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Abstract: Neuroblastoma (NB) is a prevalent pediatric malignancy, yet the role of mesenchymal stem cells (MSCs) 
in NB progression remains unclear. MSCs are known to secrete various cytokines, including interleukin (IL)-6, and 
their influence on NB cells and tumor xenografts were investigated in this study. Placenta-derived mesenchymal 
stem cells (PMSCs) were isolated from chorionic villi and characterized via flow cytometry. The obtained PMSCs 
were co-cultured with NB cells or IL-6-silenced PMSCs. Comprehensive assays were conducted to assess prolifera-
tion, colony formation, cell cycle progression, apoptosis, migration, invasion, and epithelial-mesenchymal transi-
tion (EMT). RNA-seq identified differentially expressed genes (DEGs) in NB cells, predominantly enriched in Janus 
kinase/signal transducer and activator of transcription (JAK/STAT) pathways (P < 0.05). qRT-PCR revealed elevated 
levels of IL-6 and other oncogenic cytokines in PMSCs (P < 0.05). In vivo, IL-6 knockdown in PMSCs significantly 
suppressed NB xenograft growth, accompanied by reduced expression of Ki-67, proliferating cell nuclear antigen 
(PCNA), Caspase 9, and Snail as shown by immunohistochemistry (P < 0.05). Western blotting confirmed activation 
of phosphatidylinositol 3-kinases/protein kinase B (PI3K/AKT) pathway in NB cells after co-culture with PMSCs, 
which was attenuated by PI3K inhibition. Notably, IL-6 knockdown markedly suppressed NB xenograft progression 
and downregulated associated signaling markers (P < 0.05). Collectively, PMSC-derived IL-6 potentiates NB progres-
sion via PI3K-AKT signaling, presenting a potential therapeutic target in neuroblastoma.

Keywords: Placental mesenchymal stem cells, neuroblastoma, interleukin-6, JAK/STAT pathway, PI3K-AKT path-
way

Introduction

Neuroblastoma (NB) is an embryonal tumor pri-
marily composed of undifferentiated neuro-
blasts [1]. It is the third most common pediatric 
malignancy, following brain tumors and leuke-
mia, occupying 6-10% of childhood tumors [2]. 
NB is characterized by marked biological and 
clinical multiple heterogeneity [3-6], and is fre-
quently diagnosed at an advanced stage, ren-
dering many cases inoperable or difficult to 
cure. Treatment strategies vary depending on 
disease severity, and a subset of patients 
remains refractory to therapy. In advanced 
cases, chemotherapy, radiotherapy, immuno-
therapy, and stem cell transplantation remain 
critical remedies [7-9]. Despite multidisciplinary 
approaches, no universally effective therapeu-
tic strategy has been established for clinical 
application.

Mesenchymal stem cells (MSCs) show unique 
therapeutic potential for various diseases due 
to their chemotactic properties and capacity to 
migrate to tumor sites [10, 11]. Because MSCs 
can interact with tumor cells, they have been 
used as carriers of anti-cancer genes, demon-
strating promising anti-tumor effects in several 
cancer models [12]. Nonetheless, the precise 
mechanisms governing MSC-cancer cell inter-
play remain to be fully elucidated. By secreting 
an array of cytokines, MSCs can modulate can-
cer cell phenotypes, thereby influencing tumor 
initiation, progression, and metastasis [13-16]. 
Notably, placenta-derived MSCs (PMSCs) exhib-
it a longer lifespan and higher growth capacity 
compared to MSCs from other sources [17], 
potentially offering an advantageous resource 
for stem cell therapies. Despite numerous 
reports on the role of MSCs in different tumors, 
whether exogenous MSCs promote or inhibit 
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tumor growth remains controversial. Accor- 
dingly, clarifying the interaction between MSCs 
and NB cells is essential.

Interleukin (IL)-6 plays a pivotal role in chronic 
inflammatory diseases, autoimmune diseases, 
cancers, and cytokine- mediated disorders 
[18]. MSCs secrete a wide range of bioactive 
molecules that can promote cancer cell prolif-
eration, angiogenesis, and invasiveness within 
the tumor microenvironment [19]. For example, 
MSCs-derived tenascin-C has been associated 
with breast cancer metastasis to lung tissues 
[20]. In this study, we investigated the biologi-
cal characteristics of NB, assessed IL-6 expres-
sion levels in PMSCs, and further evaluated the 
effects of IL-6 on the NB cell behavior and 
PMSC-influenced tumor growth, alongside the 
underlying molecular mechanism. These find-
ings contribute to our understanding of how 
PMSCs regulate NB progression and may 
inform the development of novel therapeutic 
strategies.

Materials and methods

Tissue harvest and cell culture

PMSCs were isolated from placentas obtained 
from healthy women who underwent full-term 
deliveries (38-40 weeks of gestation) without 
pregnancy complications. This study was app- 
roved by the Ethics Committee of Children’s 
Hospital, The First Affiliated Hospital of 
Zhengzhou University (No. 2023-KY-1309). All 
experiments were carried out in accordance 
with the Declaration of Helsinki, and informed 
consent was obtained all patients.

Each placenta was processed within 2 hours 
postpartum. Following confirmation of normal 
gross morphology, the fetal side (chorionic villi) 
of the placentas was dissected under sterile 
conditions. The villi were carefully excised, 
rinsed with Hanke’s balanced salt solution to 
remove blood clots, and then enzymatically 
digested with collagenase type I to release 
PMSCs [21]. The digested suspension was  
filtered and centrifuged to collect PMSCs, whi- 
ch were then cultured in Dulbecco’s Modifi- 
ed Eagle’s Medium/Nutrient Mixture F-12 
(DMEM/F-12) supplemented with 10% fetal 
bovine serum (FBS) (PM150312A, Procell, 
Wuhan, China) and 1% antibiotics, and main-
tained at 37°C in a 5% CO2 atmosphere.

Human NB cells (SK-N-SH and SK-N-MC), pur-
chased from Procell (Wuhan, China), were cul-
tured in DMEM (PM150220B, Procell, Wuhan, 
China) containing 10% FBS and 1% antibiotics 
under 5% CO2 at 37°C. Short tandem repeat 
(STR) profiling and mycoplasma assay were 
performed to ensure the quality of both PMSCs 
cells and NB cells.

Lentivirus transduction

For IL-6 knockdown, PMSCs were transduced 
with a lentiviral short hairpin RNA (sh-IL-6) tar-
geting IL-6, with sh-Con serving as the negative 
control. PMSCs were infected with sh-IL-6 or 
sh-Con in the presence of polybrene (Hanheng, 
Shanghai, China). The shRNA sequences were 
as follows: sh-IL-6-F, 5’-CCGGGCCAGATCATTTC- 
TTGGAAAGCGAACTTTCCAAGAAATGATCTGGCT- 
TTTTTG-3’; sh-IL-6-R, 5’-AATTCAAAAAAGCCAG- 
ATCATTTCTTGGAAAGTTCGCTTTCCAAGAAAT- 
GATCTGGC-3’; sh-Con, 5’-CAACAAGATGAAGAG- 
CACCAA-3’.

Flow cytometry analysis of PMSCs surface 
markers

To characterize PMSCs, flow cytometry was 
performed to assess specific surface markers. 
After isolation from chorionic villi, live PMSCs 
were harvested using TrypLE Express enzyme, 
washed with PBS, and re-suspended in FACS 
buffer (0.5% BSA, 0.5% FBS, 1×PBS). The cells 
were then fixed sequentially in 50% and  
100% methanol for 20 min each, followed  
by incubation in a cold blocking buffer (0.5% 
BSA, 2% FBS, 1×PBS) for 20 min. Antibodies 
CD90 (98126-1-RR, Proteintech, Wuhan, Chi- 
na), CD105 (98013-2-RR, Proteintech, Wu- 
han, China), CD144 (98071-1-RR, Proteintech, 
Wuhan, China), CD166 (DF7736, Proteintech, 
Wuhan, China), HLA-DR (FITC-65560, Protein- 
tech, Wuhan, China), CD14 (FITC-65172, Pro- 
teintech, Wuhan, China) were then added into 
cell suspension and incubated for 35 min. 
Finally, 10,000 cells were gated for marker 
expression using a flow cytometer.

Western blot

Total protein was extracted using radioimmu- 
noprecipitation assay (RIPA) buffer (R0010, 
Solarbio, Beijing, China) and quantified with a 
BCA Kit (P0010S, Beyotime, Shanghai, China). 
Equal amounts of protein (20 µg) were sepa-
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rated on 10% sodium dodecyl sulfate polyacr- 
ylamide gel electrophoresis (SDS-PAGE) and 
later transferred onto polyvinylidene fluoride 
(PVDF) membrane (YA1700, Solarbio, Beijing, 
China). Afterwards, the membranes were 
blocked with 5% fat-free milk for 60 min at 
room temperature and then incubated over-
night at 4°C with the following primary anti 
bodies: IL-6 (Affinity, Lot. DF6087), PCNA (Lot. 
10205-2-AP, Proteintech, Wuhan, China), cas-
pase 9 (Lot. db21445, diagbio, Hangzhou, 
China), metalloproteinase (MMP)-1 (10371-2-
AP, Proteintech, Wuhan, China), MMP-7 (10374-
2-AP, Proteintech, Wuhan, China), N-cadher- 
in (22018-1-AP, Proteintech, Wuhan, China), 
E-cadherin (20874-1-AP, Proteintech, Wuhan, 
China), Vimentin (10366-1-AP, Proteintech, 
Wuhan, China), Snail (13099-1-AP, Proteintech, 
Wuhan, China), p-JAK2 (AF3024, Affinity, Li- 
yang, China), p-STAT1 (AF3300, Affinity, Li- 
yang, China), p-PI3K (AF3241, Affinity, Liyang, 
China), p-AKT (AF8357, Affinity, Liyang, China), 
JAK2 (AF6022, Affinity, Liyang, China), STAT1 
(AF6300, Affinity, Liyang, China), PI3K (db951, 
diagbio, Hangzhou, China), AKT (db1607, diag-
bio, Hangzhou, China), Ki-67 (GB111499, Ser- 
vicebio, Wuhan, China). After washing, mem-
branes were incubated with HRP-conjugated 
secondary antibody (ab6721, 1:5000, Abcam, 
Shanghai, China) for 1 h at room tempera- 
ture. Protein bands were visualized using  
the BeyoECL Star Kit (P0958M, Beyotime, 
Shanghai, China).

Cell counting kit-8 (CCK-8) assay

NB cells were co-cultured with IL-6-silenced 
PMSCs in a Transwell system for 24 h, then 
rinsed with PBS and transferred into 96-well 
plates at a density of 104 cells/well. At indicat-
ed time points (0, 24, 48, 72 h), 10 μL of CCK-8 
solution (C0038, Beyotime, Shanghai, China) 
was added to each well and incubated for 4 h  
at 37°C in the dark. Cell viability was deter-
mined by measuring optical density (OD) at 450 
nm using a microplate reader.

Colony formation assay

NB cells were first co-cultured with PMSCs, sh-
Con, or sh-IL-6 PMSCs in a Transwell system for 
24 h, then collected and subjected to 0.25% 
trypsin digestion. The digested NB cells were 
adjusted to a concentration of 1×106 cells/mL 
with DMEM medium containing 20% FBS. A 

bottom layer of 1.2% agarose (mixed 1:1 with 2 
× DMEM medium containing antibiotics) was 
added to a plate (~7 mL). Then, a top layer of 
0.7% agarose (also 1:1 with 2 × DMEM) con-
taining 0.2 mL NB cell suspension was overlaid. 
After solidification, plates were incubated at 
37°C for 14 days, fixed with 4% paraformalde-
hyde, and stained with 0.1% crystal violet. 
Colonies containing > 50 cells were counted 
under an inverted microscope.

Flow cytometry analysis of cell cycle and apop-
tosis

For cell cycle analysis, NB cells were fixed in 
70% cold ethanol overnight at 4°C, washed in 
PBS, and stained with a solution containing 25 
μL propidium iodide (PI) and 10 μL RNase A in 
0.5 mL staining buffer for 30 min at 37°C in the 
dark. DNA content was analyzed using flow 
cytometry and FlowJo 7.6 software.

For apoptosis analysis, NB cells were collected, 
washed, and resuspended in 100 μL of 1× bind-
ing buffer. Annexin V-PE and 7-AAD (Apoptosis 
Detection Kit, CA1030, Solarbio, Beijing, China) 
were added, and cells were incubated for 10 
min at room temperature in the dark. After add-
ing 400 μL of 1× binding buffer, stained cells 
were analyzed by flow cytometry.

Transwell assay

A Transwell chamber (8 μm, Corning Inc., 
Corning, NY, USA) was used to assess NB cell 
migration and invasion. For the invasion assay, 
the membrane was pre-coated with Matrigel 
(M8370, Solarbio, Beijing, China); for migration 
assays, no coating was applied.

A total of 1×105 PMSCs cells were seeded in 
the lower chamber and incubated overnight. 
After 24 h, the insert was gently turned over 
and inserted into a 6-well plate. Next, NB cells 
were added to the top chamber at the same 
density and incubated for 48 h. NB cells were 
then harvested for migration analysis.

In another setup, 150 μL PMSCs (1×104) were 
added to the upper cavity of a 24-well transwell 
plate with an 8 μm aperture, using DMEM (with-
out serum) as the medium. Meanwhile, 700 μL 
NB cell suspension (1×104) was added into the 
lower cavity. After incubation at 37°C for 24 h, 
the bottom of the cavity was washed with PBS, 
and the upper membrane surface was wiped 
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with a cotton swab. Invaded cells were fixed 
with 4% paraformaldehyde (P0099-3L, Be- 
yotime, Shanghai, China) at 4°C for 20 min. 
Subsequently, 0.1% crystal violet (0.1%; C8470, 
Solarbio, Beijing, China) was used to stain the 
cells for 10 min. The number of invaded cells 
was observed under a microscope. Each condi-
tion was tested in triplicate.

Quantitative real-time polymerase chain reac-
tion (qRT-PCR)

Total RNA was extracted using TriQuick Rea- 
gent (W0250, Solarbio, Beijing, China), and 
cDNA synthesis was synthesized using a cDNA 
Synthesis Kit (G3333-100, Servicebio, Wuhan, 
China). qRT-PCR was performed with a 2 × 
SYBR Green qPCR Master Mix (Low ROX) 
(G3324-15, Servicebio, Wuhan, China) on a 
real-time PCR system. Relative gene expres-
sion was calculated using the 2-ΔΔCt method, 
with glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) as the internal control. Primer 
sequences are provided in Table 1.

RNA-seq

RNA sequencing libraries were constructed  
following standard protocols, including end-
repair, adapter ligation, PCR amplification, and 
purification. Sequencing was performed on  
an Illumina platform. Differentially expressed 
genes (DEGs) were identified using the limma 

package in R, with adjusted P < 0.05 and 
|log2(Fold Change)| > 1 as thresholds. Gene 
Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway enrichment 
were analyzed using the ClusterProfiler pack-
age, with P < 0.05 or FDR < 0.05 considered 
significant enrichment.

Enzyme-linked immunosorbent assay (ELISA)

To quantify IL-6 levels in the culture superna-
tant of PMSCs, NB cells, and NB cells co-cul-
tured with infected PMSCs, ELISA was per-
formed using a Human IL-6 ELISA Kit (Lianke, 
Hangzhou, China) following operation manual.

In vivo animal experiments

Fifteen female BALB/c nude mice (4-5 weeks, 
~23.6 g) were obtained from the Henan 
Experimental Animal Center (China) and accli-
mated for 1 week at 25°C, 60% humidity before 
experimentation. The mice were kept in a semi-
barrier system of constant temperature, con-
stant humidity, sterilized feed and water. Each 
mouse was subcutaneously injected with 5×105 
NB cells. When tumor volumes reached ~50 
mm3, mice were randomly assigned to three 
groups: (1) Normal saline group, (2) sh-Con 
PMSCs group, (3) sh-IL-6 PMSCs.

Mice in the PMSCs groups received intrave-
nous injections of 1×106 PMSCs via the tail vein 
every 4 days, for a total of four doses. The con-
trol group received 150 μL normal saline. Tumor 
length and width were measured every 3 days, 
and tumor volume was calculated using the for-
mula: V = (length × width2)/2. When the largest 
tumor diameter approached ~15 mm, mice 
were euthanized by intraperitoneal injection of 
pentobarbital sodium (160 mg/kg). Tumors 
were excised, weighed, and subjected to Wes- 
tern blot and immunohistochemical analysis.

All animal procedures were conducted in com-
pliance with the NIH Guide for the Care and Use 
of Laboratory Animals and were approved by 
the Ethics Committee of the Academy of 
Medical Sciences, Zhengzhou University (No.: 
ZZU-LAC20250228).

Immunohistochemistry (IHC) assay

Paraffin-embedded tumor tissues were sec-
tioned at a thickness of 4 μm, deparaffinized, 
and subjected to antigen retrieval in sodium 

Table 1. Primers

Primers Sequence (5’ → 3’) Product 
lengths

CXCL1-F AGCTTGCCTCAATCCTGCATCC 119 bp
CXCL1-R TCCTTCAGGAACAGCCACCAGT 119 bp
GAPDH-F CCTTCCGTGTCCCCACT 100 bp
GAPDH-R GCCTGCTTCACCACCTTC 100 bp
CXCL2-F AACCGAAGTCATAGCCACA 150 bp
CXCL2-R CAGGAACAGCCACCAATAA 150 bp
CXCL3-F TTCACCTCAAGAACATCCAAAGTG 94 bp
CXCL3-R TTCTTCCCATTCTTGAGTGTGGC 94 bp
CXCL6-F GGGAAGCAAGTTTGTCTGGACC 141 bp
CXCL6-R AAACTGCTCCGCTGAAGACTGG 141 bp
IL-8-F GTGCTGTGTTGAATTACGGA 64 bp
IL-8-R TTGACTGTGGAGTTTTGGC 64 bp
IL-32-F GGGTGAAGGAGAAGGTGGT 120 bp
IL-32-R GGGCTCCGTAGGACTGG 120 bp
Note: CXCL1, C-X-C motif ligand 1; GAPDH, Glyceralde-
hyde-3-phosphate dehydrogenase; IL-8, interleukin (IL)-8.
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citrate solution (C1032, Solarbio, Beijing, 
China). After blocking, sections were incubated 
overnight at 4°C with the following primary an- 
tibodies: Ki-67 (GB111499, Servicebio, Wuhan, 
China), PCNA (Lot. 10205-2-AP, Proteintech, 
Wuhan, China), caspase 9 (Lot. db21445, diag-
bio, Hangzhou, China), and Snail (13099-1-AP, 
Proteintech, Wuhan, China). The next day, sec-
tions were incubated with a secondary anti- 
body (Abcam) for 1 h at room temperature. 
After DAB color development (P0203, Beyotime, 
Shanghai, China) and hematoxylin counter-
staining, the sections were examined under a 
microscope, and representative images were 
captured with appropriate scale bars.

Statistical analysis

Data from at least three independent experi-
ments were expressed as mean ± standard 
deviation (SD). Statistical analysis was per-
formed using SPSS 19.0 (IBM, Armonk, NY, 
USA). Graphs were generated using GraphPad 
Prism 8 and Adobe Illustrator Artwork 21.0. 
Differences between two groups were assess- 
ed using Student’s t-test, while multiple group 
comparisons were analyzed using one-way 
ANOVA and repeated-measures ANOVA, fol-
lowed via Tukey’s post hoc test. A P-value < 
0.05 was considered statistically significant.

Results

Effects of PMSCs on the progression of NB 
cells

PMSCs were successfully isolated from chori-
onic villi and characterized by flow cytometry. 
The cells were positive for CD90, CD105, 
CD144, and CD166, and negative for HLA-DR 
and CD14 (Figure 1A). PMSCs cultured alone 
served as the PMSCs group, and PMSCs co-
cultured with NB cells (24 h) constituted the 
experimental group. WB revealed that IL-6 was 
significantly elevated in PMSCs after co-culture 
with NB cells (Figure 1B, P < 0.05). To assess 
the effect of PMSCs on NB cell growth, CCK-8 
and colony formation assays demonstrated 
enhanced NB cell proliferation and increased 
colony numbers in the co-culture group com-
pared with NB cells alone (Figure 1C, 1D, P < 
0.05). Furthermore, flow cytometry showed 
decreased NB cell apoptosis in co-culture 
groups, accompanied by an increased S-phase 
fraction (Figure 1E, 1F, P < 0.05). Additionally, 
transwell assays indicated that NB cell migra-

tion and invasion were notably enhanced under 
co-culture conditions (Figure 1G, 1H, P < 0.05).

Effects of PMSCs on NB-related proteins and 
cytokine expression

To further explore the molecular mechanisms 
underlying PMSC-mediated effects on NB  
cells, Western blot analysis was conducted. 
Co-cultured NB cells exhibited increased 
expression of the proliferation marker PCNA, 
invasion-related proteins MMP-1 and MMP-7, 
and EMT markers Snail, N-cadherin, and 
Vimentin, whereas caspase 9 and E-cadherin 
were decreased in co-cultured NB cells (Figure 
2A, P < 0.05).

RNA-seq revealed significant upregulation of 
chemokines including CXCL1, CXCL2, CXCL3, 
and CXCL6 in NB cells following co-culture 
(Figure 2B, P < 0.05), and qRT-PCR further veri-
fied higher levels of IL-8, IL-32, CXCL1, 2, 3, and 
6 in co-cultured NB cells (Figure 2C, P < 0.05). 
These findings suggest that PMSCs may pro-
mote the malignant behavior of NB cells by 
upregulating cytokines and activating pathways 
related to proliferation, invasion, and EMT.

Interference of IL-6 in PMSCs attenuated pro-
liferation, invasion, and promoted apoptosis of 
NB cells

To determine whether IL-6 is a key mediator of 
PMSC-induced effects on NB cells, a lentiviral 
short hairpin RNA targeting IL-6 (sh-IL-6) was 
constructed and transfected into PMSCs. qRT-
PCR confirmed a significant reduction in IL-6 
mRNA expression in PMSCs following transfec-
tion (Figure 3A, P < 0.05). Consistently, WB 
showed decreased IL-6 protein levels in NB 
cells co-cultured with IL-6-silenced PMSCs 
(Figure 3B, P < 0.05).

As shown in Figure 3C, baseline IL-6 secretion 
by PMSCs was approximately 10 pg/mL, which 
was higher than that in NB cells. Co-culture 
with PMSCs markedly elevated IL-6 levels, 
while co-culture with IL-6-silenced PMSCs sig-
nificantly reduced IL-6 concentrations in the 
supernatant, consistent with the ELISA results 
(P < 0.05).

CCK-8 and colony formation assay revealed 
that IL-6 knockdown in PMSCs significantly 
inhibited NB cell proliferation and colony-form-
ing ability (Figure 3D, 3E, P < 0.05). Flow cytom-
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Figure 1. Effects of PMSCs on NB cell progression (SK-N-SH and SK-N-MC). A. Flow cytometry analysis of PMSC surface markers; B. IL-6 expression in PMSCs after 
co-culture with NB cells, detected by Western blot; C. NB cell viability assessed by CCK-8; D. Colony formation of NB cells; E. NB cell apoptosis detected by flow cy-
tometry; F. Cell cycle distribution detected by flow cytometry; G, H. Migration and invasion detected by Transwell assays (scale bars = 100 μm). n = 6 per group, *P 
< 0.05. PMSCs, placenta-derived mesenchymal stem cells; NB, neuroblastoma; CCK-8, cell counting kit-8.
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etry revealed enhanced NB cell apoptosis and 
a reduced proportion of S-phase cells, along-
side accumulation in the G1/G2-phase (Figure 
3F, 3G, P < 0.05). Transwell assays further 
demonstrated that IL-6 interference in PMSCs 
curtailed NB cell migration and invasion (Figure 
3H, 3I, P < 0.05), suggesting that IL-6 secreted 
by PMSCs plays a crucial role in enhancing NB 
cell malignancy.

IL-6 silencing downregulated EMT markers and 
inhibited JAK-STAT/PI3K-AKT signaling in NB 
cells

RNA-seq analysis of SK-N-SH cells co-cultured 
with IL-6-silenced PMSCs identified distinct 
transcriptomic alterations, with 143 genes sig-
nificantly upregulated and 134 downregulated 
(Supplementary Table 1). Further KEGG path-
way enrichment analysis of the upregulated 
genes revealed that the JAK-STAT signaling 

pathway was significantly enriched in NB cells 
following co-culture with IL-6-silenced PMSCs 
(Figure 4A, 4B, P < 0.05). WB showed that the 
expression of PCNA, MMP-1, MMP-7, Snail, 
N-cadherin, and Vimentin were notably reduc- 
ed, while levels of caspase 9 and E-cadherin 
were elevated in NB cells co-cultured with IL-6-
silenced PMSCs (Figure 4C, P < 0.05). Further, 
the levels of p-JAK2, p-STAT1, p-PI3K, and 
p-AKT were markedly decreased, while the total 
protein levels of JAK2, STAT1, PI3K, and AKT 
remained relatively unchanged (Figure 4D, P < 
0.05). These data suggest that IL-6 interfer-
ence mitigates NB cell progression by sup-
pressing JAK-STAT and PI3K-AKT pathways.

PI3K-AKT pathway inhibition attenuated 
PMSCs-mediated NB cell growth

To confirm whether the PI3K-AKT pathway 
mediates PMSCs’ tumor-promoting effects, NB 

Figure 2. Effects of PMSCs on the expression of growth- and metastasis-related proteins and cytokines in NB cells. 
A. Western blot analysis of PCNA, caspase 9, MMP-1, MMP-7, Snail, N-cadherin, E-cadherin, and Vimentin in NB 
cells after co-culture with PMSCs. B. Volcano plot showing differentially expressed genes before and after co-culture 
of SK-N-SH cells with PMSCs (|log2(FC)| > 1, adjusted P < 0.05). C. qRT-PCR analysis of IL-8, IL-32, CXCL1, CXCL2, 
CXCL3, and CXCL6 in NB cells. n = 6 per group, *P < 0.05. PMSCs, placenta-derived mesenchymal stem cells; NB, 
neuroblastoma; PCNA, proliferating cell nuclear antigen; MMP-1, Matrix metalloproteinase-1; qRT-PCR, quantitative 
real-time polymerase chain reaction.
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Figure 3. Effects of IL-6 knockdown on proliferation, apoptosis, and invasion of PMSCs-mediated NB cells. A. mRNA expression of IL-6 in PMSCs detected by qRT-
PCR; B. Protein expression of IL-6 in PMSCs co-cultured NB cells detected by Western blot; C. IL-6 content in PMSCs, NB cells, and co-culture supernatants detected 
by ELISA; D. Cell viability of SK-N-SH and SK-N-MC cells detected by CCK-8 assay; E. Effects of IL-6 interference on NB cell clonogenic capacity detected by clone 
formation assay; F. Effects of IL-6 interference on apoptosis of NB cell detected by Flow cytometry; G. Effects of IL-6 interference on NB cell cycle distribution; H, I. 
NB cell migration and invasion detected by Transwell assays (scale bars = 100 μm). n = 6 per group, *P < 0.05. PMSCs, placenta-derived mesenchymal stem cells; 
NB, neuroblastoma; ELISA, enzyme-linked immunosorbent assay; CCK-8, cell counting kit-8; IL-6, interleukin-6.
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cells were pretreated with the PI3K inhibitor 
LY294002 (20 μM for SK-N-SH and 10 μM for 
SK-N-MC, all for 1 h) [22, 23], followed by co-
culture with PMSCs. CCK-8 assays demonstrat-
ed that NB cell proliferation was notably inhib-
ited by LY294002, even in the presence of 
PMSCs (Figure 5A, P < 0.05). Transwell assays 

showed that LY294002 significantly sup-
pressed NB cell migration and invasion (Figure 
5B, 5C, P < 0.05), indicating that PI3K-AKT acti-
vation is integral for PMSCs-mediated pro- 
tumorigenic activity. Western blot confirmed 
that PI3K, p-PI3K, and p-AKT levels were down-
regulated in NB cells exposed to LY294002, 

Figure 4. Effects of IL-6 knockdown on proliferation, apoptosis, EMT marker expression, and JAK-STAT/PI3K-AKT sig-
naling in PMSCs-mediated NB cells. A, B. Heatmap of differentially expressed genes (|log2(FC)| > 1, P < 0.05) and 
KEGG enrichment. C. Western blot analysis of PCNA, caspase 9, MMP-1, MMP-7, Snail, N-cadherin, E-cadherin, and 
Vimentin. D. Western blot analysis of JAK2, p-JAK2, STAT1, p-STAT1, PI3K, p-PI3K, AKT, and p-AKT. n = 6 per group, 
*P < 0.05. PMSCs, placenta-derived mesenchymal stem cells; NB, neuroblastoma; EMT, epithelial-mesenchymal 
transition; JAK/STAT, Janus kinase/signal transducer and activator of the transcription pathways; PI3K/AKT, phos-
phatidylinositol 3-kinases/protein kinase B; PCNA, proliferating cell nuclear antigen; MMP-1, Matrix metalloprotein-
ase-1.
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supporting the role of the PI3K-AKT pathway in 
PMSCs-mediated NB cell growth (Figure 5D, P 
< 0.05).

IL-6 knockdown suppressed PMSCs-mediated 
NB tumor growth in vivo

To evaluate the in vivo relevance of IL-6 in 
PMSCs-mediated NB tumor growth, a xenograft 
model was established. Compared with saline-
treated controls, PMSCs significantly increased 
tumor size and weight, whereas IL-6-silenced 
PMSCs markedly suppressed tumor growth 

(Figure 6A-D, P < 0.05). WB and IHC assays 
showed elevated expression of IL-6, Ki-67, 
PCNA, and Snail in tumor tissues from the sh-
Con PMSCs group, which was notably reduced 
in the sh-IL-6 PMSCs group. In contrast, expres-
sion of caspase-9 was significantly increased 
following IL-6 knockdown (Figure 6E, 6F, P < 
0.05). Correspondingly, the phosphorylation of 
JAK2, STAT1, PI3K, and AKT was suppressed by 
IL-6 knockdown, without substantial changes in 
total JAK2, STAT1, PI3K, or AKT (Figure 6G, P < 
0.05). These results reinforce the notion that 
IL-6 secreted by PMSCs enhances NB growth in 

Figure 5. Effects of PI3K inhibitors on PMSCs-mediated NB cell growth and PI3K-AKT signaling pathway. A. CCK-8 
assay showing NB cell proliferation treated with or without PI3K inhibitor (LY294002); B, C. Transwell assays for NB 
cell migration and invasion (scale bars = 100 μm); D. Western blot analysis of p-PI3K, p-AKT, PI3K, and AKT. n = 6 
per group, *P < 0.05. PMSCs, placenta-derived mesenchymal stem cells; NB, neuroblastoma; PI3K/AKT, phospha-
tidylinositol 3-kinases/protein kinase B; CCK-8, cell counting kit-8.
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Figure 6. Effects of IL-6 knockdown on NB tumor growth in a xenograft model following PMSCs treatment. A. Tumor-
bearing nude mice; B. Tumor volume in different groups; C. Tumor growth curves; D. Tumor weights in different 
groups; E. Western blot analysis of IL-6 expression in tumor tissues; F. Western blot analysis of Ki-67, PCNA, Caspase 
9, and Snail in NB-transplanted tumors; G. Western blot analysis of p-JAK2, p-STAT1, p-PI3K, p-AKT, JAK2, STAT1, 
PI3K, and AKT in tumor tissues. n = 6 per group, *P < 0.05. PMSCs, placenta-derived mesenchymal stem cells; NB, 
neuroblastoma; IL-6, interleukin -6; JAK, Janus kinase; STAT, signal transducer and activator of the transcription; 
PI3K, phosphatidylinositol 3-kinases; AKT, protein kinase B; PCNA, proliferating cell nuclear antigen.
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vivo, partially via activating JAK-STAT and PI3K-
AKT pathways.

Discussion

Neuroblastoma (NB) is a common extracranial 
tumor in children, accounting for approximately 
8% of all pediatric cancers [24-26]. Given the 
high relapse rates and poor overall survival, 
there is an urgent need to develop more effec-
tive therapeutic strategies for NB. In this study, 
we investigated the role of placenta-derived 
mesenchymal stem cells (PMSCs) in NB pro-
gression, with a specific focus on IL-6. Our find-
ings revealed that PMSCs significantly increase 
IL-6 production and other oncogenic cytokines 
in response to NB cells, thereby enhancing NB 
cell proliferation, migration, and invasion while 
suppressing apoptosis.

The role of MSCs in tumor biology remains con-
troversial. Some studies report that MSCs pro-
mote tumor growth [27, 28], whereas others 
suggest an inhibitory effect [29, 30]. This dis-
crepancy may be explained, at least in part, by 
heterogeneity among MSCs. Previous study 
has verified that PMSCs from different placen-
tal regions display distinct biological behaviors 
and therapeutic potentials [31]. Consistent 
with this, our data support the notion that 
PMSCs can enhance NB malignancy, largely 
through elevated IL-6 secretion and the subse-
quent activation of the JAK-STAT and PI3K-AKT 
signaling pathways.

In our model, SK-N-SH and SK-N-MC cell lines 
were selected according to previous literatures 
[32]. Notably, IL-6 level was elevated in NB 
patients, which served as a poor prognosis in 
NB progress [33]. We further confirmed that 
IL-6 knockdown in PMSCs significantly attenu-
ated NB cell proliferation, migration, and inva-
sion. Mechanistically, this was accompanied by 
decreased phosphorylation of JAK2 and STAT1, 
as well as downregulation of the PI3K-AKT sig-
naling cascade. This observation is consistent 
with previous reports implicating IL-6 as a pro-
tumorigenic cytokine in various malignancies, 
including breast and colorectal cancers [34, 
35], highlighting its role in promoting tumor cell 
survival, proliferation, and invasion.

Furthermore, our in vivo xenograft experiments 
confirmed that PMSCs potentiated NB tumor 
growth, whereas IL-6-silenced PMSCs signifi-

cantly suppressed tumor volume and weight. 
Notably, both IHC staining and WB analysis 
demonstrated that Ki-67, PCNA, Snail, and 
phosphorylated JAK-STAT/PI3K-AKT signaling 
components were downregulated in tumor tis-
sues from mice treated with sh-IL-6 PMSCs, 
whereas Caspase 9 was upregulated. However, 
tumor growth was still enhanced in sh-IL-6 
PMSCs group compared to normal saline treat-
ed group, suggesting the presence of addition-
al tumor-promoting mechanisms independent 
of the IL-6 pathway.

Despite these promising findings, several limi-
tations should be acknowledged. First, although 
IL-6 emerged as a key factor, other PMSCs-
derived proteins, including MMPs and various 
cytokines, may also contribute to NB progres-
sion. Second, this study primarily focused on 
the JAK-STAT and PI3K-AKT pathways; however, 
other signaling cascades, such as MAPK/ERK, 
may also be involved in PMSCs-NB interactions 
[36-40]. Third, while the nude mouse xenograft 
model recapitulates some features of NB tumor 
biology, it may not fully mirror the complexities 
of the human tumor microenvironment. Finally, 
the heterogeneity among PMSCs (e.g., fetal ver-
sus maternal sides of the placenta) may influ-
ence functional outcomes and should be sys-
tematically evaluated in future studies.

In summary, this work indicates that PMSCs 
promote NB progression by upregulating IL-6 
and activating the JAK-STAT/PI3K-AKT signaling 
pathways. Targeting IL-6 or its downstream 
pathways may represent an innovative thera-
peutic strategy for NB, as IL-6 knockdown in 
PMSCs effectively reduced tumor growth in our 
xenograft model. Future research should inves-
tigate alternative cytokine networks, assess 
additional signaling pathways, and incorporate 
more clinically relevant NB models to further 
advance therapeutic development.

Conclusion

PMSCs promote NB cell proliferation, colony 
formation, migration, invasion, and epithelial-
mesenchymal transition, while inhibiting apop-
tosis, primarily through upregulation of IL-6 and 
associated oncogenic cytokines. Silencing IL-6 
in PMSCs reduces NB cell growth and tumor 
progression and enhances apoptosis by inhibit-
ing activation of the JAK-STAT and PI3K-AKT 
pathways. These findings provide a theoretical 
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basis for targeting IL-6-mediated signaling in 
future NB treatments.
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