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ABSTRACT

Extensive invasion and angiogenesis are hallmark features of malignant 
glioblastomas. Here, we co-cultured U87 human glioblastoma cells and human 
microvascular endothelial cells (HMEC) to demonstrate the exchange of microRNAs 
that initially involve the formation of gap junction communications between the two 
cell types. The functional inhibition of gap junctions by carbenoxolone blocks the 
transfer of the anti-tumor miR-145-5p from HMEC to U87, and the transfer of the pro-
invasive miR-5096 from U87 to HMEC. These two microRNAs exert opposite effects on 
angiogenesis in vitro. MiR-5096 was observed to promote HMEC tubulogenesis, initially 
by increasing Cx43 expression and the formation of heterocellular gap junctions, and 
secondarily through a gap-junction independent pathway.Our results highlight the 
importance of microRNA exchanges between tumor and endothelial cells that in part 
involves the formation of functional gap junctions between the two cell types.

INTRODUCTION

Among all brain cancers arising from transformed 
glial cells, grade IV glioblastoma (GBM), as defined by 
the World Health Organization, is the most prevalent and 
aggressive [1]. The diffusely invasive nature of these 
tumors precludes their complete surgical resection, which 
inevitably leads to tumor recurrence and patient death [2]. 
Glioblastoma cells migrate onto normal brain microvessels 
for invasion and tumor growth [3]. They communicate 
directly with surrounding normal cells such as astrocytes, 
glia and endothelial cells, through the formation of gap 
junctions. These cell-to-cell interactions modify astrocyte 
phenotype [4–6] and promote tumor angiogenesis and 
tumor growth [7]. Therefore, gap junctions and their 
signaling are proposed as potential therapeutic targets in 
these patients.

Gap junctions are specific cell-to-cell channels 
formed by membrane proteins called connexins (Cx). 
Connexin43 (Cx43) is the major connexin expressed in 
human microvascular endothelial cells (HMEC), astrocytes 

and glioblastoma cells. Cx43 is specifically upregulated 
in the reactive astrocytes surrounding glioblastoma [8], 
suggesting that gap junctions at the tumor margins are 
involved in tumor cell invasion [4, 6, 8, 9] and tumor 
growth [10]. The precise role of gap junctions remains 
poorly understood. Nevertheless, microRNAs (miRs) were 
observed to be exchanged between glioblastoma cells [11] 
and normal astrocytes [4] through gap junctions. MiRs are 
small non-coding RNAs that modulate gene expression 
by affecting the translation of messenger RNAs (mRNAs) 
into proteins and inducing target mRNA decay [12–14]. A 
miR is single-stranded and ~21nucleotides long, forming 
a linear molecule with a diameter of ~1.0 nm, which is in 
the same order of the gap junction channel pore size [15, 
16]. We have recently reported that miR-145-5p, which 
reduces glioma growth [17], could be exchanged between 
HMEC and colon cancer cells through gap junctions 
formed by Cx43 [18].

Here, we examined whether the formation of gap 
junctions could permit the exchange of specific miRs 
between glioblastoma and microvascular cells, and how 
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a tumor suppressor [17], can migrate from endothelial to 
tumor cells and function as an “antiangiogenic” signal. 
Second, miR-5096, which is upregulated in glioma (as 
compared to normal brain tissues) and promotes glioma 
invasion [4], can migrate from tumor cells to endothelial 
cells in which it functions as a “proangiogenic” signal. 
The cell-to-cell transfer of these miRs is inhibited by the 
loss of contact between HMEC and U87 cells and by the 

presence of the GJIC blocker, carbenoxolone, indicating 
that miR-145 and miR-5096 use the same intercellular 
transfer pathway (GJIC) to mediate their opposite effects 
on angiogenesis.

The observation that miR-145 can be transferred 
from HMECs to U87 enforces our previous demonstration 
that functional gap junctions between colon carcinoma 
cells and HMEC could permit the transfer of miR-145-

Figure 4: Proangiogenic effect of miR-5096 transfer. A. In vitro tubulogenesis assay of HMEC plated on Matrigel with donor 
U87, loaded or not (empty) with miR-5096 mimic (30 nM) or inhibitor (30 nM), just after plating (upper panel) or after 5 h of co-culture. 
Representative micro-photographs of endothelial tube formation (Bar 80 μm; n=3 experiments triplicate). B. Comparative effects of miR-
145 and miR-5096. Histogram shows the number of branch points per field of view (at least 80 single cells were scored). Donor HMEC 
were loaded or not (empty; E) with miR-145 mimic (M; 30 nM) or inhibitor (I; 30 nM), and co-cultured with U87 for 5 h (left). Acceptor 
HMEC were co-cultured with donor U87 as described in panel A (mean ± SD; **P<0.01 vs empty; Mann-Whitney U test and Kruskal-
Wallis test; n = 3). C. miR-5096 did not affect the proliferation of HMEC (black) or U87 (dashed), when loaded or not (empty) with 
miR-5096 mimic (30 nM) or inhibitor (30 nM), and plated separately for 24 h in homotypic culture conditions (T0 initial time point of 
experiment; mean ± SD; P>0.05 vs empty; Mann-Whitney U test and Kruskal-Wallis test; n = 3). D. miR-5096 did not affect the VEGF 
release by loaded cells. Same experimental conditions in panel C (mean ± SD; P>0.05 vs C non-transfected cells; Mann-Whitney U test 
and Kruskal-Wallis test; n = 3).
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Figure 5: Time-dependent effects of miR-5096. A. miR-5096 transfer from U87 to HMEC, two days after loading. Donor U87, 
either non-transfected (E) or transfected with mimic (M; 30 nM) or inhibitor (I; 30 nM), were cultured alone for 48 h, then co-cultured with 
acceptor HMEC (right panel) for 12 h. The miR-5096 levels, relative to U6 snRNA, are means ± SD (*P<0.05 vs empty; Mann-Whitney U 
test and Kruskal-Wallis test; n = 3). B. Blockage of functional GJIC between U87 and HMEC by miR-5096. Transfected U87 were cultured 
alone for 48 h, then loaded with calcein and DiL-C18. Labelled U87 (donor) were plated onto HMEC monolayer (acceptor) as described in 
Fig. 3A. Phase-contrast microphotographs after 5 h of co-culture (representative of 3 experiments; Bar 80 μm). Histogram shows the cell 
number of HMEC receiving dye (calcein) per U87 (mean ±SD, n=3; **P<0.01 vs control). C. Down-regulation of Cx43 expression in U87 
by miR-5096. Immunoblot analysis of Cx43 in whole-cell lysates from transfected U87 (right), cultured alone for 48 h then co-cultured 
with HMEC for 12h (representative of 3 independent experiments; β-actin as loading control). Histogram shows the miR-5096-mediated 
down-regulation of Cx43 in U87 and the up-regulation of Cx43 in co-cultured HMEC (mean ± SD; *P<0.05 vs empty; Mann-Whitney U 
test and Kruskal-Wallis test; n = 3). D. miR-5096 mediated tubulogenesis. Representative micro-photographs of HMEC plated on Matrigel 
for 5 h with U87 previously loaded with mimic or inhibitor (Bar 80 μm). Histogram showing the number of branch points per field (mean 
± SD; **P<0.01 vs empty; Kruskal-Wallis test; n = 3).


