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could be established with less than 1.0% false discovery and contained
at least 2 identified peptides; protein probabilities were assigned by the
Protein Prophet algorithm [34] and to perform reporter ion-based sta-
tistical analysis. The network analyses were generated through the use
of IPA (QIAGEN Inc., https://www.qiagenbioinformatics.com/
products/ingenuity-pathway-analysis) [35].

2.11. Statistical analyses

For all results, statistical significance was calculated using
GraphPad Prism’s one way ANOVA followed by Bonferroni’s multiple
comparison test and results were expressed as mean ± SEM. Value of
p < 0.05 was considered as statistically significant.

3. Results

3.1. Characterization of exosomes derived from hypoxic glioma cells

Confocal images of U87MG cells confirmed hypoxic stress in cells
cultured in an anaerobic chamber showing increased intensity of pi-
monidazole staining (Sup Fig S1 A & B) as compared to cells cultured

under normoxic conditions. Furthermore, increased staining for HIF-1α,
upregulated under hypoxic conditions, also confirmed the hypoxic
stress on U87MG cells. Exosomes were isolated from conditioned media
of both groups of cells by sequential centrifugation and characterized
by electron microscopy. Micropictograph analysis was used to confirm
the morphology and determine the mean average diameters of the
exosomes, with normoxic exosomes being around 71 ± 14 nm (Fig. 1A
& C) in diameter while those derived from hypoxic cells were of a
smaller diameter of 61 ± 13 nm (Fig. 1B & C). Western blot analysis
shows enriched presence of exosomal marker CD63, a tetraspanin mo-
lecule commonly used as an exosomal marker protein, in exosomes
compared to total U87MG cell lysates (Fig. 1D). These analyses confirm
characterization of isolated vesicles as exosomes.

3.2. Quantitative and qualitative changes in exosomal proteome

Our previous findings on cells’ microenvironment dictating the
exosomal protein content [18], inspired us to investigate changes that
are brought about in the exosomal cargo due to hypoxia. Exosomes
isolated from glioma cells subjected to hypoxic and normoxic condi-
tions were subjected to mass spectrometric analysis. Using the new

Fig. 2. MS and network analysis of hypoxic exosomal proteome. Ingenuity pathway analysis of 136 proteins that are elevated by 1.2 fold or greater in exosomes
secreted by hypoxic U87MG cells. Network mapping of secreted proteins detected in hypoxic exosomes by MS (n=3) shows their cellular localization, their
interactive partners and the various biological functions that these proteins are potentially involved in. Nodes colored orange indicate upregulated pathways while
nodes colored blue indicate downregulated pathways.
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TMT™ six-plex isobaric mass tagging MS analysis, a quantitative and
comparative analysis of three independent sets of normoxic and hy-
poxic exosome was carried out. Mass spectra detected 136 different
proteins (Supplementary info S1) which were differentially elevated
(1.2 fold or more) in exosomes derived from cells exposed to hypoxia
compared to those from normoxic cells. An Ingenuity pathway analysis
(IPA) [35] of the hypoxic exosomal proteome showed that these dif-
ferentially elevated proteins interact with proteins (Supplementary info
S2) regulating various pathways such as upregulating the tumor
growth, cell migration and tumor invasiveness pathways (orange
nodes) while down regulating (blue nodes) the apoptosis and cell death
pathways (Fig. 2).

High grade GBM tumors are characterized by regions of intense
neovascularization. MS analysis of the hypoxic exosomal proteome
detected many of the major players which regulate angiogenesis such as
TSP-1, LOX, VEGF and ADAMTS1. We further utilized the Western blot
technique to validate and quantify these proteins (Fig. 3).

TSP-1 and LOX have been reported to be involved in neovascular-
ization of tumors while the ADAMTS1 has been shown to be involved in
remodeling of ECM. MS analysis showed that these proteins were found
to be significantly elevated in the exosomes secreted by cells exposed to
hypoxia. The TSP-1 was found to be elevated 1.8 fold, LOX was elevated
2 fold, VEGF was elevated 2.5 fold while ADAMTS1 was also found to
be elevated 1.8 fold in hypoxic exosomes. These results are in

agreement with the presented MS quantification data.

3.3. Hypoxic exosomes induce angiogenesis and promote cell survival

Glioblastomas are characterized by increase in neovascularization
to sustain growth, survival and proliferation of tumor cells [36–38].
Based on our previous MS and WB results showing elevated levels of
some key players in angiogenesis, we were motivated to investigate the
functional role of exosomes secreted by hypoxic glioma cells on the
surrounding stromal cells.

EPCs were treated with either normoxic or hypoxic exosomes and
the effects on tube formation was measured. Treatment of EPCs with
hypoxic exosomes stimulated tube forming ability in EPCs (Fig. 4A) by
significantly increasing the formation of branching intervals (Fig. 4B)
and tube length (Fig. 4C) over normoxic exosomes. Furthermore, al-
though not significant, hypoxic exosomes induced a marked overall
increase in the formation of junctions, meshes and isolated branch
lengths in EPCs over normoxic exosomes (Sup Fig. 2 A, B and C).

Hypoxia induces oxidative stress in cells [39–41]. Exosomes provide
substantial cytoprotective effects against oxidative stresses. U87MG
glioma cells were exposed to hydrogen peroxide induced oxidative
stress in the presence or absence of normoxic or hypoxic exosomes.
Cells exposed to oxidative stress showed considerable decrease in cell
viability. However, preincubation of glioma cells with either normoxic

Fig. 3. Elevated levels of proteins detected in hypoxic exosomes. (A) Western blot analysis of exosomes isolated from serum free, conditioned media of U87MG cells
cultured under hypoxic conditions. Among the proteins detected in hypoxic exosomes were TSP-1, LOX, ADAMTS1, and VEGF. (B-E) Quantification of the western
blots showed a significant increase in levels of secreted TSP-1, LOX, ADAMTS1, and VEGF in hypoxic exosomes compared to normoxic exosomes. Hif-1α (F) and
Galectin-1 (G) were found to be elevated in hypoxic cell lysates although the increase was not significant. β-actin was used as loading control. Error bars, SEM
(*p < 0.05, **p < 0.01, ***p < 0.001, ns=non significant).
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