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Abstract

Objective: to investigate the effects of all-trans retinoic acid (ATRA) on vas-
culogenic mimicry formation in glioma stem cells. Methods: U87 stem cells
were harvested through a suspension culture assay from the U87 cells, identi-
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fied by CD133 and nestin, and counted by a flow cytometry. To investigate the
VM formation ability of U87 stem cells with the treatment of various concen-
trations of ATRA, a Matrigel-based tube formation assay was used in the
present study in vitro and tube-like structure (typical tube, TT; atypical tube
AT) was observed and counted. Then the expressions of VEGF, VEGFR-2 and
CD133 were measured throughout real time q-PCR, western blotting and
immunofluorescence techniques. The data, presented as the mean + standard
deviation, were analyzed using SPSS software. One-way analysis of variance
was used to compare groups and Fisher’s least significant difference tests were
performed for subsequent comparisons between groups. P < 0.01 was consi-
dered to indicate a statistically significant difference. Results: Most of the
harvested spheroid cells were positive for nestin and 88.4% were positive
forCD133. The CD133+ U87 cells were cultured into tube like structure
loaded on the top of Matrigel and the quantity of tubes was decreased under
the treatment of ATRA. In addition, the expressions of VEGF, VEGFR-2 and
CD133 were significantly reduced under the treatment of ATRA, particularly
in the higher concentration groups (20 and 40 pmol, P < 0.01). Conclusions:
ATRA may inhibit the establishment of VM differing from stem cells in gli-
oma, and these effects may attribute to the effects of ATRA’s promotion of the
differentiation of stem cells and/or down regulation of the expressions of
proangiogenic factors VEGF and its receptor VEGFR-2. Thus, the results of
the present study indicated a novel idea for the treatment of GBM and
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enriched the anti-glioma mechanisms of ARTA.

Keywords

All-Trans Retinoic Acid, Vasculogenic Mimicry, Glioma Stem Cells

1. Introduction

Glioma is one of the most frequent types of tumors of the central nervous system
in adults. The newly diagnosed high-grade gliomas-like glioblastomas (GBM)
are currently treated with maximum safe surgery, followed by radiotherapy
(RT), and/or systemic chemotherapy (CT) [1]. Due to the development of such
standard treatment strategies, the percentage of patients alive two years after di-
agnosis has increased to 26% [2]. However, the majority of glioblastoma pa-
tients, particularly the elderly, succumb to the disease within a year [3], and this
is not satisfactory. Thus, more effective treatment strategies which contain mo-
lecularly targeted therapies [4], immunotherapy [5], and gene therapy [6] are
under investigation for patients with glioma [7].

GBM is a highly angiogenetic malignancy, so angiogenesis therapies have been
considered having foreseeable positive effect on gliomatas [8]. Recent studies
demonstrated that at least five mechanisms by which gliomas achieve neovascu-
larization have been described: vascular co-option, angiogenesis, vasculogenesis,
vascular mimicry (VM), and glioblastoma-endothelial cell trans differentiation
[9]. However, due to the characteristics of VM consisting of tumor cells without
any endothelial cells [10], traditional angiogenesis therapies [8] made poor con-
tribution to inhibiting the formation of VM which was a new channel modality.
In addition, evidences support that GBM contains glioma stem cells, which have
the ability of self-renew and differentiate into multiple lineages and tumorigenesis,
and so are considered the resource of the recurrent GBM [7] [11] [12]. The fol-
lowing studies indicated that tumor stem cells may be the origin of VM [13]
[14]. Thus, novel treatment therapies aiming at the differentiation of stem cells
or even the killing of stem cells were possible to reduce VM [15]. Meanwhile,
all-trans retinoic acid (ATRA) was reported to be able to promote the prolifera-
tion and induce the differentiation of brain tumor stem cells [16] [17], and our
early studies found that ATRA might influence the expression of VEGF which
represents a major stimulatory factor for the initiation of angiogenesis [18],
above all, it might be possible to use ATRA to inhibit the formation of VM.
Therefore, the present study was aiming to investigate the effects of ATRA upon

the VM formation of U87 stem cells and its possible mechanisms.

2. Materials and Methods
2.1. Materials

U-87MG human glioma cell lines were purchased from the Cell Resource Center
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of the Chinese Academy of Sciences (Shanghai, China).

2.2. Culture and Identification of GSCs

To collect Glioma stem cells (GSCs) U87 cells were resuspended and cultured
[19]. U87 cells were cultured in an atmosphere of 5% CO, at 37°C and after 24 h,
well-growing cells at a density of 1 x 10°/ml were seeded, suspended and cul-
tured into flasks (25 cm?) that contained tumor stem cell medium consisting of
Knock Out™ DMEM/F-12 (Gibco; USA) supplemented with B27 (2%, Gibco,
USA), 20 pg/L epidermal growth factor (EGF; Gibico; USA) and 20 pg/L basic
fibroblast growth factor (bFGF; Gibco; USA). Half of the medium was replaced
every 2 - 3 days, and suspended-growing cell spheroids were collected and
seeded into a new flask with the same medium every 7days, then the new cells
were resuspended and cultured. Cell spheroids were observed under a micro-
scope. At last, immunofluorescence techniquewas used to identify the spheroid
cells and flow cytometry technique to count CD133 positive cells. Cells were
marked by nestin antibody (Santa; USA) and counted by CD133-PE (Miltenyi

Blotec; Germany) using flow cytometry.

2.3. Matrigel-Based Tube Formation Assay in Vitro

A Matrigel-based tube formation assay [20] was used to obvious VM. Briefly, af-
ter Matrigel (BD) was warmed up at 4°C for 24 hours, 0.3 ml of Matrigel was
evenly plated to 24-well plates which were precooled at —20°C for at least 10min,
and incubated for 30 min at 37°C. Then stem cells (1 x 105) re-suspended with 1
ml of Knock Out™ DMEM/F-12 (Gibco, USA) were loaded on the top of the
Matrigel and incubated for 96 hours in a 5% CO, atmosphere at 37°C. Each well
was analyzed directly under an inverted microscope (Olympus, IX71). VM for-
mation ability was determined by counting the quantity of tubes in a whole well
at different time points of Oh, 12h, 24h, 48h and 96h. The tubes were divided in-
to typical tubes (TT) and atypical tubes (AT). A TT means that the tube is a clo-
sed cavity, which is a loop structure or a polygon shape or even an irregular sha-
pe under a light microscope. On the other hand, an AT is just an open structure,

which tends to become a cavity. A TT or an AT is considered as 1 counted tube.

2.4. Real Time Quantitative Polymerase Chain Reaction (Real
Time-qPCR)

The tumor stem cell medium containing 0, 5, 10, 20, 40 umol/L of ATRA was
used to incubate the U87 stem cells (1 x 10°) loaded on the top of the Matrigel as
the tube formation assay before. After treating with ATRA (0, 5, 10, 20, 40
pmol/L) for 48h cells were collected for isolating the total RNA of CD133, VEGF
and VEGFR-2. In brief, Trizol (Life technologies; USA) chloroform, isopropanol
and absolute ethyl alcohol (Sinopharm Chemical Reagent Co., Ltd; China) were
used to extract total RNA from each group. Then RNA (1 pg) was reverse tran-
scribed with 5 x Prime Script RT Master Mix Buffer (5 uL; Takara Biotechnology
Co., Ltd., Dalian, China) and RNase Free ddH,O (up to 25 pL). qPCR was per-
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formed using a reaction system that contained SYBR Premix Ex Taq (10 pL; Ta-
kara Biotechnology Co., Ltd.), PCR Forward Primer (1 puL), PCR Reverse Primer
(1 pL), cDNA template (1 pL) and ddH,O (7 pL) on a PCR instrument (Applied
Biosystems; 9700; USA) and analyzed using a fluorescent quantitative PCR in-
strument (Applied Biosystems; 7500; USA). Gene expressions were compared
using the cycle threshold (Ct). Ct was defined using the following equation: ACt
= Clryger = Ctpacin Where f-actin expression was used as the endogenous refer-
ence gene. Change in gene expression was evaluated using the 27" method. All
primers were designed and synthesized by Takara Biotechnology Co., Ltdasbe-
low: p-actin Forward: 5-TGACGTGGACATCCGCAAAG-3'; f-actin Reverse:
5-CTGGAAGGTGGACAGCGAGG-345VEGF Forward: 5'-ACACACCCACCC-
ACATACATACA-3'; VEGFReverse: 5-AACTCAAGTCCACAGCAGTCAAA-
3's VEGFR-2 Forward: 5'-ATGTACGGTCTATGCCATTCCTC-3'; VEGFR-2 Re-
verse: 5-CTCTCTCCTCTCCCGACTTTGTT-3; CD133 Forward: 5-TGGCA-
TCTTCTATGGTTTTGTGG-3"; CD133 Reverse: 5-TCCTTGGTAGTGTTGT-
ACTGGGC-3'.

2.5. Western Blot

The cells were harvested after cultured with ATRA on the top of Matrigel ac-
cording to the tube formation assay for 48h. The cells were washed twice with
PBS and then scraped in 100 pl radioimmunoprecipitation assay lysis buffer
(Beyotime Institute of Biotechnology. Inc.; China). Insoluble material was clea-
red out of the lysates by centrifugation. The total protein concentration was de-
termined using a BCAprotein assay kit (Sigma-Aldrich. Inc.; USA) according to
the instruction manual. And western blot method was used tomensurate the
contents of target proteins in the total protein of each group. Briefly, samples(15
ul/well) boiled with 2 x SDS-PAGE sample loading buffer for 5min were resol-
ved by SDS-PAGE (Tanon.Inc.; EPS-200; Shanghai, China) and then transferred
to polyvinylidene fluoride membranes (PVDF membranes; Millipore; USA). The
membranes were blocked in the BSA (5%; Sigma-Aldrich. Inc., USA) and then
washed three times for 5min using Tris-buffered saline containing 0.02% Tween
20 (TBST; Sinopharm Chemical Reagent Co., Ltd; China). The membranes were
incubated with rabbit anti-VGEF(dilution, 1:1000; Abcam, UK), rabbit anti-
VGEFR-2 (dilution, 1:1000; Abcam, UK), CD133 antibody (dilution, 1:5000;
Miltenyi Blotec Co., Germany) and GAPDH antibody (dilution, 1:5000; cat. no.
ap0063) at 4°C and stayed overnight, all antibodies were diluted with TBST. The
membranes washed by TBST three times were incubated with a secondary anti-
body conjugated to horseradish peroxidase (dilution, 1:3000; The-rmo Fisher
Scientific, Pittsburgh, PA, USA) for 1 hat last, Membranes were developed and
fixed in a dark room using X-ray film (Eastman Kodak Company, USA).

2.6. Immunofluorescence Analysis

To perform target products, immunofluorescence assay was used. In brief, ac-

cording to the Matrigel-based tube formation assay, cells were cultured on the
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top of the Matrigel with different concentrations of ATRA for 48h. Then cells
were fixed with 4% paraformaldehyde and then blocked with 5% BSA. Overnight
staining at indoor temperature with antibodies (dilution, 1:100) above, fluores-
cent secondary antibodies (dilution, 1:100) marked with FITC were put into the
related groups at 37°C and kept for 30 min. Fluorescent-labeled slides were ex-
amined under a fluorescent microscope (Olympus, Japan). Antibodies contained
anti-VEGF, anti-VEGFR-2 and CD133 used in the western blotting.

2.7. Statistical Analysis

The data are presented as the mean * standard deviation and were analyzed us-
ing SPSS software, version 20.0 (SPSS, Inc., Chicago, IL, USA). One-way analysis
of variance was used to compare groups and Fisher’s least significant difference
tests were performed for subsequent comparisons between groups. P < 0.01 was

considered to indicate a statistically significant difference.
3. Results

3.1.U87 Sphere Cells Show the Properties of Glioma Stem Cells

In the present assays, the U87 cells were cultured like a sphere.CD133 and nestin
were markers of golima stem cells as reported [21]. As shown in Figure 1, the
majority of harvested sphere cells were positive for nestin, and 88.4% were posi-
tive for CD133.

3.2. ARTA Significantly Inhibits the Tube Formation Ability of U87
Stem Cells

In order to test the tube formation ability of U87 stem cells, a Martrigel-based

assay was completed. The results (Figure 2) showed that cells began to spread

U87 stem cells control

PE- PE+ 250 | PE- PE+
1207111.6% 88.4% 0.516%

I
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™ ™ T

100 10' 102 10° 10¢
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Figure 1. U87 stem cells. U87 cells were cultured like a sphere (A, scale = 50 um). DAPI
(B, blue) and nestin (C, green) were identified under a fluorescence microscope. (B) and
(C) were overlapped into (D) Cells were counted under a flow cytometry by CD133, and
88.4% were positive for CD133 (E).
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around, connect with the neighbor cells rapidly in the first 24h when typical
tubes (T'T, 65.0 + 4.6/well) and atypical tubes (AT, 13 + 4.0/well) were observed.
However, new tubes were nearly not observed at 48h (78.7 £ 2.3/well) and 96h
(82.3 £ 5.9/well) compared with the tubes at 24h (78.3 + 8.2/well). In the follow-
ing treatment of ATRA (0, 5, 10, 20, 40 pmol/L; 0 pmol/L for control group) on
U87 stem cells for 48h, the tube quantity per well of high concentration treat-
ment groups was decreased obviously, compared with the control group (P <
0.01), particularly in 40 pmol/L concentration group, tubes were hardly observed
(Figure 2).

3.3. ARTA Significantly Inhibits the Expressions of VEGF, CD133
and VEGFR-2

As performed in Figure 3(A), the mRNA expressions of VEGF were all signifi-
cantly down-regulated (P < 0.01, vs. control group) but the 5 pmol/L group (p =
0.318, vs. control group). The statistically difference between 5 pumol/L group
and 10 pmol/L group was not identified on the expression of CD133 mRNA (P =
0.447), either.

Oh

(B)

100 100
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80 80
+= 70 70
% 60 60 N
S%® 3 50 mTT
40 O 40 * m AT
30 30
20 20
10 P i
0 o M s
0 12 24 48 96 control 5 10 20 40
Time(h) Concentrations (umol/l)
(©

Figure 2. Tube formation ability of U87 stem cells. The ability was determined by a Ma-
trigel-based tube formation assay. Total quantity of Typical tubes (T'T; blue arrow) and
atypical tubes (AT; red arrow) were counted in a hole well at different times (A) and with
treatment of various concentrations (control group = 0 pmol/L, 5, 10, 20, 40 umol/L) of
ATRA for 48 h (B). A TT or an AT is considered as 1 counted tube. The values according
to the counted tubes (both TTs and ATs) are presented as the mean + standard deviation
according. (*P < 0.01, vs. control group; n = 3). ATRA, all-trans retinoic acid.
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Figure 3. The expressions of VEGF and VEGFR-2 and CD133 with treatment of various
concentrations of ATRA.(A)Effects of ATRA on the mRNA expression levels of VEGF,
VEGEFR-2 and CD133 (*p = 0.318, vs. control group; P < 0.01, other groups vs. control
group); (B) Effects of ATRA on the protein expressions of the VEGF, VEGFR-2 and
CD133 (*p = 0.228, vs. BC group; P < 0.01,other groups vs. control group); (C) The im-
munofluorescence expressions of VEGF, VEGFR2 and CD133 with the treatment of
ATRA. (a = control group, b = 5 pmol/L, ¢ = 10 pumol/L, d = 20 umol/L, e = 40 pmol/L).
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Meanwhile, the results (Figure 3(B)) of western blotting indicated that pro-
tein expression levels of the three target markers were totally decreased as the
similar trend with the mRNA expression levels, particularly the higher concen-
tration groups (20, 40 pmol/L; P < 0.01, vs. control group). However, the influ-
ence in the protein expressions of VEGF and VEGFR-2 between the lower con-
centration groups (5, 10 umol/L) was not distinguished by the statistically me-
thod (P > 0.05).

At last, the results of immunofluorescence tests (Figure 3(C)) showed that the
expression levels of all the three targets in higher concentration groups were
down-regulated under the fluorescence microscope compared with the control

group and lower concentration groups.

4. Discussion

Since VM was found and described as a new vascular channel formation without
any endothelial cell in human melanoma at the first time in 1999 [10], this novel
tube was described in a lot of tumors, including lung cancer [22], glioblastoma
[23], breast cancer [24] bladder cancer [25], ovarian cancer [26], hepatocellular
cancer [27], gastric cancer [28], etc. As is reported, VM can transport fluid from
leaky vessels and/or connect with endothelial-lined vasculature for rapidly growing
tumors [29], thereby, combined treatments between anti-angiogenesis and an-
ti-VM are necessary in the treatment of tumors. However, how to inhibit VM
was described poorly. Increasing evidence suggests that cancer stem cells (CSCs)
are involved in VM formation [24] [26] [27] [30] [31]. The present study showed
that the CD133+ U87 cells could be cultured into tube-like structures and ATRA
could significantly inhibit the formation of these tubes in a dose-dependent
manner 7n vitro, indicating that ATRA may be an inhibitor of VM. To describe
how it came, the following studies focused on the expressions of CD133, VEGF
and VEGFR-2, particularly on the VEGF/VEGFR2axis that was tested in gliomas
to form VM for the first time. Expressions of CD133, VEGF and VEGFR2 were
tested and results performed that the expression levels of the three targets were
obviously decreased, particularly in the high concentration groups.

ATRA, as a biologically active metabolite of vitamin A, was widely used in the
treatment of leukemia at first [32], and then ATRA was beginning to be used to
cure other tumors like gliomas [33] [34], lung cancers [35], and cutaneous can-
cers [36] some studies [37] [38] and our previous studies found that ATRA may
inhibit migration, invasion and proliferation, and promote differentiation and
apoptosis in glioma cells. While being used to treat glioma stem cells, it seemed
that ATRA could still promote differentiation, but the differentiation was in-
complete, terminal differentiation could not be achieved and tumor cells could
be formed again [16]. Thus, the present study mainly aimed at inhibiting the
formation of VM in gliomas through ATRA curing glioma stem cells. The result
performed that the capacity of CD133+ U87 stem cells to form VM tubes was
decreased under the treatment of ATRA and even disappeared under the higher
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concentration of ATRA (40 umol/L),which agreed with the previous results [39].

However, the mechanisms by which ATRA inhibited glioma stem cells remain
unclear. According to our test results, it seemed that glioma stem cells may be
the resource of VM and that ATRA may inhibit VM occurring through propos-
ing differentiation of glioma stem cells and/or down regulating key factors of
tube formation. Firstly, as a marker of stem cells, CD133 was also used in gli-
omas to identify stem cells [21], and previous studies in melanoma [13] and
mammary cancer [40] illustrated that CD133+ cancer cells could differentiate
into VM to drive tumor growth. In our present studies, CD133+ U87 stem cells
were cultured into VM, and ATRA significantly inhibited the ability of those
cells to form VM as well as decreased the expression levels of CD133. It indi-
cated that ATRA may promote differentiation of glioma to inhibit VM. Though
CD133 was negative under the immunofluorescence tests, the remaining expres-
sion of CD133 at transcriptional and translational levels in our study might be
one of the reasons why ATRA inhibited glioma stem cells incompletely [16],
which needs to be proved in future studies. Secondly, VEGF was considered
playing an important role in the induction of nonendothelial organs such as liv-
ers and pancreas [41], which may also be necessary for the formation of VM
[42]. And VEGFR-2, as the main receptor of VEGF’s pro-angiogenic signal
transducer [43], also plays an emphatic role in VM formation [44] [45]. In our
present study, we found that ATRA could decrease the expression levels of both
VEGF and VEGFR-2 during the treatment of glioma stem cells to form VM for
the first time. As is well known, the PLCy-PKC-MAPK pathway is highly acti-
vated in VEGF-bound VEGFR-2 and used as a crucial signal for endothelial pro-
liferation [46]. Thus, ATRA may make a contribution to blocking the PLCy-
PKC-MAPK pathway in glioma stem cells to inhibit VM. In the meantime, re-
cent therapies [47] demonstrated that only “early” vessels were highly responsive
to anti-VEGF/VEGEFR therapy, VM thereby might be consigned to the “early”
vessels and ATRA might be an effective drug for anti-VEGF/VEGFR. However,
further studies are still needed. Above all, ARTA may inhibit VM through pro-
moting differentiation of glioma stem cells and/or down-regulating the expres-
sions of both VEGF and its receptor VEGFR-2.

In conclusion, the present study identified that ATRA treatment may inhibit
the establishment of VM differing from stem cells in gliomas, and these effects
may attribute to the effects of ATRA on promotion of the differentiation of stem
cells and/or on the down regulation of the expressions of proangiogenic factors
VGEEF and its receptor VGEFR-2. Thus, the results of the present study indicated
anovel idea for the treatment of GBM and enriched the anti-glioma mechanisms
of ARTA. At last we support that ATRA can serve as an adjuvant drug in glioma
therapy and even in some kinds of other tumors which contain VM after a series

of further studies.
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