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Stem cell-based therapy holds promise for intervertebral disc degeneration (IDD) regeneration, but
the underlying mechanisms require further elucidation. Long noncoding RNAs (IncRNAs) have been
implicated in physiological processes such as apoptosis and differentiation. While numerous studies
have investigated messenger RNAs (mRNAs) and IncRNAs in normal versus degenerated nucleus
pulposus (NP), the differential expression of IncRNAs and mRNAs during stem cell differentiation into
NP-like cells remains poorly characterized. This study aimed to identify differentially expressed mRNAs
and IncRNAs during the differentiation of human adipose-derived mesenchymal stem cells (hADSCs)
into NP-like cells and to explore the associated signaling pathways and regulatory networks. hADSCs
were induced to differentiate into NP-like cells using a cytokine cocktail. Differentiation was confirmed
by assessing marker gene expression via PCR and immunofluorescence staining. RNA sequencing
(RNA-seq) was employed to profile IhncRNA and mRNA expression during differentiation. Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses were used

to identify the biological functions and pathways associated with the significantly altered genes. 500
IncRNAs (217 up and 283 down) and 601 mRNAs (269 up and 332 down) were significantly differentially
expressed during hADSC differentiation. The RNA-seq findings were validated by real-time PCR. GO
analysis revealed significant enrichment of terms related to biological processes, molecular functions,
and cellular components. KEGG pathway analysis highlighted several significantly enriched pathways.
A gene interaction network illustrated relationships among the differentially expressed genes, and an
mRNA-IncRNA co-expression network suggested potential regulatory interactions. This study is the
first to profile differentially expressed IncRNAs and mRNAs during hADSC differentiation into NP-like
cells. These findings provide valuable insights for understanding the mechanisms of stem cell therapy
and IDD regeneration.
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KEGG Kyoto Encyclopedia of Genes and Genomes
ceRNA Competing endogenous RNA

Low back pain (LBP) caused by degenerative disc disease (DDD) is a prevalent condition across all age groups
and a leading cause of work limitation in individuals under 45 years old'. The incidence of DDD-associated LBP
ranges from 60% to 90%, incurring annual healthcare costs of $50-100 billion in the United States alone?. The
chronic disease prevalence rate of DDD is 9.5%o, ranking sixth among all diseases. The social burden of DDD in
China is also substantial. Current clinical management of DDD often involves symptomatic surgery’, which is
associated with high recurrence rates, significant complications, and considerable physical, psychological, and
economic burdens for patients.

Studies have demonstrated that a reduction in nucleus pulposus (NP) cell number is a primary initiating
factor in DDD*°. NP cells are the principal cellular components of the intervertebral disc. In juvenile patients
with neuromuscular scoliosis, the cell number and water content in the intervertebral disc on the convex
(degenerative) side are significantly lower than those on the concave (normal) side®. Furthermore, the
proportion of senescent NP cells increases from approximately 2% in the fetal period to 80% in old age’. NP cells
also play a crucial role in maintaining the metabolic balance of the intervertebral disc matrix, exhibiting twice
the matrix synthesis capacity of chondroid cells and enhancing chondrocyte synthesis through the secretion of
cytokines like connective tissue growth factor (CTGF)®. Therefore, restoring NP cell numbers in degenerated
discs represents a promising strategy for disc repair, providing a rationale for stem cell transplantation in DDD
treatment.

Numerous studies confirm that stem cell transplantation can not only differentiate into NP cells but also
promote the synthesis of matrix components (e.g., type II collagen, proteoglycans), restore NP water content,
and increase the disc height index’!!. However, the adverse microenvironment of the degenerated disc
(characterized by low pH, low oxygen, altered osmotic pressure, and inflammatory factor accumulation) likely
contributes to the poor survival, limited differentiation, and reduced matrix synthesis of transplanted stem cells
in vivo'?~!*, The precise mechanisms limiting stem cell differentiation within the disc microenvironment remain
unclear. Elucidating methods to enhance the directed differentiation of adipose-derived mesenchymal stem cells
(ADSCs) into NP cells is crucial for optimizing stem cell-based DDD therapies.

Intervertebral disc degeneration (IDD) is the predominant cause of LBP, posing a significant societal
burden!>!6. Stem cell therapy is among the most promising approaches for disc regeneration!”!8. Mesenchymal
stem cells can be induced to differentiate into NP-like cells using specific cytokines'’, yet the underlying
molecular mechanisms are not fully understood.

Emerging evidence indicates that long noncoding RNAs (IncRNAs) are important regulators of stem cell
differentiation?®. RNA sequencing (RNA-seq) technology enables comprehensive analysis of genome-wide
expression changes, facilitating the identification of differentially expressed IncRNAs, miRNAs, and mRNAs.
Most existing studies have focused on IncRNA differences between normal and degenerated intervertebral
discs?'"2%. Given the pivotal role of stem cell therapy in disc regeneration?*?*, investigating the molecular
mechanisms governing hADSC differentiation is essential.

However, to date, no studies have focused on the differential expression of IncRNAs, miRNAs, and mRNAs
during hADSC differentiation into NP-like cells. This study utilized RNA-seq analysis to identify differentiation-
associated IncRNAs, miRNAs, and mRNAs. We employed bioinformatics tools to uncover potential signaling
pathways via KEGG analysis and to construct gene regulatory networks involving IncRNAs, miRNAs, and
mRNAs. We hypothesized that specific IncRNAs are involved in regulating the differentiation of hADSCs into
Np-like cells, potentially through PI3K/Akt and cytoskeletal signaling pathways.

Methods

Cells and reagents

hADSCs were purchased from Cyagen Biosciences (HUXMD-01001; Guangzhou, China) and cultured in
growth medium (HUXMD-90011; Cyagen Biosciences) at 37 °C in a humidified incubator with 5% CO,. The
medium was refreshed every three days. hADSCs at passages 2-4 were used for all experiments. All procedures
performed in studies were in accordance with the ethical standards of the Research Ethics Committee of the
Second Affiliated Hospital of Zhejiang University School of Medicine, China (NO: IRB-2021-550).

hADSC differentiation culture medium

The NP differentiation medium consisted of: 1x ITS, 0.1 uM dexamethasone, 1 mM sodium pyruvate, 0.35
mM proline, 0.17 mM ascorbic acid-2-phosphate, 1.25 mg/ml BSA, 10 ng/ml TGF-B1, 100 ng/ml GDF5, 1x
Antibiotic-Antimycotic, and 10 ng/ml BMP2%.

Cell pellet culture

For 3D culture, 3 x 10° cells were centrifuged at 1500 rpm for 5 min in 15 ml polypropylene conical tubes and
incubated at 37 °C overnight to form pellets. Pellets were then cultured in either NP differentiation medium (NP
group) or hADSC growth medium (control group). The medium was changed every three days. Pellets were
harvested at days 7, 14, and 21 for microscopic analysis. After culture, pellets were fixed in 4% paraformaldehyde
for 24 h and dehydrated in 30% sucrose solution.

Histological analysis
Pellets collected at days 7, 14, and 21 were sectioned into 7 pum thick frozen sections and stained with Hematoxylin
and Eosin (H&E).
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Immunofluorescence staining

Pellets from day 21 were fixed, sectioned into 7 pm frozen sections, and incubated overnight at 4 °C with
primary antibodies against collagen II (1:500), aggrecan (1:500), and SOX-9 (1:500). After washing, sections
were incubated with fluorescence-conjugated secondary antibodies for 1 h, counterstained with DAPI for 5 min
(BOSTER Biological Technology), and imaged using a fluorescence microscope.

RNA-seq analysis

mRNA and IncRNA expression profiles were compared between hADSCs cultured in NP differentiation
medium and control medium. Subsequent analyses included Gene Ontology (GO), KEGG pathway, and signal-
net analysis. RNA-seq was performed by Lc-Bio Technologies Co., Ltd. (Hangzhou, China). Differentially
expressed mRNAs and IncRNAs were identified using a Random Variance Model (RVM) t-test. Hierarchical
clustering was performed to generate cluster maps. mRNA and IncRNA expression profiles were compared in
hADSCs cultured with NPM (NP group, n=3) and control medium (Non-Induced group, n=3). Screening for
differentially expressed genes was performed using the thresholds of |log2(Fold Change)| > 1 (indicating a two-
fold difference) and p_value <0.05. StringTie was used to perform expression level for mRNAs and IncRNAs by
calculating FPKM. Over 95% of the raw reads were retained as clean data. Furthermore, more than 85% of the
bases across all samples achieved a Q30 quality score.

gRT-PCR analysis

Total RNA was extracted using RNAiso reagent (TaKaRa Bio, Japan). Reverse transcription was performed
with a PrimeScript RT reagent kit (TaKaRa Bio, Japan). qRT-PCR was conducted on a StepOnePlus Real-time
PCR System (Applied Biosystems, USA) using SYBR™ Premix Ex Taq™ (TaKaRa Bio, Japan). 18 S rRNA served
as the housekeeping gene, and the 2A(-AACt) method was used for relative quantification. All reactions were
performed in triplicate. Primer sequences (Table 1) were synthesized by Sangon Biotech (Shanghai, China).

GO analysis

The functional roles of significantly differentially expressed genes were analyzed using the GO database (http:
/Iwww.geneontology.org) via two-sided Fisher’s exact test and chi-square test. A P-value <0.01 was considered
statistically significant.

Pathway analysis

Pathway analysis was based on the KEGG database (http://www.genome.jp/kegg/). Fisher’s exact test and the
chi-square test were used to evaluate the significance of pathway enrichment, with a P-value<0.05 deemed
significant.

Signal-net analysis
Key genes identified in both GO and pathway analyses were selected to construct a gene-gene interaction
network based on the KEGG database. The network was visualized as a graph where nodes represent genes and

Gene Sense Sequence(5’t03’)
18s Forward | CGCCGCTAGAGGTGAAATTC

Reverse | TTGGCAAATGCTTTCGCTC

ACAN Forward | TGAGGAGGGCTGGAACAAGTACC

Reverse | GGAGGTGGTAATTGCAGGGAACA

SOX-9 Forward | TGGCCGAGATGATCCTAAAAATAA

Reverse | GCGCTTGGATAGGTCATGTTTGT

COL2A1 | Forward | TTTCCCAGGTCAAGATGGTC

Reverse | TCACCTGGTTTTCCACCTTC

CA12 Forward | CGTGCTCCTGCTGGTGATCT

Reverse | AGTCCACTTGGAACCGTTCACT

FOXF1 | Forward | AAGGAGTCCCCAATGCAAAG

Reverse | GCGGGTTCAACAGGATCAAA

FOXA2 | Forward | CGAGATCTACCAGTGGATCATGG

Reverse | GCACCTTCAGGAAACAGTCGT

PAX1 Forward | CTGCCGTACCCTCCTCACAAT

Reverse | GAAGGAACGACAGGGATGGAC

IBSP Forward | GGGCAGAGGAAATACTCAATCTG

Reverse | ATGCTGAGCAAAATTAAAGCAGTCT

FBLN1 Forward | CCATATGCTACGGAATCCAAAGA

Reverse | ATGAGGCTGTACTCGCAGCTCT

Table 1. Primers used in real-time PCR.
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edges represent interactions (e.g., activation, phosphorylation). The importance of each gene in the network was
assessed by its degree of centrality.

Competing endogenous RNA (ceRNA) analysis

We constructed a ceRNA network based on the hypothesis that IncRNAs regulate miRNA availability by acting
as miRNA sponges. Differentially expressed miRNAs were used to map the network. Target predictions were
obtained from TargetScan (http://www.targetscan.org/), miRDB (https://www.mirdb.org), and starBase (https://
rnasysu.com/encori/). The network integrated interactions among IncRNAs, miRNAs, and mRNAs.

Statistical analysis
The data are presented as the mean * standard deviation. The difference was analysed by Student’s t analysis by
SPSS 20.0 software (Chicago IL, USA). A P-value <0.05 (two tailed) was considered statistically significant.

Ethics approval

This study did not constitute a clinical trial; therefore, participant consent was not required, nor did it fall under
the purview of the Declaration of Helsinki concerning ethical principles for medical research involving human
subjects.Human adipose-derived mesenchymal stem cells (ASCs, product code HUXMD-01001; see link for
details: https://www.oricellbio.cn/product/adipose-derived-msc-HUXMD-01001.html) and the corresponding
culture medium were commercially sourced from Cyagen Biosciences (Guangzhou) Inc. These human cell lines
have been described and utilized in prior published studies (references: https://doi.org/10.1186/s13287-024-04
085-5, https://doi.org/10.1021/acsami.4c02989, and https://doi.org/10.1016/j.apmt.2021.101264). The use of the
purchased human cell lines and culture medium in this research were in accordance with the ethical standards
of the Research Ethics Committee of the Second Affiliated Hospital of Zhejiang University School of Medicine,
China (NO: IRB-2021-550).

Informed consent
Written informed consent was obtained from the patient for publication of this case report and any accompanying
images. A copy of the written consent is available for review by the Editor-in-Chief of this journal.

Results

Expression of NP-like cell markers

hADSCs were cultured in a 3D pellet model. Microscopic and histological examination revealed a higher
proportion of NP-like cells in the NP group compared to the control group (Fig. 1). PCR analysis of marker
genes showed significant upregulation of NP-specific genes (PAX1, FoxF1, CA12) in the induced (NP) group,
while cartilage-related genes (IBSP, FBLN1) showed no significant difference (Fig. 2). Immunofluorescence
confirmed the expression of SOX-9, collagen II, and aggrecan in hADSCs cultured with differentiation factors,
indicating successful differentiation into NP-like cells (Fig. 3).

Identification of differentially expressed LncRNAs and mRNAs

RNA-seq analysis of hADSCs cultured under differentiation conditions detected 12,092 IncRNAs and 20,256
mRNAs. Among these, 500 IncRNAs (217 up and 283 down) and 601 mRNAs (269 up and 332 down) were
significantly differentially expressed during differentiation into NP-like cells (Fig. 4). The top 10 differentially
expressed IncRNAs were: AL355075.4, MALAT1, AC022966.2, AC006064.4, AC145207.3, AC125611.3, DDIT4-
AS1, AL662797.3, AL121748.2, and AC008914.1. The top 10 differentially expressed mRNAs were: KCTDI11,
ALOX15B, KANK4, RNF139, TLR2, CHMP1B, CA9, PENI1P2, LEP, RNU1-27P. NP cell-specific markers,
including SOX-9, COL2A1, and CD24, were upregulated in the NP group, consistent with PCR results.

Gene ontology (GO) analysis

GO enrichment analysis of differentially expressed IncRNAs and mRNAs identified 51 significantly regulated
GO terms. The top 20 terms are listed in Fig. 5. The most significantly enriched term was “extracellular
matrix structural constituent” (GO:0005201). Genes were also enriched in terms such as “cadherin binding;’

»

“glycosaminoglycan binding,” and “kinase regulator activity.”

Pathway analysis

KEGG pathway analysis of differentially expressed mRNAs revealed the top 20 significantly regulated pathways
(Fig. 6). The PI3K-Akt signaling pathway and pathways related to the cytoskeleton in muscle cells were highly
associated with the differentiation process. The enrichment score, calculated as -log10(p-value), represents the
significance of pathway enrichment.

Competing endogenous RNA (ceRNA) network

A ceRNA network was constructed using 14 differentially expressed IncRNAs, 51 differentially expressed
miRNAs, and 601 differentially expressed mRNAs based on correlation degrees. The core IncRNAs in the network
included RPL41, RNU4-2, U2, ZNF331, JARID2, CLVSI, GAS5, EMX20S, MALAT1, MEG3, CYP1B1-AS1,
PRICKLE2-AS1, VCAN-ASI, and PAPPA-AS1. Among these, ZNF331, JARID2, and MEG3 were upregulated
in the NP group; PRICKLE2-AS1, CYP1B1-AS1, MALAT1, MEG3, and GAS5 showed complex expression
patterns; and VCAN-AS1, PAPPA-AS1, RPL41, RNU4-2, and CLVS1 were downregulated (Fig. 7).
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Fig. 1. A hADSCs cells were culture in 3D model. B The result shows the microscopic morphology of pellet.
The histological image shows microscopic morphology of pellet.

2151 mm 74 ~ 107mm 0d 2 ~ 4

S |== 14 o 3 |mm 7d ¥ 3 I

< [mm 21d O g mm 14d a d

- - - S

5 ] s 53

5101 N 5 K

2 H ] H

g g g g2

s 2 44 a &

3 54 H N H

H 2 2] . g 21

5 K] s s

& ol 2 ol 5 2,
Non-Induced Induced(NP) Non-Induced Induced(NP) Non-Induced Induced(NP) Non-Induced Induced(NP)

= 157mm 74 T 6mm 7d 20 mm 7d 2.0

S |== 14 s L | 5S 14d - § —47 % -

& |- 21d € [mm 214 & w214 @ = 21d

s s 515 5 15

5] 54 5 H

] ] = ] ]

§ i g0 £ 10

£ % 3 £

5 54 3 2 2 3 H

2 e 205 2 os

= = 3 s

o ° o

g ol & ol € 0.0 = 00
Non-Induced Induced(NP) Non-Induced Induced(NP) Non-Induced Induced(NP) Non-Induced Induced(NP)

Fig. 2. The specific gene of PAX1, FoxF1, IBSP, FBLN1, SOX9, ACAN, CA12 and COL2 were measured by
PCR. * indicate p <0.05, **indicate p <0.01.
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Fig. 3. Immunofluorescence of sox-9, col-2 and aggrecan in Induce (NP) and Non-Induced group.

Discussion

IDD is the result of many factors, such as oxidative stress, which was also play an important role in sciatic nerve
injury and spinal cord injury?”’~?, and the decrease in NP cell number is a key initiating factor'*°. The presence
of stem cells within the intervertebral disc has been confirmed?!, suggesting that stimulating endogenous disc
stem cells to proliferate and differentiate into NP cells could be an effective therapeutic strategy. However,
achieving efficient stem cell differentiation into functional NP cells to counteract the pathological effects of
endogenous stem cell insufficiency and aging remains a significant challenge?®. Our previous work indicated
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Fig. 4. Heat map shows differentially expressed long noncoding RNAs (IncRNAs) and messenger RNAs
(mRNAs). X-axis represent the sample groups and y-axis represent the different probes. NP: Induce (NP)
group. Con: Non-Induced group.

that the differentiation efficiency of hADSCs into NP-like cells was only about 40%°, highlighting the need to
improve the efficiency and understand the mechanisms of hADSC NP differentiation for clinical translation.

LncRNAs are increasingly recognized as key regulators of stem cell pluripotency and lineage-specific
differentiation®>~34, They often exhibit greater tissue-specificity than protein-coding genes and interact with
transcription factors, underscoring their importance in cell fate determination®*-*’. For instance, IncRNAs such
as MALAT13%%, MEG33*40, and GAS5**? regulate osteogenic, myogenic, and other differentiation processes in
various stem cell types. While these studies demonstrate IncRNA involvement in differentiation, their specific
roles and mechanisms in hADSC NP differentiation are largely unknown.

Our study identified 12,092 IncRNAs and 20,256 mRNAs with specific expression patterns during hADSC
NP differentiation. Further analysis pinpointed RPL41, RNU4-2, U2, ZNF331, JARID2, CLVSI, GASS5,
EMX20S, MALAT1, MEG3, CYP1B1-AS1, PRICKLE2-AS1, VCAN-ASI, and PAPPA-ASI as potential key
regulatory IncRNAs. Among these, GAS5, MALAT1, and MEG3 have previously been associated with NP cell
degeneration®*~*°. Upregulation of ZNF331 and JARID2 may promote hADSC differentiation into NP cells,
while the roles of other identified IncRNAs warrant further investigation. Compared with known IncRNAs such
as IncRNA H19% and MEG3*” (which has been reported to influence osteogenic differentiation of mesenchymal
stem cells by regulating specific miRNAs), the function of RPL41 in stem cell differentiation toward NP cells
has not been reported. Its expression pattern suggests that it may be involved in translational regulation or
ribosome function modulation distinct from classical differentiation pathways. This provides a new perspective
for understanding the fine-tuned regulation of protein synthesis networks during NP differentiation. As a core
component of the spliceosome, the function of its IncRNA form in stem cell differentiation toward NP cells
remains unknown. This contrasts with known IncRNAs that influence cell differentiation by regulating alternative
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Fig. 5. The result of GO enrichment analysis. A The barplot show the top 20 most significantly upregulated
Gene Ontology (GO) terms. B The dotplot show the top 20 most significantly upregulated Gene Ontology
(GO) terms.

splicing of key transcripts, such as the role of MALATT in the differentiation of various stem cells***°. In-depth
research on U2 may reveal new regulatory networks of post-transcriptional splicing in the fate determination
of NP differentiation. The function of the IncRNA associated with this gene has not been explored in the field
of stem cell differentiation toward NP cells. Unlike some well-established IncRNAs such as Xist and HOTAIR
that affect differentiation through cis- or trans-regulation of neighboring coding genes®’, the ZNF331 IncRNA
may reveal novel associations of zinc finger protein family transcription factors in the epigenetic regulation of
NP differentiation.

GO analysis indicated that differentially expressed genes were enriched in functions related to extracellular
matrix organization, collagen binding, and glycosaminoglycan binding—processes critical for NP tissue
function. Key differentially expressed mRNAs included LOX, CDKN1A, PLOD2, INSIGI, EIF1, IGFBP5,
HMGCS], DDIT4, PTP4A1, ATP5B, and DHCR24. Several of these (e.g., LOX>!~%%, CDKN1A%%%5, PLOD2%,
IGFBP5"%8, ATP5B>, DHCR24%) have established roles in various cell differentiation pathways, suggesting
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Fig. 6. Results of the Kyoto Encylopedia of Genes and Genomes (KEGG) pathway analysis. The pathway PI3K-
Akt and Cytoskeleton in muscle cells show highly related with the differentiation process. The significance

of the corresponding pathway was denoted by P-value. Benjamini Hochberg FDR (p.adjust) was used for
multiple-testing correction. A P-value <0.05 (two tailed) was considered statistically significant.

their potential involvement in NP differentiation, although the functions of INSIG1, EIF1, HMGCS1, DDIT4,
and PTP4AL1 in this context require further study.

KEGG pathway analysis highlighted the importance of the PI3K/Akt signaling pathway and cytoskeletal
regulation in muscle cells during differentiation. The PI3K/Akt pathway is a well-known regulator of diverse
differentiation processes, including osteogenesis, angiogenesis, and myogenesis® %, Our finding that this
pathway is upregulated during NP differentiation aligns with its broad role in cell fate decisions.

The strongly differentially expressed IncRNAs and mRNAs identified here represent promising candidates for
regulating hADSC NP differentiation. These findings may guide the optimization of stem cell-based therapies
for intervertebral discregeneration and highlight IncRNAs as potential molecular targets for enhancing NP cell
differentiation.

This study has several limitations. First, the RNA-seq analysis was based on a relatively small sample size.
Second, the conclusions are drawn solely from an in vitro differentiation model, which cannot fully replicate
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Fig. 7. The long noncoding RNA (IncRNA)-messenger RNA (mRNA)-micro RNA (miRNA) competing
endogenous RNA (ceRNA) network. Red lozenges denote IncRNAs; blue circles denote mRNAs; yellow
triangles denote miRNAs.

the complex physiological or pathological microenvironment of native intervertebral discs. Finally, the study is
absence of functional assays confirming NP-like phenotype stability.

Conclusion

Stem cell differentiation isa complex process, historically attributed to tissue-specific transcription factors. We now
recognize that IncRNAs play crucial regulatory roles in maintaining pluripotency and directing differentiation.
This study identified 14 IncRNAs and 601 mRNAs that are significantly differentially expressed during hADSC
differentiation into NP-like cells. These findings provide a foundational resource for understanding stem cell-
based IDD therapy and highlight IncRNAs as potential therapeutic targets for enhancing NP cell regeneration.

Data availability
Sequence data that support the findings of this study have been deposited in the ArrayExpress accession with the
primary accession code E-MTAB-15403.
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