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A B S T R A C T

Mesenchymal Stem Cells (MSCs) derived from the embryonic mesoderm persist as a viable source of multipotent 
cells in adults and have a crucial role in tissue repair. One of the most promising aspects of MSCs is their ability to 
trans-differentiate into cell types outside of the mesodermal lineage, such as neurons. This characteristic posi-
tions MSCs as potential therapeutic tools for neurological disorders. However, the definition of a clear MSC 
signature is an ongoing topic of debate. Likewise, there is still a significant knowledge gap about functional 
alterations of MSCs during their transition to a neural fate. In this study, our focus is on the dynamic expression 
of RNA in MSCs as they undergo trans-differentiation compared to undifferentiated MSCs. To track and correlate 
changes in cellular signaling, we conducted high-throughput RNA expression profiling during the early time- 
course of human MSC neurogenic trans-differentiation. The expression of synapse maturation markers, 
including NLGN2 and NPTX1, increased during the first 24 h. The expression of neuron differentiation markers, 
such as GAP43 strongly increased during 48 h of trans-differentiation. Neural stem cell marker NES and neuron 
differentiation marker, including TUBB3 and ENO1, were highly expressed in mesenchymal stem cells and 
remained so during trans-differentiation. Pathways analyses revealed early changes in MSCs signaling that can be 
linked to the acquisition of neuronal features. Furthermore, we identified microRNAs (miRNAs) as potential 
drivers of the cellular trans-differentiation process. We also determined potential risk factors related to the neural 
trans-differentiation process. These factors include the persistence of stemness features and the expression of 
factors involved in neurofunctional abnormalities and tumorigenic processes. In conclusion, our findings 
contribute valuable insights into the intricate landscape of MSCs during neural trans-differentiation. These in-
sights can pave the way for the development of safer treatments of neurological disorders.

1. Introduction

Mesenchymal Stem Cells (MSCs) serve as a valuable and sustainable 
source of multipotent cells involved in the regeneration of mesodermal 
tissues (Hoang et al., 2022; Rohban and Pieber, 2017; Vasanthan et al., 
2020). They differentiate into mesodermal cell types, such as osteo-
blasts, chondrocytes, and adipocytes (Hmadcha et al., 2020). Moreover, 
MSCs possess the ability to trans-differentiate into various cell types 

from outside the mesodermal lineage, such as astrocytes, oligodendro-
cytes, and neurons. This trans-differentiation process can be induced by 
in vitro stimulation with specific differentiation media (Hermann et al., 
2004; Hernandez et al., 2020; Kopen et al., 1999).

The ability of MSCs to develop into specific cell types combined with 
their ethical advantages over embryonic stem cells highlights their 
immense potential for therapeutic applications in personalized medicine 
(Feier et al., 2022; Harris, 2014; Hoang et al., 2022; Volarevic et al., 
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2018). The neural trans-differentiation capacity of MSCs has attracted 
significant interest for therapeutic interventions in neurological injuries 
and neurodegenerative diseases such as Parkinsońs and Alzheimeŕs 
disease (Hernandez et al., 2020; Rahbaran et al., 2022). Ongoing clinical 
trials explore replacing damaged neuronal cells with trans-differentiated 
MSCs derived from the adult bone marrow (Choudhary et al., 2021; 
Hernandez et al., 2020; Hoang et al., 2022). To ensure safe use in clinical 
applications, it is crucial to have a comprehensive understanding on the 
processes that underlie MSC neural trans-differentiation (Lee et al., 
2021; Lukomska et al., 2019; Musial-Wysocka et al., 2019). A thorough 
characterization could lead to more effective cell therapy approaches 
(Pittenger et al., 2019). However, the changes in cellular signaling that 
guide MSCs to their trans-differentiated state are still not fully under-
stood (Choudhary et al., 2021; Hernandez et al., 2020; Lee et al., 2021).

Heterogeneous results have been reported for the molecular char-
acteristics that define the MSC identity (Musial-Wysocka et al., 2019; 
Pittenger et al., 2019; Wang et al., 2021). A growing body of evidence 
could help to improve these criteria at the starting-point of the 
trans-differentiation process (Pittenger et al., 2019). Though, 
time-course RNA expression data are particularly useful to track and 
correlate changes in cellular signaling (Bar-Joseph et al., 2012; Diener 
et al., 2023a, 2020), only a few efforts have been made to decipher the 
transcriptional restructuring that directs MSCs towards their neuronal 
fate (Cortes-Medina et al., 2019; Khan et al., 2020), resulting in a 
disjointed picture of the relevant functional connections. Likewise, 
limited information is provided on factors that entail long-term thera-
peutic risks, including the expression of genes that bear tumorigenic 
potentials (Hernandez et al., 2020; Musial-Wysocka et al., 2019).Neu-
ron-like morphologies can be observed as early as 48 hours after the 
initiation of the trans-differentiation process (Cortes-Medina et al., 
2019; Miao et al., 2017). Based on this, we focused on this early 
time-window and generated time-resolved RNA expression data during 
the trans-differentiation of human bone marrow-derived MSCs 
(hBMSCs). We found relevant changes in cellular signaling that can be 
linked to the acquisition of neuronal features. Our study also uncovers 
potential issues that should be acknowledged when assessing the utility 
of MSC-derived neurons for therapeutic interventions. The transcripts 
and microRNAs with prominent time-course changes are both provided 
in an atlas format.

2. Materials and methods

2.1. Cultivation of human bone marrow derived mesenchymal stem cells 
(hBMSCs)

Human BMSCs (C-12974) were obtained from PromoCell GmbH 
(Heidelberg, Germany). The cell samples were derived from femoral 
head samples of a 66- (lot# 451Z012.3) and a 72-year-old (lot# 
475Z010.3) female Caucasian donor, respectively. To strengthen the 
significance of the results, the RNA analyses were carried out on the cells 
of one donor and the protein-staining validation on the cells of the other 
donor, as indicated below. Corresponding cell charges were approved 
and certified by the supplier with immune staining and flow cytometric 
analyses. The cells were seeded at a density of 100,000/25 cm2 flask 
with Mesenchymal Stem cell Growth Medium (PromoCell) and 
expanded for 1–2 passages before induction of the trans-differentiation.

2.2. Induction of neural trans-differentiation and collection of time-course 
samples

For neural trans-differentiation the BMSCs (lot# 451Z012.3) were 
seeded on fibronectin coated flasks and were allowed to reach a cell 
density of 60–80 % confluence. Once the appropriate confluence was 
reached, trans-differentiation induction was started by addition of Stem 
Cell Neurogenic Differentiation Medium (C-28015, PromoCell). Prior to 
this differentiation induction, the 0 h sample was collected.

Cellular samples were collected from 25 cm2 culture flasks at 0, 3, 6, 
9, 12, 24 and 48 h after addition of Neurogenic Differentiation Medium. 
Four independent replicates of the time-course experiment were per-
formed resulting in a total of n=28 cell samples that were subject to 
subsequent RNA expression analyses. For cellular staining analyses, 
differentiation experiments were repeated with an independent bio-
logical replicate of cells (lot# 475Z010.3) and examined for represen-
tative time-points.

In a control experiment BMSCs were seeded on flasks with MSC 
Growth Medium 2 (C-28009, PromoCell). Cellular samples were 
collected at 0, 3, 6, 24 and 48 h after reaching 60 % confluence.

2.3. Staining of neural protein markers and fluorescence microscopy

Trans-differentiation experiments were repeated, to examine protein 
expression. Representative time-points were selected based on the in-
formation from time-course RNA expression data. For immune fluores-
cence analysis, BMSC were cultivated on fibronectin coated glass slides 
and allowed to reach 60–80 % confluence. Cells on glass slides for 0 h 
samples were methanol fixed when they reached 60–80 % confluence. 
Cells on glass slides for 9 h, 24 h, 48 h, 3 days and 7 days samples were 
differentiated by addition of Stem Cell Neurogenic Differentiation Me-
dium and methanol fixed at the indicated time-points.

Cells on glass slides were permeabilized using 0.1 % Triton X100 for 
15 minutes, blocked with 1 % goat serum for 30 minutes and incubated 
with primary antibodies: rabbit anti-NP-I 1:100 (Abcam, ab300404); 
rabbit anti-MCP1 1:50 (Abcam, ab214819); mouse anti-Nestin 1:200 
(Abcam, ab18102); rabbit anti-ß-III-Tubulin 1:200 (Abcam, ab18207) 
for one hour. After three PBS washing steps, secondary antibodies were 
added (goat anti-rabbit-Alexa Fluor 594 to detect NP-I and MCP1; goat 
anti-mouse-Alexa Fluor 594 and goat anti-rabbit-Alexa Fluor 488 to 
detect Nestin and ß-III-Tubulin) 1:500. Nuclei were counterstained with 
DAPI.

2.4. Total RNA extraction, quantification and quality control

Cellular total RNA was extracted following the manufacturers’ in-
structions from miRNeasy Mini Kit (Qiagen, Hilden, Germany). Con-
centrations of the isolated samples were determined by NanoDrop™ 
2000c Spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, 
USA). RNA integrity was verified using an Agilent 2100 Bioanalyzer 
instrument with the RNA Nano Kit (Agilent Technologies, Santa Clara, 
CA, USA).

2.5. Analysis of time-resolved RNA expression profiles

miRNA and transcriptome profiles were determined based on the 
same total RNA samples. High-throughput miRNA and transcriptome 
expression analyses were conducted as detailed in a previous publica-
tion (Diener et al., 2020) using microarray systems from Agilent Tech-
nologies (miRNA: Complete Labeling and Hyb Kit with Human SurePrint 
G3 Unrestricted miRNA arrays (Release 21.0, G4872A); transcriptome: 
Low Input Quick Amp Labeling Kit and the Gene Expression Hybridi-
zation Kit with Human SurePrint G3 Gene Expression Microarrays (V3, 
G4851C)). For transcriptome analyses, cRNA was purified using RNeasy 
Mini Kit (Qiagen) and cRNA concentrations were determined with a 
NanoDrop™ 2000c Spectrophotometer (Thermo Fisher Scientific Inc.).

2.6. Validation of time-resolved RNA expression patterns by quantitative 
reverse transcription polymerase chain reactions (RT-qPCRs)

The total RNA (500 ng) was reverse transcribed to cDNA using the 
QuantiTect RT Kit, (Qiagen GmbH, Hilden, Germany). For the qPCR 
analyses, 5 ng of the resulting cDNAs were used together with the 
SYBR® Green PCR Kit (Qiagen) and with Qiagen QuantiTect assays: NES 
(QT00235781), NPTX1 (QT00083846), NLGN2 (QT00007189), TUBB3 
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(QT00083713), GAP43 (QT00023639), ITGA5 (QT00080871), PRSS35 
(QT00204113), ANLN (QT00011585), MMP13 (QT00001764). The 
qPCRs were run on a QuantStudio3™ Real-Time PCR System (Applied 
Biosystems™, Foster City, USA). Relative expression levels of the 
analyzed genes were determined with reference to GAPDH (Primer 
Assay: QT00079247) that served as endogenous control. Data evalua-
tion was conducted using the Applied Biosystems™ Analysis Software, 
Relative Quantification Analysis Module, VERSION 4.3 (Thermo Fisher 
Scientific Inc.). Due to insufficient sample quantities, only three of the 
original four time-course replicates were included in the RT-qPCRs an-
alyses. All analyses were conducted in duplicate technical replicates 
from each of the three biological replicates resulting in six analyses per 
tested gene and time-point.

In addition to RT-qPCR analysis of differentiated MSCs we investi-
gated BMSCs with RT-qPCR during growth in MSC Maintenance Me-
dium as described above.

2.7. Quantitative evaluation of miRNA expression data

For a quantitative evaluation of the miRNA expression data, a pre-
viously determined calibration curve (Diener et al., 2020) was applied to 
the accordingly processed data of the employed microarray analysis 
system. Using Avogadro′s constant and assuming a total amount of 20 pg 
total RNA per cell (Monaco et al., 2012; Tang et al., 2019), absolute 
miRNA expression values [molecules/cell] were extrapolated.

2.8. Microarray processing and statistical comparisons

Microarray image analysis was conducted using Feature Extraction 
software (Agilent Technologies, Santa Clara, CA, USA). Absence of gene 
expression was specified by no detection throughout the microarray 
image analysis and excluded from further analysis. The raw microarray 
data were concatenated into one matrix using Python in version 3.7 with 
the package “NumPy” in version 1.16.4. Further, the data were back-
ground corrected, quantile normalized and log2-transformed with R in 
version 3.5.1 with the packages “data.table” (v 1.12.0) and “Bio-
conductor-preprocesscore” (v 1.46.0). The processing was applied for 
the transcriptome and miRnome data, respectively. To determine me-
dians, fold changes and t-tests, while obtaining the DEG analysis, R in 
version 4.0.3 was used with the package “data.table” in version 1.14.2. 
P-values were adjusted using the Benjamini-Hochberg method. An 
adjusted p-value of ≤ 0.05 was considered statistically significant. As for 
the pair-wise comparisons between the four replicated time-course ex-
periments, correlation coefficients (Pearson) were determined by using 
GraphPad Prism software in version 10.1.1 (Graphpad Software, Inc.). 
Unless otherwise stated, high expression levels were defined by a log2 
expression >7.

2.9. Clustering analyses

For the trajectory analysis of the transcriptomic data the expression 
values where standardized via z-scores by transcript (mRNA). The 
clustering of the transcripts by their time trajectory was performed using 
the fuzzy c-means algorithm. The optimal number of clusters was 
selected by investigating the minimum centroid distance measure. The 
miRNA trajectory analysis was accomplished analogously. R in version 
4.1.2 was used with the packages data.table (v 1.14.2) and Mfuzz (v 
2.54.0), the last package was used for z-scoring and clustering.

2.10. Integration of known miRNA-target interactions

Lists of known miRNA-target relations were obtained from the 
miRTargetLink 2.0 online tool (Kern et al., 2021a) performing a search 
on the designated miRNAs under the criterion of a “strong validation” 
typus for the evidenced target interaction. Results were compared with 
the list of prominently altered mRNA transcripts.

2.11. Determination of functional interactions and pathway enrichment 
analyses

Functional interactions were analyzed by and exported from STRING 
database (version 11.5; https://string-db.org/) (Szklarczyk et al., 2021), 
excluding text-mining from the selection of active interaction sources 
and hiding the disconnected nodes. Pathway enrichment analyses were 
conducted by the embedded feature of corresponding STRING interac-
tion networks (“Functional enrichments in your network”). In desig-
nated cases, subnetworks were represented for the enrichment of certain 
cellular processes.

3. Results

3.1. Experimental setup and quality control

Towards the establishment of neuron-like phenotypes, the cellular 
processes during the first two days of MSC trans-differentiation are yet to 
be deciphered. We conducted a detailed time-course RNA expression 
profiling (Fig. 1A) during the early trans-differentiation of hBMSCs. 
Cells were grown on fibronectin coated flasks and time-course samples 
were collected at 0, 3, 6, 9, 12, 24 and 48 h after addition of a standard 
commercial neurogenic differentiation medium. High quality of the 
RNA time-course samples was confirmed by RNA integrity numbers 
(RIN) ranging from 9.3 to 10.0. High-throughput RNA expression ana-
lyses were conducted for both the transcriptome and the miRnome.

3.2. Transcriptome based characterization of the MSC identity

To contribute to a better definition of MSC signatures, we examined 
the expression of conventional MSC markers and of recently reported 
gene signatures in the analysis of our transcriptomics data (Fig. 1B and 
C). We first focused on the time-point before stimulation of the trans- 
differentiation process i.e., the 0 h time-point of our time-course 
analyses.

Our data confirmed high mRNA expression levels of the conventional 
MSC positive markers, CD90/THY1, CD73/NT5E, and CD105/ENG, as 
defined by the International Society for Cellular Therapy (ISCT) 
(Dominici et al., 2006). Corresponding median log2 expression levels at 
the 0 h time-point ranged between 10.48 and 15.42. Antibody staining 
had confirmed these markers on the surfaces of 91 % of the cells (data 
provided by the PromoCell GmbH, Heidelberg, Germany).

Based on the definition by the ISCT, absence of CD11B or CD14, 
CD19 or CD79A, CD34, CD45, and HLA-DR surface molecules is also 
characteristic for the MSC identity (Dominici et al., 2006). Accordingly, 
we found comparatively low RNA expression levels of CD11B/ITGAM 
(median log2 expression: 5.13), CD14 (median log2 expression: 6.57), 
CD19 (median log2 expression: 4.27), CD34 (median log2 expression: 
4.02) and CD45/PTPRC (median log2 expression: 4.74). We found high 
mRNA expression for CD79A with a median log2 expression of 11.30. We 
detected comparatively low expression levels of most HLA-DR subtypes. 
The detected HLA-DRA, HLA-DRB4, HLA-DRB5 transcripts showed a 
median log2 expression of 4.02, 3.91 and 3.27, respectively. HLA-DRB3 
was not detected by our RNA expression analyses. Two mRNA isoforms 
of HLA-DRB1 (NM_002124, NM_001359194), however, were found with 
high mRNA expression levels and median log2 expressions of 7.45 and 
8.54, respectively. As for the negative MSC markers CD14, CD34, CD45 
CD19 and HLA-DR, protein expression was only found on the surfaces of 
2–8 % of the cells (data provided by PromoCell).

Extending our MSC marker analysis to other recently suggested 
signature genes (Rohart et al., 2016), we confirmed high mRNA 
expression of ALCAM/CD166 (median log2 expression: 13.36), ANPEP 
(median log2 expression: 12.51), CD44 (median log2 expression 
NM_001202557: 7.61; NM_001202557: 15.63), ITGA5 (median log2 
expression: 12.74), MME (median log2 expression: 9.60) and PDGFRB 
(median log2 expression: 12.75). We detected comparatively low mRNA 
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expression levels of the recently reported negative markers (Oguma 
et al., 2022; Rohart et al., 2016) CD20/MS4A1 and PECAM1 (median 
log2 expression: 5.02).

3.3. Overall time-course expression changes

Extending our evaluation to further time-points of the early trans- 
differentiation process, a change in mRNA expression was evident for 
most of the MSC marker genes. Compared to the 0 h time-point, 
declining and increasing expression patterns were detectable in both, 
the groups of positive and the negative markers. The overall largest 
expression changes were observed at the end of the time-course analysis, 
i.e., at the 48 h time-point.

Specifically, out of the positive markers (Fig. 1B), six transcripts 
showed a declining expression pattern towards the end of the time- 
course (CD73/NT5E, CD90/THY1, ANPEP, CD44 (NM_001202557), 
CD166/ALCAM, ITGA5), while three showed an increasing expression 
pattern (CD105/ENG, MME, PDGFRB) and one transcript remained 
rather constant (CD44 (NM_000610)). The largest time-course expres-
sion changes were observed for ITGA5 and MME. Compared to the 
beginning of the time-course, median log2 fold changes (log2 FCs) of the 
corresponding mRNA transcripts were − 1.53 and 2.78, respectively.

Out of the MSC negative markers (Fig. 1C), six transcripts showed an 
increasing expression pattern (CD14, HLA-DRA, HLA-DRB1 
(NM_002124), HLA-DRB4, HLA-DRB5, PECAM1), four showed a 
declining expression pattern towards the end of the time-course 
(CD11B/ITGAM, CD19, CD45/PTPRC, CD20/MS4A1) and three 
remained rather constant as compared to the beginning (HLA-DRB1 
(NM_001359194), CD34, CD79A). Here, the largest time-course 
expression changes were observed for CD20/MS4A1 and HLA-DRA 
with median log2 FCs of the corresponding mRNA transcripts at − 0.92 
and 5.99, respectively.

3.4. Grouping of transcripts in the early trans-differentiation process

We next identified transcripts with the most prominent time-course 
alterations and evaluated their functional relations. For each of the 
35,369 detected transcripts, the maximum and minimum expression 
levels throughout the time-course were determined based on the median 
results of four independent time-course experiments. Comparing the 
corresponding time-points, prominent expression changes were defined 
by a median fold change (FC) criterion of ≥ 1.5 and their statistical 
significance (p≤0.05) after False Discovery Rate (FDR) correction. We 
identified 18,443 transcripts with prominent time-course alterations, 
comprising 9,009 transcripts with an overall decreased expression and 
9,434 transcripts with an overall increased expression over the 48-hour 
time-period.

Comparing the expression data of the transcripts with prominent 
alterations revealed a very high concordance between the four repli-
cated time-course experiments (Fig. 1D), demonstrating a rather uni-
form progress of the trans-differentiation process. For most of the 
comparisons the correlation coefficients were above a level of 0.985. A 
slightly reduced correlation was only observed for replicate 1 at the 3 h 
time-point, likely indicating some technical issues as compared to the 
other time-course replicates. However, corresponding Pearsońs corre-
lation coefficients were still in a high range between 0.970 and 0.972. 
This consistency allowed grouping the prominently altered transcripts 

into distinct clusters, each with a specific expression pattern over the 
time-course.

3.5. Cellular processes associated with transcript clusters

Categorization of the overall 18,443 prominently altered transcripts, 
identified 15 distinct clusters of expression trajectories (Supplementary 
Figure S1). Cluster 11 encompassed the highest number of transcripts, 
with a total of 1,656, while cluster 3 represented the smallest group with 
897 transcripts (Fig. 2A left axis). To facilitate a comprehensive over-
view, the transcriptome and clustering data have been compiled in an 
atlas format and appended to the supplementary materials
(Supplementary Table S1).

To unveil functional associations with cellular processes, enrichment 
analyses for each of the clusters were performed using the STRING 11.5 
in silico tool (Szklarczyk et al., 2021). Considering “GO (Gene Ontology) 
biological processes” (Harris et al., 2004), the most significant terms 
were attributed to cluster 11 (n=390), whereas no significant relations 
to specific cellular processes were identified for Cluster 6. Supplemen-
tary table S2 summarizes the top 20 enriched GO processes for each 
cluster based on p-values (see also Supplementary table S3). Corre-
sponding functional associations can be assigned to various head cate-
gories, including “cellular adhesion”, “ribosome production and 
function”, “transferRNA production and function”, “mitosis and repli-
cation”, “immune system and interferone signaling”, “transcriptional 
activity”, “metabolism”, and “development and differentiation”.

Upon searching for the terms “neuron” and “nervous” among the 
significantly enriched processes, specific functions were identified for 
four out of the 15 clusters, including the clusters 3, 7, 10, and 12 (Fig. 2A 
right axis). The expression trajectory of cluster 3, exemplified by the 
NPTX1 transcript, showed an early increase followed by a plateau-like 
phase and a sharp decrease for the remaining time-points (Fig. 2B). 
Cluster 7, represented by the BDNF transcript, exhibited an early in-
crease followed by a very slight decrease at later time points (Fig. 2C). 
The expression trajectory of cluster 10, as represented by the CCL2 
transcript, displayed an early decrease followed by a sharp increase for 
the remaining time points (Fig. 2D). Cluster 12, exemplified by the SOX4 
transcript, represented a sharp increase, followed by a short decrease 
and a steady increase during the time course (Fig. 2E).

Besides the enriched GO processes, we identified enrichment of 
various “Monarch human Phenotype Ontology” (Monarch HPO) 
(Shefchek et al., 2020) terms denoting specific relations to neurological 
abnormality and Central Nervous System (CNS)-associated diseases 
(Supplementary Table S3). These terms were significantly enriched in 
clusters 12 and 15. Among the genes in cluster 12 that were associated 
with “Abnormality of the nervous system (HP:0000707)” (adj. 
p=5.60×10− 3; n=248) were for example CYP1B1, MGP, and NTN1. 
Among the genes in cluster 15 that were associated with “Neuro-
developmental abnormality (HP:0012759)” (adj. p=1.02×10− 2; 
n=160) were for example NEK2, BLM, and NALCN.

Next, we exemplarily show protein expression of the neuronal pen-
traxin 1 (NPTX1/NP-I) and C-C motif chemokine ligand 2 (CCL2/MCP1) 
during 48 h of trans-differentiation. For each time-point and each pro-
tein, expression was analyzed in 100 cells. Our cellular protein staining 
shows moderate fluorescence intensities of NPTX1 in about 25 % of the 
MSCs prior to the differentiation (Fig. 2F). After 9 h of trans- 
differentiation, the cells exhibited strong fluorescence intensities with 

Fig. 1. Overview of the experimental design, evaluation of MSC identity markers and time-course correlation of prominently altered transcripts.A: Trans- 
differentiation was in vitro stimulated by neurogenic differentiation medium to human BMSCs that were grown on the surface of fibronectin coated flasks. Cell 
samples for subsequent high-throughput mRNA and miRNA expression analyses were collected at early time-points (0, 3, 6, 9, 12, 24 and 48 h) after induction of the 
trans-differentiation process. The experiment was repeated in four replicates, resulting in a total of 28 RNA time-course samples.B, C: The time-course RNA signatures 
of MSC positive (B) and negative markers (C). Median log2 time-course expression patterns are shown for established and recently introduced MSC identity markers, 
respectively. Separation between these groups is indicated by the red dashed horizontal line. 
D: Expression data of 18,443 transcripts with prominent time-course alterations were compared between the four replicated (rep.) experiments. Resulting Pearsońs 
correlation coefficients (PCCs) are summarized in a correlation matrix.
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a strong staining of cellular extensions. After 24 h and 48 h of trans- 
differentiation only about 8 % and 0.5 % of the cells, respectively, 
showed NPTX1 immune fluorescence. Protein expression analysis of 
CCL2 expression (Fig. 2G) showed weak fluorescence staining all cells at 
the 0 h time-point. After 9 h of trans-differentiation, almost 50 % of cells 
exhibited CCL2 immune fluorescence, albeit at low intensities. After 
24 h and 48 h of trans-differentiation 75 % and 90 % of cells, respec-
tively, showed enhanced CCL2 fluorescence staining. Overall, our im-
mune fluorescence analyses are consistent with the expression changes 
observed by the RNA time-course analyses.

3.6. Cellular processes associated with most altered transcripts

In-depth examination of the top 100 transcripts with the most 
outstanding fold changes revealed high time-course correlations (Fig. 3A 
and B). For the specific comparisons, most correlation coefficients were 
above 0.94. Slightly reduced correlations were only observed for repli-
cate 1 at the 3 h time-point, ranging between 0.858 and 0.890 for the top 
100 decreasing and between 0.878 and 0.904 for the top 100 increasing 
transcripts, respectively.

An analysis of the top 100 decreasing transcripts revealed functional 
associations (Fig. 3C), such as with p53 signaling, including genes like 
GTSE1, RRM2, and CCNE2, and with cell cycle regulation, including 
CDC45 and MCM5. Others of the most decreasing transcripts were 
linked to the maintenance of stemness, including BIRC5, HMMR, and 
MYB.

For the top 100 transcripts with increasing expressions (Fig. 3D), 
functional associations with prostaglandin signaling were evident, 
including genes such as CHI3L1, PTGDS and PPARGC1A. In addition, 
among the top transcripts with increasing expression were genes 
involved in complement signaling, including C5AR1, CDKN1C (p57) and 
C1S/C1R and genes involved in extracellular matrix remodeling, such as 
MMP13, EFEMP1 and FMOD.

3.7. Time course expression of marker genes characteristic for the neural 
lineage differentiation and synapse maturation

To further depict the specificity of the MSC neurogenic trans- 
differentiation process, we evaluated the expression of characteristic 
marker genes for the neural lineage differentiation in context with our 
time-course experiments.

From the beginning of the time-course, high mRNA expression of the 
NSC marker nestin (NES) (median log2 expression at 0 h: 10.78) indi-
cated the neural differentiation capability of the analyzed MSCs 
(Minguell et al., 2005) (Fig. 4A). Likewise, high transcript levels of MSI1 
(median log2 expression: 8.23) and VIM (median log2 expression: 17.45) 
were observed at the 0 h time-point. Notably, the mRNAs of all the three 
NSC markers (Oikari et al., 2016a; Sun et al., 2008) showed rather 
constant decreases towards the end of the time-course, but still remained 
at high levels at the 48 h time-point (NES: 9.76; MSI1: 7.39; VIM : 
17.18). For NES and MSI1 these prominent decreases were statistically 
significant.

We next characterized the RNA expression of common neuron dif-
ferentiation markers (Coccini et al., 2023; Fan et al., 2020; Jandial et al., 
2008; McKenzie et al., 2018; Oikari et al., 2016a, 2016b; Shi et al., 2018; 
Sun et al., 2008) in context with our BMSC time-courses experiments 

(Fig. 4B).
Amongst the neuron markers with the highest overall expression, 

TUBB3 and ENO1 showed distinct transcript expression already at the 
0 h time-point, i.e. before stimulation of the trans-differentiation process 
(median log2 expression TUBB3 (NM_006086): 15.28; ENO1 
(NM_001428): 15.13). It is known that TUBB3 is expressed in mesen-
chymal as well as neural lineages (Tondreau et al., 2004). With time 
progression a minor decline of the corresponding mRNAs was observed. 
Compared to the time-points of maximal and minimal expression, ten 
out of the overall 22 marker transcripts, displayed prominent 
time-course increases (BTBD11 (NM_001018072), DISP2 (NM_033510), 
GAP43 (NM_002045), MAPT (NM_001123066), MAPT (NM_016835), 
NEFM (NM_005382), RBFOX3 (NM_001350453), SCN2A (NM_021007), 
SYT13 (NM_020826), ZMAT4 (NM_024645)) and were, thus, listed in 
the atlas of Supplementary Table S1. Vice versa, six of the marker 
transcripts displayed prominent time-course decreases (DLX2 
(NM_004405), ENO1 (NM_001428), ENO2 (NM_001975), GAD1 
(NM_013445), SERTM1 (NM_203451), SYN1 (NM_006950)).

In addition to general neuron markers, we also characterized the 
expression patterns of common markers for synapse maturation (Cline, 
2005; Coccini et al., 2023; Elias et al., 2008; Gomez de San Jose et al., 
2022; Krueger et al., 2012; Kwon and Chapman, 2011; Pelkey et al., 
2015; Varoqueaux et al., 2006) (Fig. 4C). Out of the 13 analyzed marker 
transcripts, six displayed a prominent increase in expression during the 
time-course (DLG4 (NM_001365), NLGN2 (NM_020795), NLGN4X 
(NM_001282145), NPTXR (NM_014293), NRXN2 (NM_138732), SYP 
(NM_003179)). For example, NLGN2 (NM_020795) continuously 
increased from a value of 9.60–11.93 during the initial 12 h of 
trans-differentiation. Afterwards the expression increase leveled off, 
reaching a maximum of 12.04 after 24 h, and ended with a final level of 
11.71 (48 h). Another isoform of NLGN2 (ENST00000575301) repre-
sented the transcript with the overall highest expression level and 
showed only minor changes with a short-term decrease from 12.92 to 
12.14 at the 3 h time-point. Two synapse maturation markers showed 
prominent time-course decreases (NPTX1 (NM_002522); NPTX2 
(NM_002523)). As described above and shown in Fig. 4C, the NPTX1 
transcript displayed a remarkable increase during the early 12 h of 
trans-differentiation (median log2 expression NPTX1 (NM_002522) 0 h: 
7.85; 12 h: 11.19). With time progression, inversion of this trend to-
wards an overall decline could be observed, resulting in a final median 
log2 expression level of 4.27.

We exemplarily evaluated the time-course protein detection of nestin 
(NES) and ß-tubulin III (TUBB3) in 100 cells (Fig. 4D-G and Supple-
mentary Fig. S2 A-D). At the beginning of the time course (0 h) nestin 
expression was detected in 50 % of the cells and decreased remarkably 
until 48 h with only few cells with nestin expression at the ends of cell 
extensions. In contrast ß-tubulin III expression at the beginning (0 h) 
was detectable in almost all cells. During the following 48 h ß-tubulin III 
expression was detectable in 95 % of cells with strong expression in 
whole cell bodies and extensions. To allow for further assessment, we 
extended our observations of NES and TUBB3 proteins to the advanced 
stages of the trans-differentiation (Fig. 4H and I and Supplementary 
Fig. S2E and F). Interestingly after 3 days cells with simultaneous nestin 
and ß-tubulin III expression in dendrites were detected and after 7 days 
nestin expression increased predominantly at the ends of dendrites, 
while ß-tubulin III expression decreased at the ends of those.

Fig. 2. Representation of prominently altered transcripts by 15 clusters of time-course expression trajectories.A: For the 18,443 prominently altered transcripts 
different shapes of expression trajectories are represented by 15 distinct clusters. The numbers of transcripts that have been assigned to each of the clusters are 
indicated by the black bars and the scale on the left axis. The numbers of significantly enriched Gene Ontology (GO) cellular processes per cluster are indicated by the 
gray bars and the scale on the right axis of the graph. Clusters that include functional connections to neurological processes are marked with arrows.B-E: Expression 
trajectories of the clusters that were enriched for neurological terms are exemplarily represented by NPTX1, BDNF, CCL2 and SOX4. Log2 expression data are shown 
as median results (line) with total ranges (filled areas) of the four replicated time-course experiments.F, G: Selected time-course expression patterns were confirmed 
by fluorescence microscopic analysis of neuronal pentraxin 1 (NPTX1) and C-C motif chemokine ligand 2 (CCL2) proteins. Characteristic time-points were chosen 
based on the corresponding time-course RNA expression data (see B, D). Representative fluorescence microscopic images were taken at a resolution of 40x. DAPI 
staining of cellular nuclei is depicted in blue and immune fluorescence staining of NPTX2 (F) or CCL2 (G) proteins is depicted in red, respectively.
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Fig. 3. Overview on the top hundreds of prominently altered RNA transcripts.A, B: Amongst the 18,443 prominently altered transcripts, the 100 with the highest fold 
changes were determined and separated according to decreasing (A) and increasing (B) expression levels. Corresponding expression data were compared between the 
four replicated (repl.) experiments. Resulting PCCs are summarized in the correlation matrices.C, D: The top 100 transcripts are listed and represented with their 
median log2 time-course expression. For the top 100 decreasing transcripts (C) associations with the p53 signaling, cell cycle progression and stem cell maintenance 
are marked by differently colored arrows as specified in the image. For the top 100 increasing transcripts (D) examples with functional associations to prostaglandin 
signaling, complement signaling and extracellular matrix remodeling are marked accordingly.
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Fig. 4. Time-course evaluation of neural stem cell (NSC), neuron differentiation and synapse maturation markers.A-C: Time-course RNA expression data were 
evaluated for markers of common neural stem cells (NSC), neuron differentiation (diff.) and synapse maturation markers. Log2 expression patterns of the corre-
sponding transcripts are shown as median results of the four time-course experiments.D-I: Selected time-course expression patterns were confirmed by fluorescence 
microscopic analysis of nestin (NES) and class III β-tubulin (TUBB3) protein expression. Protein analyses were conducted at selected time-points during the early 
trans-differentiation process (0, 24 and 48 h; D-G) and after an extended period of 3 days (H) and 7 days (I), respectively. We show two exemplary pictures of the 24 h 
time-point to emphasize the early structural alteration and ß-tubulin III expression within the cells. Representative fluorescence microscopic images were taken at a 
resolution of 40x. DAPI staining of cellular nuclei is depicted in blue. Immune fluorescence staining of NES and TUBB3 is depicted in red and green, respectively.
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3.8. Time-course expression of astrocyte and oligodendrocyte markers

We further extended the evaluation of our hBMSC time-courses data 
to various astrocyte (Fan et al., 2020; Jandial et al., 2008; McKenzie 
et al., 2018; Oikari et al., 2016b; Spurgat and Tang, 2022; Zhang et al., 
2019) and oligodendrocyte differentiation markers (Huang et al., 2020; 
Jandial et al., 2008; Li et al., 2017; McKenzie et al., 2018; Oikari et al., 
2016b; Zheng et al., 2018).

Nine out of the overall 18 astrocyte marker transcripts (Fig. 5A) 
displayed prominent time-course increases as specified above (CLDN10 
(NM_182848), HES1 (NM_005524), PRSS35 (NM_153362), S100B 
(NM_006272), SLC1A2 (NM_004171), STAT3 (NM_213662), TPD52L1 
(NM_001003395), TPD52L1 (NM_001292026), NDRG2 
(NM_001354565)). A distinct time-course increase was observed for 
example for PRSS35 (NM_153362). Starting at a median log2 expression 
value of 4.23, the expression quickly raised, but flattened towards the 
end of the time-course, resulting in final level of 9.65. Three of the 
astrocyte marker transcripts displayed prominent time-course decreases 
(ALDH1L1 (NM_012190), CD44 (NM_001202557), ID1 (NM_002165)). 
For example, the CD44 marker (NM_001202557), showed an initial 
median log2 expression of 7.61 (0 h) decreasing to a level of 6.70 (48 h). 
Another isoform of the CD44 marker (NM_000610) represented the 
astrocyte marker with the overall highest expression level and showed a 
rather constant expression trajectory during the time-course, ranging 
between 15.59 and 15.80.

Amongst the oligodendrocyte differentiation markers (Fig. 5B), 
PDGFRA showed the overall highest expression starting with a median 
log2 expression of 11.56 (0 h) and displaying a minor increase to a level 

of 14.61 (48 h). PDGFRA is involved in the growth and migration of 
mesenchymal cells as well as the signaling of oligodendrocyte pro-
genitors (Funa and Sasahara, 2014). Six out of the overall 15 marker 
transcripts displayed prominent time-course increases as specified above 
(CARNS1 (NM_001166222), EGFR (NM_201283), PAIP2B 
(NM_020459), PDGFRA (NM_006206), QDPR (NM_000320), TMEM144 
(NM_018342)). A remarkable increase in mRNA expression was 
observed, for example, for TMEM144 (NM_018342), starting from a 
median log2 expression of 6.32 (0 h) and reaching a level of up to 7.94 
(48 h). Four of the oligodendrocyte marker transcripts displayed 
prominent time-course decreases (ANLN (NM_018685), CSPG4 
(NM_001897), EGFR (NM_005228), GALC (ENST00000622264)). The 
ANLN (NM_018685) transcript, for example, showed a continuous 
mRNA decrease from a median log2 expression of 11.18 (0 h) to 6.12 
(48 h) during the time-course.

3.9. Validation of time-resolved RNA expression patterns

Further validation of the microarray results was performed using RT- 
qPCR. ITGA5 was chosen as a marker for MSC identity, MMP13 as one of 
the top transcripts with increased expression, NES as a marker for NSCs, 
and NLGN2 and NPTX1 as markers for synapse maturation. Additionally, 
TUBB3 and GAP43 were analyzed as markers for neuronal differentia-
tion, while the time-course mRNA expression patterns of ANLN and 
PRSS35 were validated as markers for oligodendrocyte and astrocyte 
differentiation, respectively.

Re-analyzing our time-course RNA samples by an independent 
method, we found a striking similarity between the results of the RT- 

Fig. 5. Time-course evaluation of oligodendrocyte and astrocyte differentiation markers.Time-course RNA expression data were evaluated for common astrocyte (A) 
and oligodendrocyte (B) differentiation (diff.) markers. Log2 expression patterns of the corresponding transcripts are shown as median results of the four time-course 
experiments.
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qPCRs and the median results of the original microarray analyses. As 
shown in Fig. 6, the comparative analysis confirmed that both the ranges 
and shapes of the time-course patterns matched, confirming the validity 
of our microarray data.

As determined by RT-qPCR analyses, marker expression was 
different between trans-differentiated cells and control cells with 
mesenchymal maintenance medium as exemplified for expression of 
neuron differentiation marker GAP43 and synapse maturation marker 
NLGN2 and MSC marker ITGA5 (Supplementary Fig. S3).

3.10. Time-course expression of microRNAs in the early trans- 
differentiation process

MicroRNAs (miRNAs) exhibit their function by inducing expression 
reduction of their specific target genes at the post-transcriptional level 
(Bartoszewski and Sikorski, 2018; Diener et al., 2023b; Yao, 2016). To 
investigate the potential impact of miRNA-mediated post--
transcriptional regulation as part of the trans-differentiation process, we 
conducted a comprehensive analysis of the miRNome alongside the 
transcriptome at time-points 0, 3, 6, 9, 12, 24, and 48 h, following 
trans-differentiation induction.

We identified 91 prominently altered miRNAs exhibiting significant 
time-course expression changes with a fold change ≥1.5. Among them, 
46 demonstrated an overall decreased expression, while 45 displayed 
increased expression over the 48-hour period.

As for the mRNA transcripts we examined the dynamics of changes in 
the median log2 miRNA expression over the 48-hour timespan. High 
time-course consistency between the replicated experiments, 
comprising correlation coefficients of more than 0.960 (Supplementary 
Figure S4A), allowed grouping of the 91 prominently altered microRNAs 
into distinct clusters, each representing a specific expression pattern 
over the time-course. The various expression trajectories were catego-
rized into five distinct clusters (Supplementary Fig. S4B). As for the 
transcriptome data, the miRNome expression and clustering data are 
provided in an atlas format in the supplementary materials 
(Supplementary Table S4).

Cluster 2 contained the highest number of miRNAs, with a total of 
33, while clusters 4 and 5 were the smallest with 12 miRNAs each 
(Fig. 7A). Cluster 1, typified by a continuous decrease in expression 
following an initial latency of approximately 12 h, was exemplified by 
hsa-miR-15b-5p (Fig. 7B). Cluster 2, characterized by a continuous in-
crease in expression after a certain latency period of 6 h, was exempli-
fied by hsa-miR-27b-3p (Fig. 7C). Cluster 3, displaying a continuously 
decreasing expression trajectory, included several members of the miR- 
17 family, such as hsa-miR-18a-5p (Fig. 7D). Cluster 4 with a continu-
ously increasing expression trajectory, encompassed various members of 
the let-7 miRNAs, including hsa-let-7c-5p (Fig. 7E). Cluster 5 was 
marked by an early decrease followed by a plateau-like phase at later 
time-points, featured 12 miRNAs including hsa-miR-503–5p (Fig. 7F).

To quantify the above-described expression changes, we utilized a 
calibration curve from a previous study (Diener et al., 2020), revealing 
that the most prominent alterations ranged within a magnitude of 
102-103 molecules per cell during the 48-hour observation window. 
Notably, this range aligns well with findings in other cell types (Diener 
et al., 2020). Among the top miRNAs with the largest changes in mo-
lecular expression were for example hsa-let-7b-5p with +4,103 mole-
cules/cell, hsa-miR-6089 with +2,311 molecules/cell, hsa-miR-34a-5p 
with +1,577 molecules/cell, hsa-miR-1260b with -2,303 molecule-
s/cell, hsa-miR-221–3p with − 520 molecules/cell and hsa-miR-15b-5p 
with − 335 molecules/cell (Fig. 7G).

To gain insight into the regulatory roles of the prominently altered 
miRNAs, we searched for experimentally validated miRNA-target in-
teractions using the in-silico tool miRTargetLink 2.0 (https://ccb-compu 
te.cs.uni-saarland.de/mirtargetlink2) (Kern et al., 2021a). Since miR-
NAs often exert their regulatory effects by causing a decrease in the 
expression of their mRNA targets (Guo et al., 2010), we utilized the 

time-course expression data to identify inversely expressed targets. We 
identified 203 miRNA-target interactions for the 45 miRNAs with 
increasing miRNA expression levels and 341 target interactions for the 
46 miRNAs with decreasing expressions (see Supplementary Table S5). 
Subsequently, we constructed interaction networks for the correspond-
ing proteins using the STRING 11.5 database (Szklarczyk et al., 2021) 
and highlighted sub-networks associated with the GO term "neuron 
differentiation" (Fig. 8A and B). Within the network for decreasing 
miRNAs, we identified central nodes such as STAT3 and VEGFA mRNAs, 
both of which displayed increased expression during the observed 
time-course (Fig. 8A). The corresponding proteins have previously been 
linked to neural differentiation and MSC trans-differentiation (Snyder 
et al., 2011; Theis and Theiss, 2018; Wada et al., 2006). Within the 
networks for increasing miRNAs, we identified central nodes such as 
MAPK1 and MET, both of which exhibited decreased expression over the 
time course (Fig. 8B). The expression of the these appears to be restricted 
to specific stages of the neural differentiation process (Semprich et al., 
2022; Zheng et al., 2013).

4. Discussion

The ISCT defines MSC identity through the expression of specific 
surface markers (Dominici et al., 2006). However, the definition of clear 
signatures remains controversial due to heterogeneous results and is an 
ongoing process (Musial-Wysocka et al., 2019; Pittenger et al., 2019; 
Wang et al., 2021). Nonetheless, there is growing evidence that gene 
expression data can refine the criteria for a more precise definition of 
MSC identity (Pittenger et al., 2019). A major aim of our study was to 
contribute to this effort by better defining MSC signatures.

Most of the conventional and various recently introduced markers 
appear to efficiently indicate MSC identity. We found high RNA 
expression levels of various MSC positive markers including genes such 
as CD44, THY1 (CD90), NT5E (CD73), ENG (CD105), ALCAM (CD166), 
ITGA5, MME and PDGFRB. Notably, CD44 has also been considered as an 
intermediate marker for astrocyte differentiation from human pluripo-
tent stem cells (Cai et al., 2012; Oikari et al., 2016b; Shaltouki et al., 
2013). Low mRNA expression was detected for several MSC negative 
markers including ITGAM (CD11B), CD14, CD19, MS4A1 (CD20), CD34, 
PTPRC (CD45), PECAM1 and most HLA-DR isoforms. Consistent with 
our findings of an elevated expression of HLA-DRB1, an independent 
study also detected high HLA-DRB1 mRNA expression in human BMSCs. 
The elevated expression was, however, not confirmed at the protein 
level (Oguma et al., 2022).

Our time-course transcriptomics data identified several markers like 
ITGA5 or HLA-DRA that showed an altered expression shortly after the 
cellular stimulation. These markers appear to be well suited to distin-
guish between the original MSC identity and the emerging neurogenic 
trans-differentiation.

Our analysis of transcripts with significant time-course alterations 
aimed to decipher the transcriptional restructuring that drives MSCs 
towards a neuron-like phenotype (Cortes-Medina et al., 2019; Khan 
et al., 2020). Our data highlight functional connections to cellular pro-
cesses, typically involved in neuronal differentiation.

Various transcripts that exhibit substantial decreases over the time- 
course, have been associated with p53 signaling and cell cycle pro-
gression. Exemplary genes, such as GTSE1, RRM2 and CCNE2, are 
regarded as p53 negative regulators (Gorjala et al., 2016; He et al., 2017; 
Monte et al., 2003; Scolz et al., 2012). Examples involved in cell cycle 
regulation, particularly in S phase transition, included genes such as 
CDC45 and MCM5 (Chapouton et al., 2010; Huang et al., 2022; Quinn 
et al., 2001). Generally, an altered p53 activity and a delay in cell cycle 
have previously been linked to neurogenesis in the CNS 
(Farioli-Vecchioli and Tirone, 2015; Hardwick et al., 2015; Ruijtenberg 
and van den Heuvel, 2016; Xiong et al., 2020). Other transcripts dis-
played substantial increases and play critical roles in prostaglandin D2 
(Augustyniak et al., 2017; Sakry et al., 2015; Zhou et al., 2015) and in 
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complement pathways (Coulthard et al., 2017; Furutachi et al., 2013; 
Walsh et al., 2017), both of which have been associated with neurogenic 
differentiation (Coulthard et al., 2017; Nango et al., 2020; Thomas et al., 
2000). Notably, similar changes in both prostaglandin and complement 
signaling were also prevalent during the neurogenic differentiation of 
human induced pluripotent stem cells (iPSCs) (Augustyniak et al., 2017; 
Walsh et al., 2017), another type of stem cell with therapeutic potential 
that can be generated by the reprogramming of somatic cells 
(Thanaskody et al., 2022).

Alteration of additional processes with common links to neuronal 
development were identified as the result of our gene set enrichment 
analyses, including various head categories such as cellular adhesion 
(Migliorini et al., 2013), ribosomal and transfer RNA (rRNA, tRNA) 
functions (Fusco et al., 2021; Ramos and Fu, 2019), cell division 
(Farioli-Vecchioli and Tirone, 2015; McKinnon, 2013), immune 
signaling (Filiano et al., 2016; Morimoto and Nakajima, 2019), tran-
scriptional activity (Hamby et al., 2008), and cellular metabolism 
(Fawal and Davy, 2018).

Additionally, there were expression changes in transcripts that have 
well-established roles in neural differentiation signaling. Examples 
include NPTX1 that showed an early increase followed by a sharp 
decrease for the remaining time-points of our analysis. The specific 
expression pattern was also verified when staining the according cellular 
proteins and likely plays a crucial role in the early growth of synapse- 
like connections (Gomez de San Jose et al., 2022). Likewise, the 
expression of the transcription factor SOX4 that showed an increasing 
expression in our time course analysis, is thought to be crucial for 
establishing neuronal identity (Bergsland et al., 2006). CCL2 that also 
showed an increasing expression, both at the mRNA and protein levels, 
has former been demonstrated as a common regulator of neuronal 
functions (Hong et al., 2015). Moreover, the neurotrophic factor BDNF 
that showed altered expression pattern in our MSC trans-differentiation 
experiments has been associated with neurogenic differentiation. Evi-
dence for a decisive role of BDNF stems from studies showing that BDNF 
supplementation enhances the efficiency of human neural precursor cell 
differentiation (Jiao et al., 2014) and that overexpression of the BDNF 
gene promotes the neurogenic trans-differentiation of rodent BMSCs 
(Liu et al., 2015).

Overall, the nature of the transcripts that are prominently altered in 
the first few hours following the induction of the trans-differentiation, 
clearly demonstrates a wide-ranging reorganization of cellular path-
ways. The according changes likely are the first essential steps towards 
for the acquisition of neuron-like features.

In addition to the evaluation of the transcriptomics, our data also 
imply that miRNAs act as potential drivers of the cellular trans- 
differentiation. As for the early dynamics of miRNAs during neuro-
genic MSC trans-differentiation, we found altered expression patterns of 
multiple miRNAs that have previously been associated with the differ-
entiation of neurons. Specifically, hsa-let-7b-5p and hsa-miR-34a-5p 
that have been linked to neural stem cell differentiation and mature 
neuron signaling exhibit significant expression changes (Aranha et al., 
2011; Kern et al., 2021b; Zhao et al., 2010). MiR-34a-5p has also been 
considered a potential driver of BMSC neurogenic trans-differentiation 
in rodent models (Liu et al., 2011). Hsa-miR-221–3p that showed a 
strong decreased expression during early BMSC trans-differentiation has 
been linked to the differentiation of neural crest cells (Greene and 
Tischler, 1976; Hamada et al., 2012). Its downregulation has also been 
shown to facilitate BMSC differentiation into osteoblasts (Gan et al., 

2020), suggesting an essential role in BMSC differentiation signaling.
Our clustering analysis identified further miRNAs that have previ-

ously been connected to neural development and differentiation. An 
increasing time-course trajectory was identified, for example, for hsa- 
miR-27b-3p that is an abundant neuronal miRNA, which negatively 
regulates pluripotency associated genes (Fuchs et al., 2014; Poon et al., 
2016). Other examples include several members of the let-7 family that 
has been linked to the regulation of neural stem cell proliferation and 
differentiation (Roush and Slack, 2008; Zhao et al., 2010). The miR-17 
family, which showed a decreasing time-course pattern in our experi-
ments was previously found to have a reduced expression during pro-
gressive brain development (Mao et al., 2014; Xia et al., 2022). 
Hsa-miR-15b-5p, considered as a negative regulator of BDNF, and 
hsa-miR-503–5p, which likely inhibits neural lineages, also showed 
decreasing time-course expression patterns (Boone et al., 2017; He et al., 
2021).

To date only a portion of the miRNAs that found their way into da-
tabases have been validated for their nature as true miRNAs (Alles et al., 
2019; Diener et al., 2023b). Some candidates, particularly those with 
high miRNA numbers, have only been annotated based on recent RNA 
sequencing data and may not necessarily represent true miRNAs. 
However, this does not imply the absence of cellular functions for the 
corresponding molecules (Diener et al., 2024). Future analyses should 
explore the potential roles of poorly characterized miRNAs, like 
hsa-miR-1260b and hsa-miR-6089, which show significant expression 
changes in our time-course data. Nevertheless, our evaluation of 
experimentally validated miRNA-target interactions indicated multiple 
neuronal differentiation genes as potential targets of miRNAs in the 
context of neurogenic trans-differentiation. The finding of many shared 
miRNA-targets within the corresponding regulatory networks un-
derscores the functional interaction of different miRNAs to enhance 
their regulatory efficiency (Bartoszewski and Sikorski, 2018; Diener 
et al., 2022, 2023b; Gebert and MacRae, 2019; Schmitz et al., 2014; 
Selbach et al., 2008).

MSCs` ability to trans-differentiate into neural cells makes them a 
promising source for treating neurological injuries and neurodegenera-
tive diseases. However, given the critical nature of transplanting MSC- 
derived neurons into the CNS, safety assessments are crucial. Our 
time-course analyses suggest potential issues with the neural trans- 
differentiation process that warrant further investigation.

Prominent time-course alterations of several transcripts indicate as-
sociations with CNS abnormalities and diseases of the nervous system. 
Expressional increases of specific transcripts such as CYP1B1, MGP and 
NTN1 (Alsubait et al., 2020; Mertsch et al., 2009; Ylivinkka et al., 2017) 
have previously been associated with the development of brain resident 
tumor entities. In addition, a reduced expression of BLM has been 
associated with genomic instability and a high predisposition to tumors 
(Cunniff et al., 2017; van Wietmarschen et al., 2018), while substantial 
reduction of NALCN mRNA has been associated with failures in neuronal 
excitability (Cochet-Bissuel et al., 2014). We also observed substantial 
increases in the expression of extracellular matrix (EM) modulators such 
as MMP13, EFEMP1 and FMOD (Jan et al., 2016; Li et al., 2022; Liv-
ingstone et al., 2020) during the early trans-differentiation process. 
While the peripheral secretion of growth factors and cytokines is likely 
advantageous for the therapeutic potential of MSCs (Han et al., 2022; 
Liang et al., 2021) the paracrine action of proteins including the EM 
modulators (Hu et al., 2012; Inoue et al., 2010; Sengupta et al., 2022) 
still raises concerns about their tumorigenic potential.

Fig. 6. Validation of time-resolved RNA expression patterns by RT-qPCRs.To confirm the microarray results, exemplary RT-qPCR were conducted to validate the 
mRNA expression patterns for nine representative genes: (A) ITGA5 as a representative marker for the MSC identity, (B) MMP13, the transcript of which was amongst 
the top increasing mRNAs, (C) NES as NSC marker, (D, E) NLGN2 and NPTX1 as markers for synapse maturation, (F, G) TUBB3 and GAP43 as neuron differentiation 
markers, (H) ANLN as oligodendrocyte and (I) PRSS35 as astrocyte differentiation marker. As the results of the RT-qPCR analyses, relative quantitation (Rq) of the 
corresponding mRNAs was conducted in relation to GAPDH housekeeping gene expression. Rq plots are shown on the left axis as median results (turquoise line) with 
the total range (turquoise shaded) of three replicated time-course experiments that were assayed in technical duplicates. They are illustrated in comparison to the 
median microarray results (black dotted line; right axis).
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Fig. 7. Representation of prominently altered microRNAs by five clusters of time-course expression trajectories and quantitative overview on the highest miRNA 
expression changes.A: For 91 prominently altered microRNAs (miRNAs, miRs) the different shapes of time-course expression trajectories were represented by five 
distinct clusters. An overview on the number of miRNAs that have been assigned to each of the clusters is depicted.B-F: Representative expression trajectories are 
exemplarily illustrated by miR-15b-5p (B), miR-27b-3p (C), miR-18a-5p (D), let-7c-5p (E) and miR-503–5p (F), respectively. Log2 expression data are shown as 
median results (line) with total ranges (filled areas) of the four replicated time-course experiments.G: As the result of quantitative evaluation, molecular changes are 
depicted for the most altered miRNAs. Maximum time-course changes are represented for the top 10 decreasing and increasing miRNAs, respectively. Separation 
between these groups is indicated by the black dashed horizontal line.
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Fig. 8. Networks of miRNA-target interactions.Validated miRNA-target interactions were matched with time-resolved RNA expression data. Including the 91 
prominently altered miRNAs, inverse directions of time-course expression patterns were assumed for their targeted transcripts. The represented networks, showing 
functional interactions between the resulting targets, were generated and exported from the STRING database. Networks are represented for the increasing targets of 
decreasing miRNAs (A) and the decreasing targets of increasing miRNAs (B), respectively. Targets that showed a connection to the GO term "neuron differentiation" 
are highlighted in red and exemplary targets at central nodes of the networks are identified by black circles.
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In the CNS, neural stem cells (NSCs) originating from the embryonic 
ectoderm, give rise to both neurons and glia cells (Kennea and Mehmet, 
2002; Tang et al., 2017). Similarly, MSCs have been described to possess 
the capability to trans-differentiate into these cell types (Urrutia et al., 
2019). As for the expression dynamics of neural and glial signatures, we 
found ambiguous characteristics of neurons, astrocytes and oligoden-
drocytes upon the in vitro neurogenic trans-differentiation process. 
These different characteristics may be explained by a mixed cell popu-
lation comprising neurons and glial cells. A similar scenario has previ-
ously been reported for umbilical cord derived MSCs (UC-MSCs). After 
stimulation of the UC-MSCs with neuronal conditioned medium for up to 
12 days, expression of some glial proteins was observed in a portion of 
the trans-differentiated cells (Fu et al., 2004). Remarkably, our protein 
staining analyses revealed heterogeneity in the distribution of certain 
protein markers among the cells, indicating distinct cellular variability 
(Freeman et al., 2015). Future projects could benefit from more detailed 
insights into the composition of trans-differentiated cell populations, 
potentially using single-cell transcriptome or flow cytometric analyses.

It is also conceivable that the ambiguous marker characteristics 
reflect an uncompleted cell type differentiation. Various transcripts that 
are associated with the maintenance of stemness showed decreasing 
expression levels during the time-course, including genes such as BIRC5 
(Gil-Kulik et al., 2019), HMMR (Tilghman et al., 2014) and MYB 
(Malaterre et al., 2008). On the other hand, somatic stemness markers 
such as KLF4 or MYC (Qin et al., 2011; Zaytseva et al., 2020; Zhao et al., 
2017) exhibited an unexpected expression increase. Reduced expression 
of further stemness markers, as for example NEK2, has previously been 
linked to inefficient neural differentiation and the persistence of plu-
ripotency (Spice et al., 2022). In addition, we were able to detect NSC 
specific genes throughout the trans-differentiation process, for example 
nestin that was detectable even up to 7 days, as validated by protein 
staining analyses. Overall, our findings and other reports on a later 
lineage conversion of terminally differentiated MSCs (Song and Tuan, 
2004) imply the maintenance of a residual stem cell capacity. This 
should be acknowledged when assessing the utility of MSC-derived 
neurons for the transplantation into critical tissues like the CNS. 
Future studies should focus on a comprehensive assessment of persistent 
stem cell characteristics in the resulting neuron-like cells. Further 
transcriptomic analysis will be necessary during first hours after trans-
plantation to decipher the directions of those cells in an in vivo envi-
ronment. Potential strategies to mitigate tumorgenicity and stemness 
persistence will depend on results of transcriptomic analysis of cells 
isolated from in vivo experiments.

In summary, our time-resolved RNA profiling provides a compre-
hensive view on the transcriptomic landscape during the early MSC 
trans-differentiation process and highlights functional links to the 
acquisition of neuronal features. The assessment of experimentally 
validated target interactions together with the time-resolved RNA 
expression data indicate an essential role of microRNA mediated post- 
transcriptional regulations in the early MSC trans-differentiation. The 
combination of MSC identity markers shows that RNA signatures 
contribute to distinguish between the native MSC cell state and an 
emerging neurogenic trans-differentiation. Our data further indicate 
potential safety risks of MSC-derived neurons by showing an expression 
of common tumorigenic factors and the maintenance of stem cell 
characteristics.
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