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Profile of the RNA in exosomes from astrocytes and 
microglia using deep sequencing: implications for 
neurodegeneration mechanisms 
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Abstract  
Glial cells play an important role in signal transduction, energy metabolism, extracellular ion homeostasis and neuroprotection of the 
central nervous system. However, few studies have explained the potential effects of exosomes from glial cells on central nervous system 
health and disease. In this study, the genes expressed in exosomes from astrocytes and microglia were identified by deep RNA sequencing. 
Kyoto Encyclopedia of Genes and Genomes analysis indicated that several pathways in these exosomes are responsible for promoting 
neurodegenerative diseases, including Alzheimer’s disease, Parkinson’s disease and Huntington’s disease. Gene ontology analysis showed 
that extracellular exosome, mitochondrion and growth factor activity were enriched in exosomes from the unique astrocyte group, while 
extracellular exosome and mitochondrion were enriched in exosomes from the unique microglia group. Next, combined with the screening 
of hub genes, the protein-protein interaction network analysis showed that exosomes from astrocytes influence neurodegenerative diseases 
through metabolic balance and ubiquitin-dependent protein balance, whereas exosomes from microglia influence neurodegenerative 
diseases through immune inflammation and oxidative stress. Although there were differences in RNA expression between exosomes from 
astrocytes and microglia, the groups were related by the hub genes, ubiquitin B and heat shock protein family A (Hsp70) member 8. Ubiquitin 
B appeared to be involved in pleiotropic regulatory functions, including immune regulation, inflammation inhibition, protein catabolism, 
intracellular protein transport, exosomes and oxidative stress. The results revealed the clinical significance of exosomes from glia in 
neurodegenerative diseases. This study was approved by the Animal Ethics Committee of Nantong University, China (approval No. S20180102-
152) on January 2, 2018.
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Introduction 
Central nervous system (CNS) injury is one of the leading 
causes of death or persistent disability in humans. One of the 
reasons for the inability to recover loss of human neurons 
is the limited regenerative ability of the CNS (Kyritsis et al., 
2014). A growing body of evidence supports the importance 
of CNS resident glial cells such as microglia and astrocytes 
(Kwon and Koh, 2020) in neurodegenerative diseases such 
as Alzheimer’s disease, Parkinson’s disease and amyotrophic 
lateral sclerosis (Rothhammer and Quintana, 2015). On the 
one hand, there is increasing evidence that reactive astrocytes 
may play a facilitator role in CNS diseases by losing normal 
astrocyte functions or acquiring abnormal effects (Sofroniew 
and Vinters, 2010). On the other hand, reactive astrocytes 
communicate with almost all CNS cells, thereby promoting 
neurogenesis, angiogenesis and recovery of the CNS (Huang et 
al., 2019). Additionally, microglia are resident cells in the brain, 
regulating brain development, neural network formation and 
CNS damage (Colonna and Butovsky, 2017). For example, in 
a healthy human brain, microglia affect neural progenitor cell 
differentiation, astrocyte activation, neuronal homeostasis and 
synapse formation. In human brain diseases, they undergo 
substantial morphological, molecular and functional changes, 
presenting a new biological state related to the pathogenesis 
and progression of these diseases (Wright-Jin and Gutmann, 
2019). 

Recently, exosomes have also been demonstrated to 
play a role in the CNS, ranging from removing unwanted 
biomolecules to intercellular communication and transmission 
of pathogenic proteins (Hill, 2019). In clinical studies, 
exosomes are frequently proposed as therapeutic drug 
carriers. Moreover, because the release of exosomes and 
their molecular cargo are cell-type-specific, exosomes have 
also been proposed as potential biomarkers for detecting and 
diagnosing neurodegeneration (Barile and Vassalli, 2017). 
Furthermore, some reviews have emphasized the role of 
exosomes as messengers in the communication between 
neurons and glial cells in the brain under toxic or pathological 
conditions (Paolicelli et al., 2019), these messengers 
contribute to the occurrence of neuroinflammation and 
neurodegeneration (Guo et al., 2021).

However, the pathogenic or protective effects of exosomes 
on neurodegenerative diseases have not been conclusively 
established in vivo; hence it is necessary to explore the 
molecular mechanisms of exosomes participating in 
neurodegenerative diseases. Astrocytes and microglia are 
important sources of neurogenic exosomes in the process of 
neurodegeneration (You and Ikezu, 2019). This study used 
bioinformatic analysis to reveal the similarities and differences 
between exosomes from astrocytes and microglia in complex 
neurodegenerative diseases and the relationship between the 
similarities and differences at the exosome level. In summary, 
considering that neurodegenerative diseases may be the 
result of multiple factors, this study investigated whether 
there are target genes with multiple regulatory functions 
that control the occurrence and development of various 
neurodegenerative diseases. Therefore, we explored a unique 
approach, putting emphasis on the comparison between the 
similarities and differences and the connections between 
exosomes from microglia and astrocytes, to explore target 
genes and regulatory mechanisms that exert multipotent 
regulatory functions using biochemistry analysis, and to 
provide new ideas for the treatment of neurodegenerative 
diseases.
 
Materials and Methods   
Workflow
Figure 1 shows the workflow for this study, including the 
databases, bioinformatics tools and corresponding tasks 

performed. To eliminate errors and omissions in the analysis 
process, biological replications and bioinformatics analyses 
of RNA sequencing data were conducted at least three times 
from May to November 2020. This study was approved by the 
Animal Ethics Committee of Nantong University (approval No. 
S20180102-152) on January 2, 2018.

Astrocyte and microglia extraction and culture
Primary astrocytes and microglia were extracted from 
40 1-day-old male Sprague Dawley rats provided by the 
Experimental Animal Center of Nantong University (license 
No. SCXK2014-0001). The rats (weight 3–5 g) were housed at 
24°C and 55 ± 5% humidity with a 12-hour light/dark cycle. 
After they were anesthetized with isoflurane, the entire spine 
was excised, cut into pieces and incubated on ice in 10 mL 
of phosphate-buffered saline (PBS; Sigma-Aldrich, St. Louis, 
MO, USA) containing 1 mL of penicillin-streptomycin (Sigma-
Aldrich). After discarding the supernatant and centrifuging 
at 300 × g for 3 minutes, 4 mL of trypsin (0.25%; Invitrogen, 
Carlsbad, CA, USA) was added to the precipitate, stirred 
well, placed at 37°C for a 15-minute digestion, and then 10% 
fetal bovine serum (complete medium; Invitrogen), penicillin  
(50 U/mL) and streptomycin (50 U/mL) were added. 
Centrifugation (179 × g, 3 minutes) was then performed and 
the precipitate was resuspended in medium containing 10% 
fetal bovine serum, penicillin (50 U/mL) and streptomycin 
(50 U/mL). The suspension was passed through a cell strainer 
and put into the incubator for differential attachment for 30 
minutes to remove fibroblasts. Then, the supernatant was 
collected and placed in a flask (Sigma-Aldrich), which was 
placed on a shaking table at 180 r/min for 90 minutes. The 
supernatant was then collected to obtain microglia and the 
adhered cells, which were astrocytes, were kept (Hu et al., 
2017).

Immunocytochemical staining
The purification of the astrocytes was confirmed by glial 
fibrillary acidic protein immunocytochemical staining, and 
the purification of the microglia was confirmed by ionized 
calcium-binding adapter molecule 1 immunocytochemical 
staining. Cultured astrocytes and microglia were first fixed 
with 4% paraformaldehyde (Sigma-Aldrich) for 30 minutes. 
Bovine serum albumin (5%; Invitrogen) was used as a blocking 
agent at room temperature for 1 hour. The cells were then 
incubated with anti-glial fibrillary acidic protein antibody 
(Cat# ab7260; mouse, 1:5000, Abcam, Cambridge, MA, USA) 
or anti-ionized calcium-binding adapter molecule 1 antibody 
(Cat# ab48004; mouse, 1:1000, Abcam) at 4°C for 12–16 
hours. The secondary antibodies used were goat anti-mouse 
IgG H&L (Cy3®) preadsorbed (Cat# ab97035; 1:500, Abcam). 
Hoechst 33342 (Abcam) was used to label the cell nucleus. 
The reactions were visualized under a TCS SP2 confocal 
microscope or a ZEISS-AX10 fluorescence microscope (Carl 
Zeiss, Oberkochen, Germany). The morphology of the microglia 
and astrocytes was examined using ImageJ (Rawak Software 
Inc., Stuttgart, Germany).

Exosomes isolation and storage 
When the density of the second-generation glial cells 
exceeded 80% and the cells were closely arranged and 
growing with cytoplasmic processes interlinked, they were 
exposed to exosome-depleted serum (Invitrogen) (Pusic 
et al., 2016) for approximately 24 hours. Then, the culture 
supernatant was cleared of cell debris and large vesicles by 
sequential centrifugation at 300 × g for 10 minutes, 1000 × 
g for 20 minutes and 10,000 × g for 30 minutes, followed by 
filtration with 0.2 μm syringe filters. Next, the sample was 
spun at 15,000 × g at 4°C for 2 hours to pellet the exosomes. 
Finally, the precipitates were resuspended in 200 μL of PBS 
and stored at –80°C (Miranda et al., 2018). 



610  ｜NEURAL REGENERATION RESEARCH｜Vol 17｜No. 3｜March 2022

Transmission electron microscopy 
The isolated exosomes were reseparated in PBS (Sigma-
Aldrich), placed on a Formvar®-coated copper grid (150 
Mesh, Ted Pella Inc., Redding, CA, USA) and fixed with 4% 
paraformaldehyde (Invitrogen) (Stuendl et al., 2016). The grids 
were negatively stained with 2% uranyl acetate (Invitrogen) 
containing 0.7 M oxalate (Invitrogen), pH 7.0, and visualized 
using a Philips 201 transmission electron microscope (Philips/
FEI Inc., Briarcliff Manor, NY, USA).

Nanoparticle tracking analysis particle size analysis
The collected exosomes were diluted with PBS to 1 × 106/mL 
and injected into a NanoSight 500 (Version 2.2; NanoSight, 
Wiltshire, UK) with a 1-mL syringe. The Brownian motion of 
exosomes was captured, and the hydrodynamic diameters and 
the nanoparticle concentration were calculated by the Stocke-
Einstein equation (Haney et al., 2015).

Western blot assay
Proteins from exosomes were separated by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis and 
electrotransferred to a nitrocellulose membrane (Bio-Rad, 
Hercules, CA, USA). The membrane was blocked with 5% 
non-fat dry milk (BBI Life Sciences, Shanghai, China) at room 
temperature for 1 hour and incubated overnight at 4°C 
with anti-CD63 antibody (Cat# ab59479; mouse, 1:1000, 
Abcam). According to the manufacturer’s guidelines, the 
observed molecular weight of CD63 varies in the range of 
30–65 kDa. Antibody binding was detected by the secondary 
antibody, horseradish peroxidase-conjugated goat anti-
mouse IgG H&L (ab205719, 1:20,000, Abcam). Antibody 
binding to the membranes was visualized by an enhanced 
chemiluminescence western detection system (Beyotime 
Biotechnology) and captured by a digital chemiluminescence 
scanner (C-Digit, LI-COR Biosciences, Lincoln, NE, USA). 
The intensities of the immunoblot bands were determined 
with Image Studio Version software (version 5.2, LI-COR 
Biosciences) (Zha et al., 2021). 

RNA-sequencing analysis
To ensure the quality of the exosome samples, agarose 
gel electrophoresis was used to detect RNA degradation 
or genomic DNA pollution. Nanodrop (Ruibo, Guangzhou, 
China) was used to determine the purity of the total RNA. 
Furthermore, the RNA integrity was determined by Agilent 
2200 Bioanalyzer (Ruibo) and the RNA integrity index 
calculated according to the RNA peak value, which requires 
an RNA integrity index > 7. Subsequently, RNA libraries were 
constructed in a series of procedures, including reverse 
transcription synthesis of double-stranded DNA, terminal 
repair, ligation of a sequencing linker, PCR amplification and 
library quality control. The sequencing was carried out by 
Guangzhou Ruibo Biotechnology Co., Ltd. (Guangzhou, China) 
and the sequencing mode was PE150 (Ruibo) (Gehring et al., 
2020). Consequently, we obtained 41,191 genes, including 
long non-coding RNA (lncRNA), messenger RNA (mRNA) and 
circular RNA (cirRNA).

Screening of differentially expressed genes
Because astrocytes and microglia are the two primary glia 
cells in the brain, we preliminarily explored whether they lead 
to neurodegenerative changes through different biological 
functions. The R language (https://www.r-project.org/) was 
used in this study to identify differentially expressed genes in 
terms of fold-change (FC; microglia relative to astrocytes) and 
draw the corresponding heat maps and volcano maps, which 
helped lay the foundation for further study of the similarities, 
differences and relationships between the two. Log2(FC) < –2 
or log2(FC) > 2 (Ambroise et al., 2011) and P < 0.05 (Perneger 
and Combescure, 2017) were considered statistically 
significant.

Analysis of biological processes and pathways
The Gene Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) analyses were downloaded from the 
DAVID database (https://david.ncifcrf.gov/) (Huang da et 
al., 2009). The differentially expressed genes were grouped 
into genes unique to astrocyte exosomes, genes unique 
to microglial exosomes and genes unique to astrocyte and 
microglial exosomes (unique A ∩ M). In these groups the 
mRNA expression was higher than 20 fragments per kilobase 
of exon per million reads mapped (FPKM). We also generated 
and analyzed the following groups: (hub 50 astrocyte) ∪ 
(hub 50 microglia), total RNA, mRNA and circRNA. In these 
analyses, the lower the false discovery rate was, the more 
significant the result of gene enrichment, and the higher the 
counts were, the more the genes contained in each GO or 
KEGG term were enriched. Subsequently, the corresponding 
bar charts, pie charts and bubble charts were drawn in R 
language. Among these, the pie charts especially contributed 
to describing the biological categories and their respective 
proportions. Regarding the KEGG bubble diagrams, the color 
darkness refers to the relevant P value of each functional 
pathway, and the circle size refers to the number of genes 
involved. In the mRNA analysis, the genes whose expression 
was more than 20 FPKM were selected and were divided into 
three groups by intersection analysis (http://bioinformatics.
psb.ugent.be/webtools/Venn/) for further exploration of the 
similarities and the differences and the relationship between 
them. P < 0.05 was considered statistically significant and 
was consistent with the significance of functional enrichment 
results. 

Protein-protein interaction
The genes of the different groups were uploaded to the String 
online database (https://string-db.org/), and the species 
was set as Rattus norvegicus. cytoHubba and MCODE in the 
Cytoscape software 3.6.1 (Smoot et al., 2011) were used to 
analyze the modules and hub genes with a high number of 
connections in the generated protein-protein interaction 
(PPI) networks. Among the 11 topology analysis methods 
included in cytoHubba, Botteleneck and Radiality (Chin et al., 
2014) were chosen as the main topological analysis methods 
for scoring and ranking the genes. An interaction score > 0.9 
(Szklarczyk et al., 2019) was considered statistically significant 
(Figure 1).

Statistical analysis
FPKM was used to normalize gene length and library size by 
R language. Consequently, the selection and grouping of the 
mRNAs were performed by SPSS 25.0 software (IBM Corp., 
Armonk, NY, USA). For example, the unique astrocyte group 
contained mRNAs showing expression of more than 20 FPKM 
in exosomes of astrocytes and less than 20 FPKM in exosomes 
of microglia. The unique astrocytes and microglia group 
contained mRNAs showing expression of more than 20 FPKM 
in the exosomes of both microglia and astrocytes, and the 
unique microglia group contained mRNAs showing expression 
of more than 20 FPKM in exosomes of microglia and less than 
20 FPKM in exosomes of astrocytes. The quality of samples 
was confirmed and the parameters of RNA-sequencing (RNA-
seq) data were set correctly, however, the same data were 
processed three times using SPSS 25.0, in an attempt to 
eliminate errors and omissions in the operation processes and 
to ensure P was statistically significant (P < 0.05). 

Results
Characteristics of exosomes from astrocytes and microglia
The exosomes isolation process is shown in Figure 2A. Glial 
fibrillary acidic protein immunocytochemical staining showed 
that the astrocytes had large cell bodies, from which they sent 
out many long, branching processes (Additional Figure 1A). 
The microglia, confirmed by immunocytochemical staining of 
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ionized calcium-binding adapter molecule 1, had very small, 
short, club-shaped cell bodies. These club-like cell bodies 
protruded from several withered processes. The protrusion 
surface was rough, spiny and rarely branched (Additional 
Figure 1B).

As observed under the transmission electron microscope 
(Figure 2B), the exosomes had an obvious membrane 
boundary, showing a saucer or a cup structure of 30–100 
nm. Furthermore, western blotting showed CD63 protein 
bands (Figure 2C), and the particles’ diameter was 50–200 
nm, as assessed by nanoparticle tracking analysis particle size 
analysis (Figure 2D). The exosomes shown in Figure 2 were 
derived from astrocytes, and the quality assessment criteria 
for exosomes from microglia were the same as for those from 
astrocytes, which are disc-shaped or cup-shaped structures 
expressing CD63 with a particle diameter of 50–200 nm.

KEGG and GO enrichment analysis of different types of 
genes from the RNA-seq results
After normalizing the RNA-seq results, 41,191 genes were 
categorized into different types, e.g., lncRNA, mRNA and 
cirRNA. To understand the differences and similarities 
between exosomes from astrocytes and microglia, we 
selected from the RNA-seq results 20,840 mRNAs according 
to the proportion of various genes, which accounted for 
approximately half of all the categorized genes. In Figure 3, 
we visually showed the expression levels of all genes in the 
exosomes of astrocytes and microglia in a line graph, in which 
the x-axis indicates the number of each gene in order of gene 
expression from low to high. The distribution trends of the 
two types of exosomes were similar, with both showing a 
transition at the expression level of 20 FPKM (Figure 3A and 
B). Therefore, taking this turning point as a reference, we 
selected the mRNAs expressing more than 20 FPKM as genes 
that represent and define these two different cell types, and 
then divided them into three groups by intersection analysis 
(Figure 3C). The groups were termed unique astrocyte, unique 
microglia and unique astrocyte and microglia.

To elucidate what biological pathways or behaviors these 
genes are related to, we conducted KEGG pathway analysis 
using DAVID and found that the genes in the three groups 
were significantly enriched in typical neurodegenerative 
diseases, such as Alzheimer’s disease, Parkinson’s disease and 
Huntington’s disease (Figure 4A–C). These results suggest that 
exosomes from astrocytes and microglia are associated with 
neurodegenerative diseases.

To describe the functional information of molecular function 
(MF), cellular component (CC) and biological process (BP) 
involved in each gene group, we performed Gene Ontology 
analysis (Figure 4D–F). After comprehensive analysis based 
on false discovery rate and the number of genes in each GO 
term, it was observed that the differentially expressed genes 
were mainly enriched in terms of the cellular component, 
including extracel lular exosome, mitochondrial  and 
extracellular regions. Additionally, genes from the unique 
astrocytes were mainly enriched in growth factor activity and 
cadherin binding involved in cell-cell adhesion of molecular 
function. In contrast, genes from the unique microglia were 
mainly enriched in the mitochondrial inner membrane of the 
cellular component, indicating that the different exosomes 
are heterogenic in the pathogenesis of neurodegenerative 
diseases.

To further demonstrate that the gene expression in 
exosomes from astrocytes and microglia is different in 
neurodegenerative diseases, we performed a supplementary 
analysis on the 41,191 genes. There were 921 upregulated 
genes and 2952 downregulated genes (Additional Figure 2A 
and B). GO analysis showed that most of these genes were 
enriched in G-protein coupled receptor activity, olfactory 

receptor activity, plasma membrane, integral component of 
membrane, G-protein coupled receptor signaling pathway and 
detection of chemical stimulus involved in sensory perception 
of smell (Additional Figure 2C), of which BP accounted for 
the majority (Additional Figure 2D). Furthermore, the KEGG 
analysis clearly showed that olfactory transduction was the 
most important pathway (Additional Figure 2E). To further 
explore the specificity of the characteristics found, mRNAs, 
lncRNAs and cirRNAs were analyzed separately (Li et al., 
2017). There were 363 upregulated and 1358 downregulated 
mRNAs (Additional Figure 3A and B). Moreover, we observed 
that the GO terms including G-protein coupled receptor 
activity, olfactory receptor activity, plasma membrane, integral 
component of membrane, G-protein coupled receptor 
signaling pathway and detection of chemical stimulus involved 
in olfactory perception showed even distribution (Additional 
Figure 3C) in BP, CC and MF (Additional Figure 3D). 
Additionally, the differentially expressed mRNAs were closely 
related to the olfactory transduction pathway in the KEGG 
analysis (Additional Figure 3E). Furthermore, there were 139 
upregulated and 706 downregulated lncRNAs (Additional 
Figure 4A and B) and 150 upregulated, and 89 downregulated 
cirRNAs (Additional Figure 4C and D). There were specific 
differences that may be responsible for neurodegenerative 
diseases and some common mechanisms or functions among 
the identified genes that need to be further explored.

Differences between mRNAs in exosomes from astrocytes 
and microglia 
To further investigate the specific differences between the 
two types of exosomes, Cytoscape was used to construct 
PPI networks for the unique astrocyte and unique microglia 
groups. The top ten hub genes ranged from red to yellow 
based on their interaction score (Figure 5A and B). According 
to the Bottleneck analysis, the interaction scores of Tubb4b, 
C3, Ppp2r1a, Dctn2, Acly, Mdh2, Suclg1, Ndufs2, Klc1 and 
Psma6 in the unique astrocyte group were higher than the 
scores of the other genes. In the unique microglia group, 
the top 10 hub genes were Dynll1, Plaur, Sec13, Hrg, 
Cyba, Trappc1, Fabp5, Actn2, Actr3 and B4galt1. The hub 
genes in the unique astrocyte group were mainly related 
to the principal component of microtubules, modulating 
inf lammation and possessing antimicrobial  activity, 
signal transduction and synaptic formation during brain 
development (Table 1). However, the hub genes in the 
unique microglia group were mainly related to changing or 
maintaining cytoskeletal structures, localizing and promoting 
the formation of fibrinolytic enzyme, biogenesis of vesicles 
and mediating the elimination of necrotic cells (Table 2).

Though it was clearly shown that the exosomes from 
astrocytes and microglia affect neurodegenerative diseases 
through different mechanisms, we also found connections 
among them (Figure 5C). Considering that each line in the 
figure is based on an experimentally demonstrated PPI, there 
be some associations between the two groups, however, 
whether these observations are significant remains to be 
verified.

To further confirm our conjecture about the possible 
connections, supplementary integrative analysis of the 
cirRNAs (Additional Figure 5) was conducted. The functional 
enrichment results demonstrated that cirRNAs in exosomes 
from astrocytes and microglia were associated with protein 
metabolism, such as metabolic and Ras signaling pathways. 
Because most of the measured lncRNAs were unannotated 
genes, they could not be analyzed. The associations among 
mRNAs require further research.

Similarities between mRNAs in exosomes from astrocytes 
and microglia
A PPI network for the unique A ∩ M group was constructed 
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Figure 1 ｜ Workflow of the study.
The arrows represent the sequence of the analyses. The main results in 
the ellipse (in orange) were obtained by the analytical steps that are briefly 
described in the blue rectangles. The terms in the grey ellipses correspond to 
the group names. GO: Gene Ontology; KEGG: Kyoto Encyclopedia of Genes 
and Genomes; PPI: protein-protein interaction network; SPSS: Statistical 
Product and Service Solutions software.

Figure 2 ｜ Preparation and characterization of exosomes derived from astrocytes and microglia. 
(A) A schematic diagram of the preparation of exosomes. (B) The morphological characteristics of exosomes were observed under an electron microscope. 
Scale bar: 200 nm. (C) The typical exosome marker, CD63, was detected by western blotting. (D) The Brownian motion and hydrodynamic diameter of exosomes 
were calculated by NTA analysis. NTA: Nanoparticle tracking analysis; P: passage.

Figure 3 ｜ Preliminary screening and grouping based on the distribution of gene expression.
(A) Left: Line diagram of gene expression in exosomes from astrocytes. The line graph shows all the genes from astrocyte exosomes sorted and numbered 
according to their expression level. The ordinate represents the expression level and the abscissa represents the gene number. Right: The number of mRNAs 
whose expression was greater than 20 FPKM in exosomes from astrocytes. (B) Left: Line diagram of gene expression in exosomes from microglia. The line graph 
shows all the genes from microglia exosomes sorted and numbered according to their expression level. The ordinate represents the expression level and the 
abscissa represents the gene number. Right: The number of mRNAs whose expression was greater than 20 FPKM in exosomes from microglia. (C) Grouping by 
intersection analysis. Left: The unique astrocyte group contained mRNAs with expression higher than 20 FPKM in exosomes from astrocytes and lower than 20 
FPKM in exosomes from microglia. Middle: The unique astrocyte and microglia (unique A ∩ M) group contained mRNAs with expression higher than 20 FPKM in 
exosomes from microglia and astrocytes. Right: The unique microglia group contained mRNAs with expression higher than 20 FPKM in exosomes from microglia 
and lower than 20 FPKM in exosomes from astrocytes. FPKM: Fragments per kilobase of exon per million mapped fragments; mRNA: messenger RNA.
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using String to find the similarities between exosomes from 
astrocytes and microglia. Fifty genes were identified as hub 
genes using the Cytoscape plug-in cytoHubba (Figure 6A). 
We found that Ubb had the largest number of interaction 
partners. Given that all cellular proteins and organelles are 
quality controlled, the ubiquitin-proteasome and autophagy 
systems help destroy and restore altered cellular components 
in situations where repairs are impossible. Ubb encodes 
ubiquitin, which plays a major role in the degradation of 
target cellular proteins, and abnormal expression of UBB 
has been detected in Alzheimer’s disease. Therefore, this 
research proposes that UBB may be a critical driving force 
in the occurrence and development of neurodegenerative 
diseases. The GO analysis demonstrated that genes of BP 
were significantly enriched in protein translation. Additionally, 
genes of CC were mainly enriched in ribosomes and genes 
of MF were mainly enriched in the structure of the ribosome 
(Figure 6B–D). These findings were associated with the 
abnormal accumulation of toxic proteins in neurodegenerative 
diseases, which were enriched in the KEGG analysis (Figure 
6E).

To reveal representative features further, we selected the top 
10 hub genes from the unique A ∩ M group without retaining 
the corresponding nodes (Figure 6F). It was apparent that 
these proteins were mainly related to protein degradation, 
activation of protein kinases and signal transduction, damaged 
DNA repair and inhibition of inflammation (Table 3), which 
were associated with the differences we found in this study. 
We paid attention to heat shock protein family A (Hsp70) 
member 8 (HSPA8) because in our results it had an interaction 
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Figure 4 ｜ KEGG and GO analysis of the three mRNA groups based on the intersection analysis.
(A–C) The KEGG bubble chart was performed for (A) the unique astrocyte group, (B) the unique microglia group and (C) the unique astrocyte and microglia (unique A ∩ M) group. The 
P values indicated in red are more significant than those in blue. The dot size is directly proportional to the number of genes that are involved in the pathway. P < 0.05 was considered 
statistically significant. (D–F) GO was performed for (D) the unique astrocyte group, (E) the unique microglia group and (F) the unique A ∩ M group. Left panel: Bar charts where the 
bar length is proportional to the number of enriched genes. The darker the color, the more significant the term. Middle panel: Bar charts where terms were divided into CC, MF and BP. 
Right panel: Pie charts demonstrating the proportion of CC, MF and BP. The specific terms and the number of genes are shown in the outer circle. P < 0.05 was considered statistically 
significant. BP: Biological process; CC: cellular component; FDR: false discovery rate; GO: Gene Ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes; MF: molecular function.
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Figure 5 ｜ Differences between exosomes from astrocytes and microglia based on PPI analysis of the unique astrocyte and the unique microglia groups.
(A, B) The top 10 hub genes in the unique astrocyte group (A) and the unique microglia group (B) are marked in red to yellow based on their interaction score in the PPI network 
analysis using cytoHubba (Bottleneck). The genes’ biological characteristics are listed in Tables 1 and 2. (C) The combined network based on the results in A and B. The blue nodes 
represent the top 10 hub genes from the unique astrocyte group and the pink nodes represent the top 10 hub genes from the unique microglia group. There was a pink gene 
node that was independent of the network map when drawing the network map, so this gene was not included in the results. Each node represents the protein indicated by the 
corresponding gene symbol, and each line represents an experimentally demonstrated protein-protein interaction. PPI: Protein-protein interaction network.
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with UBB, and it is a marker of almost all exosomes. Therefore, 
we speculated that UBB might be associated with multiple 
exosomes and help regulate different biological functions that 
lead to neurodegenerative changes.

The relationship between the differences and similarities 
in the expression of exosomal mRNAs from astrocytes and 
microglia
Chronic and progressive neurodegeneration is the result of 
multiple factors. Even though Ubb was the most significant 
hub gene in all the groups, it was unclear whether there was 
a causal relationship between Ubb and genes we discovered 
previously. To find connections between the differences and the 
similarities, we merged the top 50 hub genes in the astrocytes 
(Additional Figure 6A) and microglia groups (Additional 
Figure 6B) to generate a PPI network (Figure 7A). We applied 
MCODE in Cytoscape to identify three biological function 
modules (Figure 7B) and showed the GO analysis based on 
each module in combination with a series of pie charts. The 
upper left module comprised genes from both exosome types 
and was most significantly enriched in exosome transport 
genes (Figure 7C), such as AP2M1 and FCHO1. In the lower-left 

module, genes from microglial exosomes were the majority 
and were significantly enriched in inflammatory response 
genes (Figure 7D). For example, Rpl13a, which encodes 
riboprotein, acts as a translation inhibitor of IFN-γ (Jia et al., 
2012). Microglia-mediated chronic inflammatory responses 
can cause nerve damage (Subhramanyam et al., 2019). In 
the right module, genes from astrocyte exosomes were the 
majority and were significantly enriched in maintaining protein 
balance genes (Figure 7E), such as Psma6, which encodes a 
proteasome subunit and participates in the degradation of 
ATP-dependent ubiquitinated proteins by removing misfolded 
or damaged proteins that may impair cellular functions. Chung 
et al. (2013) have demonstrated that astrocytes are involved 
in cell phagocytosis. They bind to specific proteins like GULP 
PTB-domain-containing engulfment adaptor 1 (GULP1) and 
ATP binding cassette subfamily A member 1 (ABCA1) in target 
cells, triggering subsequent uptake and digestion of the target 
cells (Chung et al., 2013). It is worth noting that UBB was still 
the hub gene with the highest interaction score, suggesting 
that it may be the unifying step that plays an indispensable 
role in regulating the different developmental mechanisms of 
neurodegenerative diseases.

Table 1 ｜ Functional roles of the top 10 hub genes in the unique astrocyte group ranked by the Bottleneck method

Gene Interaction score Full name Function

Tubb4b 155 Tubulin beta 4B class Ivb The principal component of microtubules
C3 43 Complement C3 Modulating inflammation and possessing antimicrobial activity
Ppp2r1a 40 Protein phosphatase 2 scaffold subunit Aalpha Signal transduction
Dctn2 35 Dynactin subunit 2 Synaptic formation during brain development
Acly 33 ATP citrate lyase Important biosynthetic pathways
Mdh2 32 Malate dehydrogenase 2 Metabolic coordination 
Suclg1 30 Succinate-CoA ligase GDP/ADP-forming subunit alpha Metabolic balance
Ndufs2 28 Ubiquinone oxidoreductase core subunit S2 Electron transport
Klc1 20 Kinesin light chain 1 Organelle transportation
Psma6 20 Proteasome 20S subunit alpha 6 The ATP-dependent degradation of ubiquitinated proteins

Table 2 ｜ Functional roles of the top 10 hub genes in the unique microglia group ranked by the Bottleneck method

Gene Interaction score Full name Function

Dynll1 43 Dynein light chain LC8-type 1 Changing or maintaining cytoskeletal structures
Plaur 43 Plasminogen activator, urokinase receptor Localizing and promoting plasminformation
Sec13 43 Nuclear pore and COPII coat complex component Biogenesis of vesicles 
Hrg 43 Histidine rich glycoprotein Mediating the elimination of necrotic cells 
Cyba 43 Cytochrome B-245 alpha chain Membrane-bound oxidase
Trappc1 11 Trafficking protein particle complex 1 Vesicular transport 
Fabp5 8 Fatty acid binding protein 5 Regulate the metabolism and actions of the ligands
Actn2 6 Actinin alpha 2 Anchor actin to a variety of intracellular structures.
Actr3 6 Actin related protein 3 Cell motility
B4galt1 6 Beta-1,4-galactosyltransferase 1 The biosynthesis of glycoconjugates

Table 3 ｜ Functional roles of the top 10 hub genes in the unique astrocyte and microglia group ranked by the Bottleneck method

Gene Interaction score Full name Function

Ubb 185 Ubiquitin B Protein degradation
Rps27a 125 Ribosomal protein S27a Protein degradation
Uba52 65 Ubiquitin A-52 residue ribosomal protein fusion product1 Activation of protein kinases and in signaling
Actb 36 Actin beta Reparation of damaged DNA
Rpl13a 35 Ribosomal protein L13a Inhibition of inflammation
Aldoa 32 Aldolase, fructose-bisphosphate A Glycolysis and gluconeogenesis
Gapdh 32 Glyceraldehyde-3-phosphate dehydrogenase The product catalyzes carbohydrate metabolism
Cops6 25 COP9 signalosome subunit 6 Phosphorylation 
Hspa8 24 Heat shock protein family A (Hsp70) member 8 The disassembly of vesicles 
ATP8 20 Mitochondrially encoded ATP synthase membrane subunit 8 Electron transport 
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Discussion
In summary, we generated extensive transcriptome data 
on exosomes from microglia and astrocytes. Bioinformatics 
analyses demonstrated that these exosomes play an important 
role in the occurrence and development of neurodegenerative 
diseases, such as Huntington’s disease, Alzheimer’s disease 
and Parkinson’s disease. Exploring the differences in gene 
expression, we found that astrocyte exosomes affect 
neurodegenerative diseases mainly through metabolic balance 
and ubiquitin-dependent protein balance (Scrivo et al., 2018). 
In contrast, microglia exosomes affect neurodegenerative 
diseases mainly through immune inflammation and oxidative 
stress. Although there were apparent differences in gene 
expression between the exosome types, both were related to 
hub genes like UBB and HSPA8. It has been demonstrated that 
the UBB pool plays an indispensable role in determining the 
fate and self-renewal of neural stem cells (Park et al., 2020). 
Furthermore, studies have shown that neurodegenerative 
diseases are the clinical symptoms of neurological dysfunction 
caused by biochemical changes and protein accumulation 
inside or outside various anatomical sites such as neurons 
or glial cells (Kovacs, 2017). Disruption of UBB often leads 
to a protein balance disorder and neurogenesis inhibition 
(Ryu et al., 2014). Additionally, UBB always binds to HSPA8, 
which is a marker of almost all exosomes (Pratt et al., 2014). 
Therefore, through the connections between differences and 
similarities, it is easy to conclude that neurodegenerative 
diseases are the outcomes of multiple factors and UBB may 
play pleiotropic regulatory roles in neurodegeneration, such 
as immune regulation, inflammation inhibition, protein 
catabolism, intracellular protein transport, exosomes and 
oxidative stress. It was an interesting phenomenon that the 
three groups of genes were significantly enriched in typical 
neurodegenerative diseases. In the follow-up study, we will 
perform the corresponding comparative analysis of isolated 
exosomes from Alzheimer’s disease, Parkinson’s disease and 
Huntington’s disease and their matching controls. 

Progressive neurodegenerative diseases in older people are 
the main cause of senile dementia, which has caused great 
suffering to patients and become a major burden on society. 
These diseases are characterized by memory loss and cognitive 
decline. Currently, there are no drugs or other therapeutic 
agents available to prevent disease progression (Tang and 
Le, 2016). A substantial amount of evidence has shown that 
the pathological processes of neurodegenerative diseases 
(Vaquer-Alicea and Diamond, 2019) may be associated with 
abnormalities in the ubiquitin-proteasome and autophagy/
lysosomal systems (Nataf et al., 2019), the deposition of 
abnormal proteins and the degeneration of brain networks, 
as well as the subsequent protein toxicity (Guttenplan et al., 
2020), oxidative stress (Tian et al., 2016), nerve inflammation 
(Kong et al., 2017) and programmed cell death (Aufschnaiter 
et al., 2017). However, it has been suggested that the 
formation of abnormal proteins in neurodegenerative diseases 
occurs before the clinical features appear, which indicates 
that early diagnosis and treatment are necessary. Until now, 
effective treatment strategies for neurodegenerative diseases 
mainly focused on preventing the formation of toxic proteins 
(Shrivastava et al., 2020), regulating accompanying brain 
inflammation (Simchovitz et al., 2017) and protecting neurons 
from cell death (Hwang and Zukin, 2018). However, we still 
lack sufficient understanding of the molecular mechanisms of 
the toxic protein formation and inflammatory responses. 

B ra i n  b i o ps i e s  a re  p e r fo r m e d  u n d e r  ve r y  l i m i te d 
circumstances, and neuroscientists have to deal with the 
absence of appropriate animal models for most neurological 
diseases and other limitations associated with human brain 
research. Most examinations can only be done through 
imaging techniques or postmortem dissection, leading 
to failure to detect and treat neurodegenerative diseases 

early. Therefore, effective early diagnosis and treatment are 
urgently needed to reduce poor prognosis. Several studies 
have demonstrated that the pathophysiological/biological 
processes leading to neurodegeneration involve neurons and 
glial cells, including astrocytes and microglia (Kam et al., 2020). 
For example, apoptosis is a widespread phenomenon that 
occurs in the brain under both physiological and pathological 
conditions. Dead cells must be quickly removed to avoid 
further toxic effects. Importantly, these processes are always 
carried out by microglia, which are defined as specialized 
phagocytes of the brain. However, unfortunately, they have 
long been overlooked (Diaz-Aparicio et al., 2016). Microarray 
technology has proven to be a useful method for identifying 
new biomarkers. Bioinformatics analysis of exosomes 
can reveal unknown cellular and molecular mechanisms 
of intercellular communication, organ homeostasis and 
diseases. Therefore, obtaining information about nerve cells 
from various exosomal genes would be very useful, which 
is why exosomes are now of great interest in the study of 
neurodegenerative diseases (Kalluri and LeBleu, 2020).

Exosomes were first described 30 years ago and have been 
explored as a means for drug or biomarker discovery, owing 
to their involvement in intercellular communication and the 
spread of disease states (Edgar, 2016). Studies have shown 
that the exosome is a type of endogenous extracellular vesicle 
(40–100 nm in diameter), which is considered as a new-
generation natural nanoscale delivery system. Exosomes 
secreted by different types of cells carry different signaling 
molecules (such as RNA and proteins) and thus have great 
potential for targeted drug delivery and therapy (Liao et 
al., 2019). Moreover, Kumar et al. (2017) have proposed 
that some impaired micro RNA can be encapsulated by 
exosomes and play a key role in various human diseases, 
including neurodegenerative diseases such as Alzheimer’s 
disease, Huntington’s disease and Parkinson’s disease. 
Therefore, exosomes have opened up a new way for 
biomarker discovery. In this study, the complex regulatory 
mechanism of neurodegenerative diseases was functionally 
dissected, and the clinical significance of exosomes from 
astrocytes and microglia in neurodegenerative diseases 
was revealed. Our findings lay a foundation for revealing 
mechanisms of exosomes from astrocytes and microglia 
in complex neurodegenerative diseases, which will enable 
the discovery of exosome-mediated treatment strategies at 
the neurogliocyte level. However, it is worth noting that the 
current study was conducted using cell culture and transgenic 
animal models and needs to be verified by further research.

Currently, there are still limitations in the determination and 
analysis of exosomes. For example, it is difficult to distinguish 
different types of exosomes; hence it is impossible to optimize 
their analysis. Although they are potential biomarkers that 
are likely to be used to develop new, specific indicators of 
neuroinflammation or neurodegeneration, we do not fully 
understand their potential because they can reverse or 
promote neurodegenerative diseases. Furthermore, it is 
difficult to predict whether these potential biomarkers will be 
more clinically practical, convenient and cost-effective than 
traditional diagnostic methods such as magnetic resonance 
imaging. Although our data mining methods were limited to 
retrieving experimentally demonstrated PPIs, whether such 
interactions occur in exosomes from astrocytes and microglia 
remains to be determined. 

In conclusion, our findings suggest that exosomes may be 
a valuable tool for the treatment of neurodegenerative 
diseases in the future. In this research, deep exosome RNA 
sequencing demonstrated that neurodegenerative diseases 
result from the combined action of multiple factors, and Ubb 
may play in neurodegenerative diseases multiple regulatory 
roles, such as immune regulation, inflammatory suppression, 
protein catabolism, intracellular protein transport, exosomes 
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Figure 6 ｜ Similarities between exosomes from astrocytes and microglia determined by analysis of the unique astrocyte and microglia (unique A ∩ M) 
group.
(A) The network of the top 50 hub genes in the unique A ∩ M group. Genes are marked from red to yellow based on their interaction score in the PPI network 
analysis using cytoHubba (Radiality). (B) The length of the bars of the terms contained in the bar chart is directly proportional to the number of enriched genes 
in the GO analysis. The darker the color, the more significant the term. (C) Bar charts of GO terms divided into MF, BP and CC. (D) Pie chart demonstrating 
the proportion of CC, MF and BP. The specific terms and the number of genes are shown in the outer circle. (E) Bubble diagram showing the KEGG analysis. 
P indicated in red is significantly higher than that in blue. The dot size is proportional to the number of genes that are involved in the pathway. (F) The top 10 
hub genes in the unique A ∩ M group are marked in red to yellow based on their interaction score in the PPI network analysis using cytoHubba (Bottleneck). 
Their biological characteristics are listed in Table 3. The Ubb node with the most direct interactions is highlighted in the brightest red and the blue circle. BP: 
biological process; CC: cellular component; GO: Gene Ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes; MF: molecular function; PPI: protein-
protein interaction network; Ubb: ubiquitin B.

Figure 7 ｜ The connections between the differences and similarities.
(A) Hub genes from the hub 50 astrocyte and hub 50 microglia are marked in red to yellow based on their interaction score using cytoHubba (Radiality). (B) The 
three most important modules obtained from the hub 50 astrocyte and hub 50 microglia. The blue nodes indicating genes from the hub 50 astrocyte (Additional 
Figure 6A) are mainly concentrated in the right module. The yellow nodes indicating genes from the hub 50 microglia (Additional Figure 6B) are mainly 
concentrated in the lower left module. The green nodes indicating genes from the hub 50 astrocyte and the hub 50 microglia are mainly concentrated in the 
upper left module. (C) Pie chart displaying the GO analysis of the genes enriched in the upper left module. (D) Pie chart displaying the GO analysis of the genes 
enriched in the bottom left module. (E) Pie chart displaying the GO analysis of the genes enriched in the right module. The Ubb node connecting the three 
modules has the most direct interactions and is highlighted by a blue circle. This gene encodes ubiquitin, which plays a major role in the degradation of target 
cellular proteins. Hub 50 astrocyte: the group containing the top 50 hub genes from astrocyte exosomes with expression levels greater than 20 FPKM. Hub 50 
microglia: the group containing the top 50 hub genes from microglial exosomes with expression levels greater than 20 FPKM. GO: Gene Ontology; PPI: protein-
protein interaction network; Ubb: ubiquitin B. 
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and oxidative stress. In this field, it is possible to reveal the 
pathogenic mechanisms and long-term biomarkers at the 
glial cell level and determine exosome-mediated treatment 
strategies. Although complex interventions are challenging, 
our research showed that exosome bioinformatics is a 
promising approach for the widespread use of genetically 
engineered and targeted therapies for CNS diseases.
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Additional Figure 1 Immunocytochemical staining of astrocytes and microglia.
(A) Astrocytes confirmed by GFAP (red, stained by Cy3) immunocytochemical staining. GFAP was shown in the
cytoplasm of the astrocytes, and blue staining represents the nucleus. (B) Microglia confirmed by Iba1 (red,
stained by Cy3) immunocytochemical staining. Iba1 was shown in the cytoplasm of microglia, and blue staining
represents the nucleus. Scale bars: 100 μm. DAPI: 4',6-Diamidino-2-phenylindole; GFAP: Glial fibrillary acidic
protein; Iba1: ionize calcium binding adapt molecule 1.
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Additional Figure 2 GO analysis of all differential genes in exosomes from astrocytes and microglia.
(A) The heatmap was based on folding changes (microglia relative to astrocytes), where log2(FC) > 2 were
highlighted in red while the log2 (FC) < -2 were highlighted in green. Preprocession included log2 normalization
and data centralization. (B) The volcano images showed that the blue dots represented down-regulated genes,
while the red dots represented up-regulated genes. (C) The left bar chart of GO analysis showed that the darker the
color, the more significant the enrichment. In the right bar chart, the blue represented MF, the green represented
the CC, and the pink represented BP. (D) The pie chart demonstrated the proportion of CC, MF and BP. Their
specific terms and the number of genes were distributed in the outer circle. (E) In bubble diagram of KEGG
analysis, P-values indicated in red were significantly higher than those in blue and the sizes of dots were
proportional to the number of enriched genes. P-value < 0.05. BP: Biological process; CC: cellular component;
GO: Gene Ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes; log2(FC): log2(fold change); MF:
molecular function.
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Additional Figure 3 mRNA-level differential analysis between exosomes from astrocytes and microglia.
(A) The heatmap was based on mRNA-level folding changes (microglia relative to astrocytes), where log2(FC) > 2
were highlighted in red while log2 (FC) < -2 were highlighted in green. (B) The volcano figure showed that the
blue dots represented down-regulated genes, while the red dots represented up-regulated genes. (C) The left bar
chart of GO analysis showed that the darker the color, the more significant the enrichment. In the right bar chart,
the blue represented MF, the green represented CC and the pink represented the BP. (D) The pie chart
demonstrated the proportion of CC, MF and BP. Their specific terms and the number of genes were distributed in
the outer circle. (E) The bubble diagram showed KEGG analysis. P values indicated in red were more significant
than those in blue. The sizes of dots were directly proportional to the number of enriched genes. Pre-processing
included log2 normalization and data centralization. P value < 0.05 was statistically significant. BP: Biological
process; CC: cellular component; GO: Gene Ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes;
log2(FC): log2(fold change); MF: molecular function; mRNA: messenger RNA.
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Additional Figure 4 ncRNA-level and cirRNA-level difference analysis between exosomes from astrocytes
and microglia.
(A) The heatmap were based on ncRNA-level folding changes (microglia relative to astrocytes), where log2 (FC)
> 2 were highlighted in red while log2 (FC) < -2 were highlighted in green. (B) In volcano figure, the blue dots
represented down-regulated genes, while the red dots represented up-regulated genes. (C) The heatmap was based
on cirRNA-level fold changes (microglia relative to astrocytes), where log2 (FC) > 2 were highlighted in red while
log2 (FC) < -2 were highlighted in green. (D) The network diagram showed that the blue dots represented
down-regulated genes, while the red dots represented up-regulated genes. Pre-processing included
log2 normalization and data centralization. P-value < 0.05 was statistically significant.) cirRNA: Circular RNAs;
log2 (FC): log2 (fold change); ncRNA: non-coding RNA.
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Additional Figure 5 GO and KEGG analysis based on cirRNAs in exosomes from astrocytes and microglia
respectively.
(A) The specific terms of cirRNAs in exosomes from microglia. The upper bar chart showed that the darker the
color, the more significant the enrichment. The bottom bar chart showed that the blue represented MF, the green
represented CC and the pink represented BP. (B) The pie chart demonstrated the proportion of CC, MF and BP in
the inner circle. Their specific terms and the number of genes were distributed in the outer circle. (C) The bubble
diagram showed the KEGG analysis. P values indicated in red were more significant than those in blue. The dots
size were proportional to the numbers of enrich genes. (D) The specific terms of cirRNAs in exosomes from
microglia. The upper bar chart showed that the darker the color, the more significant the enrichment. The bottom
bar chart showed that the blue represented MF, the green represented CC and the pink represented BP. (E) The pie
chart demonstrated the proportion of CC, MF and BP. Their specific terms and the number of genes were
distributed in the outer circle. (F) The bubble diagram showed the KEGG analysis. P values indicated in red were
significantly higher than those in blue. The sizes of dots were proportional to the number of enriched genes. P
value < 0.05 was statistically significant. BP: Biological process; CC: cellular component; cirRNA: circular RNAs;
GO: Gene Ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes; MF: molecular function.
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Additional Figure 6 Mining the top 50 hub mRNA from the astrocyte and the microglia using Cytoscape.
(A) The PPI network of the hub 50 astrocyte showed that the top 50 hub genes from the astrocyte (Figure 3A) were
marked from red to yellow using Cytohubba (Radiality). (B) The PPI network of the hub 50 microglia showed that
the top fifty hub genes from microglia (Figure 3B) were marked from red to yellow using Cytohubba (Radiality).
The “UBB” node with the most direct interactors was highlighted in the brightest red and selected by the blue
circle. Hub 50 astrocyte: the group contained the top 50 hub mRNAs from astrocyte exosomes, and its expression
levels were greater than 20 FPKM. Hub 50 microglia: the group contained the top 50 hub mRNAs from microglia
exosomes, and its expression levels were greater than 20 FPKM. FPKM: Fragments per kilobase of exon model
per million mapped fragments; PPI: protein protein interaction network; UBB: ubiquitin B.


