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Abstract 

Background  Prion diseases are characterized by accumulation of misfolded host prion proteins (PrPSc) that produce 
aggregates in brain tissue. Mesenchymal stem cells (MSCs) have been identified as potential therapeutic candidates 
for prion diseases. However, it has been demonstrated that MSCs maintained and expressed PrPSc levels follow‑
ing inoculation, raising concerns regarding their safe and effective use in medical applications. Prion infectivity 
has been reported in fat tissues, thus the response of adipose-derived MSCs (AdMSCs) to prion infection needs to be 
fully studied.

Methods  For this study, we analyzed the properties of AdMSCs isolated from mice infected with the ME7 scrapie 
strain and compared them with negative controls. We investigated morphology, viability, immunophenotyping, mark‑
ers of inflammation, migration activity, and neurotrophic factors. RNA sequencing (RNA-Seq) was performed to iden‑
tify transcriptome profile changes.

Results  AdMSCs derived from ME7-infected mice displayed immunophenotypes similar to cells from negative 
controls, but they were larger with lower viability (p < 0.05). ME7 infection caused higher expression of inflammatory 
mediators CCL5, TNF-α, C3, and IL6 (p < 0.05 and p < 0.01) and low expression of the stem cell marker, CXCR4 (p < 0.05) 
which was confirmed by immunofluorescence staining. The results showed decreased migration activity and wound 
closure ability of AdMSCs isolated from ME7-infected mice as confirmed by Transwell migration and scratch wound 
assays (p < 0.05 and p < 0.001), respectively. The RNA-Seq results detected 367 differentially expressed genes 
between AdMSCs from ME7-infected mice and those from the negative controls, and negative regulation of locomo‑
tion, extracellular matrix (ECM) organization, collagen-containing ECM, and extracellular structure organization genes 
were common in AdMSCs from ME7-infected mice. Transcriptomic analysis revealed that pathways enriched in AdM‑
SCs from ME7-infected mice included those involved in the PI3K-Akt signaling pathway, cell adhesion, protein diges‑
tion and absorption, and cytokine–cytokine receptor interactions. Interestingly, genes related to the regulation of iron 
storage, such as Hp and hepcidin, were upregulated in AdMSCs isolated from ME7-infected mice.

Conclusions  Based on these data, therapeutic strategies for AdMSCs in prion disease should be further investigated.
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Background
Prion diseases are fatal neurodegenerative disorders 
caused by a conformational change of cellular prion pro-
tein (PrPC) to an abnormal isoform (PrPSc) [1, 2]. PrPSc 
is partially resistant to protease digestion and tends to 
form aggregations [1]. In addition to histopathological 
signs such as widespread spongiform encephalopathy 
and deposition of aggregated PrPC, PrPSc causes neuro-
toxicity [3, 4], resulting in extensive and progressive brain 
degeneration [5]. Although the accumulation of patho-
logical isoforms principally occurs in brain tissues, it also 
is observed in the kidney, liver, lung, and bone marrow 
[6–8]. Race et al. identified prion infectivity in fat tissues 
collected from scrapie-infected mice [9]. Therefore, such 
tissues infected with prions could present an unrecog-
nized risk for infection spread to humans or domestic 
animals.

Mesenchymal stem cells (MSCs) are fibroblast-like 
cells characterized by self-renewal and differentiation 
into mesodermal tissues (osteoblasts, adipocytes, and 
chondrocytes) [10–12]. Due to their capacity to migrate 
to sites of neuroinflammation and to secrete cytokines, 
growth factors, and neuromodulators, MSCs are attrac-
tive candidates for treating neurological disorders, such 
as prion diseases [13–15]. Adipose tissue can be easily 
accessed and collected regularly under local anesthesia 
with minimal discomfort for the patient, and it also con-
tains a higher concentration of MSCs compared to bone 
marrow [16]. Adipose-derived MSCs (AdMSCs) instantly 
attach to plastic culture flasks, proliferate in  vitro, and 
differentiate into several cell lineages with potential tis-
sue regeneration similar to other MSCs [17, 18]. AdMSCs 
also secrete neuroprotective factors to prevent neuronal 
damage [19], and AdMSC transplantation has become 
a widely used therapeutic modality for various diseases 
[17]. Recently, intranasal administration of AdMSCs 
was found to reduce vacuolization across brain tissues, 
decrease the number of astrocytes, and downregu-
late inflammasome signaling genes in a mouse-adapted 
prion model [20]. In addition, AdMSCs secretome has 
demonstrated the potential to attenuate PrPC peptide 
(106–126)-induced oxidative stress [21]. Therefore, 
AdMSCs could play a promising role as a cell-based ther-
apy for prion diseases.

A major challenge in MSC-based prion therapies for 
prion diseases is the potential infectivity of MSCs iso-
lated from bone marrow or adipose tissue, as validated by 
tissue-derived homogenate-inoculated mice [9, 22]. Bone 
marrow-derived MSCs (BM-MSCs) expressed PrPSc [23] 
and sustained PrPSc level post-inoculation [24]. Further-
more, after in vitro exposure to a prion strain, BM-MSCs 
remained persistently infected, generating PrPSc dur-
ing multiple passages [25]. Also, the detection of prion 

infectivity in MSCs from individuals affected by prion 
diseases has been reported. For example, the presence of 
PrPSc in BM-MSCs isolated from Creutzfeldt-Jakob dis-
ease (CJD) patients has been reported [26]. This could 
raise concerns about the safe and effective implemen-
tation of medical practices and necessitates care when 
applying stem cells from individuals infected with prions 
in clinical settings.

Autologous and allogeneic MSCs are of interest for cell 
therapy to treat neurodegenerative diseases [27]. In the 
body, transplanted MSCs interact with their microenvi-
ronment either physiologically or pathologically. These 
cells can change their distinct biological activity in a 
newly developed tissue microenvironment as a result of 
detrimental environmental stimuli [28]. Compared with 
allogeneic MSCs, autologous MSCs from patients who 
require cell-based therapy could be an ideal source [29, 
30], despite their potential to carry systemic diseases. 
However, the therapeutic capacity of autologous stem 
cells is impaired in disease conditions [31, 32]. Pathologi-
cal microenvironments adversely affect MSCs, impacting 
their growth, proliferation, migration, apoptosis, and dif-
ferentiation [33]. These effects are also influenced by both 
the type and severity of the disease. Still, characteriza-
tion of MSCs from a disease state is rare. RNA sequenc-
ing (RNA-Seq) offers insight into a cell’s transcriptome 
and can allow researchers to identify genes implicated 
in a biological process of interest [34]. To the best of our 
knowledge, the transcriptome analysis of AdMSCs in 
response to prion infection is incomplete. In this work, 
we analyzed the properties of AdMSCs isolated from 
mice inoculated with the ME7 scrapie strain (an experi-
mental model of prion disease). We evaluated how prion 
infection affected the characteristics of the MSCs and 
performed a transcriptome analysis.

Materials and methods
Experimental prion disease model
C57BL/6 J mice (6 weeks old) were purchased from Nara 
Biotech (Pyeongtaek, Gyeonggi, Korea).

The animal experiments were performed in accord-
ance with protocols approved by the Institutional Animal 
Care and Use Committee at Jeonbuk National Univer-
sity (JBNU 2020–080). The work has been reported in 
line with the ARRIVE guidelines 2.0. An animal model 
of prion disease based on intraperitoneal injection of the 
ME7 scrapie strain into C57BL/6 mice was previously 
reported [35]. Before intraperitoneal injection, all mice 
were anesthetized with 2% isoflurane (Hana Pharm Co., 
Ltd; Seoul, South Korea) in an induction chamber. Briefly, 
the mice (n = 6) were inoculated via intraperitoneal injec-
tion with 100 μl of 1% (w/v) brain homogenate prepared 
from terminally ill ME7-infected mice. For the negative 
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control, mice (n = 6) were inoculated via intraperitoneal 
injection with 100 μl of phosphate-buffered saline (PBS, 
Gibco, NY, USA). After five months of inoculation, the 
mice were deeply anesthetized with isoflurane and eutha-
nized by cervical dislocation to minimize distress.

Western blotting
To detect total PrP and glial fibrillary acidic protein 
(GFAP), whole brain tissues from the ME7-infected 
and negative control mice (n = 3/group) were separately 
homogenized with a 10% volume of RIPA lysis buffer 
(Thermo Fisher Scientific, Waltham, MA, USA) con-
taining a protease inhibitor cocktail (Roche, Munich, 
Germany). To detect PrPSc, 50  µg/mL proteinase K 
(Sigma-Aldrich, MO, USA) was added to the brain tis-
sue homogenates for 1  h at 37  °C. The samples were 
separated via sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis on 12% gels. The gels were then elec-
troblotted onto polyvinylidene difluoride membranes 
(Amersham, Little Chalfont, UK) using an electropho-
retic transfer system (Bio-Rad, Hércules, USA) at 100 V 
for 1.5 h. Each membrane was washed and then blocked 
in 5% skim milk for 2 h before incubation with the pri-
mary antibodies, SAF84 (1:200, Cat#: A03208, Bertin, 
Montigny le Bretonneux-France) or GFAP (1:200, Cat#: 
sc-33673, Santa Cruz Biotechnology, Dallas, Texas, USA). 
Then, each membrane was washed and incubated with 

anti-mouse secondary antibodies (Sigma-Aldrich). Pro-
tein levels were normalized to that of Purified Mouse 
Anti-Hsp90 (BD Transduction Laboratory). Immuno-
reactive bands were visualized with a Pierce ECL kit 
(Thermo Fisher Scientific).

Isolation and culturing of AdMSCs
Mice were euthanized following isoflurane anesthe-
sia and cervical dislocation, and adipose tissue samples 
from the negative control (n = 3) and ME7-infected mice 
(n = 3) were collected and washed with PBS for isola-
tion of AdMSCs as we previously demonstrated [21]. In 
brief, the tissues were then chopped into small pieces and 
shaken for 45 min at 37  °C with 0.1% type I collagenase 
(Sigma-Aldrich). After filtration through a 70-µm cell 
strainer (BD Falcon, NJ, USA) to eliminate any tissue 
residue, the solution was centrifuged, and the superna-
tant layer was discarded. The cell pellets were then resus-
pended in DMEM (Gibco) containing 10% fetal bovine 
serum (FBS, Gibco) and seeded in 100 mm tissue culture 
dishes. The cells were cultured at 37  °C in a humidified 
5% CO2 incubator. After 48 h, the suspended cells were 
discarded, and the medium was replaced. The remain-
ing cells were detached and passaged to 80% confluence 
using 0.25% trypsin–EDTA (Gibco). Figure 1 provides a 
schematic diagram of the study design.

Fig. 1  Schematic diagram of the study design. PBS, phosphate-buffered saline; ME7, mouse-adapted scrapie prion strain; SVF, stromal vascular 
fraction. This figure was created using BioRender
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Nuclear/cytoplasmic staining and CCK8 assay
To evaluate the morphology of AdMSCs isolated from 
ME7-infected and negative control mice, 5 µg of a wheat 
germ agglutinin–Alexa Fluor 488 conjugate (Life Tech-
nologies, Grand Island, NY, USA) was used to stain the 
cytoplasm for 10  min, as shown previously [12]. After 
being washed, the cells were mounted with Slow Fade 
Gold antifade reagent (Life Technologies), and images 
were obtained using a laser scanning confocal micro-
scope (Carl Zeiss LSM 880, Oberkochen, Germany). The 
ImageJ software (version 1.52, imagej.nih.gov) was used 
to measure the average cell size from a total of 4 field 
images for 3 separate wells, resulting in a total of 60 ran-
domly selected cells for each group.

To assess the effects of ME7 infection on AdMSC via-
bility, AdMSCs (1 × 104 cells/well) were seeded in 96-well 
plates in basal growth medium for 24, 48, and 72 h. The 
viability of the AdMSCs was verified using a cell counting 
kit-8 (CCK8, Abcam, Cambridge, UK) according to the 
manufacturer’s instructions. A microplate spectrometer 
(Molecular Devices, CA, USA) was used to measure the 
absorbance of viable cells at 450 nm.

Flow cytometry
A flow cytometric analysis was performed in AdMSCs 
using a cluster-of-differentiation (CD) antigen–antibody 
panel. Briefly, a cell suspension at passage 2 containing 
5 × 105 cells was collected in 1 × fluorescence-activated 
cell sorting (FACS) buffer (PBS with 0.1% bovine serum 
albumin) (Fisher Scientific). After blocking the Fc recep-
tors with Fc block (BD Bioscience, Grand Island, NY, 
USA) for 20 min on ice, we treated the cells with 100 μl 
of FACS buffer containing one of the following antibod-
ies for 1 h at 4  °C: FITC-conjugated anti-mouse CD105, 
CD90, CD44, or CD34 (BD Bioscience). The cells were 
subsequently washed and analyzed with flow cytometry 
(BD Biosciences). As a control, suitable isotype antibod-
ies were used. Mean fluorescence intensity (MFI) and the 
percentage of marker-positive cells were analyzed using 
CellQuest software (Becton Dickinson, Mountain View, 
CA, USA).

Reverse transcriptase quantitative polymerase chain reaction 
(RT‑PCR) analysis
RNA was extracted from AdMSCs using TRIzol rea-
gent (Invitrogen, MA, USA) with the standard protocol 
[36]. Using 1  μg of total RNA, first-strand cDNA was 
generated by reverse transcription with ReverTra Ace-α 
(Toyobo, Tokyo, Japan) following the manufacturer’s 
instructions. The reverse-transcribed products were 
amplified by the SYBR method using a CFX96 real-time 
PCR system (Bio-Rad, CA, USA) according to the manu-
facturer’s instructions. The incorporation of SYBR green 

dye (Yuseong-gu, Daejeon, Republic Korea) into the PCR 
products was monitored in real time with a CFX96 PCR 
system. The relative mRNA expression of stem cells and 
neuroinflammation and neurotrophic factors were exam-
ined after normalization to the expression of reference 
gene ACTN. The complete list of primers for all genes 
and ACTN is presented in Supplementary Table 1.

Immunofluorescence of cells
The CXCR4 expression profiles in the two types of AdM-
SCs were assessed by immunofluorescence staining. 
AdMSCs were cultured in chamber slides (SPL Life Sci-
ences Co., Gyeonggi-do, Korea) at a density of 2 × 104 
cells/ml. The cells were fixed in 4% paraformaldehyde, 
and washed with PBS, before being permeabilized for 
10  min at RT using 0.1% Triton X-100. The cells were 
then blocked with Power Block (BioGenex Laboratories, 
CA, USA) for 30 min at RT and incubated overnight with 
a CXCR4 antibody (1:100, ab124824, Abcam). The cells 
were then treated with an anti-rabbit Alexa Fluor-647 
(Cell Signaling Tech., MA, USA) for 1 h at RT. Cells were 
mounted using ProLong Gold Antifade Mounting media 
with DAPI (Invitrogen, MA, USA). Images were collected 
and processed using a fluorescence microscope (Zeiss 
Axio-Imager M2, Oberkochen, Germany), and all images 
were taken under the same conditions. The fluorescence 
intensity was measured using ImageJ software (NIH, 
Bethesda, MD, USA).

Transwell migration assay
The two sets of AdMSCs were assessed for migration 
activity using a Transwell membrane system (Corn-
ing, NY, USA) in 24-well plates as previously described 
[37]. Ten percent FBS was used in the lower chambers 
and 1 × 105 AdMSCs were placed in each upper cham-
ber resuspended in 100  μl serum-free DMEM. DMEM 
only was used as a negative control in the lower cham-
ber. After 24 h, the cells that migrated to the membrane’s 
lower surface were fixed using 4% paraformaldehyde and 
subsequently stained with 0.2% crystal violet stain. Fol-
lowing washing, cells in four random fields (× 100 magni-
fication) were counted for statistical analysis.

Scratch wound assay
In vitro wound healing was assessed using a cell scratch 
assay, following previously established protocol [38]. 
Confluents in the two sets of AdMSCs at passage 2 were 
subjected to a scratch using a sterile 200  μl pipette tip. 
The monolayers were subsequently washed twice with 
PBS to eliminate debris. Wound photographs were cap-
tured immediately following the initial lesion (time zero) 
and after a 24-h healing period. Measurements were 
conducted using ImageJ software, and the percentage of 
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wound closure was calculated by determining the differ-
ence between the scratched area at time zero and that 
obtained after 24 h.

Library construction and RNA‑Seq
Three replications for each sample (negative control and 
ME7-infected) were used for RNA extraction by TRI-
zol reagent. The RNA samples were treated with DNase 
I (New England Biolabs, Ipswich, MA, USA) to remove 
genomic DNA. The concentration and quality of the 
extracted RNA were determined using a Quant-iT Ribo-
Green RNA assay kit (Invitrogen, cat.# R11490) and a 
4200 TapeStation system (Agilent Technologies, Part# 
G2991BA, Santa Clara, CA, USA), respectively. Samples 
with RNA integrity number values higher than 9 were 
used to create the libraries using an Illumina TruSeq 
RNA library kit (Illumina Inc., San Diego, CA, USA) with 
Ribo-Zero H/M/R_Gold according to the manufacturer’s 
instructions. The quality and yield of the prepared librar-
ies were assessed using a D1000 TapeStation system (Agi-
lent Technologies). Using an Illumina HiSeq 2000, the 
libraries were sequenced with 100  bp paired-end reads 
per sample (Macrogen, Seoul, Korea).

Sequence annotation and identification of differentially 
expressed genes (DEGs)
Quality control checks of the raw data sequencing were 
conducted with FastQC (v0.11.7, Babraham Institute, 
http://​www.​bioin​forma​tics.​babra​ham.​ac.​uk/​proje​cts/​
fastqc/) to evaluate sequence yield, base quality, GC pro-
file, k-mer distribution, overrepresented sequences, and 
primer contamination. The trimmomatic program (v0.38, 
http://​www.​usade​llab.​org/​cms/?​page=​trimm​omatic) was 
used to remove adapter sequences and low-quality bases. 
The remaining reads were mapped to the HISAT2 mouse 
reference genome (v2.1.0, https://​ccb.​jhu.​edu/​softw​are/​
hisat2/​index.​shtml), and the known genes and transcripts 
were assembled with StringTie (https://​ccb.​jhu.​edu/​softw​
are/​strin​gtie/) based on the reference genome model. 
After assembly, the abundance of genes and transcripts 
in each sample was calculated in the read count and nor-
malized as fragments per kilobase of transcript per mil-
lion mapped reads and transcripts per kilobase million, 
respectively. To display the DEG expression patterns, 
a hierarchical clustering analysis was performed using 
complete linkage and Euclidean distance as a measure of 
similarity.

Gene ontology (GO) and enrichment analyses
To identify functional groups and pathways, GO (http://​
geneo​ntolo​gy.​org/) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG, http://​www.​genome.​jp/​kegg/) pathway 
analyses were performed. The GO terms were classified 

into three subgroups: biological process, cellular com-
ponent, and molecular function. For functional enrich-
ment analysis, all DEGs were mapped to terms in the 
GO databases, and significantly enriched GO terms were 
searched among the DEGs using p < 0.05 as the threshold.

Validation of gene expression by RT‑PCR
To validate the reliability of the DEG results, the expres-
sion levels of the selected transcripts were determined 
by RT-PCR. Total RNA from AdMSCs at passage 3 was 
extracted using TRIzol, and cDNA was synthesized as 
described above. The amplicons were generated using 
primers listed in Supplementary Table 1.

Statistical analysis
For statistical analyses, SPSS 25.0 (IBM, Armonk, NY) 
was used. Students’ t-test and one-way analysis of vari-
ance with post-hoc Tukey testing were performed. The 
following p-values indicate statistical significance in all 
figures: * p < 0.05, ** p < 0.01, and *** p < 0.001. The results 
are displayed as mean ± standard deviation (SD) of exper-
iments carried out in triplicate.

Results
Detection of PrPSc and GFAP
Our previous study showed that a prion disease model 
using ME7 scrapie strain demonstrates common char-
acteristics of prion disease, including weight loss, abnor-
mal behaviors, and mortality in mice [39]. In the current 
study, to establish a prion-infected mouse model, we 
injected mice with the terminally ill ME7 scrapie strain. 
Five months post-injection, brain homogenates from 
negative control and ME7-infected mice showed similar 
levels of total PrP (Fig. 2A). The abnormal folding of PrPC 
into amyloid fibrils, known as PrPSc, is directly related 
to prion diseases [4]. As a result, Western blotting, the 
most commonly used method for detecting PrPSc [40], 
was used. Here, PrPSc in the brain homogenates of ME7-
infected mice was readily detected by standard immu-
noblotting, while homogenates of brain tissue from the 
wild-type mice did not exhibit PrPSc bands (Fig.  2A). 
Various studies have demonstrated elevated GFAP lev-
els, a marker of astrocyte activation, in prion disease [41]. 
Consequently, we assessed GFAP levels using immuno-
blot analysis. The findings indicated that GFAP levels in 
brain homogenates from ME7-infected mice were signifi-
cantly higher than those from the negative control mice 
(Fig.  2B, C, p < 0.001). In summary, we successfully cre-
ated a prion disease model utilizing the terminal stage of 
the ME7 scrapie strain.

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.usadellab.org/cms/?page=trimmomatic
https://ccb.jhu.edu/software/hisat2/index.shtml
https://ccb.jhu.edu/software/hisat2/index.shtml
https://ccb.jhu.edu/software/stringtie/
https://ccb.jhu.edu/software/stringtie/
http://geneontology.org/
http://geneontology.org/
http://www.genome.jp/kegg/
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Effects of ME7 infection on the morphology and viability 
of AdMSCs
The morphological characteristics and viability of MSCs 
are crucial, as they influence the cells’ ability to regen-
erate tissues and differentiate into specific cell lineages 
[11]. Therefore, the morphology of AdMSCs from ME7-
infected and negative control mice was investigated, 
revealing a pronounced adhesion growth (Fig.  3A). The 
effect of ME7 infection on cell morphology was sig-
nificantly increased cell size (Fig.  3A,B p < 0.05) com-
pared with AdMSCs isolated from the negative control, 
which had a spindle-shape and a fibroblast morphology 
(Fig.  3A). To examine the effect of ME7 infection on 
AdMSC viability, we used a CCK8 kit. AdMSCs isolated 
from ME7-infected mice showed decreased prolifera-
tive capacity at 24, 48, and 72 h compared with AdMSCs 
isolated from the negative control (p < 0.05, p < 0.01, and 
p < 0.05, respectively) (Fig. 3C).

Immunophenotyping
According to the minimal criteria for defining MSCs [42], 
AdMSCs isolated from ME7-infected mice and negative 
controls were characterized by flow cytometry analysis. 
The identification of MSCs was based on the presence 
of specific mouse MSC surface markers and the absence 
of surface markers associated with the hematopoietic 
cell lineage. Flow cytometric analyses of AdMSCs iso-
lated from negative control and ME7-infected mice 
revealed > 80% expression of the MSC markers CD90 and 
CD44. Both cell types showed mild expression of CD105, 
and both sets of MSCs exhibited very low expression of 
CD34, which is generally associated with hematopoietic 
cells (Fig. 3D). In fact, mouse AdMSCs partially express 
CD105, unlike human MSCs [43]. The average percent-
age or MFI of each marker did not differ significantly 

between negative control and ME7-infected samples 
(Fig. 3E, F), suggesting a typical MSC phenotype.

Expression of stem cell markers, inflammatory cytokines, 
and neurotrophic genes
To gain further insight into the effects of ME7 infec-
tion on the characterization of AdMSCs, we investi-
gated the expression of stem cell markers, inflammatory 
cytokines associated with prion disease, and neuro-
trophic genes. When the mRNA expression of stem 
cell markers was compared between AdMSCs isolated 
from negative control and ME7-infected mice, CXCR4, 
a stem cell marker, was significantly downregulated in 
those from ME7-infected mice (p < 0.05); the remaining 
markers did not differ between the conditions (Fig. 4A). 
CXCR4 signaling has been shown to play a key role in 
the migratory functions of AdMSCs [44]. We confirmed 
the decreased expression of CXCR4 through immuno-
fluorescence staining, which revealed that the immuno-
fluorescence signal for CXCR4 in the control-AdMSCs 
was significantly greater than in the ME7-infected-AdM-
SCs (Fig.  4B, C p < 0.001). To study how ME7 infection 
impacts the migration abilities of AdMSCs, Transwell 
migration and scratch wound assays were conducted. The 
findings from the Transwell migration assay indicated 
that the migratory capacity of AdMSCs obtained from 
negative controls was significantly greater than that of 
AdMSCs derived from ME7-infected mice (Fig. 4D, E p 
< 0.001). There was no significant difference in the migra-
tion of AdMSCs toward FBS free medium alone (Fig. 4D, 
E). The findings from the scratch wound assay were con-
sistent with those observed in the Transwell migration 
assay (Fig. 4F, G p < 0.05).

The mRNA expression of genes linked to prion dis-
ease was assessed in AdMSCs isolated from both the 

Fig. 2  Characteristics of the ME7 prion disease model. A Representative western blot analysis of total prion protein (PrP) and the abnormal 
isoform of PrP (PrPSc) in brain homogenates from ME7-infected and negative control mice (CTL, n = 3 per group) at 5 months post-injection. 
PrP-PK, no proteinase K treatment; PrP + PK, proteinase K treatment. B GFAP immunoblots analyzed by Western blotting (n = 3 per group). C 
Quantitative analyses of GFAP immunoblots from the experiments panel. ***p < 0.001. HSP90 served as the loading control. All data are expressed 
as the means ± SD. The student’s t-test was used to compare two groups. The full-length blot is presented in supplementary Figs. 1 and 2
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negative control group and ME7-infected mice. The 
analyzed genes included CCL5, TNF-α, complement 
protein C3, and IL6, which are known contributors 
to the development of neurotoxic reactive astrocytes 
[45]. Compared with the negative control, the mRNA 
expression of inflammatory markers of astrogliosis 
(CCL5, TNF-α, C3, and IL6) was upregulated in ME7-
infected AdMSCs (p < 0.05) (Fig.  4H). The expression 
of the neurotrophic factor BDNF was lower in ME7-
infected AdMSCs than in the negative control, but the 
difference was not significant (p = 0.08) (Fig. 4I).

RNA‑Seq analysis
To investigate how ME7 infection translates into vari-
ations in the gene expression of AdMSCs, the complete 
transcriptome of AdMSCs was profiled (Fig. 5A). To vis-
ualize transcriptomic differences between ME7-infected 
AdMSCs and the negative control, a heatmap was gen-
erated showing values of |log2 (fold-change)|> 1 (log2FC) 
(Fig.  5B). Those results show the modulation effect of 
ME7 infection: gene regulation was significantly altered, 
with 367 genes differentially expressed (190 upregulated 
and 177 downregulated) between AdMSCs isolated from 

Fig. 3  Properties of adipose-derived mesenchymal stem cells (AdMSCs) isolated from ME7-infected mice compared with the negative control. 
A Representative images of morphology (from one of four independent experiments) show changes in cell size due to ME7 infection (upper 
panel, low magnification and lower panel, high magnification). B Measurement of cell size shows a significant increase in the diameter of AdMSCs 
isolated from ME7-infected mice compared with the negative control group (n = 5). * p < 0.05. All data are expressed as the means ± SD. The 
student’s t-test was used to compare two groups. C Viability of AdMSCs from ME7-infected and negative control mice. * p < 0.05, ** p < 0.01. All 
data are expressed as the means ± SD. The student’s t-test was used to compare two groups. D Characterization of AdMSCs with flow cytometry 
through an immunophenotype analysis of MSC cell surface markers (CD105, CD90, and CD44) and a hematopoietic marker (CD34) (n = 3). E 
Percentage means of MSC markers from the two groups (n = 3). F Mean fluorescence intensity (MFI) of MSC markers from the two groups (n = 3). All 
data are expressed as the means ± SD. The student’s t-test was used to compare two groups
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ME7-infected mice and those from the negative controls 
(Supplementary file 1). A volcano plot was created based 
on the threshold value of the fold change. In the volcano 
plot in Fig.  5C, all DEGs are shown in orange (upregu-
lated) or blue (downregulated). The number of genes has 
also been presented (Fig. 5D).

DEG identification and functional enrichment
We next categorized highly DEGs from ME7 and nega-
tive control AdMSCs according to the following GO clas-
sification terms: biological process, cellular component, 
and molecular function. The top 10 GO term enrich-
ments for each GO category (biological process, cellular 
components, and molecular function) are presented in 
order of significance (p < 0.001) in Fig.  6A. The catego-
ries with the highest gene counts in the biological process 
field were negative regulation of locomotion, extracellular 

matrix (ECM) organization, and extracellular structural 
organization, as shown in Fig.  6Aa. The top three cat-
egories in the cellular component section were genes 
involved in the basal part of the cell, the apical plasma 
membrane, and collagen-containing ECM (Fig. 6Ab). The 
most widely dispersed genes in terms of molecular func-
tion were related to amide binding, peptide binding, and 
structural components of the ECM (Fig. 6Ac).

To evaluate the enrichment in signaling pathways, we 
performed a KEGG pathway analysis, which includes 
metabolism, genetic information processing, envi-
ronmental information processing, cellular processes, 
organismal systems, and human disease (Fig.  6B, C). In 
the comparison between AdMSCs isolated from ME7-
infected mice and those from the negative controls, path-
ways categorized in the PI3K-Akt signaling pathway, cell 
adhesion molecules, protein digestion and absorption, 

Fig. 4  Gene expression of stem cell markers, inflammatory cytokines, neurotrophic factors and the migration activity (A) Gene expression 
of NANOG, Oct-4, CXCR4, and SOX-9. *p < 0.05. All data are expressed as the mean ± SD (n = 3). The student’s t-test was used to compare two 
groups. B Representative immunofluorescent images of CXCR4 staining on AdMSCs from ME7-infected and negative control (CTL) mice. CXCR4 
was detected using an anti-CXCR4 antibody (red), and nuclei was counterstained with DAPI (blue). Scale bars are 50 µm. C Quantitative analysis 
of CXCR4 fluorescence intensity. ***p < 0.001. All data are expressed as the means ± SD (n = 3). The student’s t-test was used to compare two 
groups. D Transwell migration assay showed a decrease in the number of migrated AdMSCs in ME7-infected group compared to the control group. 
E Statistical analysis of migration activity after 24 h. ***p < 0.001. All data are expressed as the means ± SD (n = 3). The student’s t-test was used 
to compare two groups. F Scratch assay of AdMSCs for 24 h. Photographs were taken at 0 and 24 h after scratching. Scale bars are 100 µm. G 
Statistical analysis of wound healing. *p < 0.05. All data are expressed as the mean ± SD (n = 3). The student’s t-test was used to compare two groups. 
H Gene expression of CCL5, TNF-α, C3, iNOS, and IL6. I Gene expression of BDNF. *p < 0.05 and **p < 0.01. All data are expressed as the mean ± SD 
(n = 3). The student’s t-test was used to compare two groups
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cytokine–cytokine receptor interaction, and human pap-
illomavirus infection showed high enrichment among the 
log2FC upregulated genes (Supplementary file 2) (Fig. 6B, 
C). Collectively, these findings provide further evidence 
that ME7 infection may negatively impact AdMSCs.

Validation of RNA‑Seq by RT‑PCR
The inflammatory response associated with prion dis-
ease is increased, as indicated by elevated levels of vari-
ous cytokines. Among these cytokines, which contribute 
to the development of prion diseases through direct or 
indirect interactions, are Ccl11, Cyp7b1, Dio3, Hp, and 
TNFSF8 [46–49]. To validate the RNA-Seq findings of 
these genes with significance at log2FC ≤ − 2 or ≥ 2, 
RT-PCR was used. Those analyses confirmed the over-
expression of Ccl11, Cyp7b1, Dio3, Hp, and TNFSF8, 
originally detected in the RNA-Seq, in AdMSCs from 
ME7-infected mice compared with the negative control 
AdMSCs (Fig.  7A). The haptoglobin (Hp) gene was the 
top DEG (11-fold increase) in ME7-infected AdMSCs 

vs. the negative controls. Hp plays an important role in 
cellular iron storage via hemoglobin-dependent path-
ways [50]. Therefore, we further investigated hepcidin, 
the central regulator of systemic iron homeostasis [51]. 
As shown in Fig. 7B, AdMSCs from ME7-infected mice 
demonstrated upregulation of the hepcidin gene relative 
to controls, suggesting the underlying mechanism of iron 
accumulation and associated toxicity in prion disease [52, 
53].

Discussion
Disruption of biological networks causes activation of 
several pathogenic processes during disease develop-
ment. Prion disorders cause alterations in the expression 
of hundreds of genes and cellular processes, such as PrPSc 
accumulation, microglial/astrocytic activation, synaptic 
degeneration, and neuronal cell death [54]. MSCs are a 
promising candidate for cell-based therapy to treat neu-
rodegenerative diseases, including prion diseases [15, 55, 
56]. However, individuals who stand to benefit from stem 

Fig. 5  A Diagram of the prion mouse model and RNA-Seq experiment. B Heatmap of differentially expressed genes (DEGs) 
between adipose-derived mesenchymal stem cells (AdMSCs) isolated from ME7-infected mice and those from negative controls. Yellow stripes 
in the figure represent high-expression genes, and blue stripes represent low-expression genes. C Volcano plot of DEGs and the number 
of up- and downregulated genes based on fold changes and p-values. Significantly upregulated genes (adjusted p-value ≤ .05 and log2(FC) > 1) are 
in orange; significantly downregulated genes (adjusted p-value ≤ .05 and log2(FC) < 1) are in blue (D)
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cell treatments often present with coexisting systemic 
disorders that could impair the ability of their own stem 
cells to function in autologous transplantation [57]. It is 
recommended that the cellular characteristics, including 
an entire transcriptome analysis, of MSCs from a model 
of prion infection be completed before clinical applica-
tion to optimize clinical outcomes. We hypothesized that 
prion infection might alter the transcriptome of AdM-
SCs. To identify the related underlying processes, we 
concentrated on a transcriptome analysis using the RNA-
Seq technique.

Initially, we assessed the characteristics and phenotypic 
distinctions of AdMSCs isolated from ME7-infected and 
negative control mice. We found that AdMSCs isolated 

from ME7-infected mice had lower viability and larger 
cell sizes, hallmarks of cellular senescence [58]. Simi-
lar observations of reduced growth potential have been 
reported in MSCs derived from patients with other neu-
rodegenerative diseases, such as multiple sclerosis [59] 
and amyotrophic lateral sclerosis [60]. Furthermore, it 
has been reported that BM-MSCs isolated from ani-
mals with scrapie prion infection showed a significant 
decrease in viability compared with the controls [24]. 
That diminished growth potential has been suggested to 
indicate that prion infection modulates MSCs in ways 
that lead to apoptotic cell death and senescence through 
autonomous and non-autonomous mechanisms [39]. 
These characteristic results are consistent with RNA-Seq 

Fig. 6  Functional classification of gene ontology (GO) enrichment clusters. A The 10 most significant pathways of differentially expressed genes 
(DEGs) terms between adipose-derived mesenchymal stem cells (AdMSCs) isolated from ME7-infected mice and those from negative controls 
were annotated according to ontology category: a. biological process, b. cellular component, and c. molecular function. X- and Y-axes indicate 
the number of DEGs and GO-term gene classification, respectively (***p < 0.001). B Significant KEGG functional pathways and (C) a heatmap 
of the enriched KEGG pathways (***p < 0.001)
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data that showed upregulation of growth arrest–specific 
genes, Gas1 and CCN5, and a gene associated with apop-
tosis, caspase-12, in AdMSCs isolated from ME7-infected 
mice, implicating the dependent pathway in neurodegen-
erative prion disease [61]. AdMSCs from both negative 
control and ME7-infected mice expressed the MSC sur-
face markers CD105, CD90, and CD44 in flow cytometry, 
confirming their “stemness” [12].

Transplanted MSCs have demonstrated their ability to 
migrate to brain regions affected by prions, driven by the 
release of trophic factors that promote endogenous heal-
ing processes in the damaged brain [62]. CXCR4 sign-
aling plays an important role in the regulation of stem 
cell migration and development [63, 64]. Our research 
revealed that AdMSCs isolated from ME7-infected mice 
exhibited a significantly reduced CXCR4 expression com-
pared to negative control group. We further evaluated 
the migratory capabilities of both groups of AdMSCs 
through Transwell migration and scratch wound assays, 
which showed that ME7 infection negatively affected 
the migration of AdMSCs. Overall, this reduced CXCR4 
expression may impair the therapeutic potential of AdM-
SCs in autologous transplantation scenarios.

Additionally, we measured the mRNA expression of 
genes correlated with prion disease in AdMSCs and 
found significant increases in inflammatory cytokines 
such as CCL5, complement protein C3, TNFα, and 
IL6. Those upregulated genes are associated with reac-
tive astrocytes [45, 65]. Modulations of BDNF and its 

signaling pathway in prion disease have been studied pre-
viously and demonstrated downregulation [66]. In our 
results, gene expression of BDNF decreased in AdMSCs 
isolated from ME7-infected mice, but the difference was 
not significant. This result is evidence that prion infection 
has adverse effects on AdMSCs and affects the potential 
use of autologous AdMSCs for therapy.

Prion disease is a gene-related disease [67]. Grow-
ing evidence suggests that various genes and cellular 
pathways are involved in the onset and progression of 
CJD [68]. However, AdMSC transcriptional alterations 
in response to prion infection have not been fully char-
acterized. In our study, we used RNA-Seq to identify 
DEGs in AdMSCs isolated from prion-infected mice. 
We found that many genes were differentially expressed 
between AdMSCs from ME7-infected mice and those 
from negative controls. Our GO analyses highlighted the 
upregulation of biological processes such as ECM organi-
zation, extracellular structural organization, ECM struc-
tural constituents, and external encapsulating structure 
organization. ECM changes were previously described 
in prion diseases to increase PrPSc deposition [69]. Col-
lagen has been shown to have significant association 
with prion accumulation [70]. Various types of collagen, 
including COL1A1 and COL3A1, have been found to be 
induced in multiple sclerosis lesions [71] and implicated 
in promoting Alzheimer’s-like disease in mice [72]. Our 
results indicate the upregulated expression of several col-
lagen genes (COL14A1, COL6A2, COL28A1, COL3A1, 

Fig. 7  Validation of RNA-Seq analysis (A) The relative expression levels of Ccl11, Cyp7b1, Dio3, Hp, and TNFSF8 were analyzed in adipose-derived 
mesenchymal stem cells (AdMSCs) isolated from ME7-infected and negative control mice. Reverse transcription-polymerase chain reaction 
was performed to confirm the increase in the expression of those genes in AdMSCs. B The relative expression levels of HAMP was analyzed 
in AdMSCs isolated from the two groups. All data are expressed as the means ± SD (n = 3). The student’s t-test was used to compare two groups; * 
p < 0.05 and ** p < 0.01 compared with the corresponding control. Ccl11, C–C motif chemokine 11; Cyp7b1, cytochrome P450 family 7 subfamily B 
member 1; Dio3, iodothyronine deiodinase 3; Hp, Haptoglobin; TNFSF8, tumor necrosis factor superfamily member 8. HAMP, hepcidin antimicrobial 
peptide
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COL15A1, COL24A1, and COL8A2) in AdMSCs isolated 
from ME7-infected mice, suggesting their involvement 
in molecular function and cellular components. In addi-
tion, a subset of genes associated with the innate immune 
response and inflammation, such as chemokines and 
cytokines, has been implicated in prion diseases [73–75]. 
This association might be the result of an inflamma-
tory response to brain injury, which often manifests as 
microglial activation and astrogliosis [76]. Therefore, spe-
cific treatments to reduce inflammation are promising 
approaches for prion disease [77, 78]. Functional analysis 
of our RNA-Seq data revealed an enhanced inflamma-
tory response in AdMSCs isolated from ME7-infected 
mice through an increase in chemotaxis production and 
cytokine-mediated receptors. In particular, PTGDR2 is 
involved in a wide variety of neurophysiological func-
tions [79]. The upregulation of INAFM1, TNFSF8, 
TGTP1, IFNLR1, Ccl3, Ccl8, IL1RN, MMP3, and Ccl11 
was detected in the present DEG results, and previ-
ous studies have shown potential associations between 
those genes and prion diseases or other neurodegenera-
tive disorders [49, 80, 81]. Our data indicate a high like-
lihood of PrPSc deposition in MSCs from prion-infected 
donors, as reported previously in  vitro [25]. Also, these 
results might explain the incomplete therapy and PrPSc 
accumulation observed from the autologous use of MSCs 
for prion disease [82]. We selected DEGs (Ccl11, Cyp7b1, 
Dio3, Hp, and TNFSF8) for further analysis by RT-PCR 
and observed consistent fold changes in their expression 
between the RNA-seq and RT-PCR analyses, confirming 
the validity of both the RNA-seq data and the alignment 
analysis.

PrPC was modeled to have a role in iron homeosta-
sis because PrPC knockout mice exhibited reduced iron 
uptake and transport [53]. An imbalance in brain iron 
homeostasis is significantly associated with neurotoxicity 
in prion-infected cell and mouse models [52, 83]. Here, 
significant GO functional terms related to iron metabo-
lism genes (SLC38A4, SLC1A3, SLC16A12, Hp, NOXO1, 
SERPINA3N, SOD3, PTGDR2, Ccn5, DIO3, CYP7B1, 
Ccn3, CPXM2, CP, ITGA11, CSF2, and SPON2) [84–86] 
were detected in AdMSCs isolated from ME7-infected 
mice. Interestingly, the Hp gene was the top DEG (11-fold 
increase) in ME7-infected mice compared with the nega-
tive controls. That encouraged us to look at the expres-
sion of hepcidin, encoded by the HAMP gene, as a central 
regulator of systemic iron homeostasis [86]. Those results 
demonstrated upregulation of hepcidin relative to nega-
tive controls. Chaudhary et  al. showed that brain hep-
cidin contributes to neuronal iron accumulation and 
ROS-mediated toxicity in prion disease [83]. Ferropto-
sis, an iron-dependent form of regulated cell death, has 
recently been associated with neurodegenerative diseases 

[87]. The specific regulatory mechanisms of ferroptosis 
in prion diseases need to be explored. A limitation of the 
current study is that we used only the ME7 prion strain; 
thus, it is necessary to validate our study results with 
other prion strains.

Conclusions
In this study, we investigated the characterization and 
transcriptome profile of AdMSCs isolated from ME7-
infected mice. These cells revealed a lower proliferation 
rate, upregulated inflammatory genes associated with 
reactive astrocytes, and downregulated expression of 
the stem cell marker CXCR4 compared with basal lev-
els. Furthermore, ME7 infection has a negative impact 
on the migratory activity of AdMSCs. The RNA-Seq 
analysis returned 367 DEGs between AdMSCs from 
ME7-infected mice and those from the negative controls. 
We also showed that iron metabolism modulators are 
involved in prion infection, suggesting that they play an 
important role in prion pathogenesis and neurotoxicity. 
Based on the current study results, autologous AdMSCs 
might not be suitable for MSC-based therapy for prion 
diseases.
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