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Abstract: Sp1 transcription factor regulates genes involved in various phenomena of tumor progres-
sion. Vasculogenic mimicry (VM) is the alternative neovascularization by aggressive tumor cells.
However, there is no evidence of the relationship between Sp1 and VM. This study investigated
whether and how Sp1 plays a crucial role in the process of VM in human prostate cancer (PCa) cell
lines, PC-3 and DU145. A cell viability assay and three-dimensional culture VM tube formation assay
were performed. Protein and mRNA expression levels were detected by Western blot and reverse
transcriptase-polymerase chain reaction, respectively. The nuclear twist expression was observed by
immunofluorescence assay. A co-immunoprecipitation assay was performed. Mithramycin A (MiA)
and Sp1 siRNA significantly decreased serum-induced VM, whereas Sp1 overexpression caused a
significant induction of VM. Serum-upregulated vascular endothelial cadherin (VE-cadherin) protein
and mRNA expression levels were decreased after MiA treatment or Sp1 silencing. The protein
expression and the nuclear localization of twist were increased by serum, which was effectively
inhibited after MiA treatment or Sp1 silencing. The interaction between Sp1 and twist was reduced
by MiA. On the contrary, Sp1 overexpression enhanced VE-cadherin and twist expressions. Serum
phosphorylated AKT and raised matrix metalloproteinase-2 (MMP-2) and laminin subunit 5 gamma-2
(LAMC2) expressions. MiA or Sp1 silencing impaired these effects. However, Sp1 overexpression
upregulated phosphor-AKT, MMP-2 and LAMC2 expressions. Serum-upregulated Sp1 was signifi-
cantly reduced by an AKT inhibitor, wortmannin. These results demonstrate that Sp1 mediates VM
formation through interacting with the twist/VE-cadherin/AKT pathway in human PCa cells.
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1. Introduction

Prostate cancer (PCa) is a common cancer among men around the world [1]. PCa
spread to nearby organs, tissues and other parts of the body including lymph nodes and
bones [2]. After spreading, cancer cells attach to the other tissues and grow to form new
tumors that can cause damage where they land [3]. Reportedly, a quarter of men with
PCa in the world have a metastatic disease and the 5-year survival rate of patients with
metastasis to distant sites is 29% [4]. PCa cells are known to have largely aggressive
properties [5]. Since these tumors need a blood supply to grow and spread through blood
circulation [6], it is important to shut off the blood supply to prevent tumor growth and
metastasis in PCa.

Vasculogenic mimicry (VM), discovered in 1999 [7], is the alternative neovascular-
ization by aggressive tumor cells without the presence of endothelial cells (ECs) and it
functions as blood vessels by ECs [8–10]. Blood supply is the indispensable process for can-
cer cells to grow and metastasize through providing oxygen and nutrients [11]. However,
the therapeutic efficacy of drugs targeting only blood vessels by ECs is limited due to an
adequate blood supply through a new pattern such as VM [12–14]. VM has appeared in
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various types of cancer including PCa and is related to poor prognosis of cancer patients by
meta-analysis [15,16]. Overall survival (OS) and disease-free survival (DFS) were signifi-
cantly lower in VM-positive PCa patients [17]. Since VM has the essential effects on tumor
progression, VM is a new therapeutic strategy to improve the therapeutic efficacy of cancer
patients including PCa.

Sp1 transcription factor is overexpressed in many types of cancer cells including PCa
and controls several genes that are involved in many cellular processes, including cell
differentiation, cell growth, apoptosis, angiogenesis, and response to DNA damage [18–21].
Additionally, it contributes to progression and metastasis of PCa [21]. Therefore, Sp1 is
an attractive target of cancer treatment in PCa patients. Although there are many studies
on the functions of Sp1, there is no evidence of the relationship between Sp1 and VM
formation. Among human PCa cell lines, PC-3 and DU145 cells have a powerful property
of VM formation compared with LNCaP cells [22]. Thus, this study investigated whether
and how Sp1 affects VM formation in human PCa PC-3 and DU145 cells.

2. Results
2.1. Sp1 Mediates VM Formation in PCa Cells

PC-3 cells were treated with an increasing concentration of serum for 24 h and then the
expression level of Sp1 was checked by Western blot. Sp1 was dramatically upregulated by
serum in a dose-dependent manner (Figure 1A). Since serum promotes VM formation of
PC-3 cells [23], to determine the role of Sp1 and VM formation, loss-of-function approach
was introduced. PC-3 cells were treated with a selective Sp1 inhibitor, mithramycin A (MiA),
or were transfected with the siRNA-targeting Sp1 gene. First, the cell viability assay was
performed to determine non-cytotoxic concentrations of MiA and Sp1 siRNA. There was no
cytotoxic effect of MiA or siRNA up to 200 nM or 15 nM, respectively (Figures 1B,C). This
study used 100 and 200 nM of MiA or 15 nM of siRNA for subsequent experiments. Serum-
upregulated Sp1 expression was effectively inhibited by MiA or Sp1 silencing (Figure 1D,E).
To determine whether Sp1 is associated with VM formation, 3D culture VM formation assay
was performed in PC-3 cells after MiA treatment or transfection with Sp1 siRNA. Serum
stimulation led to the induction of tubular channels by PC-3 cells, which was effectively
reduced by MiA in a dose-dependent manner (Figure 1F). Similarly, Sp1 silencing had an
obvious inhibitory effect on serum-induced the formation of tubular channels (Figure 1G).

To verify a role of Sp1 in VM formation, a Western blot for Sp1 after serum treatment
and transfection with Sp1 siRNA, and 3D culture VM formation assay after transfection
with Sp1 siRNA were performed in another PCa DU145 cells. Consistent with the results
from PC-3 cells, Sp1 was upregulated by serum in DU145 cells (Figure 2A). Additionally,
serum-induced VM formation was significantly reduced after Sp1 silencing in DU145 cells
(Figure 2B,C).

To confirm a novel functional role of Sp1 in VM formation, a gain-of-function approach
was introduced using Sp1 CRISPR activation plasmid in both PC-3 and DU145 PCa cells.
Sp1 overexpression caused an effective increase in VM tubular formation compared with
control plasmid without serum in both PC-3 (Figure 3A) and DU145 cells (Figure 3B) by a
3D culture VM formation assay.

Taken together, Sp1 silencing inhibited serum-stimulated VM formation, whereas Sp1
overexpression triggered VM formation in PCa cells, suggesting that Sp1 is required to
induce VM formation in PCa cells.
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Figure 1. Sp1 is upregulated by serum and mediates VM formation in PC-3 cells. Western blot was 
performed in serum-treated cells (A), in MiA-treated with cells with serum (D), and in siRNA-trans-
fected cells with serum (E) for 24 h. Cell viability was measured by MTT assay in MiA-treated with 
cells with serum (B), and in siRNA-transfected cells with serum (C) for 24 h. VM tube formation 
assay was carried out in MiA-treated cells with serum (F) and in siRNA-transfected cells with serum 
(G). After 16 h incubation, images were obtained under an inverted light microscope at 40× magni-
fication. Scale bar = 250 μm. The number of formed VM structures was counted. Data are shown as 
mean ± SD and were statistically calculated by one-way ANOVA followed by Tukey’s studentized 
range test. * Means with different letters are significantly different between groups. 

Figure 1. Sp1 is upregulated by serum and mediates VM formation in PC-3 cells. Western blot
was performed in serum-treated cells (A), in MiA-treated with cells with serum (D), and in siRNA-
transfected cells with serum (E) for 24 h. Cell viability was measured by MTT assay in MiA-treated
with cells with serum (B), and in siRNA-transfected cells with serum (C) for 24 h. VM tube formation
assay was carried out in MiA-treated cells with serum (F) and in siRNA-transfected cells with
serum (G). After 16 h incubation, images were obtained under an inverted light microscope at 40×
magnification. Scale bar = 250 µm. The number of formed VM structures was counted. Data are
shown as mean ± SD and were statistically calculated by one-way ANOVA followed by Tukey’s
studentized range test. * Means with different letters are significantly different between groups.
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Figure 2. Sp1 is upregulated by serum and mediates VM formation in DU145 cells. Western blot was
performed in serum-treated cells (A) and in siRNA-transfected cells with serum (B) for 24 h. (C) VM
tube formation assay was carried out in siRNA-transfected cells with serum. After 16 h incubation,
images were obtained under an inverted light microscope at 40× magnification. Scale bar = 250 µm.
The number of formed VM structures was counted. Data are shown as mean ± SD and were
statistically calculated by one-way ANOVA followed by Tukey’s studentized range test. * Means
with different letters are significantly different between groups.
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Figure 3. Sp1 mediates VM formation in PCa cells. Western blot was performed in PC-3 cells (A) 
and DU145 cells (B) after transfection with CRISPR activation plasmid. VM tube formation assay 
was carried out in PC-3 cells (C) and DU145 cells (D) after transfection with CRISPR activation plas-
mid. After 16 h incubation, images were obtained under an inverted light microscope at 40× magni-
fication. Scale bar = 250 μm. The number of formed VM structures was counted. Data are shown as 
mean ± SD and were statistically calculated by one-way ANOVA followed by Tukey’s studentized 
range test. * Means with different letters are significantly different between groups. 

2.2. Sp1 Upregulates VE-Cadherin Expression through the Nuclear Twist in PC-3 Cells 
To reveal whether Sp1 affects the expression of VE-cadherin to induce VM formation, 

a Western blot was conducted in PC-3 cells. Serum upregulated VE-cadherin protein ex-
pression, which was attenuated by MiA in a dose-dependent manner (Figure 4A). Addi-
tionally, VE-cadherin protein expression by serum was markedly inhibited in Sp1 siRNA-
treated cells (Figure 4B). However, Sp1 overexpression slightly upregulated VE-cadherin 
protein expression without serum (Figure 4C). To assess whether the VE-cadherin protein 
level was affected by the transcriptional level, the mRNA expression level of VE-cadherin 
was detected by RT-PCR. Consistent with the protein expression of VE-cadherin, the se-
rum-upregulated mRNA level of VE-cadherin was decreased after treatment with MiA 
(Figure 4D) or Sp1 siRNA (Figure 4E). These results indicated that Sp1 regulates VE-cad-
herin expression at the transcription level. 

Figure 3. Cont.
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Figure 3. Sp1 mediates VM formation in PCa cells. Western blot was performed in PC-3 cells (A) and
DU145 cells (B) after transfection with CRISPR activation plasmid. VM tube formation assay was
carried out in PC-3 cells (C) and DU145 cells (D) after transfection with CRISPR activation plasmid.
After 16 h incubation, images were obtained under an inverted light microscope at 40× magnification.
Scale bar = 250 µm. The number of formed VM structures was counted. Data are shown as mean ± SD
and were statistically calculated by one-way ANOVA followed by Tukey’s studentized range test.
* Means with different letters are significantly different between groups.

2.2. Sp1 Upregulates VE-Cadherin Expression through the Nuclear Twist in PC-3 Cells

To reveal whether Sp1 affects the expression of VE-cadherin to induce VM formation, a
Western blot was conducted in PC-3 cells. Serum upregulated VE-cadherin protein expres-
sion, which was attenuated by MiA in a dose-dependent manner (Figure 4A). Additionally,
VE-cadherin protein expression by serum was markedly inhibited in Sp1 siRNA-treated
cells (Figure 4B). However, Sp1 overexpression slightly upregulated VE-cadherin protein ex-
pression without serum (Figure 4C). To assess whether the VE-cadherin protein level was af-
fected by the transcriptional level, the mRNA expression level of VE-cadherin was detected
by RT-PCR. Consistent with the protein expression of VE-cadherin, the serum-upregulated
mRNA level of VE-cadherin was decreased after treatment with MiA (Figure 4D) or Sp1
siRNA (Figure 4E). These results indicated that Sp1 regulates VE-cadherin expression at
the transcription level.

To identify the transcriptional regulation of VE-cadherin, a Western blot and im-
munofluorescence analysis were performed in PC-3 cells. Twist was elevated by serum,
which was decreased by MiA treatment (Figure 5A) or Sp1 silencing (Figure 5B). However,
the overexpression of Sp1 increased the expression level of twist without serum compared
with control plasmid (Figure 5C). Immunofluorescence staining showed that enhanced
twist expression in the nucleus by serum was attenuated after MiA treatment (Figure 5D)
or Sp1 silencing (Figure 5E). As shown in Figure 5F, the interaction between Sp1 and twist
was induced by serum, which was significantly reduced by MiA treatment. Taken together,
these results demonstrated that the nuclear twist upregulates VE-cadherin expression,
which the process of which is mediated by Sp1.
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Figure 4. Sp1 regulates VE-cadherin expression at the transcription level in PC-3 cells. Western blot
was performed in MiA-treated cells with serum (A) and in siRNA-transfected cells with serum (B) for
24 h, and in CRISPR activation plasmid-treated cells (C). mRNA level was analyzed by RT-PCR in
MiA-treated cells with serum (D) and in siRNA-transfected cells with serum (E) for 24 h. Data were
statistically calculated by one-way ANOVA followed by Tukey’s studentized range test. * Means
with different letters are significantly different between groups.
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CRISPR activation plasmid-treated cells (C). The nuclear twist expression was detected by immu-
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(E) for 24 h. After incubating with twist antibody (green) followed by FITC-conjugated secondary 
antibody, the nuclei were counterstained with propidium iodide (red). Images were obtained by a 
fluorescence microscope at 400× magnification. Scale bar = 40 μm. (F) Co-IP was performed in MiA-
treated cells with serum. IgG: negative control. Data were statistically calculated by one-way 
ANOVA followed by Tukey’s studentized range test. * Means with different letters are significantly 
different between groups. 

2.3. Sp1 Promotes the Activation of AKT Pathway in PC-3 Cells 
To investigate whether Sp1 is involved in the AKT pathway to induce VM formation, 

the Western blot analyzed PC-3 cells. The phosphorylation of AKT and the expression 
levels of MMP-2 and LAMC2 were augmented by serum. MiA treatment (Figure 6A) or 
Sp1 silencing (Figure 6B) decreased the effects of serum. In contrast, Sp1 overexpression 
elevated the phosphorylation of AKT and the expression levels of MMP-2 and LAMC2 
without serum compared to the control plasmid (Figure 6C). Serum-upregulated Sp1, but 
not twist, was significantly reduced by the AKT inhibitor, wortmannin (Figure 6D). These 
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Figure 5. Sp1 enhances the nuclear localization of twist in PC-3 cells. Western blot was performed
in MiA-treated cells with serum (A) and in siRNA-transfected cells with serum (B) for 24 h, and
in CRISPR activation plasmid-treated cells (C). The nuclear twist expression was detected by im-
munofluorescence assay in MiA-treated cells with serum (D) and in siRNA-transfected cells with
serum (E) for 24 h. After incubating with twist antibody (green) followed by FITC-conjugated sec-
ondary antibody, the nuclei were counterstained with propidium iodide (red). Images were obtained
by a fluorescence microscope at 400× magnification. Scale bar = 40 µm. (F) Co-IP was performed in
MiA-treated cells with serum. IgG: negative control. Data were statistically calculated by one-way
ANOVA followed by Tukey’s studentized range test. * Means with different letters are significantly
different between groups.

2.3. Sp1 Promotes the Activation of AKT Pathway in PC-3 Cells

To investigate whether Sp1 is involved in the AKT pathway to induce VM formation,
the Western blot analyzed PC-3 cells. The phosphorylation of AKT and the expression
levels of MMP-2 and LAMC2 were augmented by serum. MiA treatment (Figure 6A) or
Sp1 silencing (Figure 6B) decreased the effects of serum. In contrast, Sp1 overexpression
elevated the phosphorylation of AKT and the expression levels of MMP-2 and LAMC2
without serum compared to the control plasmid (Figure 6C). Serum-upregulated Sp1,
but not twist, was significantly reduced by the AKT inhibitor, wortmannin (Figure 6D).
These results indicate that Sp1 contributes to the activation of VM-related AKT signaling.
Additionally, Akt was controlled by Sp1 expression.
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Figure 6. Sp1 promotes the activation of AKT pathway in PC-3 cells. Western blot was performed in
MiA-treated cells with serum (A) and in siRNA-transfected cells with serum (B) for 24 h, in CRISPR
activation plasmid-treated cells (C), and in serum-treated cells with or without wortmannin (WM)
for 24 h (D). Data were statistically calculated by one-way ANOVA followed by Tukey’s studentized
range test. * Means with different letters are significantly different between groups.
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3. Discussion

VM is the formation of a vessel-like network lined by cancer cells. The function of
VM is similar to that of blood vessels formed by ECs [8–10]. VM strongly participates in
tumor invasion, metastasis, and growth through a blood supply and is closely related to
poor prognosis in cancer patients [8,15,24]. VM-positive PCa patients showed high Gleason
scores and distance metastasis as well as short OS and DFS [17]. The Sp1 transcription
factor plays a crucial role in the progression and metastasis of PCa [21]. However, the
involvement of Sp1 in VM formation has not been determined yet. Therefore, this study
investigated a novel functional role of Sp1 in the process of VM in human PCa cells.

Since a previous study demonstrated that serum promotes VM formation in human
PCa PC-3 cells [23], this study focused on Sp1 to explore an underlying molecular mech-
anism of VM. As expected, serum dramatically upregulated the expression of Sp1 at the
protein level in both PCa PC-3 and DU145 cells (Figures 1A and 2A). To elucidate a novel
functional role of Sp1 in VM formation, MiA and Sp1 siRNA used for a loss-of-function
approach and Sp1 CRISPR activation plasmid was used for a gain-of-function approach.
The inhibition of Sp1 by MiA and Sp1 siRNA caused the perfect blockage in VM formation
induced by serum (Figures 1 and 2). On the contrary, despite the absence of serum, the
overexpression of Sp1 by CRIPSR activation plasmid sufficiently formed VM (Figure 3).
Therefore, these results clearly demonstrate that Sp1 may be an important factor in the
process of VM formation in PCa cells.

Highly aggressive tumor cells overexpress VE-cadherin, but not non-aggressive tu-
mor cells [25]. VE-cadherin, an endothelial-specific junction molecule, is a biomarker of
VM and plays a crucial role in VM formation [26–28]. The endothelial-specific transcrip-
tional active region of VE-cadherin contains the Sp1 binding site [29,30], highlighting the
relationship between Sp1 and VE-cadherin. In this study, the serum-upregulated expres-
sions of VE-cadherin at the protein and mRNA levels were decreased after treatment with
MiA or Sp1 siRNA (Figure 4), highlighting the transcriptional regulation of VE-cadherin
expression. However, the overexpression of Sp1 upregulated the protein expression of
VE-cadherin (Figure 4C). Twist is a transcription factor that regulates the expression of
VE-cadherin [31,32]. Twist has been reported to be associated with tumor metastasis and
angiogenesis [33] and also regulates VM formation [32]. In this study, serum-treated PC-3
cells were found to increase the expression of twist in the nucleus, which was reduced by
the inhibition of Sp1 by MiA or siRNA (Figure 5A,B). However, the overexpression of Sp1
elevated the protein expression of twist (Figure 5C). Sp1 interacted with twist, which was
significantly reduced by MiA treatment (Figure 5F). Taken together, these results revealed
that Sp1 regulates the expression of VE-cadherin by interacting with twist in the nucleus.

Multiple signaling pathways such as AKT, FAK, hypoxia, and nodal/notch contribute
to VM formation [8,24]. Among them, as a downstream signaling of VE-cadherin, AKT is
activated by VE-cadherin [8,34]. Then, activated AKT elevates the expressions of matrix
metalloproteinases (MMPs) such as MMP-2 and -14, thereby leading to VM formation
through the remodeling of the extracellular matrix including LAMC2 [8,24]. Additionally,
AKT promotes cancer cell growth, proliferation, and malignant behavior [35]. A previous
study demonstrated that the AKT/MMP-2/LAMC2 signal transduction pathway partic-
ipates in VM formation in response to serum [23]. Sp1 knockdown suppressed tumor
progression by inhibiting AKT and ERK signaling [36]. AKT-mediated VEGF mRNA ex-
pression required Sp1 [37]. These reports indicated that Sp1 may be involved in the AKT
signaling pathway. In this study, the serum-induced phosphorylation of AKT in PC-3
cells was seen to decrease when Sp1 was suppressed by MiA or siRNA (Figure 6A,B).
However, the overexpression of Sp1 enhanced the phosphorylation of AKT (Figure 6C).
Meanwhile, AKT signaling also regulated the Sp1 expression. Both serum-upregulated
MMP-2 and LAMC2 expressions were decreased when Sp1 was inhibited by MiA or siRNA
(Figure 6A,B). On the contrary, the overexpression of Sp1 enhanced the expression levels
of MMP-2 and LAMC2 (Figure 6C). These results verified that Sp1 is involved in the AKT
pathway to induce VM in PC-3 cells.
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In conclusion, this study demonstrated a novel functional role of Sp1 in VM formation
through loss- and gain-of-function approaches and these results are summarized in Figure 7.
Sp1 regulated the expression of VE-cadherin through controlling the nuclear expression
of transcription factor, twist. Sp1-induced the upregulation of twist/VE-cadherin in turn
activated the AKT pathway including MMP-2 and LAMC2, thereby causing an induction
of VM. Taken together, Sp1 plays a key role in VM formation through the twist/VE-
cadherin/AKT pathway in human PCa cells. These results may provide a new therapeutic
strategy for the treatment of PCa patients associated with VM through targeting Sp1.
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4. Materials and Methods
4.1. Cell Culture

The human prostate cancer cell lines PC-3 and DU145 were purchased form Korean
Cell Line Bank (KCLB, Seoul), and were grown in RPMI 1640 medium (Welgene Inc.,
Daegu, Korea) supplemented with 10% fetal bovine serum (FBS, Welgene Inc., Daegu,
Korea) and 1% antibiotics (Welgene Inc., Daegu. Korea) in a humidified incubator at 37 ◦C
with 5% CO2.

4.2. Sp1 Silencing by Small Interfering RNA (siRNA)

Cells (1 × 105) were seeded on a 6-well plate and transfected with 15 nM of control or
Sp1 siRNA (Santa Cruz Biotechnology, Inc., Danvers, MA, USA) for 48 h using INTERFERin
transfection reagent (Polyplus-transfection Inc., New York, NY, USA) according to the
manufacturer’s protocol.

4.3. Sp1 Overexpression by CRISPR Activation Plasmid

Cells (1.2 × 105) were seeded on a 6-well plate and transfected with 1 µg of control or
Sp1 CRISPR activation plasmid (Santa Cruz Biotechnology, Inc., Danvers, MA, USA) for
48 h using UltraCruz transfection reagent (Santa Cruz Biotechnology, Inc., Danvers, MA,
USA) according to the manufacturer’s protocol.

4.4. Cell Viability Assay

Cells were seeded at 10,000 cells per well in a 96-well plate, and treated with various
concentrations (50, 100, 200 and 400 nM) of mithramycin A (MiA, Enzo Life Sciences,
Farmingdale, NY, USA) for 24 h in a serum-free culture medium. siRNA-transfected
cells (2.5 × 103) were seeded in a 96-well plate and transfected with control siRNA or
various concentrations (5, 10 and 15 nM) of Sp1 siRNA for 48 h. The effects of MiA and
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siRNA on the cell viability of PC-3 cells were evaluated by 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) (Sigma-Aldrich, St Louis, MO, USA) assay as
described previously [38–40].

4.5. Three-Dimensional (3D) Culture VM Tube Formation Assay

VM tube formation was assessed as described previously [23,41]. Cells (3.6 × 105)
were seeded on a matrigel-polymerized 24-well plate and then treated with serum with or
without MiA for 16 h at 37 ◦C. In siRNA-transfected cells, cells (3.6 × 105) were seeded after
48 h transfection and then treated with serum. In CRISPR activation plasmid-transfected
cells, cells (3.6 × 105) were seeded after 48 h transfection without serum. Tubular shapes
were counted after imaging using an inverted light microscope Ts2_PH (Nikon, Tokyo,
Japan) at 40× magnification.

4.6. Western Blot Analysis

Western blot was performed in MiA-treated cells with serum and in siRNA-transfected
cells with serum for 24 h, in CRISPR activation plasmid-treated cells, and in serum-treated
cells with or without wortmannin (WM, Merk, Darmstadt, Germany) for 24 h. Total proteins
were isolated using RIPA buffer (Thermo Scientific, Rockford, IL, USA) supplemented
with phosphatase inhibitor cocktail (Thermo Scientific, Rockford, IL, USA) and protease
inhibitor cocktail (Thermo Scientific, Rockford, IL, USA). The protein samples (30–35 µg)
were separated by SDS-polyacrylamide gel (8–12%) electrophoresis and then transferred
onto a membrane (Pall Corporation, Port Washington, NY, USA). The membrane was
incubated with the indicated primary antibodies (Table 1) overnight at 4 ◦C, followed by
incubation with specific secondary antibodies for 2 h at room temperature (RT). Protein
bands were visualized using an enhanced chemiluminescence reagent (GE Healthcare,
Chicago, IL, USA) and ImageJ 1.40 g software (National Institute of Health, Bethesda, MD,
USA) was used to quantify each protein band.

Table 1. Antibodies used in this study.

Antibody Company Dilution Product No.

Sp1 Santa Cruz 1:1000 SC-420
β-actin Sigma-Aldrich 1:20,000 A5316
pAKT CST 1:3000 4060
AKT CST 1:5000 4691

MMP-2 Abcam 1:1000 ab86607
LAMC2 Abcam 1:1000 ab96327

VE-cadherin Abgent 1:1000 AP2724a
Twist Abcam 1:1000 ab50887

goat anti-rabbit IgG-HRP CST 1:5000 7074P2
goat anti-mouse IgG-HRP Bio-Rad 1:5000 STAR120P

Santa Cruz Biotechnology, Inc. (Danvers, MA, USA); CST, Cell Signaling Technology (Beverly, MA, USA);
Sigma-Aldrich (St Louis, MO, USA); Abcam plc. (Cambrige, UK); Abgent (San Diego, CA, USA).

4.7. Isolation of RNA and Reverse Transcriptase Polymerase Chain Reaction (RT-PCR)

Total RNA extraction was carried out in MiA-treated or Sp1 siRNA-transfected cells
using a TRIzol reagent (Invitrogen, Carlsbad, CA, USA). cDNA synthesis and PCR were
performed as described previously [23]. ImageJ 1.40g software was used to quantify each
PCR product band.

4.8. Immunofluorescence Assay

Cells were seeded on an 8-well chamber slide with serum with or without MiA.
In siRNA-transfected cells, cells (7 × 104) were seeded on an 8-well chamber slide and
transfected with siRNA for 48 h and treated with serum. Immunofluorescence assay was
performed as described previously [23]. Images were captured using an ECLIPS Ts2-FL
(Nikon, Tokyo, Japan) at 400× magnification.
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4.9. Co-Immunoprecipitation (Co-IP)

The total cell lysate (300 µg) were mixed with 0.5 µg of twist antibody (Abcam plc.,
Cambrige, UK) for 1 h at 4 ◦C and then added protein A/G agarose (Santa Cruz Biotech-
nology, Inc., Danvers, MA, USA) for 1 h at 4 ◦C. The beads were collected by centrifugation
and washed 3 times with lysis buffer. The immunoprecipitated protein complexes were
analyzed by Western blot.

4.10. Statistical Analysis

All experiments were performed at least three times. Data are shown as mean ± standard
deviation (SD). All data were analyzed by one-way ANOVA followed by Tukey’s studen-
tized range test using a GraphPad Prism software (GraphPad Software Inc., San Diego, CA,
USA). Means with different letters are significantly different between groups.
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acquisition, E.-O.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the National Research Foundation of Korea (NRF) grant
funded by the Ministry of Education (NRF-2018R1D1A1B07040506) and the Ministry of Science and
ICT (NRF-2021R1A2C1005373).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2020. CA Cancer J. Clin. 2020, 70, 7–30. [CrossRef] [PubMed]
2. Madu, C.O.; Lu, Y. Novel diagnostic biomarkers for prostate cancer. J. Cancer 2010, 1, 150. [CrossRef] [PubMed]
3. Krakhmal, N.V.; Zavyalova, M.; Denisov, E.; Vtorushin, S.; Perelmuter, V.J.A.N. Cancer invasion: Patterns and mechanisms. Acta

Nat. 2015, 7, 17–28. [CrossRef]
4. Lima, A.R.; de Lourdes Bastos, M.; Carvalho, M.; de Pinho, P.G. Biomarker discovery in human prostate cancer: An update in

metabolomics studies. Transl. Oncol. 2016, 9, 357–370. [CrossRef] [PubMed]
5. Khan, Z.S.; Santos, J.M.; Hussain, F.J.B. Aggressive prostate cancer cell nuclei have reduced stiffness. Biomicrofluidics 2018,

12, 014102. [CrossRef]
6. Font-Clos, F.; Zapperi, S.; La Porta, C.A.J.I. Blood flow contributions to cancer metastasis. iScience 2020, 23, 101073. [CrossRef]
7. Maniotis, A.J.; Folberg, R.; Hess, A.; Seftor, E.A.; Gardner, L.M.; Pe’er, J.; Trent, J.M.; Meltzer, P.S.; Hendrix, M.J.C. Vascular channel

formation by human melanoma cells in vivo and in vitro: Vasculogenic mimicry. Am. J. Pathol. 1999, 155, 739–752. [CrossRef]
8. Qiao, L.; Liang, N.; Zhang, J.; Xie, J.; Liu, F.; Xu, D.; Yu, X.; Tian, Y. Advanced research on vasculogenic mimicry in cancer. J. Cell.

Mol. Med. 2015, 19, 315–326. [CrossRef]
9. Seftor, R.E.; Hess, A.R.; Seftor, E.A.; Kirschmann, D.A.; Hardy, K.M.; Margaryan, N.V.; Hendrix, M.J. Tumor cell vasculogenic

mimicry: From controversy to therapeutic promise. Am. J. Pathol. 2012, 181, 1115–1125. [CrossRef]
10. Ge, H.; Luo, H. Overview of advances in vasculogenic mimicry—A potential target for tumor therapy. Cancer Manag. Res. 2018,

10, 2429. [CrossRef]
11. Lim, D.; Do, Y.; Kwon, B.S.; Chang, W.; Lee, M.-S.; Kim, J.; Cho, J.G. Angiogenesis and vasculogenic mimicry as therapeutic

targets in ovarian cancer. BMB Rep. 2020, 53, 291. [CrossRef] [PubMed]
12. Itatani, Y.; Kawada, K.; Yamamoto, T.; Sakai, Y. Resistance to Anti-Angiogenic Therapy in Cancer-Alterations to Anti-VEGF

Pathway. Int. J. Mol. Sci. 2018, 19, 1232. [CrossRef] [PubMed]
13. Ellis, L.M.; Fidler, I.J. Finding the tumor copycat. Therapy fails, patients don’t. Nat. Med. 2010, 16, 974–975. [CrossRef] [PubMed]
14. Dome, B.; Timar, J.; Dobos, J.; Meszaros, L.; Raso, E.; Paku, S.; Kenessey, I.; Ostoros, G.; Magyar, M.; Ladanyi, A. Identification

and clinical significance of circulating endothelial progenitor cells in human non–small cell lung cancer. Cancer Res. 2006, 66,
7341–7347. [CrossRef]

15. Zhang, J.; Qiao, L.; Liang, N.; Xie, J.; Luo, H.; Deng, G.; Zhang, J. Vasculogenic mimicry and tumor metastasis. J. BUON 2016, 21,
533–541. [PubMed]

http://doi.org/10.3322/caac.21590
http://www.ncbi.nlm.nih.gov/pubmed/31912902
http://doi.org/10.7150/jca.1.150
http://www.ncbi.nlm.nih.gov/pubmed/20975847
http://doi.org/10.32607/20758251-2015-7-2-17-28
http://doi.org/10.1016/j.tranon.2016.05.004
http://www.ncbi.nlm.nih.gov/pubmed/27567960
http://doi.org/10.1063/1.5019728
http://doi.org/10.1016/j.isci.2020.101073
http://doi.org/10.1016/S0002-9440(10)65173-5
http://doi.org/10.1111/jcmm.12496
http://doi.org/10.1016/j.ajpath.2012.07.013
http://doi.org/10.2147/CMAR.S164675
http://doi.org/10.5483/BMBRep.2020.53.6.060
http://www.ncbi.nlm.nih.gov/pubmed/32438972
http://doi.org/10.3390/ijms19041232
http://www.ncbi.nlm.nih.gov/pubmed/29670046
http://doi.org/10.1038/nm0910-974
http://www.ncbi.nlm.nih.gov/pubmed/20823880
http://doi.org/10.1158/0008-5472.CAN-05-4654
http://www.ncbi.nlm.nih.gov/pubmed/27569069


Int. J. Mol. Sci. 2022, 23, 1321 12 of 12

16. Cao, Z.; Bao, M.; Miele, L.; Sarkar, F.H.; Wang, Z.; Zhou, Q. Tumour vasculogenic mimicry is associated with poor prognosis of
human cancer patients: A systemic review and meta-analysis. Eur. J. Cancer 2013, 49, 3914–3923. [CrossRef]

17. Liu, R.; Yang, K.; Meng, C.; Zhang, Z.; Xu, Y. Vasculogenic mimicry is a marker of poor prognosis in prostate cancer. Cancer Biol.
Ther. 2012, 13, 527–533. [CrossRef]

18. Wang, L.; Wei, D.; Huang, S.; Peng, Z.; Le, X.; Wu, T.T.; Yao, J.; Ajani, J.; Xie, K. Transcription factor Sp1 expression is a significant
predictor of survival in human gastric cancer. Clin. Cancer Res. 2003, 9, 6371–6380.

19. Vellingiri, B.; Iyer, M.; Devi Subramaniam, M.; Jayaramayya, K.; Siama, Z.; Giridharan, B.; Narayanasamy, A.; Abdal Dayem, A.;
Cho, S.G. Understanding the Role of the Transcription Factor Sp1 in Ovarian Cancer: From Theory to Practice. Int. J. Mol. Sci.
2020, 21, 1153. [CrossRef]

20. Song, J.; Ugai, H.; Nakata-Tsutsui, H.; Kishikawa, S.; Suzuki, E.; Murata, T.; Yokoyama, K.K. Transcriptional regulation by
zinc-finger proteins Sp1 and MAZ involves interactions with the same cis-elements. Int. J. Mol. Sci. 2003, 11, 547–553. [CrossRef]

21. Sankpal, U.T.; Goodison, S.; Abdelrahim, M.; Basha, R. Targeting Sp1 transcription factors in prostate cancer therapy. Med. Chem.
2011, 7, 518–525. [CrossRef] [PubMed]

22. Wang, H.; Lin, H.; Pan, J.; Mo, C.; Zhang, F.; Huang, B.; Wang, Z.; Chen, X.; Zhuang, J.; Wang, D.; et al. Vasculogenic Mimicry in
Prostate Cancer: The Roles of EphA2 and PI3K. J. Cancer 2016, 7, 1114–1124. [CrossRef] [PubMed]

23. Yeo, C.; Lee, H.J.; Lee, E.O. Serum promotes vasculogenic mimicry through the EphA2/VE-cadherin/AKT pathway in PC-3
human prostate cancer cells. Life Sci. 2019, 221, 267–273. [CrossRef] [PubMed]

24. Zhang, X.; Zhang, J.; Zhou, H.; Fan, G.; Li, Q. Molecular Mechanisms and Anticancer Therapeutic Strategies in Vasculogenic
Mimicry. J. Cancer 2019, 10, 6327–6340. [CrossRef]

25. Hendrix, M.J.; Seftor, E.A.; Meltzer, P.S.; Gardner, L.M.; Hess, A.R.; Kirschmann, D.A.; Schatteman, G.C.; Seftor, R.E. Expression
and functional significance of VE-cadherin in aggressive human melanoma cells: Role in vasculogenic mimicry. Proc. Natl. Acad.
Sci. USA 2001, 98, 8018–8023. [CrossRef]

26. Sun, B.; Zhang, D.; Zhao, N.; Zhao, X. Epithelial-to-endothelial transition and cancer stem cells: Two cornerstones of vasculogenic
mimicry in malignant tumors. Oncotarget 2017, 8, 30502. [CrossRef]

27. Maniotis, A.J.; Chen, X.; Garcia, C.; DeChristopher, P.J.; Wu, D.; Pe’er, J.; Folberg, R. Control of melanoma morphogenesis,
endothelial survival, and perfusion by extracellular matrix. Lab. Investig. 2002, 82, 1031–1043. [CrossRef]

28. Delgado-Bellido, D.; Serrano-Saenz, S.; Fernández-Cortés, M.; Oliver, F.J. Vasculogenic mimicry signaling revisited: Focus on
non-vascular VE-cadherin. Mol. Cancer 2017, 16, 1–14. [CrossRef]

29. Gory, S.; Vernet, M.; Laurent, M.; Dejana, E.; Dalmon, J.; Huber, P.J.B. The vascular endothelial-cadherin promoter directs
endothelial-specific expression in transgenic mice. Blood 1999, 93, 184–192. [CrossRef]

30. Gory, S.; Dalmon, J.; Prandini, M.-H.; Kortulewski, T.; de Launoit, Y.; Huber, P. Requirement of a GT box (Sp1 site) and two Ets
binding sites for vascular endothelial cadherin gene transcription. J. Biol. Chem. 1998, 273, 6750–6755. [CrossRef]

31. Yang, J.; Zhu, D.-M.; Zhou, X.-G.; Yin, N.; Zhang, Y.; Zhang, Z.-X.; Li, D.-C.; Zhou, J. HIF-2α promotes the formation of
vasculogenic mimicry in pancreatic cancer by regulating the binding of Twist1 to the VE-cadherin promoter. Oncotarget 2017,
8, 47801. [CrossRef] [PubMed]

32. Sun, T.; Zhao, N.; Zhao, X.L.; Gu, Q.; Zhang, S.W.; Che, N.; Wang, X.H.; Du, J.; Liu, Y.X.; Sun, B. Expression and functional
significance of Twist1 in hepatocellular carcinoma: Its role in vasculogenic mimicry. Hepatology 2010, 51, 545–556. [CrossRef]
[PubMed]

33. Zhao, N.; Sun, H.; Sun, B.; Zhu, D.; Zhao, X.; Wang, Y.; Gu, Q.; Dong, X.; Liu, F.; Zhang, Y. miR-27a-3p suppresses tumor
metastasis and VM by down-regulating VE-cadherin expression and inhibiting EMT: An essential role for Twist-1 in HCC. Sci.
Rep. 2016, 6, 23091. [CrossRef] [PubMed]

34. Choi, H.J.; Kwon, Y.G. Roles of YAP in mediating endothelial cell junctional stability and vascular remodeling. BMB Rep. 2015, 48,
429–430. [CrossRef]

35. Szymonowicz, K.; Oeck, S.; Malewicz, N.M.; Jendrossek, V. New Insights into Protein Kinase B/Akt Signaling: Role of Localized
Akt Activation and Compartment-Specific Target Proteins for the Cellular Radiation Response. Cancers 2018, 10, 78. [CrossRef]

36. Li, X.; Fu, Y.; Xia, X.; Zhang, X.; Xiao, K.; Zhuang, X.; Zhang, Y. Knockdown of SP1/Syncytin1 axis inhibits the proliferation
and metastasis through the AKT and ERK1/2 signaling pathways in non-small cell lung cancer. Cancer Med. 2019, 8, 5750–5759.
[CrossRef]

37. Pore, N.; Liu, S.; Shu, H.K.; Li, B.; Haas-Kogan, D.; Stokoe, D.; Milanini-Mongiat, J.; Pages, G.; O’Rourke, D.M.; Bernhard, E.; et al.
Sp1 is involved in Akt-mediated induction of VEGF expression through an HIF-1-independent mechanism. Mol. Biol. Cell 2004,
15, 4841–4853. [CrossRef]

38. Kim, J.S.; Kang, C.G.; Kim, S.H.; Lee, E.O. Rhapontigenin suppresses cell migration and invasion by inhibiting the PI3K-dependent
Rac1 signaling pathway in MDA-MB-231 human breast cancer cells. J. Nat. Prod. 2014, 77, 1135–1139. [CrossRef]

39. Im, E.; Yeo, C.; Lee, H.J.; Lee, E.O. Dihydroartemisinin induced caspase-dependent apoptosis through inhibiting the specificity
protein 1 pathway in hepatocellular carcinoma SK-Hep-1 cells. Life Sci. 2018, 192, 286–292. [CrossRef]

40. Kang, C.G.; Lee, H.J.; Kim, S.H.; Lee, E.O. Zerumbone Suppresses Osteopontin-Induced Cell Invasion Through Inhibiting the
FAK/AKT/ROCK Pathway in Human Non-Small Cell Lung Cancer A549 Cells. J. Nat. Prod. 2016, 79, 156–160. [CrossRef]

41. Yeo, C.; Han, D.S.; Lee, H.J.; Lee, E.O. Epigallocatechin-3-Gallate Suppresses Vasculogenic Mimicry through Inhibiting the
Twist/VE-Cadherin/AKT Pathway in Human Prostate Cancer PC-3 Cells. Int. J. Mol. Sci. 2020, 21, 439. [CrossRef] [PubMed]

http://doi.org/10.1016/j.ejca.2013.07.148
http://doi.org/10.4161/cbt.19602
http://doi.org/10.3390/ijms21031153
http://doi.org/10.3892/ijmm.11.5.547
http://doi.org/10.2174/157340611796799203
http://www.ncbi.nlm.nih.gov/pubmed/22022994
http://doi.org/10.7150/jca.14120
http://www.ncbi.nlm.nih.gov/pubmed/27326255
http://doi.org/10.1016/j.lfs.2019.02.043
http://www.ncbi.nlm.nih.gov/pubmed/30797819
http://doi.org/10.7150/jca.34171
http://doi.org/10.1073/pnas.131209798
http://doi.org/10.18632/oncotarget.8461
http://doi.org/10.1097/01.LAB.0000024362.12721.67
http://doi.org/10.1186/s12943-017-0631-x
http://doi.org/10.1182/blood.V93.1.184
http://doi.org/10.1074/jbc.273.12.6750
http://doi.org/10.18632/oncotarget.17999
http://www.ncbi.nlm.nih.gov/pubmed/28599281
http://doi.org/10.1002/hep.23311
http://www.ncbi.nlm.nih.gov/pubmed/19957372
http://doi.org/10.1038/srep23091
http://www.ncbi.nlm.nih.gov/pubmed/26980408
http://doi.org/10.5483/BMBRep.2015.48.8.146
http://doi.org/10.3390/cancers10030078
http://doi.org/10.1002/cam4.2448
http://doi.org/10.1091/mbc.e04-05-0374
http://doi.org/10.1021/np401078g
http://doi.org/10.1016/j.lfs.2017.11.008
http://doi.org/10.1021/acs.jnatprod.5b00796
http://doi.org/10.3390/ijms21020439
http://www.ncbi.nlm.nih.gov/pubmed/31936664

	Introduction 
	Results 
	Sp1 Mediates VM Formation in PCa Cells 
	Sp1 Upregulates VE-Cadherin Expression through the Nuclear Twist in PC-3 Cells 
	Sp1 Promotes the Activation of AKT Pathway in PC-3 Cells 

	Discussion 
	Materials and Methods 
	Cell Culture 
	Sp1 Silencing by Small Interfering RNA (siRNA) 
	Sp1 Overexpression by CRISPR Activation Plasmid 
	Cell Viability Assay 
	Three-Dimensional (3D) Culture VM Tube Formation Assay 
	Western Blot Analysis 
	Isolation of RNA and Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) 
	Immunofluorescence Assay 
	Co-Immunoprecipitation (Co-IP) 
	Statistical Analysis 

	References

