglycan receptors) binding to either
AG73 or the scrambled peptide was not detected (data not
shown). To further characterize the receptor for AG73,
the biotinylated MDA-231 cell membrane was incubated
with either AG73 or scrambled peptide as in the solid-
phase assay. Electrophoreses and blotting of the bound
material revealed that AG73 binds components at >250,
90, and 50 kDa (Figure 2(c)). These molecular weights
are consistent with those observed for the Sdc receptors
[39, 40]. These data suggest that the likely candidates for
the AG73 cell surface receptor on breast cancer cells are
the Sdcs.

Knockdown (KD) of Sdcs 1, 2, and 4 in the MDA-231
breast cancer cell line was generated using a shRNAmir.
Sdc expression was successfully decreased by 75% both
at the protein (Figures 3(a) and 3(b)) and message
(Figure 3(c)) levels. Each knockdown was confirmed to be
specific. The silencing of one family member did not affect
the expression of the other family members (Figures 3(a)
and 3(b)). In the solid-phase assay, knockdown of Sdc(s) 1
and/or 4 was found to inhibit binding to AG73 (Figure 3(d)),
suggesting that these receptors are important in AG73-
mediated cell activities. Sdcs 1, 2, and 4 have been shown to
be a binding partner to AG73 in nonbreast cells including sal-
ivary gland cells, fibroblasts, and melanoma cells [12, 20–24].
Our results indicate that AG73 binds to Sdcs 1 and 4 in breast
cancer cells. Sdcs 1 and 4 are expressed in the basolateral
border of epithelial cells and myoepithelium in normal breast
tissue [41]. In clinical samples of breast tumors, staining for
Sdcs 1 and 4 is found in both the stroma and the tumor cells
[41–43]. In addition, high Sdc 1 expression is associated with
triple-negative and Her2+ breast tumors, which are highly
metastatic subtypes, and it is a negative predictor of disease-
free and overall survival [41–44]. These studies indicate that
the Sdcs may play a role in breast cancer progression and
metastasis. We have previously shown that AG73 increases
breast cancer metastasis to the bone [14]. Taken together,
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Figure 4: Silencing the expression of Sdcs 1, 2, and 4 decreased filopodium formation inMDA-231 breast cancer cells. (a) Silencing of the Sdc
1 expression decreased the number of filopodia/cells, and wild-type-mouse Sdc 1 (wt-mSdc1) could rescue this significant decrease. (b) The
silencing of the Sdc 1 expression had no effect on the length of filopodia; however, overexpression of wt-mSdc1 (NS1-wt-mSdc1) as well as the
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our findings suggest that the interaction between AG73 and
the Sdcs facilitates breast cancer metastasis.

3.2. AG73 Affects Filopodium Formation in Breast Cancer
Cells through Sdcs 1, 2, and 4. Filopodia play key roles in
cancer cell migration, invasion, and metastasis [45]. We
previously demonstrated that AG73 increases the formation
of filament spikes in breast cancer cells, which resemble filo-
podia, whereas a scrambled peptide does not cause these
morphological changes [14]. These increased filopodia are
also seen in fibroblasts bound to AG73 [31]. Silencing of the
expression of Sdcs 1, 2, or 4 significantly decreased the length
and number of filopodia on MDA-231 breast cancer cells
bound to AG73 (Figure 4 and Supplemental Figure 1).
Expression of mouse Sdcs 1, 2, or 4, in the silenced cells,
could rescue this decrease in filopodium length and number.
Furthermore, overexpression of Sdcs 1 and 2 significantly
increased the length of filopodia on the cells (Figure 4 and
Supplemental Figure 1). These data demonstrate that AG73
binds to Sdcs 1, 2, and 4 on breast cancer cells and mediates
filopodium formation through these Sdcs. Although we
could not detect Sdc 2 in the solid-phase assay possibly due
to limitations with antibody recognition in this assay, we did
however still observe its effects on filopodium formation. A
previous study also reported a synergistic relationship
between AG73, Sdcs, and integrins in promoting cell
adhesion and spreading, thus supporting our findings
reported here [16]. The increase in filopodia we observed in
our study emphasizes a possible link between AG73, Sdcs,
and cancer as others have shown that expression of
filopodium regulatory proteins in cancer patients correlates
with poor prognosis and low survival [45]. In addition, a
meta-analysis of filopodium gene expression in breast
cancer patients revealed a link between filopodium-inducing
genes and high rates of breast cancer metastasis [46]. Overall,
our findings demonstrate a critical function resulting from
the interaction between AG73 and the Sdcs in driving
filopodium formation in breast cancer cells.

4. Conclusions

Breast cancer metastasis affects 20-30% of patients and
remains to be fully understood [47]. In order to metastasize,
disseminated breast cancer cells must cooperate with their
environment to bypass the basement membrane and enter
into circulation to transit to distant sites. In this study, we
focused on this early step in cancer progression and thus
investigated the interaction between breast cancer cells and
AG73, a laminin peptide found in the basement membrane.
We focused on receptors for AG73 and determined that the
heparan sulfate proteoglycan receptors, Sdcs 1, 2, and 4,
expressed on various breast cancer cells, facilitate this inter-
action by binding to AG73. We believe this to be the first
report describing a direct binding relationship between
AG73 and the Sdcs in breast cancer cells. Further, we found
that the binding of AG73 to Sdcs 1, 2, and 4 promotes filopo-
dium formation in breast cancer cells such as the MDA-231
cell line. Increased filopodia in breast cancer cells have been
associated with tumor invasion and metastasis [45, 46].

Taken together, our findings demonstrate a previously unre-
ported link between AG73 and Sdcs 1, 2, and 4 on breast
cancer cells, highlighting the unique interplay between
cancer cells and the tumor environment in mediating
cancer progression.
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Objective. To assess the expression levels of exchange protein 1 directly activated by cAMP (Epac1) and phosphodiesterase 4
(PDE4) in rectal carcinoma, and their associations with clinicopathological indexes. In addition, the associations of PDE4 and
Epac1 with A-kinase anchor protein 95, connexin 43, cyclin D1, and cyclin E1 were evaluated. Methods. The PV-9000 two-
step immunohistochemistry method was used to determine protein expression in 44 rectal carcinoma tissue samples and 16
paracarcinoma tissue specimens. Results. The positive rate of PDE4 protein expression in rectal carcinoma tissues was higher
than that of paracarcinoma tissues (59.09% vs. 12.5%, P < 0 05). Similar findings were obtained for Epac1 (55% vs. 6.25%,
P < 0 05). No significant associations of PDE4 and Epac1 with degree of differentiation, histological type, and lymph node
metastasis were found in rectal carcinoma (P > 0 05). Correlations between PDE4 and Epac1, PDE4 and Cx43, PDE4 and
cyclin E1, and Epac1 and Cx43 were observed (all P < 0 05). There was no correlation between the other protein pairs
examined (P > 0 05). Conclusion. PDE4 and Epac1 expression levels are increased in rectal carcinoma tissues, suggesting
that the two proteins may be involved in the development of this malignancy. Meanwhile, correlations between PDE4 and
Epac1, PDE4 and Cx43, PDE4 and cyclin E1, and Epac1 and Cx43 suggested synergistic effects of these proteins in promoting
rectal carcinoma.

1. Introduction

Signal transduction is a necessary process for cells to
achieve normal physiological processes. The PDE4 enzyme
specifically hydrolyzes cAMP and reduces cAMP levels in
the cell, to allow cAMP-dependent proteins to modulate
cell signal transduction [1]. PKA, which is a downstream
of cAMP signal pathway, is an important protein kinase.
AKAP95 is a PKA-anchored protein that anchors PKA
RII subunits; the anchored PKA can catalytically target pro-
tein phosphorylation, ensuring and expanding signal trans-
duction by the cAMP pathway [2, 3]. Cyclin D and cyclin E
proteins can promote cell proliferation at the G1 phase in
mammalians, while AKAP95 as an intermediary can help
cyclin D/E and PKA RII subunits from the cyclin D/E-

AKAP95-PKA complex [4]. The novel exchange protein
directly activated by cAMP (Epac) is a multifunctional mol-
ecule that participates in a variety of cellular processes [5].
The Epac protein includes two subtypes, i.e., Epac1 and
Epac2, both of which are expressed in many tissues and
organs [6, 7]. Different organs and distinct developmental
stages also show differences [8]. We have previously
reported the combinatory relationship between AKAP95
and Cx43 in the cell cycle [9]. Studies mentioned that Epac
can regulate Cx43 to promote gap junction formation and
intercellular communication [10].

The above findings suggest that PDE4, Epac, AKAP95,
Cx43, and cyclin D/E have some associations. The immuno-
histochemical method was used to assess the protein expres-
sion of PDE4 and Epac1 in 44 samples of rectal carcinoma
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alongside 16 paracarcinoma tissue samples. The associations
of various proteins were analyzed.

2. Materials and Methods

2.1. Tumor Sources. Tissue samples from 44 cases with
definite pathological diagnosis of invasive rectal carcinoma
were collected from the First Affiliated Hospital of Liaoning
Medical University. Patient age ranged between 39 and 79
years, averaging 60± 8; there were 28 males and 16 females.
A total of 38, 4, and 2 patients had tubular or papillary ade-
nocarcinoma, mucinous adenocarcinoma, and signet-ring
cell carcinoma, respectively. Cancer cells were highly, mod-
erately, and poorly differentiated in 4, 36, and 4 patients,
respectively. A total of 23 patients had lymph node metasta-
sis; 15 presented no lymph node metastasis, while the lymph
node metastasis status was unclear for the remaining 6 indi-
viduals. In addition, paracarcinoma tissues were obtained
from normal rectal tissues at least 3 cm away from cancerous
tissues, in 16 of the 44 patients. Pathological examination
was also performed on the paracarcinoma tissues to confirm
the absence of cancer cells. The study protocol was approved
by the Medical Ethics Committee of the School of Public
Health in Xiamen University, China.

2.2. Reagents and Methods. All specimens were fixed in 10%
neutral formaldehyde, paraffin embedded, and sliced into
continuous sections of 4μm. The PV-9000 two-step immu-
nohistochemical staining kit (Zhongshan Jinqiao Biotech-
nology Company, Beijing, China) was used for protein
expression analysis, according to the manufacturer’s instruc-
tions. The assay involved DAB staining and hematoxylin
counterstaining. Rabbit anti-human Epac1 antibodies were
purchased from Abcam (Cambridge, UK), whereas mouse
anti-human PDE4 monoclonal antibodies were from Santa
Cruz (Dallas, Texas, USA). PBS was used as the negative
control sample.

2.3. Criteria for Judging Positive Expression. A brown–yellow
stain was considered positive expression of the protein,
while the absence of brown–yellow staining indicated no
protein expression. Ten different high-power fields were
randomly evaluated per section, with 200 tumor cells
counted per field. The ratio of positive to total cells was
used as a metric to assess positive protein expression: “−,”
<10% brown; “±,” ≥10% and <25%; “+,” ≥25% and <50%;
“++,” ≥50% and <75%; and “+++,” ≥75%. For data analysis,
“−” and “±” were considered negative expression and “+,”
“++,” and “+++” indicated positive expression.

3. Statistical Analysis

Positive rates of protein expression were assessed by the χ2

test and were assessed by Spearman’s rank correlation analy-
sis. P < 0 05 was considered statistically significant, and data
were analyzed with the SPSS13.0 software.

4. Results

4.1. PDE4 and Epac1 Protein Levels in Rectal Carcinoma
Tissues. We previously assessed rectal carcinoma tissues
and found higher positive rates of AKAP95, cyclin E1, and
cyclin D1 compared with paracarcinoma tissues. Meanwhile,
the positive rate of Cx43 was lower than that of paracarci-
noma tissues. These findings suggested that AKAP95, cyclin
D1, and cyclin E1 may promote cancer, while the Cx43
protein suppresses cancer development [11].

In this study, PDE4 and Epac1 protein levels were further
assessed in rectal cancer samples. PDE4 and Epac1 protein
levels in 44 rectal cancer and 16 paracarcinoma tissue sam-
ples were assessed (Table 1). The positive expression rate
for PDE4 in rectal cancer was 59.09% (26/44), which was
higher than that of paracarcinoma tissue specimens (12.5%,
2/16, P < 0 05). The positive expression rate for Epac1 in
rectal cancer was 55.00% (24/44), which was also higher than
that of paracarcinoma tissue samples (6.25%, 1/16, P < 0 05).
The PDE4 and Epac1 proteins were expressed in the cyto-
plasm of rectal carcinoma tissues and with expression
obtained in nuclei (Figure 1).

There were no associations of PDE4 and Epac1 with
degree of differentiation, histological type, and lymph node
metastasis in rectal carcinoma (P > 0 05).

4.2. Associations of PDE4, Epac1, AKAP95, Cx43, Cyclin E1,
and Cyclin D1 in Rectal Carcinoma Tissues. The associations
of PDE4 and Epac1 with AKAP95, Cx43, cyclin E1, and
cyclin D1 in 44 rectal carcinoma samples were assessed.
The results indicated correlations between PDE4 and Epac1
(Table 2), PDE4 and cyclin E1 (Table 3), PDE4 and Cx43
(Table 4), and Epac1 and Cx43 (Table 5) (P < 0 05). No
significant associations were obtained for the remaining pro-
tein pairs (data not shown).

5. Discussion

The Epac protein is mainly involved in cell adhesion, ?com-
munication, secretion, and differentiation [5]. As a multi-
functional signaling molecule, it has multiple unique
regulatory functions, in the immune, respiratory, nervous,
cardiovascular, and endocrine systems [12, 13]. Epac1 exists
in all organisms, and the Epac2 protein is found only in gland
tissues and the nervous system [14]. It was recently reported
that the Epac inhibitor ESI-09 suppresses the proliferation of
pancreatic tumor cells [15]; meanwhile, Epac1 is highly

Table 1: PDE4 and Epac1 protein levels in rectal cancer tissues.

Protein Features
Rectal
cancer

Paracarcinoma
tissues

χ2 P

Epac1
Positive 24 1

11.260 0.01
Negative 20 15

PDE4
Positive 26 2

10.233 0.01
Negative 18 14

Note: in rectal cancer and paracarcinoma tissues, PDE4 and Epac1 levels
showed a statistically significant difference.
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expressed in gastric cancer cells [16]. This study also demon-
strated high Epac1 expression levels in rectal cancer tissue
samples, which may indicate that this protein promotes ?can-
cer in the digestive system.

PDE is an enzyme involved in cAMP hydrolysis. PDE4 is
a member of the PDE family of proteins; it specifically hydro-
lyzes cAMP, to enable inactivation by 5′-AMP formation,
which ends the downstream signal transduction [17]. PDE4

(a) (b) (c) (d)

(e) (f) (g)

(h) (i)

Figure 1: Epac1 and PDE4 expression in rectal carcinoma tissues (×400). The subfigures (a), (b), (c), and (d) indicated the protein expression
of Epac1 in rectal cancer tissues. (a) No expression. (b) Moderately expression. (c, d) High expression levels, expression in the cytoplasm and
in the nucleus. The subfigures (e), (f), (g), (h), and (i) indicated the protein expression of PDE4 in rectal cancer tissues. (e) No expression.
(f) The top of the picture is moderately expression, and the bottom is no expression. (g) Low expression levels. (h) Moderately expression.
(i) High expression levels, mainly in the cytoplasm, with low amounts in the nucleus.

Table 2: Correlation between PDE4 and Epac1 protein levels in
rectal cancer.

Epac1
PDE4

rs P− +− + ++ +++

− 5 1 1 1 0

0.419 0.005

+− 3 4 5 0 0

+ 2 0 5 3 1

++ 0 1 3 5 0

+++ 1 1 2 0 0

Note: rs is the spearman rank correlation coefficient.

Table 3: Correlation between PDE4 and cyclin E1 protein levels in
rectal cancer.

Cyclin E1
PDE4

rs P− +− + ++ +++

− 5 1 3 1 0

0.300 0.048

+− 0 2 3 3 0

+ 5 2 3 0 0

++ 1 0 6 2 1

+++ 0 2 1 3 0

Note: rs is the spearman rank correlation coefficient.
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is associated with the occurrence of multiple tumors and
highly expressed in a variety of tumor tissues [18]. PDE4
showed high expression levels in rectal cancer tissues, which
may suggest that it promotes rectal cancer as well, corrobo-
rating previous reports.

Meanwhile, PDE4 can bind and activate the downstream
Epac protein, which is the downstream target of cAMP. Epac
binds to cAMP with high affinity and activates the Ras super-
family small GTPases Rap1 and Rap2, indicating the exis-
tence of the PDE4/cAMP/Epac1 signaling pathway [18]. As
shown above, correlations were found between PDE4 and
Epac1, PDE4 and Cx43, and Epac1 and Cx43 (P < 0 05).
These findings indicate possible interactions of the PDE4,
Epac1, and Cx43 proteins, which commonly play roles in
rectal cancer occurrence.

This study also demonstrated a correlation between
PDE4 and cyclin E1. Cyclin E1 is an important protein in
the G1/S stage of the cell cycle. The association of PDE4 with
cyclin E1 suggests that the two proteins may exert synergistic
effects on the G1/S transition during cell proliferation. How-
ever, there was no correlation between PDE4 and cyclin D1.

The Epac protein of rabbit myocardial cells regulates
Cx43 phosphorylation at ser368, which affects Cx43 pro-
tein function [10]. Studies confirmed that Cx43 plays a
role of tumor inhibition in multiple organisms [19–22].
In this study, Epac1 level was associated with Cx43 expres-
sion, further illustrating a close relationship for inducing
rectal cancer.

In T cell leukemia patients, PDE4 and AKAP95 levels are
associated in T cells [23]. However, as shown above, no corre-
lation between PDE4 and AKAP95 was found in rectal cancer
tissues. The discrepancy caused by the histological differences

remains unclear. In rat myocardial cells, mAKAP, which is a
member of the AKAP family, can bind with Epac1 to regulate
signaling andmodulate ratmyocardial hypertrophy [24]. Our
experimental study revealed no correlation between Epac1
andAKAP95 protein levels. This phenomenonmay be associ-
ated with tumorigenesis, related to different members of the
AKAP family or histological differences. The specific mecha-
nism requires further assessment.

In summary, there are some close correlations in PDE4,
Epac1, cyclin E1, and Cx43 in rectal cancer. This may be
an important network of proteins for regulating cell cycle
in rectal cancer. And it may become a new therapeutic target
in the future. However, this needs further study.

Data Availability

(1) The data of AKAP95, Cx43, cyclin E1, and cyclin D1
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Syndecan-1 (Sdc1) is a transmembrane heparan sulfate proteoglycan, an extracellular matrix receptor involved in intercellular
communication, proliferation, angiogenesis, and metastasis. This study determined and compared Sdc1 expression in the tumor
cells and stroma of 30 invasive lobular and 30 invasive ductal breast carcinomas (ILCs/IDCs), also in the axillary node
metastases of ductal type, and correlated it with clinical and tumor parameters. Sdc1 was expressed in the epithelium of 90%
carcinoma of both histological types. Also, it was most frequently expressed in their tumor stroma, but in ILC, stromal
expression was negative in 40%. Sdc1 was expressed in 86.7% of the metastatic epithelium of IDC nodal metastases (in even
50% as high expression), while the nodal stroma was negative in 46.7%. Primary IDC showed a negative correlation between
epithelial Sdc1 and progesterone receptors (PRs), whereas ILC showed a positive correlation between stromal Sdc1 and
histological gradus. In the metastatic epithelium, Sdc1 was negatively correlated with a patient’s age, estrogen receptors (ERs),
and PRs in the primary tumors, while the stroma of metastases demonstrated a positive correlation with the focus number in
primary tumors and a negative correlation with PRs in primary tumors. This research revealed identical overall epithelial Sdc1
expression in both breast carcinomas with no statistically significant difference in its stromal expression and confirmed the role
of Sdc1 in the progression of both tumor types and in the development of ductal carcinoma’s metastatic potential.

1. Introduction

Breast cancer is the most common and biologically very com-
plex malignant tumor in women. Its incidence has been
increasing lately, particularly in very young women, with
often more aggressive clinical course and poor prognosis.
There are numerous and intensive studies and discoveries
of new molecular and genetic markers that could affect its
development, growth, and potential treatment. One of them
is the syndecan-1 (Sdc1), a transmembrane heparan sulfate
proteoglycan (HSPG), the receptor for the extracellular
matrix (ECM) and the organizer of the cell matrix adhesion
which participates in tissue repair, metabolism, carcinogene-
sis, and development of the immune response; also, it inte-
grates a variety of cellular signals and growth factor signals
and modulates cell proliferation, migration, and angiogenesis
[1–3]. As a coreceptor, Sdc1 binds, with heparan sulfate

chains, to various growth factors and angiogenesis promoters
by stimulating cell proliferation, and as an adhesion mole-
cule, it enters into an interaction with ligands of ECM and
cell surface. Sdc1 is the modulator of proteolytic activation
and in vivo function of chemokines, which orchestrate leuko-
cyte recruitment and tissue remodeling in inflammation and
reparation [4]. It is predominantly expressed on/in epithelial
cells, but it is also found in mesenchymal cells during their
development and in the different stages of activation and
differentiation of normal lymphoid cells—in centrocytes
(but not in centroblasts), the mature plasma cells and the
atypical plasma cells in the multiple myeloma, where it has
been often investigated [5]. There are also indications that
Sdc1 mediates the adhesion of the mesenchymal cells; after
the mesenchymal cells disaggregate in vitro, it is intensely
expressed in the reaggregated cells [6]. As a transmembrane
protein involved in a number of the vital cellular processes,
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it is an essential participant in the growth and development
of the healthy and neoplastic tissues, contributing to the inva-
sive potential of the malignant cells and metastatic spread
[1–8]. By interacting with heparin-binding growth factors,
it accumulates in the tumor stroma supporting the prolifera-
tion and migration of malignant cells, neoangiogenesis, and
multiplication of the stroma of invasive tumors [9–13].

The significance of the expression of Sdc1 and its distri-
bution and localization and association with established
prognostic factors and prognostic value have been tested so
far in pancreatic cancer [14, 15], stomach cancer [16–18],
colon cancer [19, 20], liver cancer [21], prostate cancer
[22–24], lung cancer [25–28], endometrial cancer [29, 30],
ovarian cancer [31], squamous head and neck cancer [32–
36], melanoma [37], laryngeal cancer [38], cervical cancer
[39], urothelial carcinoma of the bladder [40], multiple
myeloma [5, 41–43], and breast cancer [44–46] where its
overexpression generally means a poor prognosis, although
various studies have shown conflicting results.

The topics that associate the Sdc1 expression in the pri-
mary breast tumors and metastases with established prog-
nostic and predictive factors are extremely rare, as well as
the significance of the possible associations for the oncology
practice. The aim of our study was to determine and compare
the immunohistochemical (IHC) expression of Sdc1 in the
malignant epithelial cells and tumor stroma of the two, by
far, most common histological types of breast cancer, inva-
sive lobular carcinoma (ILC) and invasive ductal carcinoma
(IDC), and in the axillary lymph node metastases of ductal
type. The goal was also to establish the correlation of the
Sdc1 expression with clinical and tumor parameters and the
expression of the estrogen/progesterone receptors (ERs/
PRs) and HER2/neu oncoprotein in both types of primary
tumors and to determine the possibility of defining and iso-
lating the group of tumors with more aggressive biological
behavior prone to metastasis.

2. Materials and Methods

2.1. Materials. We retrospectively analyzed 30 IDC with the
axillary lymph node metastasis and 30 ILC archived in the
paraffin blocks in the Department of Pathology “Ljudevit
Jurak” at the University Hospital Centre “Sestre Milosrdnice”
in Zagreb, Croatia, in the period from January 1, 2005, to
December 31, 2010. The Sdc1 expression in the lobular can-
cer metastasis was not taken into consideration because of
their lower frequency and lower metastatic potential and
therefore an insufficient number of metastatic ILC in the
observed period, which we consider to be the limitation of
the study. The main clinical and epidemiological data of
patients were obtained from the “Thanatos” computer data-
base of the aforementioned Department of Pathology. In
order to protect personal information, each tissue sample
included in the study was assigned a unique number. The
material for analysis was obtained by surgery based on pre-
operative cytological diagnosis or, rarely, by biopsy of breast
tissue. Histopathological diagnosis was made on tumor tissue
sections stained by the routine hemalaun-eosin (HE)
method. Specimen processing began with prompt standard

fixation of tumor tissue in 10 percent buffered formalin,
continued by embedding it into paraffin blocks and cutting
it in 3–5μm thick sections, and ended with the HE stain-
ing method. All preparations, both histological and IHC,
were analyzed by a light microscope Olympus BX41
(Tokyo, Japan). Diagnostic criteria for ductal and lobular
carcinomas were based on the mode of growth and the
typical architecture of both tumors and on the malignant
cell morphology [47]. Considerably simplified tumor-node-
metastasis (TNM) classification was used for determining
the tumor (T) status and axillary lymph node (N) status
[48]. No women at the time of diagnosis had proved distant
metastases, and Mx was valid for all.

2.2. Immunohistochemical Detection of ERs, PRs, and HER/
2neu. All samples were IHC stained to determine the pres-
ence of the nuclear ERs and PRs and HER2/neu trans-
membrane oncoprotein and Sdc1 by using the indirect
IHC avidin-biotin complex (ABC) method or the labeled
streptavidin-biotin (LSAB) method. The 1D5 monoclonal
antibody against the estrogen receptors M7047 (diluted
at 1 : 100, Dako, Glostrup, Denmark) and the NCL mono-
clonal antibody against the progesterone receptors M3569
(diluted at 1 : 100, Novocastra, Newcastle, England) were
used in the IHC determination of the ERs and PRs. The
results of the immunological reactions were read semiquanti-
tatively in the area showing the strongest staining intensity,
the so-called “hot spot.” According to the strength of the
IHC reactions or the intensity of nucleus staining, the results
were graded as negative (0) (up to 5% of positive tumor cells),
weakly positive (1+) (5–10% of positive tumor cells), moder-
ately positive (2+) (10–50% of positive tumor cells), and
strongly positive (3+) (over 50% of positive tumor cells).

In IHC determination of HER2/neu, the polyclonal anti-
body DA485 was used against HER2/neu oncoprotein K5206
(Dako, Glostrup, Denmark). The indirect streptavidin-biotin
method was used to visualize the reaction (ChemMate Detec-
tion Kit and Peroxidase/DAB in the TechMate device, Dako,
Glostrup, Denmark). The staining results were evaluated
only in the invasive tumor component, and only the mem-
brane staining was considered positive. The distribution of
membrane positivity and the percentage of immunoreactive
cells were assessed in the most positive part of the tumor.
As in the most laboratories, we used the following evaluation
system [49]: 0—no membrane staining or it is present in less
than 10% of tumor cells, 1—weak/barely visible membrane
staining in more than 10% of tumor cells (partial membrane
staining), 2—low/moderate, complete membrane staining in
more than 10% of tumor cells, and 3—strong, complete
membrane staining in more than 10% of tumor cells.

2.3. Immunohistochemical Expression of Sdc1 and “Scoring”
System. Sdc1, one of the cluster of differentiation (CD) anti-
gens, categorized as CD138, is mainly expressed on the sur-
face of adherent cells; for example, in adult mice, it is
located on the basal and lateral surfaces of the simple epithe-
lia and over the entire surface of the stratified epithelia [50].
During differentiation, stratification, and keratinocyte matu-
ration, when the intercellular adhesion is normally enhanced,

2 Analytical Cellular Pathology



the amount of the Sdc1 on the cell surface increases com-
pared to that on the unstratified cells [51, 52], suggesting its
direct involvement in the process of the cell adhesion of the
contact surfaces. Sdc1 in breast tissue shows the characteris-
tic localization with the IHC intense staining of the basal and
lateral surfaces of the normal epithelial cells of most ducts,
rarely lobule, while the healthy stromal tissue is not stained
[46, 52]. The myoepithelial cells are intensely stained with
Sdc1, whereas the luminal cells show heterogeneous reactiv-
ity [45]. In the breast cancers, Sdc1 is expressed on the malig-
nant epithelial cells, in the stromal tumor component, and at
both locations [46], as also confirmed by our study. The
immunoreactivity of tumor cells to the Sdc1 in the invasive
carcinomas is different and heterogeneous—it differs from
strong diffuse positivity of the tumor epithelium to the focal
reactivity of some groups of cells or single cells or to a com-
plete lack of staining (negative reaction). The tumor cells
often show the membrane positivity, but sometimes the cyto-
plasmic one is indicated too. The tumor stroma also shows
the heterogeneous Sdc1 expression, so it can be strong, mod-
erate, weak, or absent, and the stromal cells and the collagen
fibers can show it too [45, 46]. The dense desmoplastic
stroma usually shows strong immunoreactivity, while weaker
stromal reaction with stronger lymphoplasmocytic infiltra-
tion shows weaker Sdc1 staining [46].

A monoclonal antibody FLEXMOAHUCD138 (diluted
at 1 : 50, Dako, Glostrup, Denmark) was used in the study.
The indirect ABC technique (LSAB plus kit/HRP, Dako,
Glostrup, Denmark) was used for detecting expression. The
whole sections of the tumor tissue were examined by two
independent examiners (Ivana Miše and Majda Vučić) at
the magnification of ×40 and ×100, and then most of the
preparation or at least 2000 cells at the magnification of
×400. The proportion of the stained cells and their staining
intensity were assessed. Tumors with more than 5% of cells
expressing Sdc1 were considered to demonstrate overexpres-
sion of Sdc1. The results were expressed by semiquantitative
evaluation of the reaction intensity from 0–3 in the area of
the greatest intensity of IHC reaction, the strongest staining
intensity of the tumor cells (“hot spot”), at an average of five
consecutive visual fields at the magnification of ×400 with cca
200 tumor cells [16, 22, 23, 46]. They were graded according
to the following: 0 or Sdc1 negative—staining in less than 5%
of tumor cells, 1 or weak Sdc1 expression—staining in 5–25%
of tumor cells, 2 or moderate Sdc1 expression—staining in
25–50% of tumor cells, and 3 or strong Sdc1 expression—-
staining in >50% of tumor cells (Figures 1–3). The Sdc1
expression in the stroma of both types of primary tumors,
as well as in the tumor epithelium and stroma of the ductal
carcinoma metastases in the axillary lymph nodes, was eval-
uated in the same way (Figures 4–8).

The absence of staining of the normal ductal epithelium
or removal of the primary antibody constituted an internal
negative control in the preparations of both primary tumors,
while the staining of the normal ductal epithelium and/or
sometimes the presence of the stratified squamous epithe-
lium of the skin or nipple represented an internal positive
control. The normal lymphatic tissue of a lymph node is
not stained with Sdc1. The lymphatic tissue of the tonsil

constituted the external negative control of the IHC reaction
in the axillary lymph nodes, while the positive control was
represented by the multilayer squamous epithelium that lines
the surface of the tonsil, as well as the plasma cells, located
mainly in the medullary cords of the lymph nodes.

2.4. Statistical Methods. The results obtained in the study are
presented in tables and figures. The chi-square test was used
to analyze the differences between categorical variables in
relation to the cancer types. The Spearman correlation coef-
ficients between Sdc1 expression in the epithelium and the
stroma in both primary and metastatic ductal carcinomas

Figure 1: Strong epithelial (both membranous and cytoplasmic)
Sdc1 expression and the absence of the stromal Sdc1 expression,
with the accumulation of Sdc1 in the intraluminal necrotic tumor
mass, IDC (IHC, ×100).

Figure 2: Moderate epithelial Sdc1 expression in the ILC (IHC,
×200).

Figure 3: Weak epithelial and strong stromal Sdc1 expression in the
ILC (IHC, ×100).
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with different clinical and histological parameters were
calculated. All P values below 0.05 were considered signifi-
cant. The computer software IBM SPSS Statistics 19.0.0.1
was used to perform the analysis (http://www.ibm.com/
analytics/spss-statistics-software, Chicago, IL).

3. Results

The clinical and tumor parameters of the primary IDC and
ILC included in our research are shown in Table 1.

The statistically significant differences were found
between some of the examined parameters of IDC and ILC.
They were found in the tumor size (the ductal carcinomas
were significantly higher (P = 0 002)), in the total number
of the isolated lymph nodes (the lobular carcinomas had
a significantly greater number of the removed lymph
nodes (P = 0 006)), in the number of the positive lymph
nodes (the ductal carcinomas had a significantly greater
number of the positive lymph nodes (P = 0 035)), and in

(a) (b)

Figure 4: Strong stromal Sdc1 expression in the ILC (the same slide, IHC; ×200 for (a) and ×400 for (b)).

(a) (b)

Figure 5: (a) Strong Sdc1 expression in the metastatic epithelium of the ductal carcinoma in the axillary lymph node (IHC, ×100). (b) Strong
epithelial (membranous) and stromal Sdc1 expression in the metastasis of the ductal carcinoma in the axillary lymph node (IHC, ×400).

Figure 6: Strong epithelial (both membranous and cytoplasmic)
Sdc1 expression in the IDC metastasis in the axillary lymph node
(IHC, ×200).

Figure 7: Change of the Sdc1 expression—from the strong
epithelial Sdc1 expression to the moderate stromal Sdc1
expression, on the edge of the ductal carcinoma metastasis in the
axillary node (subcapsular) (IHC, ×200).
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the proportion of the positive lymph nodes in relation to
the total number of the removed lymph nodes (the ductal
carcinomas had a significantly greater number of the pos-
itive lymph nodes (P = 0 007)) (Table 1).

According to our results, the strong (3+) Sdc1 expression
was significantly higher in the tumor epithelium of the pri-
mary IDC than in that of the ILC (P = 0 027), while there
were no significant differences in the stromal expression of
Sdc1 between the two types of cancer (P = 0 305) (Table 2).

A significant difference in the absence of the Sdc1 expres-
sion (null expression) between the tumor epithelium and the
stroma of the ductal carcinoma metastases was found (13.3%
versus 46.7%, P = 0 005) (Table 3). The Yates correction for a
small sample also showed a significant difference between
them (P = 0 011), which means that the stroma of the ductal
carcinoma metastases in the axillary lymph nodes more fre-
quently demonstrates the absence of the Sdc1 expression
compared to the tumor epithelium of metastases.

(a) (b)

(c)

Figure 8: Strong Sdc1 expression in the tumor epithelium of the ductal carcinoma metastasis in the axillary lymph node (the micropapillar
histological subtype) (the same slide, IHC; ×100 for (a), ×200 for (b), and ×400 for (c)).

Table 1: Differences in the investigated quantitative values between the invasive ductal and lobular breast carcinomas: the statistical analysis
was done with the Mann–Whitney U test.

Histological types N
Arithmetic

mean
Standard
deviation

Min Max
Percentiles

P value
25

Median
75

Age (years)
Ductal carcinoma 30 65.13 14.98 37 87 55.00 67.00 77.75

0.096
Lobular carcinoma 30 59.63 11.99 36 77 50.75 63.50 69.50

Tumor size (cm)
Ductal carcinoma 30 3.89 1.59 1.20 8.50 2.50 3.65 5.05

0.002
Lobular carcinoma 30 2.77 1.90 0.70 8.00 1.50 2.00 3.28

Total number of lymph nodes
Ductal carcinoma 30 10.80 4.48 4 21 6.75 11.00 14.00

0.006
Lobular carcinoma 29∗ 14.45 4.59 8 26 10.50 13.00 17.00

Number of positive lymph nodes
Ductal carcinoma 30 5.27 3.48 1 13 2.00 4.00 8.00

0.035
Lobular carcinoma 29∗ 4.90 7.26 0 25 0.00 2.00 6.00

Percentage of positive lymph nodes (%)
Ductal carcinoma 30 50.92 28.66 5.26 100.00 26.70 46.43 77.00

0.007
Lobular carcinoma 29∗ 30.58 36.72 0.00 100.00 0.00 11.76 53.57

∗For one invasive lobular carcinoma, the number of the total isolated and positive lymph nodes was not known (Nx).
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The negative correlation between the Sdc1 expression
in the tumor epithelium and the PR expression was signif-
icant in the ductal carcinomas (P = 0 014), as the positive
correlation between the Sdc1 expression in the tumor
stroma and the histological grade was in the lobular carcino-
mas (P = 0 014) (Table 4). In the total sample of both pri-
mary cancers, the positive correlation between the Sdc1
expression in the tumor epithelium with grade (P = 0 080)
and the expression of the ERs (P = 0 068), as well as the
positive correlation between the Sdc1 expression in the
tumor stroma and the tumor size P = 0 063, was margin-
ally significant (Table 4).

The negative correlations between the Sdc1 expression in
the malignant epithelium of the metastases with the age of
the patients and the ER/PR expression were significant in
the ductal carcinoma metastases (P = 0 043, P = 0 038, and
P = 0 010) (Table 5). The positive correlation between the
Sdc1 expression in the stroma of the metastases and the
number of the primary tumor foci (P = 0 022) was signifi-
cant, as well as the negative correlation with the PR expres-
sion (P = 0 032) in the primary tumors (Table 5).

4. Discussion

This study showed that the Sdc1 was expressed in the tumor
epithelium in the vast majority or 90% of the primary IDC,
and most frequently, it was a strong expression (56.7%).

The tumor epithelium of the primary ILC showed the identi-
cal overall Sdc1 expression, in 90% of them, but the intensity
distribution was slightly different, and it most frequently
showed a moderate expression in 56.7% and a strong expres-
sion in 26.7% (Table 2). The Chi-square distribution test
showed a significantly stronger Sdc1 expression in the pri-
mary ductal carcinomas than in the lobular ones (Pearson
χ2 test = 9.17, df = 3, P = 0 027). The equal overall epithelial
Sdc1 expression in the primary IDC and ILC can be
explained by the same origin of both histological types—the
epithelium of the terminal ductal lobular unit (TDLU), from
which most breast cancers originate [47, 53]. The reason
why the molecular profile of the two different histological
types of cancer, in spite of the same origin, shows an identi-
cal epithelial Sdc1 expression, but, for example, completely
opposite E-cadherin expression [47], remains unclear and
requires further studies. High levels of Sdc1 are associated
with the maintenance of the epithelial cell morphology and
the inhibition of invasiveness due to the increased cell adhe-
sion to the matrix components via Sdc1 [54]. The control of
the cell adhesion is partly mediated by the Sdc1, and under-
standing the underlying molecular mechanism, besides the
physiological phenomena of growth and development, is
necessary in the pathological processes such as tumor cell
invasion, angiogenesis, and metastasis [55–57]. By interact-
ing with heparin-binding growth factors, the Sdc1 accumu-
lates in the malignant breast stroma, where its amount can
be more than 10 times greater than that in the adjacent nor-
mal tissue, with a marked redistribution from the epithelium
to the stroma [58], thus contributing to the angiogenesis and
proliferation of the stroma of the invasive tumors [59]. In
this research, the stroma of the primary IDC demonstrated
the overall Sdc1 expression in most tumors (73.3%), with
almost equal distribution in all levels (Table 2). The stroma
of the ILC included the Sdc1 less frequently, in 60% of
tumors. A possible reason for this may be a gentler stromal
reaction in the lobular tumors, more pronounced in the elas-
tosis, unlike desmoplasia in the IDC. It is partially weaker
due to the typical single-file or “Indian file” arrangement
of the tumor cells (in the most common classical histolog-
ical subtype of the ILC) [47], which makes the contact

Table 2: The distribution of the intensity of the Sdc1 expression by the levels in the tumor epithelium and the stroma of primary IDC and
ILC.

Histological types

Chi-square value P
Ductal

carcinoma
Lobular

carcinoma
N % N %

Syndecan-1 expression in the
tumor epithelium

0 3 10.0 3 10.0

9.17 0.027
1 4 13.3 2 6.7

2 6 20.0 17 56.7

3 17 56.7 8 26.7

Syndecan-1 expression in
the tumor stroma

0 8 26.7 12 40.0

3.62 0.305
1 8 26.7 5 16.7

2 7 23.3 3 10.0

3 7 23.3 10 33.3

Table 3: The distribution of the intensity of the Sdc1 expression by
levels in the tumor epithelium and the stroma of the metastases of
the ductal breast cancer in the axillary nodes.

Metastases of ductal carcinoma

Intensity of
syndecan-1
expression

Total

0 1 2 3

Tumor epithelium of metastases
N 4 2 9 15 30

% 13.3 6.7 30.0 50.0 100.0

Stroma of metastases
N 14 5 5 6 30

% 46.7 16.7 16.7 20.0 100.0
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surface with the surrounding stroma larger. Loussouarn
et al. describe a strong immunoreactivity to the Sdc1 of
the dense desmoplastic stroma than that of the soft connec-
tive stroma [46]. In addition, the change in the Sdc1 expres-
sion from the malignant epithelial to the reactive stromal
cells [60, 61], with the loss of the E-cadherin, is a critical
molecular event in the amazing process of the epithelial-
mesenchymal transition (EMT), in which malignant cells
lose their epithelial properties and obtain the mesenchymal-
like properties in the invasion process [62, 63]. Furthermore,
the E-cadherin gene, responsible for the cohesion of the epi-
thelial cells and the suppression of the malignant cell inva-
sion, is absent in 80–100% of the ILC, and its inactivation is
an early event in the oncogenesis of the lobular lesions [47].
All the above suggests a stronger connection between the

Sdc1 and the E-cadherin in the lobular carcinomas than in
the ductal ones. We can assume that the somewhat weaker
stromal Sdc1 expression in the lobular tumors is probably
associated with a greater E-cadherin loss; that is, the tumor
cells of the lobular cancers lose more Sdc1 during the EMT
than the ductal carcinoma cells undergoing the EMT. It is
supported by the fact that the epithelium of both primary
carcinomas expresses the Sdc1 in exactly the same way, in
90% of cases (Table 2). However, either it unevenly loses
the Sdc1 during the EMT (which is probably associated
with a loss of the E-cadherin as described above) or for
some reason, the induction of the Sdc1 is weaker in the
stroma of the lobular cancers. Namely, the Sdc1, besides
being a transmembrane protein and the native cell mem-
brane HSPG, released from the membrane into the adjacent

Table 4: The correlation between the Sdc1 expression in the tumor epithelium and the stroma of the total sample of both types of the primary
tumors and separately of the invasive ductal and the lobular carcinomas, with various clinical and histological parameters analyzed using
Spearman’s correlation coefficient.

Spearman correlation

Syndecan-1 expression in the tumor
epithelium

Syndecan-1 expression in the
tumor stroma

Total
sample
(N = 60)

Ductal
carcinoma
(N = 30)

Lobular
carcinoma
(N = 30)

Total
sample
(N = 60

Ductal
carcinoma
(N = 30)

Lobular
carcinoma
(N = 30)

Age (years)

Coefficient
rho

−0.159 −0.179 −0.288 −0.1 0.096 −0.346

P 0.225 0.345 0.123 0.447 0.612 0.061

Tumor size (cm)

Coefficient
rho

0.141 0.129 −0.021 0.242 0.114 0.28

P 0.283 0.498 0.912 0.063 0.548 0.134

Focus numbers
(1–3)

Coefficient
rho

0.103 −0.007 0.295 −0.099 −0.139 −0.06

P 0.435 0.97 0.113 0.451 0.463 0.752

Histological
grade

Coefficient
rho

0.228 0.185 0.078 0.187 0.000 0.442

P 0.08 0.329 0.683 0.153 0.999 0.014

T status

Coefficient
rho

0.023 −0.253 0.025 0.203 0.145 0.254

P 0.863 0.177 0.895 0.119 0.443 0.175

N status

Coefficient
rho

0.176 0.136 0.115 0.122 0.062 0.169

P 0.182 0.475 0.553 0.357 0.744 0.38

Percentage
of positive
lymph nodes

Coefficient
rho

0.213 0.254 0.071 0.002 −0.153 0.11

P 0.105 0.175 0.713 0.989 0.421 0.57

ER

Coefficient
rho

−0.237 −0.205 −0.268 −0.034 −0.099 0.021

P 0.068 0.277 0.152 0.799 0.604 0.911

PR

Coefficient
rho

−0.156 −0.442 0.187 0.022 −0.007 0.034

P 0.235 0.014 0.323 0.868 0.971 0.86

HER2/neu

Coefficient
rho

−0.054 −0.09 −0.052 −0.028 −0.101 0.072

P 0.683 0.637 0.787 0.831 0.597 0.705
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matrix when excessively expressed [64–66], is partly syn-
thesized in the stroma itself, that is, in the stromal fibro-
blasts [67–70]. This raises the hypothesis of its possible
lower synthesis in the stromal fibroblasts of the ILC,
which would be very valuable to investigate. Such a con-
cept is supported by our result of distribution of the
Sdc1 expression in the primary ILC (by level), according
to which the stroma of the ILC often, in as many as
40%, did not show even a weak expression of the Sdc1
(Table 2). Stanley et al. described a significantly lower epi-
thelial Sdc1 expression in the IDC than in the healthy
breast tissue and the epithelial-stromal tumors, with the
emphasizing difference in the expression between the
stromas of malignant and nonmalignant tissue; the Sdc1
was highly expressed in the stroma and the epithelial-
stromal border of the IDC and absent in the stroma of
normal tissue and the epithelial-stromal tumors [59]. Such
redistribution of the Sdc1 in the direction of the epithe-
lium to the stroma in the malignant epithelial tumors [58]
is related to the loss of the Sdc1 expression on/in the malig-
nant epithelial cells [59–61], and it precisely means the
EMT—when cancer cells lose their Sdc1 by transition from
the epithelial to the weaker differentiated mesenchymal phe-
notype [62, 63]. The changed or altered Sdc1 expression
from the malignant epithelial to the reactive stromal cells
is crucial for the transformation of a ductal breast carci-
noma to the metastatic disease, but it is also found during
progression of other malignant tumors.

In our study, the tumor epithelium of the metastatic IDC
in the axillary lymph nodes showed the Sdc1 expression in
even 86.7% of metastases, almost the same as the malignant
epithelia of the primary IDC; the Sdc1 expression was mostly
strong (50%) or moderate (30%), while 13.3% of the metasta-
tic tumor epithelium did not show even a weak expression
(Table 3). Thanakit et al. also found a high expression of
the Sdc1 in the affected axillary nodes at the primary IDC,
with a significant expression increase during the tumor pro-
gression from the lymph node to the extracapsular adipose
tissue [71], while the E-cadherin expression showed no sig-
nificant difference between the metastatic nodes and the
extracapsular tumor invasion. According to our results, a
high Sdc1 expression in the tumor epithelium of the metasta-
sis, almost equal to that of a primary tumor, suggests direct
involvement of the Sdc1 in progression, not only of primary
ductal carcinomas but also of metastatic carcinomas. It is
very important to emphasize that this strong Sdc1 expression
in the tumor epithelium of lymph nodes might be a possible
prerequisite for the further progression and metastasis of a
ductal carcinoma, in the loco-regional and remote areas.
However, Wang et al. found a significantly reduced Sdc1
expression in the metastatic breast cancer cell lines compared
to the nonmetastatic breast cancer cell lines under in vitro
conditions [72]. Our study determined that the stroma of
the metastatic IDC showed an overall Sdc1 expression in
53.4% of the lymph nodes (i.e., it was absent in almost half
of them or 46.7% (Table 3)), which is lower (but not

Table 5: The correlation between the Sdc1 expression in the tumor epithelium and the stroma of the metastases of the ductal breast
carcinoma and some clinical and histological features of the primary tumors, analyzed using Spearman’s correlation coefficient.

Spearman correlation
Syndecan-1 expression in the

epithelium of metastases (N = 30)
Syndecan-1 expression in the
stroma of metastases (N = 30)

Age (years)
Coefficient rho −0.373 0.014

P 0.043 0.940

Tumor size (cm)
Coefficient rho −0.223 0.061

P 0.237 0.750

Focus numbers (1–3)
Coefficient rho 0.07 0.417

P 0.714 0.022

Histological grade
Coefficient rho 0.138 0.164

P 0.466 0.385

T status
Coefficient rho −0.299 0.229

P 0.109 0.223

N status
Coefficient rho 0.11 0.179

P 0.562 0.343

Percentage of positive lymph nodes
Coefficient rho 0.08 0.267

P 0.676 0.153

ER
Coefficient rho −0.381 −0.302

P 0.038 0.105

PR
Coefficient rho −0.461 −0.393

P 0.01 0.032

HER2/neu
Coefficient rho 0.138 0.287

P 0.468 0.124
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statistically significant) than the expression in the stroma of
the primary ductal carcinomas (73.3%). The probable reason
for this is the smaller amount of stromas in a lymph node and
therefore its lower reactivity to the metastatic epithelium
compared to the primary tumors (a lymph node shows a dis-
crete stroma in the physiological state too), and also a differ-
ent microenvironment for the metastatic epithelium in the
new “host”—the lymph node, which determines different
epithelial-stromal interactions.

The HER2/neu is overexpressed in 25–30% of the inva-
sive breast cancers and even in 50% of the breast ductal car-
cinoma in situ (DCIS) [49]. Götte et al. demonstrated a
strong Sdc1 expression in 72% of the DCIS, with a correla-
tion between the levels of Sdc1 and HER2/neu expression
[73]. Kim et al. showed a significant association between
the epithelial Sdc1 and EGFR expression in the colorectal
carcinomas [74]. It seems that some syndecans (Sdc1 and
Sdc4) play a key role in the activation of the α6β4 integrin
by receptor tyrosine kinases (HER1 and HER2) [75]. Besides,
the action of a trastuzumab, an antibody in the therapy of the
breast cancer cases positive for human EGFR2 (HER2/neu),
depends on the availability of the heparan sulfate on the sur-
face of the breast cancer cell lines [76]. All these indicate an
association between the Sdc1 and HER2/neu, that is, their
signaling pathways. Nevertheless, our total sample of the pri-
mary tumors did not demonstrate it, most likely because the
half of them were the lobular carcinomas in which the HER2/
neu is rarely expressed [47, 77–79], nor the IDC, probably
because of the weaker HER2/neu expression in the invasive
carcinomas than in in situ carcinomas [49]. Since HER2/
neu is particularly expressed in the carcinomas in situ, it is
probably more involved in the initiation of carcinogenesis
than in the growth of the already established tumors, hence
showing no correlation with the Sdc1 in our research.

In this study, the lobular carcinomas demonstrated a pos-
itive correlation between the stromal Sdc1 expression and
histological grade (P = 0 014) (Table 4). Loussouarn et al.
associated a strong epithelial Sdc1 expression with a low-
grade and well-differentiated breast carcinomas and a reduc-
tion of expression with poorly differentiated ones [46].
Leivonen et al. discovered an epithelial Sdc1 expression in
61% of the IDC [44], which is lower than our result, and a
stromal expression in 67%, which is very similar to our result.
Barbareschi et al. identified the increased Sdc1 expression in
42% of cancers, mostly in large tumors, with a high grade and
a high mitotic index, a negative ER/PR status, and an HER2/
neu overexpression [45]. According to our results, the pri-
mary IDC showed a significant negative correlation between
the epithelial Sdc1 expression and the PR expression (P =
0 014) (Table 4). The axillary node metastases from the
IDC demonstrated a negative relationship between the Sdc1
expressed in the tumor epithelium and the patient age (P =
0 043), as well as the ER (P = 0 038) and PR expression
(P = 0 010) in the primary tumors (Table 5). Thus, a higher
expression of the Sdc1 in the tumor epithelium of the meta-
static IDC is associated with younger patients and a lower
expression of both hormone receptors in the primary
tumors, which is very significant and can be a basis for
further studies. The Sdc1 expression in the stroma of

metastases positively correlated with the number of tumor
foci (P = 0 022) in the primary tumor and negatively corre-
lated with the PR expression (P = 0 032) in the primary
tumor. Baba et al. related the Sdc1 overexpression (but in
the primary tumor) and the negative ERs to the aggressive,
highly proliferative type of a breast cancer [80]. Leivonen
et al. associated the epithelial Sdc1 expression with the
negative ERs and the stromal Sdc1 expression with the
positive ERs [44]. As noted, Barbareschi et al. also have
linked the Sdc1 expression (in a primary tumor) with the
negative ER/PR [45]. All the above indicates the existence
of certain relations between the Sdc1 expression and ER/
PR status in the primary ductal carcinomas, while the
results trying to define this relationship in the metastases
were not found in the reviewed literature.

5. Conclusion

The aim of our study was to determine and compare the Sdc1
expression in the malignant epithelial cells and stroma of 30
ILCs and 30 IDCs, as well as in the axillary lymph node
metastases of ductal type, and to correlate it with the clinical
and tumor parameters. This research has shown the identical
overall epithelial Sdc1 expression with no statistically signif-
icant difference in its stromal expression between by far the
two most common primary breast cancers—ductal and lobu-
lar cancers. However, it has shown some differences in the
correlation between the Sdc1 expression and the important
hormonal ER/PR status as the unavoidable prognostic/pre-
dictive factors in the routine diagnostic-therapeutic proce-
dure of each breast carcinoma. The involvement of Sdc1 in
the progression of both primary cancers was proved, as well
as the involvement of Sdc1 in the development of the meta-
static potential of ductal tumors when invading the axillary
lymph nodes. Moreover, the frequent and strong Sdc1
expression in the nodal metastasis (found in almost 90% of
cases) assumes a very high probability of further disintegra-
tion of the malignant cells, and it presents a significant source
of the new metastases. A further research on a larger number
of patients with different types of breast cancer is needed in
order to define the role and behavior of the Sdc1 in different
histologic tumor types and to include the results of selected
types of the Sdc1 expression (both are positive/negative or
one of them is positive) into the comprehensive molecular
and gene profile at the level of an individual tumor. Such
research will continue the path towards understanding the
numerous mutually dependent or autonomous molecular
processes in the complex biopathology and carcinogenesis
of breast cancer.
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Medulloblastoma is the most common malignant brain tumor of childhood, with great potential to metastasize. However, the
mechanisms of how medulloblastoma develops and progresses remain to be elucidated. The present study assessed the role of
long noncoding RNA LOXL1-AS1 (lncRNA LOXL1-AS1) in the cell proliferation and metastasis in human medulloblastoma. It
was initially found that LOXL1-AS1 was significantly overexpressed in clinical medulloblastoma tissues compared with the
adjacent noncancerous tissues. LOXL1-AS1 was also highly expressed in medulloblastoma at advanced stages and differentially
expressed in a series of medulloblastoma cell lines. Knockdown of LOXL1-AS1 using shRNAs significantly inhibited cell
viability and colony formation capacities in D283 and D341 cells. Moreover, the cell proportion in the S phase was significantly
increased, while the cell proportion in the G2/M phase was decreased after knockdown of LOXL1-AS1 in D283 cells and D341
cells. Cell cycle arrest led to eventual cell apoptosis by LOXL1-AS1 knockdown. Moreover, in a xenograft model of human
medulloblastoma, knockdown of LOXL1-AS1 significantly inhibited tumor growth and promoted tumor cell apoptosis. In
addition, knockdown of LOXL1-AS1 inhibited cell migration and reversed epithelial-to-mesenchymal transition (EMT).
Western blot analysis further revealed that knockdown of LOXL1-AS1 decreased the phosphorylated levels of PI3K and AKT
without affecting their total protein levels. These results suggest that LncRNA LOXL1-AS1 promoted the proliferation and
metastasis of medulloblastoma by activating the PI3K-AKT pathway, providing evidence that knockdown of LncRNA
LOXL1-AS1 might be a potential therapeutic strategy against medulloblastoma.

1. Introduction

Medulloblastoma is the most common malignant brain
tumor of childhood characterized with frequent extraneural
metastasis [1]. Current therapies for medulloblastoma were
introduced primarily in the 1980s and consist of predomi-
nantly cytotoxic, nontargeted approaches. However, mortal-
ity from medulloblastoma remains significant [2]. Moreover,
many survivors suffer from severe treatment-related effects
of radiation and cytotoxic chemotherapy such as endocrino-
logical dysfunction and intellectual damage [3, 4]. Therefore,
novel therapeutic strategies targeting critical regulatory path-
ways in the development and progression of medulloblas-
toma are warranted.

Currently, the origin of cancer is considered as a step-
by-step accumulation of alterations in cell function and
molecular expression, which are widely reported to relate
with mechanisms involving transcriptional regulation [5],
posttranscriptional regulation [6], and epigenetic modifica-
tion [7]. Among the posttranscriptional regulatory machin-
eries, long noncoding RNAs (lncRNAs) have recently been
identified as key regulators of various biological processes,
including cell proliferation, differentiation, apoptosis, migra-
tion, and invasion [8–10]. lncRNAs are a class of RNA over
200 nucleotides in length. The role of lncRNAs in solid
tumors has received increasing attention from worldwide
studies. Moreover, lncRNAs, such as SNHG1, have been
associated with cancer malignancy in pan-cancer including
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medulloblastoma [11]. However, our knowledge of lncRNAs
remains limited, and it has become amajor research challenge
in discovering novel disease-related lncRNAs in cancers such
as medulloblastoma [11].

Emerging data has shown the critical role of lncRNAs in
the development and progression of medulloblastoma.
Tumor growth and metastasis of medulloblastoma have been
reported to be strictly controlled by lncRNAs such as CCAT1
[10], linc-NeD125 [12], and CRNDE [9]. However, other
critical lncRNAs significantly associated with medulloblas-
toma remain to be elucidated.

lncRNALOXL1-antisense RNA (LOXL1-AS1) is encoded
on the opposite strand of LOXL1. It is a novel lncRNA that has
recently been identified using sequencing and genetic analysis
[13]. LOXL1-AS1 expression is significantly altered in
response to oxidative stress in human lens epithelial cells and
in response to cyclic mechanical stress in human Schlemm’s
canal endothelial cells [13], supporting a functional role for
the lncRNA LOXL1-AS1 in cellular stress response.

The role of LOXL1-AS1 in human tumorigenesis remains
unknown, so the present study aimed to investigate the
expression profile and functional role of LOXL1-AS1 in
medulloblastoma. To this end, the LOXL1-AS1 level was
initially evaluated in clinical medulloblastoma tissues and in
a series of medulloblastoma cell lines. Specific shRNAs
targeting LOXL1-AS1 were then synthesized to modulate
the expression of LOXL1-AS1. Cell viability, colony forma-
tion, and cell migration capacities were examined in vivo
and in vitro. Our results showed that LOXL1-AS1 was highly
expressed inmedulloblastoma tissues.KnockdownofLOXL1-
AS1 significantly inhibited cell proliferation andmetastasis in
medulloblastoma. In addition, the PI3K/AKT pathway was
regulated by LOXL1-AS1, which might suggest a regulatory
mechanism contributing to LOXL1-AS1-mediated medullo-
blastoma progression.

2. Materials and Methods

2.1. Human Tissues and Ethical Statements. A total of 50
cases that were clinically diagnosed with medulloblastoma
at Jining No. 1 People’s Hospital and Sishui People’s Hos-
pital were included in the present study. For each case, its
cancerous tissues and the matched adjacent noncancerous
tissues were obtained. All patients showed their full con-
sent to participate in our study, and a written consent
form was obtained from each patient. Protocols for using
human tissues were approved by the ethical committee
board at Jining No. 1 People’s Hospital and Sishui People’s
Hospital University.

2.2. Cells and Reagents. Human medulloblastoma cell lines
Daoy, D283, D425, D341, and D458 were purchased from
the Cell Bank of the Chinese Academy of Sciences (Shanghai,
China). All cell lines were maintained in Dulbecco’s Modified
Eagle Medium (DMEM) (Gibco, Los Angeles, CA, USA) sup-
plied with 10% fetal bovine serum (FBS) (Gibco). Culture
medium was refreshed every two days unless otherwise
stated. Primary antibodies were commercially purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA)

except for the phosphorylation detection antibodies which
were obtained from Cell Signaling Technology (Boston,
MA, USA). For knockdown of lncRNA LOXL1-AS1, two
specific shRNAs were chemically synthesized by Gene-
Pharma (Shanghai, China). A scramble shRNA was also
synthesized serving as control shRNA.

2.2.1. Quantitative Real-Time PCR. Total RNAs of human
tissues and cultured cells were isolated using TRIzol Reagent
(Thermo Fisher Scientific, Waltham, MA, USA) according to
the manufacturer’s instruction. The quality and concentra-
tion of extracted RNAs were determined by collecting the
absorbance at 260nm with Nanodrop 2000. The RNAs were
immediately transcribed into cDNAs using the PrimeScript
RT Master Mix Perfect Real Time (TaKaRa, Shiga, Japan).
All real-time PCRs were performed with the SYBR Premix
Ex Taq Kit (TaKaRa, Japan) in an ABI PRISM 7500 Real-
Time System. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was included as the internal control. Each
experiment was repeated three times with each one per-
formed in triplicate.

2.3. Western Blot Analysis. Total proteins were extracted
using a RIPA lysis buffer (pH=7.5, Beyotime Biotechnology,
Nantong, China) to generate the whole protein lysate. An
equal amount of 40μg protein was loaded to each lane in a
12% SDS-PAGE gel. Proteins were then transferred to a
polyvinylidene fluoride (PVDF) membrane after electropho-
resis. After blockade of nonspecific antigens with 5% skim
milk, membranes were incubated with primary antibodies
overnight at 4°C. A secondary antibody which recognizes
the primary antibody was then added, and the immunoreac-
tivity was determined with enhanced chemoluminescent
autoradiography (Thermo Scientific, PA, USA). GAPDH
was synchronously developed for loading control.

2.4. Immunofluorescent Assay. D283 and D341 cells with
indicated treatments were seeded on sterile coverslips in a
24-well plate in DMEM with 10% FBS. After 24 h, cells were
rinsed with PBS and fixed for 30min in 4% paraformalde-
hyde. Subsequently, cells were penetrated with 2% Triton
X-100 for 20min and then blocked in 5% FBS for 1 h. After
that, cells were incubated with primary antibodies at 4°C
overnight. After washing by PBS, cells were incubated with
corresponding secondary antibody in the dark for 1 h and
counterstained for 30min with 4′, 6-diamidino-2-phenylin-
dole (DAPI). Samples were finally mounted and observed/
photographed by an Olympus IX71 inverted microscope
(Olympus Optical Co., Tokyo, Japan).

2.5. Cell Viability Detection. D283 and D341 cell viability
were assessed using a cell counting kit-8 (CCK-8) assay
(Beyotime, Nantong, China) according to the manufacturer’s
protocol. Briefly, cells were seeded into 6 cm dishes and
transfected with specific shRNAs against LOXL1-AS1
(shRNA1 or shRNA2 group) or with a scramble shRNA
(control group). Twenty-four hours later, each group of cells
were trypsinized and resuspended. Cells were then seeded
into a 96-well plate at an initial concentration of 8000 cells
per well. Cell proliferative rates were monitored for the

2 Analytical Cellular Pathology



following 5 days. On each monitored time point, an aliquot
of 10μl of CCK-8 solution was added to each well. After fur-
ther incubation of cells with CCK-8 solution for 4 h, the
absorbance of each well was measured by an ELISA reader
at a wave length of 450 nm. For data analysis, the cell viability
on day 1 was set as 1.

2.6. Colony Formation Assay. Human medulloblastoma cell
lines D283 and D341 were pretransfected with specific
shRNA against LOXL1-AS1 and spread into 12-well plates.
Then, all plates were incubated for 2 weeks to allow colony
formation. After that, colonies were stained with crystal
violet (0.1%) for 30min. A colony is defined as cell accumu-
lation with over 50 cells. The total number of colonies was
manually counted and averaged for each group.

2.7. Wound-Healing Assay and Transwell Migration Assay.
For the wound-healing assay, cells were plated on 6-well
plates to form a confluent monolayer. Wounds were made
with sterile pipette tips. Wound recovery was observed every
6 hours. The wound recovery rate was then calculated after
each monitored time point. A migration assay was carried
out using Boyden chambers (tissue culture-treated, 6.5mm
diameter, 8 μm pores, Transwell, Costar, Cambridge, MA,
USA) containing polycarbonate membrane. Briefly, 100 μl
of 1× 106 cells in serum-free medium was added to the upper
chamber, and 600 μl of DMEM with 10% FBS was added to
the lower chamber. Cells were incubated for 12 h. Migrated
cells on the undersurface of the membrane were fixed and
stained with crystal violet for 10minutes at room tempera-
ture. Photographs of five random regions were taken, and
the number of cells was counted to calculate the average
number of migrated cells per plate.

2.8. Cell Cycle Analysis. Flow cytometry analysis was per-
formed to analyze cell cycle progression. Briefly, control or
LOXL1-AS1-depleted D283 cells and D341 cells were washed
with PBS twice and fixed with 70% ethanol for 30min on ice.
To degrade RNAs, 20mg/ml of RNase (Sigma-Aldrich,
NY, USA) was added for 1 h at 37°C. After RNA degrada-
tion, samples were then stained with 20mg/ml propidium
iodide (PI, Sigma-Aldrich), and cell proportion at each
phase was assessed by FACSCalibur flow cytometry (BD
Biosciences, San Jose, CA, USA) equipped with the Modi-
Fit LT v2.0 software.

2.9. Cell Apoptosis Analysis. Cell apoptosis was analyzed
using the Annexin V/PI apoptosis kit (Invitrogen, Shanghai,
China) according to the manufacturer’s instruction. Briefly,
D283 and D341 cells were seeded in a 6-well plate (2× 106
cells/well) and transfected with a scramble shRNA (control
group) or with the specific shRNA against LOXL1-AS1
(shRNA group). Both cell lines were then cultured with
complete medium for 48h. After that, cells were washed
with iced PBS and resuspended with 100μl binding buffer.
Then, 5μl of annexin V-FITC and 5μl of PI working solution
(100μg/ml) were added to the 100μl aliquots of cell suspen-
sion. Cell suspensions were further incubated at room
temperature for 15min in the dark. Subsequently, another
400μl of binding buffer was added to the cell suspension.

Samples were then analyzed by flow cytometry. Each sample
was tested in triplicate three times.

2.10. Xenograft Model of Medulloblastoma In Vivo. Male
athymic BALB/c nude mice that were 5 weeks old were main-
tained in a special pathogen-free (SPF) condition. A total of
10 mice were fed and randomly divided into the control or
shRNA group (n = 5 per group). D283 cells were pretrans-
fected with the scramble shRNA (control) or specific shRNA1
against LOXL1-AS1 (shRNA1 group) prior to inoculation
into mice. A total of 5× 106 D283 cells with indicated treat-
ments were then injected subcutaneously into the right flank
in each mouse. Tumor dimensions (length, L, and width,W)
were thenmeasured once a week for a total of 4 weeks. Tumor
volumes (TV) were calculated as TV=L×W2/2. After 4
weeks feeding, the mice were sacrificed and tumor tissues
were dissected for subsequent analyses. All efforts were made
to minimize suffering.

2.11. Histology and Immunohistochemistry (IHC) Analysis.
Tumor tissues from the mouse model were paraffin embed-
ded and cut into 4μm slides. The slides were then subject
to hematoxylin and eosin (H&E) staining for pathology con-
firmation. After H&E staining, the slides were subjected to
antigen retrieval in a microwave in 0.1M citric acid solution
(pH 6.0) for 10min. After incubation with primary antibod-
ies at 4°C overnight, the slides were incubated with corre-
sponding secondary antibody at room temperature for 1 h.
The reactivity was developed using 0.05% diaminobenzidine
(DAB) containing 0.01% H2O2. Representative images were
photographed for each slide.

2.12. StatisticalAnalysis.Datawere expressed asmeans± stan-
dard deviation (SD). Comparisons between groups were
analyzed using Student’s t-test. Differences with a two-sided
p value< 0.05 were considered to be statistically significant.

3. Results

3.1. lncRNA LOXL1-AS1 Was Overexpressed in
Medulloblastoma. Initially, the expression of LOXL1-AS1
was examined in clinical medulloblastoma tissues. In the
50 cases, the mean level of LOXL1-AS1 in medulloblastoma
tissues was approximately 1.5-fold that in the adjacent non-
cancerous tissues (Figure 1(a)). After analysis of the paired
tissues, it was found that 36 of the 50 cases showed a higher
level of LOXL1-AS1 in medulloblastoma tissues as compared
with the paired adjacent tissues (Figure 1(b)). Moreover, the
relative LOXL1-AS1 level was significantly higher in tumors
with the size categorized as T3 and T4 (Figure 1(c)). In a
series of medulloblastoma cell lines, LOXL1-AS1 was differ-
entially expressed and showed the highest levels in D283
and D341 cells (Figure 1(d)). Taken together, these data
suggest that LOXL1-AS1 was overexpressed in medullo-
blastoma tissues.

3.2. Knockdown of LOXL1-AS1 Inhibited Cell Viability and
Colony Formation Capacity in D283 and D341 Cells. In view
of the highest expression of LOXL1-AS1 in D283 and D341
cells, these two cell lines were selected as optimal to
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investigate the functional roles of LOXL1-AS1 in medullo-
blastoma. Specific shRNAs against LOXL1-AS1 were synthe-
sized. It was shown that specific shRNAs depleted the
expression of LOXL1-AS1 in D283 cells (Figure 2(a)) and
D341 cells (Figure 2(b)). Next, cell viability was determined
in both cell lines with or without LOXL1-AS1 depletion. In
D283 cells, it was observed that depletion of LOXL1-AS1
impaired cell proliferative abilities from day 3. On day 5,
the proliferative rate in LOXL1-AS1-depleted cells was only
half of that in control cells (Figure 2(c)). Depletion of
LOXL1-AS1 using either shRNA also inhibited cell prolifera-
tion by up to 70% in D341 cells (Figure 2(d)). Likewise, in the
colony formation assay, it was visually observed that deple-
tion of LOXL1-AS1 in either cell line decreased the colonies
that were stained with crystal violet (Figure 2(e)). Quantifica-
tion of the colonies showed that only approximately 40–50
colonies were formed in LOXL1-AS1-depleted D283 cells,
which was in contrast to the mean 120 colonies in control
D283 cells (Figure 2(f)). Decreases in the formed colonies
were also found in LOXL1-AS1-depleted D341 cells
(Figure 2(g)). All these data suggested that knockdown of
LOXL1-AS1 inhibited cell viability and clonogenic potential
in medulloblastoma cells.

3.3. Knockdown of LOXL1-AS1 Arrested Cell Cycle at the S
Phase and Led to Eventual Cell Apoptosis in
Medulloblastoma. The effects of LOXL1-AS1 knockdown
were then assessed on cell survival (Figure 3(a)). In the cell
cycle analysis, it was found that knockdown of LOXL1-AS1
arrested the cell cycle progression (Figure 3(a)). Particularly,
the cell proportion in the S phase was significantly increased
from approximately 30% in control D283 cells to nearly 45%
in LOXL1-AS1-depleted D283 cells. Accordingly, the cell
proportion in the G2/M phase was decreased by approxi-
mately 50% after knockdown of LOXL1-AS1 in D283 cells
(Figure 3(b)). Comparable cell cycle arrest at the S phase
was also observed in D341 cells (Figure 3(c)).

Subsequently, cell apoptosis was analyzed (Figure 4(a)).
While there was only approximately 4% control D283 cells
that were apoptotic, the cell apoptosis rate was up to 14%
in shRNA1-transfected D283 cells and 15.2% in shRNA2-
transfected D283 cells (Figure 4(b)). Knockdown of
LOXL1-AS1 in D341 also promoted cell apoptosis rates, a
200% increase by shRNA1 and 250% increase by shRNA2
(Figure 4(c)). These data suggest that knockdown of
LOXL1-AS1 arrested the cell cycle, leading to eventual cell
apoptosis in medulloblastoma.
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Figure 1: lncRNA LOXL1-AS1 was highly expressed in medulloblastoma. (a) qRT-PCR analysis of LncRNA LOXL1-AS1 in 50 cases of
clinical medulloblastoma as well as their adjacent normal tissues. (b) The paired expression of LOXL1-AS1 was shown in the 50 cases. (c)
All the 50 cases were subgrouped as T1, T2, T3, and T4 based on the tumor size. Relative level of LOXL1-AS1 in T3 and T4 cancerous
tissues was significantly higher than that in T1 and T2 tissues. (d) qRT-PCR analysis of the relative level of LOXL1-AS1 in 5
medulloblastoma cell lines. The level of LOXL1-AS1 in the D458 cells was set as 1. LOXL1-AS1 levels in other cell lines were normalized
to those in D458 cells. The p value for each comparison was indicated in each panel.
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3.4. Depletion of LOXL1-AS1 Inhibited Tumor Growth in
Medulloblastoma In Vivo. A xenograft model of human
medulloblastoma was established by inoculating D283 cells
into nude mice. D283 cells were pretreated with a scrambled
shRNA or the shRNA1 prior to inoculation. QRT-PCR anal-
ysis was performed to confirm the efficiency of the shRNA1
to knockdown LOXL1-AS1 (Figure 5(a)). The use of shRNA1
was due to the observation that shRNA1 exhibited relatively
higher efficacy to deplete LOXL1-AS1 than shRNA2 as
shown in Figures 2(a) and 2(b). Four weeks after inoculation,
tumors in each group of mice were resected, and the
shRNA1-treated mice exhibited visibly smaller sized tumors
as compared with the control mice. The weight of tumors
from the shRNA1 group was also significantly less than that
from the control group (Figure 5(b)). Indeed, during the
monitored 4 weeks, shRNA1-treated mice began to exhibit
smaller tumor sizes from the second week, and LOXL1-
AS1-depleted mice showed slower tumor growth rate during
the following weeks (Figure 5(c)). Immunohistochemical
analysis revealed that the neoplasia from the shRNA1-

treated mice showed relatively less positivity of Ki-67, a
marker of tumor cell proliferation (Figures 5(d) and 5(e)).
Instead, neoplasia from the LOXL1-AS1-depleted mice
showed more TUNEL-positive cells (Figures 5(d) and 5(f)),
which indicated the increased cell apoptosis within the
tissues, supporting the in vitro observations and suggesting
that LOXL1-AS1 depletion inhibited tumor growth in
medulloblastoma.

3.5. Knockdown of LOXL1-AS1 Inhibited Cell Migration in
Medulloblastoma. Cell migration capacity was then assessed
using a wound-healing assay. It was observed that both
D283 and 341 cells recovered the artificial wound, regardless
of what treatments they received. However, the shRNA-
treated cells showed slower recovery ability at 18 h in com-
parison with control cells (Figure 6(a)). In fact, the wound
recovery rates were decreased by nearly 46.7% in D283 cells
and 55.6% in D341 cells (Figure 6(b)). The Transwell migra-
tion assay also confirmed that LOXL1-AS1-depleted cells
were less capable of transmigrating to the lower surface of
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Figure 2: Knockdown of LOXL1-AS1 inhibited cell viability and colony formation capacity in D283 and D341 cells. (a, b) Knockdown
efficiency of two synthesized shRNAs against LOXL1-AS1 (termed as shRNA1 and shRNA2) was assessed in D283 cells and D341 cells,
respectively. (c, d) After knockdown of LOXL1-AS1 in D283 and D341 cells, cell proliferative rates were monitored in a consecutive of 5
days. The absorbance on day 1 was set as 1 for each group of cells. (e, f, g) Control and LOXL1-AS1-depleted cells were subject to colony
formation assay in D283 cells and D341 cells. Formed colonies were stained with crystal violet, and all colonies in each group were
manually counted and averaged from three independent assays. ∗p < 0 05; ∗∗p < 0 01.

5Analytical Cellular Pathology



the chamber (Figure 6(c)). The migrated cells in shRNA-
treated groups were less than half of that in control groups
(Figure 6(d)).

In addition, the epithelial marker, E-cadherin, and mes-
enchymal marker, vimentin, were detected, with an increase
in E-cadherin immunofluorescence and a decrease in vimen-
tin immunofluorescence observed after knockdown of
LOXL1-AS1 (Figure 6(e)). Consistently, Western blot analy-
sis also showed that the protein level of vimentin decreased,
whereas that of E-cadherin increased in response to
LOXL1-AS1 depletion in both D283 cells and D341 cells
(Figure 6(f)), suggesting that knockdown of LOXL1-AS1
inhibited cell migration and reversed EMT processes.

3.6. LOXL1-AS1 Positively Regulated the PI3K/AKT Pathway
in Medulloblastoma Cell Lines. The molecular mechanisms
that contributed to the LOXL1-AS1-mediated phenotype
were explored. It was detected that the phosphorylated levels

of PI3K (p-PI3K) and AKT (p-AKT) were remarkably
decreased in LOXL1-AS1-depleted cells, whereas the total
protein levels of PI3K and AKT remained unaffected by
LOXL1-AS1 knockdown, indicating that LOXL1-AS1 acti-
vated the PI3K/AKT pathway in medulloblastoma (Figure 7).

4. Discussion

Medulloblastoma remains a major health problem threating
children’s lives worldwide. Forty percent of patients suffering
from medulloblastoma were found to have distant metastasis
at diagnosis [14], making it a real challenge to treat this
malignancy. Moreover, traditional therapies for medulloblas-
toma are associated with significant side effects [3]. There-
fore, investigation of novel molecular changes during
medulloblastoma initiation and progression is necessary to
identify novel therapeutic targets and individualize treat-
ments for medulloblastoma patients.
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Figure 3: Knockdown of LOXL1-AS1 arrested cell cycle at the S phase in medulloblastoma. (a) Cell cycle progression was analyzed in both
D283 cells and D341 cells that were pretreated with or without specific shRNAs against LOXL1-AS1. (b, c) Cell proportions in the G0/G1, S,
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The present study provided in vitro and in vivo evi-
dence that LOXL1-AS1 displayed potent prooncogenic
functions in medulloblastoma and commends itself as a
possible therapeutic target to current medulloblastoma
treatment. LOXL1-AS1 is a recently identified lncRNA
that is critically associated with cellular stress response
[13], but there is a lack of expression data for LOXL1-
AS1, especially in tumor tissues. This is the first report
that LOXL1-AS1 is significantly overexpressed in clinical
medulloblastoma tissues. Its expression was even higher
in medulloblastoma with advanced tumor sizes, indicating
a critical involvement in tumor growth regulation. In fact,
cell viability and clonogenic potential was significantly
inhibited after knockdown of LOXL1-AS1 in medulloblas-
toma cell lines. Tumor growth was also inhibited in an
in vivo xenografted model of human medulloblastoma
with LOXL1-AS1 depletion. Furthermore, the in vitro
and in vivo tumor growth-inhibition effect by LOXL1-
AS1 depletion was associated with tumor cell cycle arrest
at the S phase. Deregulation of cell cycle progression is a
hallmark of tumor growth [15] and closely linked with cell
apoptosis [16, 17]. Cell cycle arrest by LOXL1-AS1 depletion

supports the tumor growth promotion effect by LOXL1-AS1,
as well as the eventual cell apoptosis in D283 and D341 cells,
and in the xenografted model of medulloblastoma. Taken
together, these observations indicate that LOXL1-AS1 pro-
motes cell growth in medulloblastoma.

In addition, it was also found that knockdown of LOXL1-
AS1 impaired cell migration capacities as evidenced by the
wound-healing and Transwell migration assays. Cell migra-
tion was inhibited by approximately 50% in LOXL1-AS1-
depleted D283 cells and D341 cells. EMT is a common man-
ifestation of tumor metastasis and reflects epithelial cell plas-
ticity, in which multiple regulatory molecules are involved,
including the Zeb and Snail families [18]. The EMT process
is induced by various cellular procedures, including increased
expression of mesenchymal markers (N-cadherin and
vimentin), decreased protein levels of epithelial markers
(E-cadherin), and overexpressed ECM compounds (fibro-
nectin) [19]. EMT is associated with a wide range of
human tumorigenesis; activation of EMT in ovarian cancer
has been shown to be associated with chemoresistance,
which can cause cancer recurrence and metastasis after
traditional treatment for ovarian cancer [2, 20, 21]. The

104

103

102

103

0
−102

0 1030 1030

C
om

p-
PE

-A

104

103

102

0
−102

C
om

p-
PE

-A

104

103

102

0
−102

C
om

p-
PE

-A

104

103

102

0
−102

C
om

p-
PE

-A

Comp-FITC-A

103 1040
Comp-FITC-A

103 1040
Comp-FITC-A

103 1040
Comp-FITC-A

Comp-FITC-A Comp-FITC-A

104

103

102

0
−102

C
om

p-
PE

-A

104

103

102

0
−102

C
om

p-
PE

-A

Control shRNA1 shRNA2

D283

D341

(a)

20
16
12

8
4
0

Pr
ec

en
ta

ge
 o

f a
po

pt
os

is 
(%

) D283

C
on

sh
RN

A
1

sh
RN

A
2

⁎⁎ ⁎⁎

(b)

16

12

8

4

0

Pr
ec

en
ta

ge
 o

f a
po

pt
os

is 
(%

) D341

C
on

sh
RN

A
1

sh
RN

A
2

⁎⁎
⁎⁎

(c)
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present study observed that after depletion of LOXL1-AS1,
expression of the mesenchymal marker, vimentin, was
downregulated, while the epithelial marker, E-cadherin,
was upregulated, suggesting that the EMT process was
reversed by LOXL1-AS1 knockdown. Hence, LOXL1-
AS1-depleted medulloblastoma cells are more epithelial
and less migratory. The EMT assessment supported the
wound-healing and Transwell migration assays. Taken
together with the tumor growth observations, it can be
concluded that LOXL1-AS1 regulates tumor growth and
migration in medulloblastoma.

Phosphorylation of PI3K and AKT is pivotal for their
activation. Upon phosphorylation, PI3K activates and phos-
phorylates the downstream AKT to cause a cascade reaction
[22]. Interestingly, it was found that the phosphorylated
levels of PI3K (p-PI3K) and AKT (p-AKT) were decreased
after LOXL1-AS1 depletion, while their total protein levels
remained unchanged, suggesting that LOXL1-AS1 positively
regulates the PI3K/AKT pathway. PI3K/AKT signaling has
been identified as a key driver of cellular proliferation,
migration, and angiogenesis in human tumorigenesis,
including medulloblastoma, in which activation of PI3K/
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Figure 5: Depletion of LOXL1-AS1 inhibited tumor growth in medulloblastoma in vivo. (a) qRT-PCR analysis of relative LOXL1-AS1 levels
in D283 cells to confirm the knockdown efficacy of shRNA1 (the first synthesized shRNA against LOXL1-AS1). (b) D283 cells were pretreated
with the scramble (control group) or shRNA1 prior to inoculation into mice. Four weeks after inoculation, neoplasia were resected and
weighed. (c) During the 4-week monitoring, tumor dimensions were measured and tumor volume was calculated for each group of mice.
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AKT signaling enhances tumor growth, metastasis, and
chemoresistance [23–25]. PI3K/AKT signaling also serves
as an integration node in a network of tumor-promoting
signal pathways. Inhibition of PI3K activity using the
GDC-0941 inhibitor displayed promising in vitro and
in vivo efficacy for targeted medulloblastoma therapy [26].
Targeting the PI3K p110alpha isoform inhibited medullo-
blastoma proliferation, chemoresistance, and migration

[25]. As LOXL1-AS1 promotes cell proliferation and migra-
tion in medulloblastoma via regulating the PI3K/AKT
pathway, any compound or reagent targeting LOXL1-AS1
and consequently inhibiting the PI3K/AKT pathway might
serve as a promising therapeutic strategy for the treatment
of medulloblastoma.

In summary, the present study identified a novel lncRNA,
LOXL1-AS1, as a critical mediator of cell proliferation and
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Figure 6: Knockdown of LOXL1-AS1 inhibited cell metastasis and reversed EMT processes in medulloblastoma. (a, b) Control or shRNA-
treated D283 and D341 cells were subject to wound-healing assay. Representative images showing the wound recovery were shown at 0 h and
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Both D283 and D341 cells were subject to Transwell migration assay. Cells that migrated to the lower surface were stained with crystal violet.
Transmigrated cells were counted and averaged from 5 randomly selected fields. (e) Immunofluorescent analysis of vimentin (mesenchymal
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migration in medulloblastoma. LOXL1-AS1 is significantly
overexpressed in clinical medulloblastoma tissues, while
knockdown of LOXL1-AS1 expression impairs tumor cell
growth and migration, as well as inactivation of PI3K/AKT.
This is the first report of the expression profile and functional
role of LOXL1-AS1 in human tumorigenesis, providing
strong evidence that a synthetic compound or reagent target-
ing LOXL1-AS1 or the PI3K/AKT pathway might serve as
promising clinical therapeutics against medulloblastoma.
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Glioblastoma multiforme (GBM) is one of the most common and deadliest cancers of the central nervous system (CNS). GBMs
high ability to infiltrate healthy brain tissues makes it difficult to remove surgically and account for its fatal outcomes. To
improve the chances of survival, it is critical to screen for GBM-targeted anticancer agents with anti-invasive and antimigratory
potential. Metformin, a commonly used drug for the treatment of diabetes, has recently emerged as a promising anticancer
molecule. This prompted us, to investigate the anticancer potential of metformin against GBMs, specifically its effects on cell
motility and invasion. The results show a significant decrease in the survival of SF268 cancer cells in response to treatment with
metformin. Furthermore, metformin’s efficiency in inhibiting 2D cell motility and cell invasion in addition to increasing cellular
adhesion was also demonstrated in SF268 and U87 cells. Finally, AKT inactivation by downregulation of the phosphorylation
level upon metformin treatment was also evidenced. In conclusion, this study provides insights into the anti-invasive
antimetastatic potential of metformin as well as its underlying mechanism of action.

1. Introduction

Gliomas are brain tumors that originate within the central
nervous system (CNS). Glioblastomas (GBMs), which
account for about 80% of malignant gliomas, contain self-
renewing cancer stem cells (CSCs) that contribute to tumor
initiation and resistance to treatment [1, 2]. Death due to
malignant gliomas is the third most common cause of cancer
death [3, 4]. The management of malignant gliomas, espe-
cially GBMs, remains challenging despite medical and scien-
tific advancements in cancer therapeutics. This is largely
attributed to their increased resistance to chemotherapy as
well as their highly invasive behavior which makes them dif-
ficult to surgically remove [5, 6]. Such shortcomings have
called forth for the screening for new GBM-targeted antican-
cer agents with antimigratory and anti-invasive potential.

Metformin, (N, N-dimethylbiguanide) is an antihyper-
glycemic agent that belongs to the biguanide class. It is

commonly used to treat type 2 diabetes mellitus [7, 8].
Metformin decreases hyperglycemia by suppressing glucose
production in the liver, increasing insulin sensitivity and glu-
cose uptake by the peripheral tissues, and inhibiting glucose
absorption by the gastrointestinal tract as well as inhibiting
the mitochondrial respiration [7, 9–11]. The drug’s
mechanism of action has been shown to be both adenosine
monophosphate protein kinase- (AMPK) dependent and
AMPK-independent [7, 10, 12]. Cancer cells resort to an
increased glucose metabolism to meet their energy
requirements needed for rapid expansion and proliferation
[13, 14]. Consequently, metformin has emerged as a
promising anticancer agent in various cancers including
GBMs [15–23]. Specifically, metformin has been shown to
inhibit GBMs growth in vitro and in vivo alone or in
combination with other chemotherapeutics as well as
radiation therapy [24–31]. Furthermore, metformin’s anti-
cancer potential has also been demonstrated against glioma
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cancer stem cells and brain tumor-initiating cells [26, 27, 30,
32–35]. However, the effects of metformin on glioma cell
motility and invasion as well as its mechanism of action
remain poorly understood.

Glioma invasion is a multistep process regulated by
extracellular and intracellular interactions [36–38]. It starts
with the detachment of cancer cells from primary tumor
sites, their binding to the extracellular matrix (ECM) and
subsequent degradation of the ECM to finalize the invasion
process. Cell motility is essential for the migration and
invasion of cancer cells. Cell motility requires the formation
and liberation of cell protrusions from adhesion structures
[36, 37, 39, 40].

In this study, we sought to assess the anticancer potential
of metformin on SF268 brain cancer cells and investigate the
drug’s antimigratory and anti-invasive potential as well as its
mechanism of action. To this aim, we first evaluated metfor-
min’s cytotoxic effects against SF268 cancer cells using WST-
1 proliferation assay. We then performed 2D motility, adhe-
sion, and invasion assays to determine the drug’s antimigra-
tory and anti-invasive potential. Finally, we examined the
mechanism of action of metformin, by assessing its effects
on the PI3K pathway, one of the most deregulated signaling
pathways in glioblastoma. Specifically, we studied the
involvement of the antiapoptotic protein AKT of the PI3K
pathway in metformin’s anticancer, anti-invasive, and anti-
migratory potential.

2. Materials and Methods

2.1. Cell Culture. Human astrocytoma cell lines SF268 and
U87 were purchased from the American Type Culture Col-
lection (Manassas, VA, USA). The cells were cultured in
DMEM (Dulbecco’s Modified Eagle’s Medium) supple-
mented with 10% FBS and 100U penicillin/streptomycin
and were maintained under standard cell culture conditions
at 37°C and 5% CO2 in a humid environment.

2.2. Antibodies and Reagents. Rabbit monoclonal antibody
against pan-Akt and rabbit monoclonal antibody against
Akt1 phosphorylated at S473 were purchased from Abcam
(Cambridge, UK). Anti-rabbit HRP-conjugated secondary
antibody was obtained from Promega (Promega, CO., WI,
USA). Collagen was purchased from Invitrogen (Rockville,
MD, USA), metformin (1, 1-dimethylbiguanide hydrochlo-
ride) (purity> 99%) from Sigma-Aldrich (St. Louis, MO,
USA), WST-1 from Roche (Germany), the ECL chemilumi-
nescent reagent from GE Healthcare (Little Chalfont, UK),
X-ray films from Agfa HealthCare (Mortsel, Belgium), and
the collagen-based invasion assay from Millipore
(Burlington, MA, USA).

2.3. Proliferation Assay. Cells were seeded in flat-bottom 96-
well plates (growth area: 0.6 cm2) at a density of 105cells/ml
before treatment with or without metformin dissolved in
DMSO. Following treatment period, 10 μl of Cell Prolifera-
tion Reagent (WST-1) was added to each well. The plates
were then incubated for 2 h at 37°C and 5% CO2, and absor-
bance was read at 450 nm using Multiskan FC microplate

ELISA reader from Thermo Fisher Scientific (Rockford, IL,
USA). Results were normalized to the corresponding con-
trols, and the percent of cell proliferation was reported. For
the next set of experiments, we followed the methods of
Khoury et al. [41].

2.4. Western Blot. Control and treated cells were scraped and
lysed in buffer consisting of 4% SDS, 10% β-mercaptoetha-
nol, 20% glycerol, 0.004% bromophenol blue, and 0.125M
Tris-HCl at a pH of 6.8. Cell lysates were boiled for 5min
before separating protein samples by SDS-PAGE on 8% or
15% denaturing polyacrylamide gels. Proteins were then
transferred to PVDF membranes overnight at 30V before
blocking with 5% nonfat dry milk in PBS containing 0.1%
Tween-20 for 1 h at room temperature. Following, the mem-
branes were incubated with primary antibody at a concentra-
tion of 1 : 500 for 2 h at room temperature before washing
and incubation with the appropriate secondary antibody at
a concentration of 1 : 1000 for 2 h. Finally, the membranes
were washed, and the bands were visualized by treatment
with Western blotting ECL chemiluminescent reagent from
GE Healthcare (Little Chalfont, UK). The results were
obtained on X-ray films from Agfa HealthCare (Mortsel,
Belgium). Protein expression levels were quantified by densi-
tometry analysis using ImageJ.

2.5. Wound Healing Assay. Cells were grown to confluency
on culture plates, and a wound was made in the monolayer
with a sterile pipette tip. The cells were then washed twice
with PBS to remove debris and supplemented with new
medium. Phase-contrast images of the wounded area were
taken at 0 and 24h after wounding. ImageJ was used to quan-
tify wound widths at 12 different points for each wound, and
the average rate of wound closure was calculated in μm/h.

2.6. Random Motility Assay. For motility analysis, cells were
treated with wortmannin or metformin or left untreated.
Images of cells moving randomly in serum were collected
every 60 seconds or every 3 minutes for 2 h using a 20x
objective. During imaging, the temperature was controlled
using a heating stage which was set at 37°C. The medium
was buffered using HEPES and overlaid with mineral oil.
Cell movement was quantified using the ROI tracker plugin
in the ImageJ software, written by Dr. David Entenberg. This
was used to calculate the total distance travelled by individ-
ual cells. The net distance travelled by the cell was calculated
by measuring the distance travelled between the first and the
last frames.

2.7. Invasion Assay. Invasion assay was performed 48 h after
treatment with metformin using the collagen-based invasion
assay kit fromMillipore (Burlington, MA, USA) according to
the manufacturer’s protocol. Briefly, SF268 cells were starved
in serum-free medium for 24 h before harvesting and resus-
pension in quenching medium (serum-free). Culture plate
inserts were rehydrated using 300 μl of serum-free medium
for 30min at room temperature before plating the cells at a
density of 0.6× 106 cells/ml. Specifically, 250 μl of the
serum-free medium was removed from inserts and replaced
by 250 μl of cell suspension. Inserts were then placed in a
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24-well plate containing 500 μl of complete medium in each
well before incubation for 24 h at 37°C in a CO2 incubator.
Following incubation, nonmigrating cells inside the upper
cup were removed using a cotton swab and cells migrating
through the membrane to the bottom surface of the cup were
stained for 20min at room temperature with 400 μl of cell
stain provided with the kit. The stain was then extracted with
extraction buffer and 100 μl of extracted stain was transferred
to a 96-well plate suitable for colorimetric measurement
using the Multiskan FCmicroplate ELISA reader, and optical
density was measured at 560 nm.

2.8. Adhesion Assay. To perform the adhesion assay, 96-well
plates were covered with collagen using Collagen Solution
Type I from rat tail and incubated overnight at 37°C. After
washing with washing buffer (0.1% BSA in DMEM), the
plates were blocked with 0.5% BSA in DMEM at 37°C in a
CO2 incubator for 1 h. Next, the plates were washed and
chilled on ice. In parallel, SF268 cells were trypsinized and
diluted to the density of 4× 105cell/ml before adding 50 μl
of the cell suspension to each well and incubating at 37°C
in a 5% CO2 incubator for 30min. Plates were then shaken
and washed 3 times. Next, the cells were fixed with 4% para-
formaldehyde at room temperature for 10min, washed, and
stained with crystal violet (5mg/ml in 2% ethanol) for
10min. Following staining, the plates were washed with
water and left to dry. Finally, crystal violet was solubilized
by incubating the cells with 2% SDS for 30min. The absorp-
tion of the plates was read at 550nm using the Multiskan FC
microplate ELISA reader.

2.9. Statistical Analysis. All the results reported represent the
average values of three independent experiments. All error
estimates are given as mean± standard error of the mean
(SEM). Statistical analysis was performed using the t-test or
the one-way analysis of variance (ANOVA). Results showed
statistical significance with a p value≤ 0.05.

3. Results

3.1. Metformin Treatment Decreases Cell Viability in SF268
and U87 Cells. First, we investigated the anticancer potential
of metformin against human glioblastoma SF268 and U87
cancer cells. To this aim, cells were treated with increasing
concentrations of metformin (1, 1.5, 2, 2.5, 5, 10, 15, 20, or
50mM) for 24 h before assessing cell proliferation and viabil-
ity. The results presented in Figure 1(a) for SF268 and 1B for
U87 show that metformin significantly reduces cell viability
of both cell lines in a dose-dependent manner as compared
to the untreated control. In SF268, metformin exerted a max-
imum cytotoxic effect at a concentration of 2.5mM, whereby
the proliferation of glioblastoma cells decreases about two-
fold in response to treatment with metformin as compared
to the untreated control. The effect on cytotoxicity in SF268
plateaued beyond the 2.5mM concentration. This concentra-
tion was thus chosen for further investigation in the study.

3.2. Metformin Treatment Inhibits Cell Motility in SF268 and
U87 Cells. After determining the cytotoxic potential of
metformin against SF268 glioblastoma cancer cell line,

we tested the drug’s ability to modulate cell motility.
Therefore, SF268 cancer cells were exposed to metformin
and the motility of treated versus untreated cancer cells
was evaluated in 2D using wound healing and time-
lapse assays. Figures 2(a)–2(c) (as well as supplemental
movies S1 and S2) show that exposure of SF268 glioblas-
toma cells to 2.5mM metformin for 24 h significantly
inhibits cell motility. Quantitatively, the rates of wound
closure reached 1 μm/h and 0.22 μm/h for control and
metformin-treated cells, respectively. Also, the total
migrated distance decreased by approximately 50% upon
treatment with metformin. The time-lapse analysis traces
individual cell migration, thus eliminating the potential
interference from the effect on proliferation. We also
wanted to see the effect of metformin on cellular migra-
tion of U87 cells. The time-lapse assay showed a 40%
decrease in the total migrated distance of U87 cells after
treatment with metformin (2.5mM) for 24h (Figure 2(d)
and supplemental movies S3 and S4).

3.3. Metformin Treatment Decreases Cellular Invasion in
SF268 and U87 Cells. Having established that metformin
inhibits cell motility in 2D, we further studied the effect
of metformin on invasion, one of the main cancer hall-
marks. Using a transwell migration assay and FBS as a
chemoattractant in the lower wells, SF268 and U87 cells
were treated with 2.5mM metformin for 24h before
assessing their ability to invade in vitro in a collagen-
based invasion assay. Figures 3(a) and 3(b) show less
invading cells upon treatment with metformin as com-
pared to the control.. Quantitatively, metformin inhibits
cell invasion by around 30% in SF268 as compared to
the untreated control and by 50% in U87 cells
(Figures 3(b) and 3(d), resp.).

3.4. Metformin Treatment Increases SF268 Adhesion to
Collagen. To further investigate the inhibition of 2D cell
motility and invasion in response to treatment with metfor-
min, we assessed metformin’s effects on the adhesion of
SF268 cells to collagen, a major component of the ECM.
Results in Figure 4(a) show an increase in the stabilization
and adhesion of SF268 metformin-treated cells (2.5mM for
24 h) to collagen as compared to the control. As shown in
Figure 4(b), about 35% increase in adhesion was noted fol-
lowing treatment with metformin as compared to the
untreated control.

3.5. Effect of Metformin on SF268 Cell Motility Is Mimicked by
Inhibiting PI3K. Since previous work showed that metfor-
min inhibits cellular migration and invasion by inhibit-
ing Akt, we wanted to see if this model applies to
SF268 glioblastoma cells. We examined the effect of met-
formin on the PI3K/Akt signaling pathway. Figure 5(a)
shows that treatment of SF268 cells with 2.5mM of
metformin for 24h has no effect on the expression levels
of the Akt protein. However, as seen in both
Figures 5(a) and 5(b), treatment with metformin
significantly inhibits the phosphorylation of Akt which
reflects the activation of the PI3K pathway. Specifically,
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Akt phosphorylation was reduced by 30% upon treat-
ment with metformin indicating a partial inactivation
of this protein.

To assess the role of the PI3K/Akt pathway in glio-
blastoma migration, we inhibited PI3K using wortman-
nin. The inhibition leads to a significant decrease in
cellular motility in a 2D random motility assay as seen
in Figure 5(c) and Supplemental movies S5 and S6. Our

results indicate that PI3K/Akt pathway plays an impor-
tant role in GBM invasiveness.

4. Discussion

This work provides an understanding of metformin treat-
ment effects on SF268 and U87 glioblastoma cancer cell via-
bility, motility and invasion. It also establishes the Akt
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Figure 1: Metformin treatment decreases cell viability in SF268 and U87 cells. Cells were treated with increasing concentrations of
metformin (1, 1.5, 2, 2.5, 5, 10, 15, 20, or 50mM) for 24 h or left untreated. Cell proliferation was assessed using the WST-1
reagent. The data represents the mean± SEM from 3 independent experiments.
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Figure 2: Metformin treatment inhibits cell motility in SF268 and U87 cells. (a) Control and metformin-treated SF268 cells were allowed to
form monolayers before wounding with a micropipette. The same frame was imaged directly (upper micrographs) or 24 h (lower
micrographs) after wound. (b) Mobility in (a) was quantified by measuring the width of single wound at 12 distinct points. The average
rate of wound closure was calculated in μm/hr. Data are the mean± SEM from 3 different wound healing experiments. ∗ indicates that the
values are significant with p < 0 05. (c) SF268 cells were treated with metformin (2.5mM) (Supplemental movie S2) for 24 h or left
untreated (Supplemental movie S1). Quantitation of their net path is expressed in μm. ∗ indicates that the values are significant with
p < 0 001. U87 cells were treated with metformin (2.5mM) (Supplemental movie S4) for 24h or left untreated (Supplemental movie S3).
Quantitation of their net path is expressed in μm. ∗ indicates that the values are significant with p < 0 001.
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Figure 4: Metformin treatment increases SF268 adhesion to collagen. (a) Representative images of cells that were fixed and stained with
crystal violet to detect adhesion. (b) Quantitation of stained cells by colorimetric measurement using ELISA (560 nm). Data is measured in
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antiapoptotic protein of the PI3K signaling pathway as a key
mediator of metformin’s mechanism of action. To our
knowledge, this is one of the few studies investigating the
anticancer potential of metformin against the aggressive
SF268 and U87 and assessing the anti-invasive and antimi-
gratory effects of this drug in this GBM cancer model.

First, we examined the anticancer potential of the drug
in vitro and established that metformin is cytotoxic to
SF268 and U87 cancer cells as evidenced by the reduced cell
viability following treatment with metformin. This was con-
sistent with a similar study which shows that treatment of
T98G glioblastoma multiform cells with metformin
decreases cell viability and triggers apoptotic morphological
alterations in the cells [28]. The decrease in SF268 and U87
cell viability following treatment with 2.5mM was also simi-
lar to the results obtained by another group which have
reported a decrease in U87MG, T98G, and U251 cancer cell
viability by 46%, 92% and 99%, respectively, upon treatment
with 2.5mM metformin as compared to the control [42].

Our findings further revealed that metformin decreases
2D cell motility by 80%, hence almost abrogating it. This
property has been previously reported in other cancer models
including pancreatic, breast, renal cell, colon, lung, ovarian,
glioma, and prostate [43–47]. For instance, metformin was
shown to inhibit wound healing in cholangiocarcinoma cells
and metformin in combination with cisplatin was shown to
inhibit the migration of nasopharyngeal carcinoma cells

[46, 47]. This is thus the first evidence of metformin’s antimi-
gratory effects in GBMs in 2D, in vitro.

In addition, we observed an increase in the adhesion of
SF268 cancer cells to collagen upon treatment with
metformin. Focal adhesion dissolution is required for cell
movement; hence, the increase in adhesion is in line with
the reduced cell motility findings discussed earlier. However,
one other group found that cell adhesion and invasion of
U251 GBM cancer cells were suppressed following treatment
with metformin [48]. The increase in adhesion we report
herein is consistent with previous work performed in our
lab which shows that the RhoGAP STARD13 maintains
RhoA active and prevents focal adhesion dissolution [49,
50]. Indeed, the metformin-treated cells exhibited a more
elongated phenotype (Supplemental movie S2) which is rem-
iniscent of the StarD13 KnDn phenotype in SF268 cells pre-
viously observed in our laboratory, which can be explained
by the increase in adhesion and lack of detachment at the tail
while the cells migrate. We are thus currently testing the
effect of metformin on STARD13 and RhoA and the inter-
play with cell adhesion and cell motility.

In parallel, we investigated the effects of metformin on
the 3Dmotility or the invasion of SF268 and U87 cancer cells
and demonstrated the efficient reduction cell invasion in
response to treatment with metformin. This was consistent
with the literature and was reported in melanoma, ovarian
cancer, U251 brain cancer, and others [48, 51, 52].
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Figure 5: Effect of metformin on SF268 cell motility is mimicked by inhibiting PI3K. (a) Cells were treated with metformin for 24 h before
blotting for Akt and p-Akt. (b) Densitometry analysis was performed using the ImageJ software, and the values were normalized to the
control. Data are the mean± SEM from 3 independent experiments. The results were significant with p = 0 03. (c) SF268 cells were treated
with wortmannin (100 nM) (Supplemental movie S6) or with DMSO alone (Supplemental movie S5). Quantitation of their net path is
expressed in μm. Data are the mean± SEM. ∗ indicates that the values are significant with p < 0 001.
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Finally, we showed that metformin inactivates AKT, a
major signaling molecule of the PI3K pathway suggesting a
potential role for PI3K inhibition in the mediation of the
anticancer potential and anti-invasive as well as antimigra-
tory effects exerted by metformin. The importance of the
PI3K/Akt pathway in glioblastoma was validated when we
treated cells with wortmannin, a PI3K inhibitor. Wortman-
nin treatment decreased cellular motility and inhibited EGF
stimulated protrusions correlating with our metformin
results. Similar studies have supported this conclusion
whereby the effects of metformin correlated with a significant
inhibition of Akt-dependent cell survival pathway [34].

5. Conclusions

This study elucidates the anticancer potential of metformin
treatment in a new GBMs in vitromodel which have not been
previously studied. It also demonstrates the drug’s anti-
invasive and antimigratory potentials. Invasion is a major
obstacle for GBM therapy; hence, these findings enhance
metformin’s chances as a therapeutic candidate for GBM
treatment. Further studies are thus needed to investigate
metformin’s efficiency in treating GBMs in vivo.
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cells undergoing 2D motility.

Supplementary 2. Supplemental movie S2. SF268 cells treated
with Metformin undergoing 2D motility.

Supplementary 3. Supplemental movie S3. U87 cells under-
going 2D motility.

Supplementary 4. Supplemental movie S4. U87 cells treated
with Metformin undergoing 2D motility.

Supplementary 5. Supplemental movie S5. SF268 cells
treated with DMSO undergoing 2D motility.

Supplementary 6. Supplemental movie S6. SF268 cells
treated with wortmannin undergoing 2D motility.
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Colorectal cancer is the third most common cancer worldwide, accounting for more than 610,000 mortalities every year.
Prognosis of patients is highly dependent on the disease stage at diagnosis. Therefore, it is crucial to investigate molecules
involved in colorectal cancer tumorigenesis, with possible use as tumor markers. Heparan sulfate proteoglycans are complex
molecules present in the cell membrane and extracellular matrix, which play vital roles in cell adhesion, migration,
proliferation, and signaling pathways. In colorectal cancer, the cell surface proteoglycan syndecan-2 is upregulated and
increases cell migration. Moreover, expression of syndecan-1 and syndecan-4, generally antitumor molecules, is reduced. Levels
of glypicans and perlecan are also altered in colorectal cancer; however, their role in tumor progression is not fully understood.
In addition, studies have reported increased heparan sulfate remodeling enzymes, as the endosulfatases. Therefore, heparan
sulfate proteoglycans are candidate molecules to clarify colorectal cancer tumorigenesis, as well as important targets to therapy
and diagnosis.

1. Background

Colorectal cancers (CRC) arise from the epithelium lining
the colon or rectum. In females and males, it is the third
and fourth most common cancer, respectively. This type of
cancer is responsible for 610,000 mortalities worldwide
yearly [1]. The incidence of CRC tends to increase consider-
ing aging and population growth [2]. The survival rate of
patients with CRC is hugely dependent on the disease stage
and in a projected five-year survival rate; patients with stage
I tumors show range from 85 to 90% while the range is less
than 5% for patients with stage IV diseases [3]. The main risk
factors are the following: age over 50 years; family history of

colon and rectal cancer, including some hereditary condi-
tions (family adenomatous polyposis (FAP) and hereditary
nonpolyposis colorectal cancer (HNPCC)); high-fat content
in diet, meat consumption, and low calcium content; physical
inactivity and obesity; and inflammatory colon diseases such
as chronic ulcerative colitis and Crohn’s disease [4, 5].

CRC is commonly diagnosed in advanced stages in both
sexes and presents a higher incidence after 55 years of age.
CRC screening methods increase the early diagnosis of this
pathology and allow the identification of premalignant
lesions such as adenomatous polyps [6, 7]. In addition to
colonoscopy, rectosigmoidoscopy and occult blood decrease
CRC mortality as screening methods. Thus, when people
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are screened in their fifties and the polyps are removed, the
subsequent incidence of colorectal cancer is usually very
low [8, 9].

Therefore, CRC is curable in nearly 90% cases if detected
at an early stage. Furthermore, screening methods detecting
mucosal changes reduce the incidence and mortality rates of
this disease [10]. The most accurate method of diagnosis is
colonoscopy, followed by histopathological biopsy. Fecal
occult blood test (FOBT) is the most noninvasive screening
procedure used and is able to reduce CRC-related mortality
by 20%, when executed every other year [11]. In spite of
improvements in sensitivity, FOBT has a low detection rate
for early-stage tumors and precancerous lesions, such as
polyps [1, 12]. Even though colonoscopy and rectosigmoido-
scopy are more effective in detecting CRC, they are extremely
costly and require extensive preparation of the bowel and
involve invasion of patient privacy and sedation [13]. As
a rule, surgery is the primary treatment, removing the
affected portion of the intestine and lymph nodes near this
region. After surgical procedure, chemotherapy or radio-
therapy can be recommended in order to reduce the tumor
recurrence [14].

In 1990, Fearon and Vogelstein suggested a model for
colorectal cancer tumorigenesis, which describes the genetic
alterations involved in transformation from normal intesti-
nal mucosa to colorectal carcinoma [15]. Thenceforward,
CRC critical genes have already been well established, 40%
of the cases of CRC have a specific point mutation in KRAS,
60% have inactivating mutations or deletions of p53, and
more than 60% have mutations in the APC (adenomatous
polyposis coli) tumor suppressor gene. Additional studies
have revealed how these genes lead to uncontrolled cell
division and metastasis [16, 17].

The inactivation of the APC gene appears to be a very
early step in most CRC cases, since it can be detected already
in small benign polyps at the same high frequency as in
malignant tumors. Loss of APC function appears to be
responsible for the increase of cell proliferation [18]. Muta-
tions involving the KRAS oncogene appear to take place later
than those in APC as they are infrequent in small polyps but
common in larger ones that present undifferentiated cells
[19]. Finally, mutations in p53 are rare in polyps but com-
mon in carcinomas, suggesting that they may often occur late
in the sequence. Loss of p53 function leads abnormal cells to
avert apoptosis, divide, and promote the accumulation of
additional mutations [20].

Not only genetic mutations and chromosome instabil-
ity but also another frequent genomic instability in CRC
is the microsatellite instability at the nucleotide level, com-
monly resulting in deletions or insertions of a few nucleo-
tides [21, 22]. Furthermore, global DNA hypomethylation
and depletion of overall 5-methylcytosine content in
CRC tissues were observed for the first time in 1983, by
Feinberg and Vogelstein [23]. This global hypomethylation
has been associated with an increased genomic instability
and overexpression of genes implicated in CRC pathogen-
esis [24]. Moreover, this hypomethylation is believed to be
associated with the hypermethylation at the promoter
regions of specific genes that are involved in cell cycle

regulation, DNA repair, apoptosis, angiogenesis, adhesion,
and invasion [1, 25].

It has been known for decades that proteoglycans (PG)
are involved in the progression of cancer at various stages.
Heparan sulfate proteoglycans (HSPGs) play vital roles in
tumorigenesis, allowing cancer cells to proliferate, evade
immune response, invade adjacent tissues, and metastasize
to distal sites away from the primary tumor [26]. In CRC,
syndecan-1 and syndecan-4 are downregulated while
syndecan-2 is upregulated [27–29] (Figure 1). In addition,
studies have reported increased 6-OST, heparanase [30, 31],
and SULFs [32, 33]. Notably, several of CRC critical genes
show relationship with HSPGs. For instance, p53 has been
described to regulate the expression of SULF2 or heparanase.
Many growth factors, including TGF-beta and VEGF, bind to
heparan sulfate chains; the WNT/beta-catenin pathway is
regulated by glypicans and SULFs [34, 35].

2. Heparan Sulfate Proteoglycans

HSPGs are complex molecules presenting one or more
heparan sulfate (HS) chains covalently bound to the protein
backbone [36], being present on the cell surface and extracel-
lular matrix (ECM) of all animals with tissue organization
[37–41]. They can be distributed into three groups, depending
on their cellular localization:membraneHSPGs (as syndecans
and glypicans), HSPGs secreted into the ECM (perlecan,
collagen-type XVIII), and the HSPG serglycin that is located
in cell vesicles [42, 43].

The biological functions of HSPGs are very varied, and
there is no common denominator. Many of their functions
depend on the interaction with the protein backbone, while
others depend on sugar chains [44, 45]. Among many roles,
the HSPGs are present in basement membranes, where they
collaborate with other matrix components to define their
structure and assist in cell migration [46]. They are also
found in secretory vesicles (serglycin) participating in the
granular content packaging, activation of proteases, and
regulating activities after secretion such as coagulation and
wound healing [47].

At the cell surface, the HSPGs may bind to cytokines,
chemokines, and growth factors; in this way, these PGs pro-
tect themselves from proteolysis or act as coreceptors [48].
These interactions provide a deposit of regulatory factors that
can be released by selective degradation of HS chains. Acting
as receptors for proteases or protease inhibitors, HSPGs reg-
ulate their spatial distribution and activity [49]. Membrane
HSPGs may cooperate with different cell adhesion receptors
such as integrins and facilitate cell-ECM adhesion, cell-cell
interactions, and cell motility [50, 51].

Therefore, several cellular mechanisms regulated by
HSPG are critically involved in cancer. There is an abundance
of evidence relating HSPG fine structures to cancer growth,
invasion, and metastasis. Through the aberrant modulation
of HS biosynthetic enzymes, the specific HS fine structure
enables cancer cells to spread by the breakdown of ECM,
to receive nutrients through angiogenesis, to proliferate via
disruption of signaling pathways, and to escape immune
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cells. In addition, different levels of HSPG core proteins are
involved in several tumor-promoting processes [26, 52].

2.1. Cell Surface HSPG

2.1.1. Syndecans. The syndecans are a family of four trans-
membrane proteoglycans that bear predominantly heparan
sulfate glycosaminoglycan chains [28]. The core proteins
consist of a short intracellular domain, a highly conserved
transmembrane domain, and an ectodomain that is divergent
in amino acid sequence among the four syndecan family
members [41].

The syndecans regulate cell adhesion, migration, cyto-
skeleton organization, and gene expression through the bind-
ing of ECM molecules and soluble ligands [40]. Since cancer
cells exhibit less adhesive and more migratory characteristics

in comparison to normal cells, syndecans are candidate mol-
ecules to be differently regulated in cancer cells. Therefore, it
is probable that syndecans may influence cell morphology,
adhesion to the ECM, and tumorigenic activity.

According to the literature, syndecan-2 is the most
involved in CRC. Syndecan-2 regulates cell adhesion in sev-
eral cell lines including epithelial cells [53], neuronal cells
[54], and mesenchymal cells [55]. Moreover, different reports
indicate that syndecan-2 positively regulates cell migration,
since it is highly expressed in cells under migratory condi-
tions [56]. Park et al. [57] demonstrated that syndecan-2
mRNA levels were increased in CRC cell lines compared with
a normal colon cell line. Our results corroborate with these
data (Figure 2). The addition of purified recombinant extra-
cellular domain of syndecan-2 to the cell medium completely
blocked the adhesion of colon cancer cells on the ECM.

Perlecan

SULFs

Growth factor
receptor

Glypican

Gly-1
(i) Tumor

progression

(i) Proliferation
Integrin

Heparan sulfate size chains
Growth factor

Plasma membrane
Core protein

GPI anchor

Syndecan Intracellular

Extracellular

Fibronectin

Syn-2 Syn-1, −4
(i) Adhesion
(ii) Proliferation
(iii) Migration
(iv)Metastasis

(ii) Invasion
(iii) Wnt signaling
(iv) �훽-Catenin

(i) Angiogenesis
(ii) Tumor growth

Figure 1: Putative model of the functions of HSPGs in CRC cells. The cell surface HSPG syndecan-2 (Syn-2) is upregulated and promotes
cancer cell adhesion, proliferation, migration, and metastasis. Syndecan-1 and syndecan-4 (Syn-1; Syn-4), generally antitumor molecules,
are reduced in colon carcinoma cells. The cell surface HSPG glypican-1 (Gly-1) is increased in CRC and is involved in tumor progression.
The augmentation of matrix HSPG perlecan favors angiogenesis and tumor growth. The SULF enzymes are upregulated, and the edition
of HS chains promotes proliferation and invasion of CRC cells. In addition, SULFs release growth factors that were bound to HS,
stimulating the Wnt signaling pathway and the activation of β-catenin.
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Moreover, it induced G0/G1 cell cycle arrest with concomi-
tant increase in p21, p27, and p53 expressions. Therefore,
in CRC, syndecan-2 plays a critical role in adhesion of colon
carcinoma cells onto the ECM, regulating the proliferation
and tumorigenic activity in colon carcinoma cells [57].

It has been well established that the extracellular
domain of syndecan-2 interacts with fibronectin [58]. In
CRC, the contact between cancer cells with fibronectin
enhances syndecan-2 expression, promoting a migratory
behavior of highly metastatic tumor cells [29]. In addition,
HCT116 transfected with syndecan-2 presented increased
cell migration, which was diminished by the knockdown
of integrin alpha2 using a specific siRNA [59]. Therefore,
this dynamic interaction, including syndecan-2, fibronectin,
and integrin, might be a possible mechanism underlying the
metastatic characteristics of colon cancer cells. In addition,

Choi et al. [60] reported that the overexpression of
syndecan-2 enhanced migration and invasion of Caco-2 and
HCT116 cells through Tiam1-mediated activation of Rac, a
GTPase family member involved in cell contact regulation.

Finally, it has been recently reported that in HT29 cells,
syndecan-2 overexpression promotes E-cadherin shedding
to the conditioned medium [61]. Consistently, the overex-
pression of syndecan-2 in HT29 cells increased the expres-
sion and secretion of MMP-7 whereas siRNA-mediated
knockdown of MMP-7 in these same cells significantly
increased E-cadherin levels. The shedding of E-cadherin
disrupts cell-cell adhesion and induces cells to undergo
morphological changes toward a fibroblast-like phenotype,
inducing the epithelial-mesenchymal transition in CRC cells.

On the other hand, syndecan-1 has been associated with
a tumor suppressor function [62]. Similarly, syndecan-4,

Figure 2: Expression of syndecan-2 (Syn-2) in normal colorectal cell line (CCD 841 CoN), in nonmetastatic CRC cell line CACO-2, and in
high metastatic CRC cell line HCT-116. Immunostaining (red) was detected using an antibody specific for syndecan-2 (Santa Cruz) and an
Alexa Fluor 594-labeled secondary antibody. Cell nuclei were stained with DAPI (blue). Images were obtained using a confocal a microscope
Leica Microsystems TCS SP8 and analyzed by software LAS-AF.
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which is mainly involved in cytoskeletal and membrane
reorganization and formation of focal adhesions, inhibits cell
migration and tumor activity [63]. Consistently, mRNA
expression of syndecan-1 and syndecan-4 is significantly
reduced in colon carcinoma cells [40]. However, in different
types of cancers, syndecan-1 and syndecan-4 may present the
opposite effect, promoting the tumor progression [64, 65]. In
addition, it has already been demonstrated that the shed of
syndecan-1 is associated with chemotherapy resistance in
castration-resistant prostate cancer [66]. These data evidence
that the function of cell surface HSPGs can be altered by
extracellular ectodomain shedding by proteases, converting
them into soluble paracrine effector molecules. It is worth
mentioning that the shedding of HSPGs is a controlled
mechanism that can occur constitutively and can be substan-
tially enhanced by exogenous stimuli or by a pathogenic
state, including cancer [67].

2.1.2. Glypicans. Glypicans (GPCs) constitute a family of
HSPGs externally linked to the plasma membrane by a glyco-
sylphosphatidylinositol (GPI) anchor [68]. In mammals, the
glypican family comprises six members, GPC1 to GPC6.
GPCs can modify cell signaling pathways including Wnts,
hedgehogs, fibroblast growth factors, and bone morphoge-
netic proteins, which are mainly involved in cellular prolifer-
ation and tissue growth [68]. GPC functions may either be
stimulatory or inhibitory through these different pathways.

GPC1 has been implicated in tumor progression events,
such as growth, angiogenesis, and metastasis, and has been
especially studied in pancreatic cancer, glioma, and breast
cancer [69]. De Robertis et al. [70] found that the GPC1
gene was significantly upregulated in azoxymethane/dextran
sodium sulfate (AOM/DSS) mouse model, which mimics
human CRC. Results were confirmed by immunohisto-
chemical analysis in 10 human tumor cases and 10 normal
matched mucosa specimens, revealing a strong increase of
membrane/cytoplasmic staining for GPC1 in 80% of tumors.

Several studies have demonstrated a correlation between
GPC3 expression levels and various types of cancer. Down-
regulation of GPC3 has already been detected in ovarian
carcinoma, breast cancer, and mesothelioma, suggesting that
it may act as a tumor suppressor gene in these tissues [67]. In
contrast, GPC3 is upregulated in hepatocellular carcinoma,
germ cell tumor, and lung squamous cell carcinoma, suggest-
ing that GPC3 may also behave as an oncofetal protein [68].

In CRC, downregulation of GPC3 mRNA levels was
observed in all 10 tumor samples, compared to normal
mucosa [70]. Moreover, a retrospective study involving 150
CRC cases reported that nonmucinous carcinoma (NMA)
showed a higher expression of GPC3 than did mucinous car-
cinoma (MA), which is associated with worse prognosis [71].
Interestingly, GPC3 immunohistochemistry analysis demon-
strated a strong staining in normal mucosa and a cytoplasmic
staining in tumor cells.

2.2. Matrix HSPG

2.2.1. Perlecan. Having a large multidomain, perlecan is a
proteoglycan of five domains secreted to the extracellular

matrix. It has homology to growth factors, immunoglobulin,
and adhesionmolecules [69]. Perlecan is able not only to bind
but also to cross-link many ECM components and cell-
surfacemolecules. By collaborating with othermatrix compo-
nents, perlecan defines the basement membrane structure
and provides a matrix for cell migration [72]. Moreover, it
was discovered that perlecan exhibits high-affinity binding
of fibroblast growth factor- (FGF-) 2, a proangiogenic factor,
to cells lacking heparan sulfate and to the FGF receptor [69].

Perlecan is an important component of the vascular
ECM. Different studies have suggested that perlecan could
function as an initial scaffold upon which endothelial cells
would migrate and deposit an appropriate vascular basement
membrane [38, 39]. Several independent studies using anti-
sense RNA strategies in various tumor cells have confirmed
the central role of perlecan in angiogenesis, with both
in vitro and in vivo models [38].

Perlecan suppression caused significant tumor reduction
and inhibition of angiogenesis in human CRC tumor xeno-
grafts [73]. Proliferation of HCT116 human CRC cells was
markedly reduced upon obliteration of perlecan gene expres-
sion by an antisense cDNA, and these effects correlated with
reduced responsiveness to FGF-7.

Interestingly, perlecan was more expressed in the AG2
colon cancer-initiating cell line, compared to the carcinoma
cells HCT116. However, the gene expression of perlecan
was downregulated 2-fold in colon tumors from 12 patients,
using the surrounding tissue as control [74]. Therefore, the
function of perlecan in CRC requires to be better clarified.

3. HSPG Biosynthetic Enzymes

In general terms, the initial HS chain is synthesized by the
alternating action of different glycosyltransferases, which
add D-glucuronic acid (GlcA) and N-acetyl-D-glucosamine
(GlcNAc) residues. Subsequently, the chain undergoes a series
of reactions of polymer modifications: N-deacetylation/N-
sulfation, epimerization of β-D-glucuronic acid residue to
α-L-iduronic acid, and O-sulfation in different positions
[75]. Each product of one reaction is a substrate for the next
enzyme [76], and 3′-phosphoadenosine-5′-phosphosulfate
(PAPS) is used as a sulfate donor by sulfotransferases [77].
The length of the HS chain, as well as its degree of sulfation,
may vary depending on the protein skeleton and the cell
type [76].

On the cell surface or ECM, two endosulfatases
(SULF1 and SULF2) can further modify the HS chains
by removing specific C6-located sulfate groups from the
glucosamine units or by the action of extracellular hepara-
nase or proteases [77].

3.1. SULFs. Being located on the cell surface or released into
the ECM, SULFs represent a family of secreted enzymes that
selectively remove 6-O-sulfate groups from HS, with prefer-
ence for those present in trisulfated disaccharides [78].

After cloning the human SULF cDNA, analyses of
SAGE databases provided the first indication that these
genes are relevant for cancer. SULF1 and SULF2 occur with
a higher frequency in three types of human tumors (breast,
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central nervous system, and colon) compared to normal
tissues [79, 80].

In more recent studies, the overexpression of SULFs in a
wide range of tumors has been reported through quantitative
PCR or gene microarray: SULF1 is upregulated in hepatocel-
lular carcinoma [81], gastric cancer [82], head and neck carci-
noma [83], pancreatic cancer [84], and lung adenocarcinoma
[85], and SULF2 is highly expressed in hepatocellular carcino-
mas [86] and lung carcinoma [85], among others.

Stable overexpression of SULFs in the CRC cells, Caco-2,
and HCT-116 induced an increase in cell viability and prolif-
eration and augmented cell migration [33]. These effects
were reversed by shRNA-mediated knockdown of SULF1
or SULF2 and by the addition of unfractionated heparin to
the cell medium. Moreover, CRC cell lines overexpressing
SULFs presented increased Wnt signaling, represented by
the accumulation of active nonphosphorylated beta-catenin
in the cells. Ai et al. [87] proposed a model by which SULFs
could promote Wnt signaling. The model suggests that the
action of SULFs weakens the association of Wnt ligands with
HSPGs on the cell surface, which allows ligands to activate
signal transduction receptors (frizzled).

In addition, the gene expression of SULFs in human
CRC tissue samples revealed a significant increase of those
sulfatases, which argues for a possible distortion of HS
sulfation patterns in colon tumors [74] (Figure 3). There-
fore, these studies reveal that SULFs have oncogenic effects
in CRC, suggesting an important role for these enzymes in
cancer progression.

4. Conclusions and Clinical Relevance

Dysregulated expression of HSPGs, as well as of enzymes
involved in their biosynthesis and degradation, has been
reported to affect all stages of tumorigenesis [88]. As extracel-
lular proteins, HSPGs and the extracellular enzymes that
modify them, such as SULFs, are amenable to therapeutic
targeting [89]. Heparan sulfate mimetics, highly sulfated
oligosaccharides, inhibit SULF functions and sequester
HS-binding ligands, making them attractive candidates for
cancer therapy [90, 91]. It is noteworthy that an inhibitor
of SULFs has already been identified, named PI-88 [92].
This agent consists of a mixture of chemically sulfated

yeast oligosaccharides with a molecular weight range of
1400–3100Da. This compound has been tested in clinical
trials for advanced melanoma (phase II), liver cancer, lung
cancer, and prostate cancer. However, these studies have
demonstrated recurring problems of immune-mediated
thrombocytopenia in a significant number of patients associ-
ated with the use of PI-88 [93]. Therefore, both the detection
and the inhibition of SULFs can present clinical value for
CRC treatment.

As demonstrated, syndecan-2 is a candidate for CRC
diagnosis. Shed or secreted proteoglycans and their extracel-
lular modifying enzymes can often be detected in the blood
[94]. As these are often altered in cancer, changes in their
blood levels may be useful as biomarkers of disease. More-
over, the inhibition of syndecan-2 could reduce tumor cell
migration, protecting CRC patients from metastasis.

In addition to potential direct antitumor effects, thera-
peutic targeting of HSPGs in CRC could also modulate
angiogenesis. The inhibition of perlecan in early stages of
CRC could contribute to preventing tumor development.
Therefore, these studies illustrate the critical importance of
HSPGs in all stages of CRC and reinforce the relevance of
conducting preclinical studies to test the therapeutic efficacy
and safety of potential targeting agents.

Based on these important functions, the question arises
as to whether HSPGs can be utilized as potential candidate
molecules for CRC diagnosis and treatment. First, as mainly
extracellular molecules, they can be easily achieved by differ-
ent mechanisms, being interest targets for cancer therapy,
which could include the usage of specific antibodies targeting
HSPGs. In addition, the detection of the HSPG ectodomain
or SULF levels in the serum or stool samples emerge as
promising diagnostic tools for CRC patients.

Furthermore, HSPGs are involved in all tumor stages,
including cell proliferation and migration, metastasis, and
angiogenesis. Therefore, it is worth exploring the still
unknown complex molecular events involving HSPGs. How-
ever, appropriate studies are crucial to deciphering the
paradoxes of the involvement of different isoforms of HSPGs
in CRC. Finally, a highly promising next step will be the
development of precise inhibitors for specific types of HSPG,
which would contribute to a better comprehension of the
roles of HSPGs in CRC. This may represent the greatest

CTRL NEG SULF1 SULF2

50 �휇m

Figure 3: Expression of SULF1 and SULF2 in CRC tissue sample. Immunostaining was detected using an antibody specific for SULF1 or
SULF2 (Santa Cruz) and HRP peroxidase/DAB reaction. Tissue samples were stained after with hematoxylin. Images were obtained using
a Nikon Eclipse microscope.
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challenge since HSPGs have different isoforms and possess
ambiguous roles. However, the development of these mole-
cules could represent an important step towards the applica-
tion of HSPGs in clinical trials.
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