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BACKGROUND/AIMS: Mesenchymal stem cells (MSCs) are considered potential candidates in regenerative medicine due to their angiogenic, 
anti-apoptotic, and immunomodulatory properties. Among the secretory products of MSCs are biomolecules such as cytokines, chemokines, 
growth factors, and particularly exosomes. Exosomes are nanovesicles, ranging from 20 to 100 nm, that can be isolated from various body fluids. 
RAB31 plays a role in an endosomal sorting complex required for transport-independent pathway. Our study aims to determine the changes in 
exosome biogenesis and secretion of RAB31 from adipogenic mesenchymal stem cells (AMSCs), cultured in 2D and 3D culture conditions under 
normoxic and hypoxic environments.

MATERIALS AND METHODS: AMSCs were cultured in 2D and 3D conditions, and the study groups were formed as follows: normoxic 2D AMSC 
culture (group 1), normoxic 3D AMSC culture (group 2), hypoxic 2D AMSC culture (group 3), and hypoxic 3D AMSC culture (group 4). After 
culturing all groups of cells under normoxic and hypoxic conditions for 48 hours, exosomes were collected from culture medium, and the 
presence of RAB31, Rab7, CD9, and CD63 proteins was evaluated using indirect immunocytochemistry.

RESULTS: The exosome secretion was different after normoxic and hypoxic conditions. In addition, the distributions of RAB31 and RAB7 were 
different, but the intensity of CD9 and CD63 immunoreactivity was similar in 2D conditionions. CD9 immunoreactivity was not affected under 
hypoxic or normoxic conditions. However, increased immunoreactivity of CD63 was observed. Moderate and negative RAB7 immunoreactivity 
was observed in 3D hypoxic and normoxic conditions, respectively. RAB31 immunoreactivity was higher in hypoxic conditions than in normoxic 
conditions.

CONCLUSION: Exosome secretion from AMSCs was affected after culture conditions. Especially hypoxic conditions triggers the secretion of 
RAB31, and co-localization of CD63 and RAB31 under these conditions points out that exosome biogenesis controls RAB31 in AMSCs under 
hypoxic conditions.
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INTRODUCTION

Exosomes are nanovesicles with a size of 20-100 nm, are secreted from 
many cells in the body, and have been isolated from body fluids such 
as blood, urine, breast milk, amniotic fluids, and bronchial alveolar 
lavage.1 Exosomes belong to the group of extracellular vesicles 
(EVs) along with ectosomes, microvesicles, membrane vesicles, 
and apoptotic bodies. Although the content of exosomes varies 
depending on the cells of origin, they can generally be considered 
vesicles containing proteins, lipids, and nucleic acids.2 Its structure 
includes cytoskeleton proteins (actin, tubulin, cofilin, moesin); 
adhesion molecules tetraspanins (CD9, CD37, CD53, CD63, CD81, 
CD82); integrins; endosomal sorting complex required for transport 
(ESCRT) proteins; transport/binding proteins (annexins, galectin, 
rab family, GTPases); as well as ALIX and TSG101 proteins and heat 
shock proteins (HSP70, HSP90) that act as markers and participate in 
exosome biogenesis.3 Due to the similarity of the exosome membrane 
with the cell membrane structure, due to its fusion with other cells, 
and due to its ability to easily pass through many barriers due to its 
small diameter, research on exosome biogenesis continues.4-6

Although the content of exosomes varies depending on the cells of 
origin, they can generally be considered as vesicles containing proteins, 
lipids, and nucleic acids.2,7 Various proteins are involved in exosome 
biogenesis. Two main pathways have been explained: ESCRT-dependent 
and independent pathways.8 There are three Rab-GTPases described in 
EVs biogenesis and secretion: RAB11, RAB35, and RAB27A.9,10 Due to 
the secretion of intraluminal vesicles (ILVs) from ESCRT-depleted cells, 
when the level of the Rab-related protein in brain (RAB) 31, which is a 
member of the RAB5 subfamily of Rab GTPases, is higher than RAB7, 
RAB31 inactivates RAB7, rescuing lysosomal degradation, and therefore 
ILVs are secreted as exosomes.11

Stem cells can be obtained from fetal and adult tissues. They 
have the potential to proliferate on their own and differentiate in 
appropriate culture environments. Mesenchymal stem cells (MSCs), 
which are favored in the field of medicine due to their angiogenic, 
anti-apoptotic, and immunomodulatory properties, are often used 
because they can be taken from the person himself/herself. In 
addition, MSCs do not cause ethical problems in their use even when 
sourced from different people. MSC-derived EVs retain the biological 
activity of parental MSCs and demonstrate a similar therapeutic 
potential.11-14 Several studies have explored the potential of stem cell-
derived exosomes collected under normoxic and hypoxic conditions 
for advancing regenerative medicine.14 Hypoxia modulates the 
secretion, composition, and function of exosomes, especially various 
cancers.8 While hypoxia increased exosome release via upregulation 
of RAB27a and reducing RAB79,10 the secretion of RAB31 via hypoxia 
remains unclear.

We aim to determine the changes in exosome biogenesis and the 
secretion of RAB31 in the context of the culture of adipogenic 
mesenchymal stem cells (AMSCs) in 2D and 3D culture conditions under 
normoxic and hypoxic environments. 

MATERIALS AND METHODS

2D and 3D Culture of AMSCs in Hypoxic and Normoxic Conditions

AMSCs were thawed rapidly in a water bath at 37 °C, then transferred 
to Dulbecco’s Modified Eagle Medium culture medium containing 10% 

exosome-free fetal bovine serum (Capricorn Scientific, FBS-ED-12B), 1% 
penicillin/streptomycin, and 1% L-glutamine, and centrifuged at 1000 
rpm for 5 minutes. After the supernatant is discarded, 5 mL of culture 
medium is added to the pellet, and it is cultured in a 25 cm2 flask, 
with the culture medium changed every 2 days until it reached 80% 
confluency. AMSCs were then subdivided into four groups: normoxic 
2D culture, normoxic 3D culture, hypoxic 2D culture, and hypoxic 
3D culture. For 2D conditions, they were cultured in 24-well plates 
according to standard cell culture protocols. For 3D conditions, matrigel 
was prepared at a concentration of 5 mg/mL, and 100 μL was added 
to each well of a 24-well culture plate. After incubating for 30 minutes 
at 37 °C and 5% CO

2
, 30 μL of AMSCs suspension (at a concentration of 

5x106 cells/mL) was mixed into 270 μL of Matrigel solution, resulting in a 
final cell density of 5x105 cells/mL. This mixture was incubated for 30-45 
minutes at 37 °C and 5% CO

2
. Afterward, 2 mL of culture medium was 

added to each well, and the cells were cultured. AMSCs were incubated 
for 48 hours in normoxic (5% CO

2
, 95% O

2
) and hypoxic (5% CO

2
, 5% O

2
, 

90% N2) conditions. All cell culture studies were performed in three 
replicates.

Statistical Analysis

Immunocytochemical Analysis

All groups of cells were fixed with 4% paraformaldehyde (Merck, Cat. 
No: TP70404 415) and distributions of RAB31 (Affinity Biosciences, 
DF4401), RAB7 (Affinity Biosciences, DF6288), CD9 (Santa Cruz, sc-
13118), and CD63 (Santa Cruz, sc-5275) were analyzed using indirect 
immunoperoxidase staining. For the permeabilization process, the 
samples were kept in 0.1% Triton-X 100 solution on ice for 10 min. 
Cells were washed with phosphate buffered saline and then treated 
with 3% H

2
O

2 
for 5 min to inhibit tissue endogenous peroxidase. The 

blocking solution was incubated for 60 min. After removal of the 
blocking solution, primary antibodies were added overnight. After 
washing steps, biotin-streptavidin horseradish peroxidase secondary 
(Thermo Scientific, Cat. No: TP-125-HL) antibodies were applied. 
Diaminobenzidine (Thermo Scientific, Cat. No: TA-125-HD) was used 
for chromogen and Mayer’s hematoxylin (Atom Scientific Ltd, Cat. No: 
TTSP60) for background staining. Immunocytochemical staining was 
performed in three replicates.

RESULTS

Fusiform structures of AMSCs were observed after 2D, and culture 
under normoxic and hypoxic conditions (Figure 1). The shape of 
AMSCs after 3D culture was spheroid in both normoxic and hypoxic 
conditions (Figure 1). Intensities of CD9 and CD63 were similar in both 
2D hypoxic and normoxic conditions, while CD9 immunoreactivity 
was negative, but moderate staining of CD63 was detected (Figure 2). 
CD9 immunoreactivity was similar in both conditions in 3D culture, 
and it was very weak (Figure 2). The intensity of CD63 was strong 
and similar in both 3D hypoxic and normoxic conditions (Figure 2). 
RAB7 and RAB31 immunoreactivities were higher in the 2D hypoxic 
conditions than in the 2D normoxic conditions (Figure 2). Moderate 
and absent RAB7 immunoreactivity was observed in 3D hypoxic 
and normoxic conditions, respectively, (Figure 2). However, RAB31 
immunoreactivity was higher in 3D hypoxic conditions than in 
normoxic conditions (Figure 2).
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DISCUSSION

The exosome lipid bilayer is highly asymmetrical, which could 
be particularly advantageous for its interaction with the plasma 
membrane and especially with their target cells.3,4 During the 
biogenesis of exosomes, endocytosis and plasma membrane 
invagination allow proteins, lipids, metabolites, small molecules, 
ions, and cell surface proteins to enter cells.7 Improved understanding 
of the physical properties of exosomes and the mechanism of their 
biogenesis is leading to new approaches to increase yield and 
uniformity of their production. Both stem cells and exosomes have 
their place in a treatment protocol. Therefore, the EVs of MSCs are 
potential therapeutic tools, which have advantages over cell therapy 
in terms of safety, ease of storage/transportation, and clinical use.11-

14 Instead of examining the biogenesis of exosomes, it should be 
examined how exosome content is affected by environmental changes. 
In our results, we demonstrated that exosome secretion from AMSCs 
was affected by culture conditions. In both 2D and 3D conditions, 
RAB31 secretion was affected in hypoxic conditions. Higher intensity 

and intracellular co-localization of CD63 and RAB31 were observed. 
This indicating that hypoxia triggers exosome biogenesis via RAB31.

Study Limitations

During the studies, some proteins were not evaluated by 
immunocytochemical analysis, therefore, in future investigations, the 
protein levels will be evaluated by immunoblotting.

CONCLUSION

Understanding the mechanisms of exosome biogenesis and the 
influence of microenvironmental conditions on their content and 
secretion is critical to harnessing their full potential. This study highlights 
the impact of hypoxic conditions on exosome biogenesis in AMSCs, with 
RAB31 playing a significant role in this process. Modification of stem 
cell-derived exosomes and/or artificial synthesis of exosomes will be the 
new therapeutic approaches for treating diseases. It is very important 
to understand and control exosome secretion or biogenesis under 
different microenvironments.

Figure 1. AMSCs were cultured with 10% exosome-free FBS, 1% penicillin/strepromycin, and 1% L-glutamine included DMEM for 48 h in 2D and 
3D and normoxic and hypoxic conditions. Magnifications, x400.

AMSCs: Adipogenic mesenchymal stem cells, FBS: Fetal bovine serum, DMEM: Dulbecco’s Modified Eagle Medium.
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MAIN POINTS

•	 Exosome secretion from adipogenic mesenchymal stem cells (AMSCs) 
was affected after culture conditions.

•	 Hypoxic condition, trigger the secretion of RAB31 from AMSC.

•	 The biogenesis of exosomes should be evaluated under different 
culture conditions.
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