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Abstract
Background: The recent development of dendritic cell (DC)-based immunotherapy 
has resulted in advances in glioblastoma multiforme (GBM) treatment. However, the 
cell fate of DCs in the GBM microenvironment, especially in microenvironments in 
which glioma stem cell (GSCs)-mediated remodeling has resulted in highly immuno-
suppressive conditions, has not yet been fully investigated.
Methods: Observed the interaction between GSCs and primary cultured DCs in a 
dual-color tracing model, monoclonal and continuously passaged highly proliferative 
DCs, and named transformed DCs (t-DCs). The expression of DC-specific surface 
markers was analyzed using RT-PCR, chromosome karyotype, and flow cytometry. 
The expression of long pentraxin 3 (PTX3) and its transcription factor zinc finger pro-
tein 148 (ZNF148) in t-DCs was detected using qRT-PCR and western blot. CCK8 and 
transwell assays were conducted to assess the effect of ZNF148 and PTX3 on the 
proliferation, migration, and invasion of t-DCs. Bioinformatics analysis, dual-luciferase 
reporter assay, and chromatin immunoprecipitation (ChIP)-qPCR assay were used to 
explore the relation between ZNF148 and PTX3.
Results: Transformed DCs (t-DCs) still expressed DC-specific surface markers, 
namely, CD80 and CD11c, and immune-related costimulatory molecules, namely, 
CD80, CD86, CD40, and ICAM-1. However, the expression levels of these molecules 
in t-DCs decreased moderately compared to those in naive DCs. Stable overexpres-
sion of PTX3 further promoted the proliferation and migration of t-DCs in vitro, de-
creased the expression of costimulatory molecules, and increased the tumorigenicity 
of t-DCs in vivo. The transcription factor zinc finger protein 148 (ZNF148) was directly 
bound to the PTX3 promoter region and enhanced PTX3 expression. Downregulation 
of ZNF148 significantly decreased PTX3 expression and reduced the proliferation 
and migration of t-DCs. Overexpression of ZNF148 significantly increased PTX3 ex-
pression and promoted the proliferation and migration of t-DCs, achieving the same 
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1  |  INTRODUC TION

Glioblastoma multiforme (GBM), which is the most common primary 
intracranial malignancy in adults, has always been a great challenge 
in the field of neuro-oncology.1 Although certain progressions have 
been made against GBM in recent years, patient outcomes remain 
poor due to uncontrollable recurrence and rapid progression.2 
Therefore, further elucidation of unidentified tumorigenesis mecha-
nisms to explore new potential therapeutic strategies is under urgent 
desire. Accumulating data have shown that the refractory nature of 
GBM is inseparable from glioma stem cells (GSCs)-mediated tissue 
remodeling of tumor microenvironment (TME). Direct interactions 
between tumor stromal cells and GSCs, and indirect interactions via 
GSCs-derived small molecules, contribute greatly to GBM develop-
ment and progression.3

GSCs are also reported as the core to initiate remodeling of GBM 
immune-microenvironment; however, the mutual interactions be-
tween GSCs and antigen-presenting dendritic cells (DCs), as well as 
the cell fate of DCs in the highly immuno-suppressive GBM micro-
environment have not been fully elucidated. During the processes 
of GBM development, DCs can reach brain tissue via afferent lym-
phatic vessels or endothelial venules,4 which constitute the basis 
of antitumor immunity.5–8 However, the specific roles of DCs in 
GBM development are complex and have not been fully elucidated. 
Recent studies have reported that DCs with increased phagocytosis 
were present within glioma TME.9,10 DC vaccines have already been 
applied in immunotherapy against many non-CNS malignancies and 
achieved obvious therapeutic efficacy.11,12 These advances have 
inspired great interest in clinical immunotherapeutic trials of DC-
based vaccines against GBM.13 The latest study has reported that 
DC-based immunotherapy has achieved positive results related to 
survival benefits,14 which can be considered one of the great break-
throughs in GBM therapy. They have further prolonged the OS of 
GBM patients by at least 6 months, which can be compared with 
the other two effective therapies, namely, tumor-treating fields and 
TMZ. However, it is still far from curing GBM (the most refractory 
CNS malignancy), which deserves further preclinical investigations 
to continuously improve the practical efficacy of DCs-based target 
therapy.14,15 The significant local and systemic immunosuppressive 
TME remodeled by GSCs may limit clinical efficacy of the modified 
DC vaccines, supporting the necessity of exploring new strategy of 
targeting transformed DCs (t-DCs) to improve patients' prognosis, 

which should be based on clarifying the exact mechanisms of mutual 
interactions between GSCs and DCs.

Our previous studies have already observed that GSCs can in-
duce the malignant transformation of several types of TME stro-
mal cells,16–20 including DCs.21,22 However, the potential molecular 
mechanisms of DCs' transformation have not been investigated. 
Previous studies have shown that tumor-derived IL-6, TGF-β1, IL-10, 
and VEGF can induce DCs transformation to acquire a tolerogenic 
phenotype that is characterized by the low expression of costim-
ulatory molecules.23,24 Besides, herpes simplex virus infection 
and mitomycin C17 treatment can reduce costimulatory molecule 
expression in DCs, and both can convert DCs into resistant cells, 
resulting in the inhibition of T-cell activation. Such tolerant DCs ex-
pressing low costimulatory molecule levels can inhibit intertumoral 
antigen-specific CD8+ CTL activation.25,26 However, whether GSCs 
can induce tolerant DCs to support GBM tissue remodeling has not 
been investigated previously.

The expression of the long pentraxin 3 (PTX3) in DCs is related 
to the humoral immune function of DCs, as a part of soluble pattern 
recognition molecules, participates in the recognition of pathogenic 
microorganisms, as well as activation of the immune system.27 In ad-
dition, the expression level of PTX3 was positively correlated with 
tumor malignancy degree,28,29 sustained the migration and prolifer-
ation of tumor cells, and dysregulates mitogenic signaling pathways, 
encouraging tumor escape from immune responses.30 Our investiga-
tions disclosed that t-DCs in the GSCs microenvironment exhibited 
obvious upregulation of PTX3, indicating the potential role of PTX3 
in DC malignant transformation induced by GSCs.

2  |  MATERIAL S AND METHODS

2.1  |  Animals and cells

Transgenic EGFP-BALB/c nude mice were established and bred in 
our laboratory as previously described.16 All the animal experimental 
methods and protocols were performed in strict accordance with the 
guidelines that were approved by the Research Ethics Committee 
and Animal Care Committee of Soochow University (Approval No. 
SUDA20210708A03). RFP-expressing SU3 human GSCs (SU3-RFP 
cells) were previously derived from surgical GBM specimens in our 
laboratory,16,17 and SU3 cells were positive for CD133 and nestin, 

biological effects as PTX3 overexpression in t-DCs. Simultaneously, the downregula-
tion of ZNF148 partially reversed the effect of PTX3 overexpression in t-DCs.
Conclusion: The ZNF148/PTX3 axis played an important role in regulating the malig-
nant transformation of DCs after cross-talk with GSCs, and this axis may serve as a 
new target for sensitizing GBM to DC-based immunotherapy.
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which were consistent with the characteristics of GSCs.31,32 These 
cells were cultured in Dulbecco's modified Eagle's medium/F12 me-
dium (DMEM/F12 medium, Gibco) supplemented with 20 ng/mL 
basic fibroblast growth factor (bFGF; Gibco) and 20 ng/mL epidermal 
growth factor (EGF; Gibco).

2.2  |  Primary DC culture

The femurs and tibias were harvested from EGFP-BALB/c nude 
mice under general anesthesia. Then, the bone marrow cells were 
removed by flushing the bones, washed with phosphate-buffered 
saline (PBS), and treated with erythrocyte lysis buffer at 37°C for 
5 min. The cells were suspended and cultured in RPMI 1640 culture 
medium supplemented with 10% fetal bovine serum (FBS, Gibco), 
10 ng/mL recombinant murine granulocyte macrophage-colony 
stimulating factor (GM-CSF; R&D Systems) and 5 ng/mL recombinant 
murine interleukin-4 (rmIL-4; PeproTech). Half of the culture medium 
was replaced every day. On day 5, 1 μg/mL lipopolysaccharide (LPS; 
Sigma) was added to stimulate DC maturation. After 7 days, mature 
DCs were enriched and collected for further experiments.

2.3  |  Coculture of DCs and SU3-RFP cells

EGFP+ DCs and SU3-RFP cells were digested and resuspended into 
single-cell suspensions. Then, the cells were mixed at a ratio of 10:1, 
seeded in poly-L-lysine solution-coated six-well plates, and cocul-
tured in a humidified incubator at 37°C in 5% CO2. The interactions 
between the EGFP+ DCs and RFP+ SU3 cells were observed with a 
live-cell imaging system with a fluorescence microscope.

2.4  |  Cloning of highly proliferative EGFP+ DCs

After being cocultured for 10 days, the cocultured cell populations 
were digested into single-cell suspensions, and the EGFP+ cells were 
harvested via fluorescence-activated cell sorting. Highly prolif-
erative EGFP+ cells were monoclonal with micropipette techniques 
under fluorescence microscopy, further cultured in a 96-well plate, 
and named t-DCs.

2.5  |  Polymerase chain reaction (PCR) and 
quantitative real-time PCR

PCR was performed to measure the expression levels of ZNF148, 
PTX3, the DC markers CD11c, CD80, and SIRPα, and the mac-
rophage markers F4/80 in t-DCs.33–35 T-DCs in the logarithmic 
growth phase were collected, and cell total RNA was extracted using 
TRIzol (Invitrogen). After measuring the concentration and perform-
ing the quality control step, total RNA was reverse transcribed into 
cDNA with a reverse transcription cDNA Kit (Thermo Fisher). Next, 

qRT–PCR was conducted with a Real-Time PCR Kit (Takara) and the 
ABI 7500 system (Applied Biosystems).

The relative mRNA expression of target genes was calculated by 
the 2−ΔΔct method. GAPDH was used as the endogenous control to 
normalize the data. The primer sequences are listed in Table 1.

2.6  |  Flow cytometry

To analyze cell surface marker expression, DCs or t-DCs (2 × 106) were 
harvested, and FITC-conjugated anti-CD11c, anti-CD80, anti-CD86, 
anti-CD40, and anti-ICAM-1 (1:200, Biolegend) antibodies were in-
cubated with the cells in a total volume of 100 μL for 30 min at room 
temperature. Then, the cells were washed twice with 1 mL PBS buffer, 
centrifuged at 179 g for 5 min, resuspended in 500 μL PBS, and analyzed 
with a flow cytometer (BD, USA). Then, the data were analyzed with 
FlowJo software. Isotype controls were used as the appropriate con-
trols to determine the median fluorescence intensity by flow cytometry.

To analyze cell cycle progression, cells were washed with PBS 
three times and fixed with 75% ice-cold ethanol. Then, the cells were 
incubated in PBS with propidium iodide (PI; 25 μg/mL) and 10 mg/
mL RNase for 30 min in the dark before being analyzed by flow 
cytometry.

To assess cell apoptosis, the proportion of Annexin V1-positive 
cells was determined using an Annexin V-FITC (fluorescein isothio-
cyanate) apoptosis detection kit (BD Pharmingen) according to the 
manufacturer's instructions. Briefly, a total of 1 × 105 cells were re-
suspended in binding buffer, the cells were labeled with 5 μL FITC-
conjugated Annexin V and 5 μL PI without permeabilization, then the 
cells were subsequently analyzed by flow cytometry with FlowJo 
software. The proportion of early apoptotic cells located in the lower 
right quadrant was considered the proportion of apoptotic cells.

TA B L E  1  Primers used for PCR and qRT-PCR analysis.

Primer name Primer sequence (5′–3′)

EGFP F: GCCAC​AAG​TTC​AGC​GTG​TCCG
R: GTTGG​GGT​CTT​TGC​TCA​GGGCG

CD80 F: CAACT​GTC​CAA​GTC​AGT​GAAAG
R: CACCA​CTT​TGT​CAT​GTT​TTTGC

CD11c F: TCATC​ACT​GAT​GGG​AGA​AAACA
R: CCCCA​ATT​GCA​TAA​CGA​ATGAT

F4/80 F: CAGCT​GTC​TTA​GAG​GCT​TCTCTT
R: TGTAG​CTT​CCC​ACA​GAC​TTAGAG

SIRPα F: CTGTT​GAT​CTA​CAG​TTT​CGCAG
R: GGGTG​ACA​TTA​CTG​ATA​CGGAT

β-actin(H) F: ACATC​CGC​AAA​GAC​CTGTAC
R: GCCAT​GCC​AAT​CTC​ATCTTG

β-actin(M) F: CTTTG​CAG​CTC​CTT​CGTTG
R: TGGTA​ACA​ATG​CCA​TGTTCA

ZNF148 F: ACTCG​TCG​AGC​ACT​AAA​GTAA
R: TTTTT​GAG​AAC​CAA​CTT​GGGTG

PTX3 F: TCGAA​GAA​GAT​TTT​TGG​AAGCG
R: CTGAG​GTA​CAG​CTG​AAT​CTCAT
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2.7  |  Cell counting kit-8 (CCK-8) assay

Cells were seeded in a 96-well plate at a density of 800 cells/well in 
100 μL DMEM. Blank controls (treated with only medium and CCK-8 
reagent) were established. Ten microliters of CCK8 reagent (Dojindo) 
was added to each well every 24 h, then the cells were incubated in 
an incubator for another 2 h at 37°C. The absorbance value was re-
corded at 450 nm with a spectrophotometer (Tecan).

2.8  |  Colony formation assay

Cells were collected following trypsin–EDTA digestion and diluted to 
generate a low-density single-cell suspension (1 × 104 cells/mL). Thirty 
microliters of this suspension was added to each well of a six-well 
plate. After 2 weeks of culture, the colonies that had formed in the six-
well plate were counted, and colony formation rates were calculated.

2.9  |  Migration and invasion assay

Transwell assay was performed to evaluate the migration and invasion of 
t-DCs. The invasion and migration assays differed according to whether 
the upper chambers were coated with Matrigel or not (50 μL, 1:8 dilu-
tion, BD, USA). Chamber inserts (Merck Millipore) were precoated with 
100 μL of Matrigel. For both the migration and invasion assays, 5 × 104 
cells in serum-free medium were seeded into the upper chamber, and 
DMEM supplemented with 10% FBS was added to the lower chamber. 
After incubation for 48 h at 37°C in 5% CO2 in an incubator, the cells in 
the upper chamber were scraped and washed away. Additionally, the 
cells in the lower chambers were fixed using 4% paraformaldehyde for 
5 min, stained with 1% crystal violet for 30 min, and washed with PBS 
three times. The cells that had migrated or invaded were observed and 
counted in at least three randomly selected fields under an optical mi-
croscope, and the results were analyzed with ImageJ software.

2.10  |  Wound healing assay

Cells were seeded in a six-well plate and cultured in DMEM supple-
mented with FBS at 37°C overnight. A 200 μL pipette tip was used 
to make wounds in the cell monolayer. Then, the cells were washed 
with PBS and cultured in DMEM without FBS. Twenty-four hours 
later, the cells were observed under an inverted microscope (AMG, 
USA) at 10× magnification. Images of the wounded area were cap-
tured and analyzed via ImageJ software.

2.11  |  Western blotting analysis

Total cellular proteins were extracted using RIPA buffer (KenGEN). The 
protein concentration was determined with a BCA Protein Assay Kit 
(Beyotime). Next, total proteins were separated by 10% SDS–PAGE. 

Then, the separated proteins were transferred to PVDF membranes 
(Millipore), which were then blocked for 2 h at room temperature with 
5% skim milk. The membranes were incubated with the following 
primary antibodies at 1:500 dilutions overnight at 4°C: anti-ZNF148 
(A7001, Abclonal) or anti-PTX3 (12669, Abclonal). After washing with 
TBST three times, the PVDF membranes were incubated with horse-
radish peroxidase-conjugated secondary antibody (1:5000, GAM0072, 
MULTI SCIENCES). GAPDH (1:20,000, 10494-1-AP, Proteintech) was 
used as the control. The bands on the PVDF membranes were visual-
ized and images were captured under Tanon 4600SF (Tanon).

2.12  |  Plasmid construction and transfection

Small interfering RNA (siRNA) to knock down ZNF148 expression, 
plasmids for ZNF148 or PTX3 overexpression, and the correspond-
ing negative controls and vectors (Genepharma) were constructed 
for this experiment. Cells were transfected with these constructs 
using Lipofectamine 3000 (Invitrogen) according to the manufac-
turer's instructions.

2.13  |  Chromatin immunoprecipitation (ChIP)- 
qPCR assay

ChIP assay was performed using BeyoCHIPTM CHIP Assay Kit 
(Beyotime) according to the manufacturer's instructions. T-DCs 
were fixed via the addition of formaldehyde (final concentration of 
1%) for 10 min, then administering glycine was to neutralize extra 
formaldehyde. Cells were washed with PBS, lysed with SDS Lysis 
Buffer for 10 min, then sonicated under 4°C to shear the cross-linked 
DNA to 200–1000 bp. The cross-linked protein-DNA was immuno-
precipitated with magnetic beads, and protein-DNA complexes were 
precipitated using IgG and anti-ZNF148 antibody (Abclonal) over-
night. After that, the eluted DNA fragments were detected with 
PTX3 promoter-specific primers and SYBR premix.

2.14  |  Dual-luciferase reporter assay

T-DCs were cotransfected with pCDNA3.1-ZNF148, Renilla 
Fluorescein TK, and either the full-length sequence or three trun-
cated fragments (Δ1, Δ2, or Δ3) of the PTX3 promoter region, which 
was inserted into the pGL3 vector. Forty-eight hours posttransfec-
tion, the cells were harvested and lysed using the Dual-Luciferase 
Reporter Assay System (Promega). The fluorescence intensity of cell 
lysates was measured using an imaging microplate reader.

2.15  |  Tumorigenicity assay

Athymic BALB/c nude mice (4 weeks old, 15–20 g) were bred in the 
SPF experimental animal center. Then, 1 × 106 t-DCs in which ZNF148 
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or PTX3 was up- or downregulated as well as the corresponding 
negative control cells were subcutaneously injected into the right 
flanks of mice. After 5 weeks, all the mice were sacrificed under gen-
eral anesthesia to harvest the subcutaneous tumors, and the volume 
of the subcutaneous tumors was quantified (volume was calculated 
according to the following formula: V (mm3) = length × width2 × 0.5).

2.16  |  Isolation of exosomes

SU3 cells were maintained in the neurosphere culture medium fa-
vored for GSCs growth for 48 h (until 80%–90% confluence) as 
described previously, then the culture medium was collected and 
centrifuged at 2500 g for 20 min to remove cell debris. The super-
natant was filtered with a 0.22 μm steriflip (Millipore), followed by 
concentration in a 50-kDa ultracentrifuge tube (Amicon Ultra 15; 
Millipore) at 5000 g for 15 min. Exosomes of SU3 cells (SU3exo) 
were subsequently isolated with the exosome purification kit 
ExoQuick-TC™ (System Bioscience) following the manufacturer's in-
structions and stored at −80°C for subsequent analysis.

2.17  |  Statistical analysis

All statistical analyses were conducted with GraphPad Prism 9.0. 
Results are presented as means ± SD based on three independent 
experiments. The normality of the data distribution was analyzed 
by the Shapiro–Wilk test. Statistical comparisons between two 
groups were conducted by the two-tailed Student's test, and com-
parisons between more than two groups were analyzed by analy-
sis of variance (ANOVA). A p < 0.05 (*) was considered statistically 
significant.

3  |  RESULTS

3.1  |  Primary culture of GFP+  DCs

DCs were isolated from the bone marrow of GFP-BALB/c nude mice. 
For the primary culture of DCs, during the first 3 days, most of the cells 
were round in shape and grew in clusters. After 7 days, the primary 
cultured cells exhibited a stellate morphology and typical characteris-
tics of dendritic-like cells (Figure 2A), and flow cytometry showed that 
the proportion of cells that expressed the DC surface markers CD80 
and CD11c were 86.5% and 79.4%, respectively (Figure 2B).

3.2  |  Coculture of GSCs with DCs in a dual-color 
tracing model and cloning of t-DCs

The human SU3 GSC cell line was stably transfected with the RFP 
gene. Then, GFP+ DCs were cocultured with RFP+ SU3 cells at a 
ratio of 10:1. The experimental process is shown in Figure 1. After 
being cocultured for 10 days, some highly proliferative EGFP+ DCs 
were monoclonal with micropipette techniques (Figure 2C) and then 
further cultured and passaged continuously. The flow cytometry re-
sults showed that the proportions of t-DCs that expressed CD80 
and CD11c were 44.3% and 44.1% (about half percent of naive DCs), 
respectively (Figure 2D).

RT–PCR analysis of the expression of the cell surface markers 
CD80, CD11c, SIRP-α, and F4/80 showed that similar to normal DCs, 
t-DCs expressed CD80, CD11c, and SIRP-α, but they did not express 
F4/80 (Figure 2E). Chromosome karyotype analysis showed that the 
chromosomes of both DCs and t-DCs were telo chromosomes and 
morphologically consistent with murine chromosomes; the DCs were 
normal and diploid, while the t-DCs were heteroploid (Figure 2F).

F I G U R E  1  Schematic diagram of the 
construction of in vivo mutual interaction 
model of EGFP+ DCs(t-DCs) versus 
RFP+ GSCs in dual fluorescence tracing 
platform.
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3.3  |  Analysis of the proliferation and invasion of 
t-DCs

The CCK8 assay revealed that the t-DCs acquired the ability 
of infinite proliferation, they acquired an immortal phenotype 
(Figure  3A). The clonogenic assay showed that t-DCs exhibited 
high clonogenicity (Figure 3B). The invasion and migration experi-
ments proved that t-DCs exhibited strong invasion and migration 
abilities (Figure 3C). The tumorigenicity experiment verified that 
subcutaneous transplantation of 1 × 106 t-DCs led to 100% tumor 
formation, indicating that t-DCs acquired definite tumorigenicity 
in vivo (Figure 3D).

3.4  |  Proliferation-related gene pentraxin 3 (PTX3) 
upregulation in t-DCs

According to the results of differential gene expression analysis 
compared with naive DCs, qRT–PCR and western blotting revealed 
PTX3 upregulation in t-DCs at both the transcriptional and protein 
levels (Figure  3E,G). Besides, databases were applied with online 
bioinformatic analysis (JASPAR and UCSC) to predict the transcrip-
tion factors that regulate PTX3 expression. The selection criterion 

was set as: the transcription factors that regulate the transcription 
direction should be consistent with PTX3, and the correlation score 
is greater than 600, which resulted in four candidate TFs, including 
RREB1, SP5, SOX10, and ZNF148. The result is shown in Figure S1. 
qRT–PCR was performed to evaluate four candidate TFs expressions 
in both t-DCs and DCs, which disclosed only ZNF148 upregulation 
in t-DCs (Figure  3F), and was further verified by western blotting 
(Figure  3G). ZNF148 was also highly expressed in astrocytoma 
(Grade 1–2) and GBM samples according to the cancer genome atlas 
(TCGA) database (Figure 3H).

3.5  |  Knockdown or upregulation of the ​
transcription factor ZNF148 suppressed or ​
promoted the malignant phenotype of t-DCs, 
respectively

T-DCs in which ZNF148 was downregulated or overexpressed were 
constructed by siRNA and plasmid transfection, respectively. The 
transfection efficiency was verified by qRT–PCR and western blot-
ting (Figure 4A,B). Both CCK8 and colony formation assays indicated 
that ZNF148 silencing impaired the proliferation of t-DCs, whereas 
ZNF148 overexpression accelerated cell growth (Figure  4C–E). 

F I G U R E  2  Comparison of phenotypes of t-DCs and normal DCs. (A) Primary culture of DCs from GFP BALB/c nude mice. (B) Flow 
cytometry for CD80 and CD11c expression of DCs. (C) Cloning of highly proliferative EGFP+ DCs. (D) Flow cytometry for CD80 and CD11c 
expression of t-DCs. (E) RT-PCR analysis for cell surface markers of both normal DCs and t-DCs. (F) The chromosome karyotype of DCs and 
t-DCs.
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Transwell assay showed that ZNF148 knockdown resulted in a sig-
nificant decrease in the invasion of t-DCs, while ZNF148 overexpres-
sion exerted the opposite effects (Figure  4F). Downregulation of 
ZNF148 also markedly decreased the migration of t-DCs, as shown in 
the wound healing assay, while ZNF148 overexpression exerted the 
opposite effects (Figure  4F,G). The tumorigenicity assay indicated 
an obvious decrease in subcutaneous tumor volumes when ZNF148 
was knocked down in t-DCs compared with the control group, while 
ZNF148 overexpression exerted the opposite effects (Figure 4H).

3.6  |  PTX3 upregulation promoted the malignant 
phenotype of t-DCs

To validate the proliferation-promoting effect of PTX3 on t-DCs, 
overexpression of PTX3 in t-DCs was achieved via transfection of 
the PTX3 vector, and the transfection efficiency was verified by 

qRT–PCR and western blotting (Figure 5A,B). CCK8 and colony for-
mation assays indicated that the overexpression of PTX3 promoted 
the proliferation of t-DCs (Figure  5C,D). Transwell assays showed 
that the overexpression of PTX3 promoted the invasion and migra-
tion of t-DCs, as shown in the wound healing assay (Figure  5E,F). 
The tumorigenicity assay indicated an obvious increase in the tumor 
volume of mice that were subcutaneously implanted with PTX3-
overexpressing t-DCs compared with the control group (Figure 5G).

3.7  |  PTX3 is involved in ZNF148-mediated 
malignant phenotypes

To investigate the role of PTX3 in ZNF148-mediated t-DC devel-
opment, t-DCs were transfected with NC, si-ZNF148 alone, or si-
ZNF148 with PTX3 overexpression plasmids. The levels of PTX3 in 
these cells were measured by western blotting. The results showed 

F I G U R E  3  Analysis of the proliferation and invasion of t-DCs. (A, B) Analysis of cell proliferation of DCs and t-DCs by CC8 and clone 
formation assay. (C) Cell invasion and migration assay of t-DCs. (D) Tumorigenicity assay of t-DCs. (E) Quantitative RT-PCR on PTX3 
expression in t-DCs. (F) Quantitative RT-PCR on 4 candidate TFs, including RREB1, SP5, SOX10, and ZNF148 expression in t-DCs. 
(G) Western blot on PTX3 and ZNF148 expression in t-DCs. (H) ZNF148 expression of gliomas in TCGA database. Data are expressed as 
mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001.



    |  2697CHENG et al.

that si-ZNF148 decreased the levels of PTX3, while ZNF148 overex-
pression reversed this effect (Figure 6A). Moreover, CCK8 and col-
ony formation assays showed that PTX3 overexpression abolished 
the si-ZNF148-mediated inhibition of proliferation (Figure  6B,C). 
Similarly, the transwell and wound healing assays indicated that 
PTX3 overexpression reversed the si-ZNF148-mediated suppres-
sion of migration and invasion in t-DCs (Figure 6D,E). The tumo-
rigenicity assay indicated an obvious decrease in subcutaneous 
tumor volumes when ZNF148 was knocked down in t-DCs, and 
this effect could be partially reversed by the simultaneous upregu-
lation of PTX3 (Figure 6F). Flow cytometry analysis showed that 
there was also an increase in the fraction of early apoptotic cells 
after the knockdown of ZNF148 compared with the control cells, 
and this effect could be partially reversed by the simultaneous up-
regulation of PTX3 (Figure  6G). Cell cycle analysis revealed that 
the downregulation of ZNF148 led to cell cycle arrest in the G0–G1 
phase in t-DCs and this effect could also be partially reversed by 
the simultaneous upregulation of PTX3 (Figure 6H). These data in-
dicated that ZNF148 promoted the malignant phenotype of t-DCs 
by regulating PTX3.

3.8  |  The ZNF148/PTX3 axis downregulated 
adhesion and costimulatory molecule expression 
in t-DCs

To investigate the effect of the ZNF148/PTX3 axis on t-DC phe-
notype, the expression of the costimulatory molecules CD80, 
CD86, and CD40 and the adhesion molecule ICAM-1 before and 
after the ZNF148/PTX3 axis was altered was examined by flow 
cytometry. Compared with that in normal DCs, the expression 
of the costimulatory molecules CD80, CD86, and CD40 and the 
adhesion molecule ICAM-1 in t-DCs decreased significantly, sug-
gesting that t-DCs behaved like immune-tolerant DCs to some 
extent.7,8 However, the knockdown of the transcription factor 
ZNF148 increased the expression of the costimulatory molecules 
CD80, CD86, and CD40 and the adhesion molecule ICAM-1. 
Overexpression of PTX3 further decreased the expression of the 
costimulatory molecules CD80, CD86, and CD40 and the adhe-
sion molecule ICAM-1 in t-DCs (Figure 7), which indicated the im-
portant regulatory role of the ZNF148/PTX3 axis in promoting the 
tolerogenic phenotype of DCs.

F I G U R E  4  Knockdown or upregulation of the transcription factor ZNF148 suppressed or promoted the malignant phenotype of t-
DCs, respectively. (A, B) The transfection efficiency was verified by qRT-PCR and western blot. (C–E) CCK8 and clone formation assay of 
t-DCs transfected with si-NC, si-ZNF148, Vector, or ZNF148-overexpression plasmids. (F, G) Transwell and wound healing assay of t-DCs 
transfected with si-NC, si-ZNF148, Vector, or ZNF148-overexpression plasmids. (H) Tumorigenicity assay in nude mice after subcutaneous 
inoculation of shZNF148 or ZNF148 t-DCs. Data are expressed as mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001.
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3.9  |  The transcription factor ZNF148 regulated 
PTX3 expression by directly binding to its 
promoter region

Knockdown of the transcription factor ZNF148 directly reduced 
the expression of PTX3, and overexpression of the transcrip-
tion factor ZNF148 directly increased the expression of PTX3 
(Figure  8A,B). Analysis of the UCSC database revealed that 
ZNF148-binding sites are located in the 5′-untranslated region 
(UTR) of PTX3, comprising a 2000-bp sequence upstream of the 
transcription start site (Figure 8C). ChIP-qPCR assay showed that 
transcription factor ZNF148 was directly bound to the PTX3 
promoter (Figure  8D). According to the JASPAR database, nine 
candidate sequences in the PTX3 promoter region were pre-
dicted to serve as potential ZNF148 binding sites. Therefore, we 
constructed a vector encoding the full-length PTX3 promoter 
(pGL3-PTX3) as well as vectors encoding three PTX3 truncated 
promoter constructs that spanned the three central high-scoring 
sequences (i.e., sequences with relatively strong binding potential: 

pGL3-PTX3-Δ1, pGL3-PTX3-Δ2, and pGL3-PTX3-Δ3; Figure 8E). 
A dual-luciferase reporter assay was performed by cotransfecting 
t-DCs with ZNF148 and pGL3-PTX3 or three truncated fragments 
(Δ1, Δ2, or Δ3). Transformed DCs cotransfected with ZNF148 
and PGL3-PTX3-Δ3 exhibited the highest luciferase activity 
(Figure 8F). This indicated that ZNF148 is bound to the 1196–1992 
region of the PTX3 promoter.

3.10  |  Indirect verification of the 
role of ZNF148/PTX3 axis on t-DCs in GSCs-
microenvironment

Quantitative RT-PCR and western blotting were performed 
to analyze ZNF148 and PTX3 content in SU3 cells derived ex-
osomes, which disclosed that both ZNF148 and PTX3 were up-
regulated in SU3 exosomes at transcriptional as well as protein 
levels, compared with normal human astrocytes (NHAs) exosomes 
(Figure  8G,H). Besides, intracellular expression of ZNF148 and 

F I G U R E  5  PTX3 upregulation promoted the malignant phenotype of t-DCs. (A, B) The transfection efficiency was verified by qRT-PCR 
and western blot. (C) CCK8 assay on t-DCs with PTX3 upregulation. (D) Clone formation assay on t-DCs with PTX3 upregulation. (E, F) 
Transwell and wound healing assay of t-DCs with PTX3 upregulation. (G) Tumorigenicity assay performed in nude mice by subcutaneous 
inoculation of t-DCs with PTX3 upregulation. Data are expressed as mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001.
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PTX3 increased obviously in tumor-associated astrocytes (TAAs) 
at both transcriptional and protein levels, compared with NHAs 
(Figure 8I,J).

4  |  DISCUSSION

Most studies have attributed the treatment resistance and high re-
currence of gliomas to GSCs36–38 based on their infinite self-renewal 
capacity, persistent proliferation, and strong ability to remodel the 
TME.39–41 Various stromal cells in the TME actively interact with 
GSCs and play vital roles in GSC-induced tumor progression. Various 
glioma biological processes are largely affected by the TME,42 and 
targeting the TME has been considered a potential treatment strat-
egy in recent years.43 The unique properties of TME stromal cells, 
which have emerged as critical regulators of cancer tissue remod-
eling, indicate a specific framework that needs to be taken into con-
sideration in the design of TME-targeted interventions.9,44

DCs are bone marrow-derived, specialized antigen-presenting 
cells (APCs) that function within the immune system to bridge innate 
and adaptive immunity.45 As dominant APCs, DCs capture tumor 
antigens and present them to antigen-specific T cells via MHC gly-
coproteins, thereby activating naive T cells and initiating specific im-
mune responses.46 Upon pathogen sensing, populations of DCs in 
peripheral tissues become activated and migrate to the T-cell areas 
of draining lymph nodes (LNs), where they stimulate antigen-specific 
T-cell responses to initiate immunity or tolerance.47 These cells are 
termed migratory DCs.48 In addition to their “educator” role, DCs 
can secrete cytokines and growth factors to regulate the tissue 
environment.49 Immature DC cells exposed to a hypoxic microen-
vironment express high levels of HIF-1α and upregulate B-cell lym-
phoma 2 (Bcl-2)/adenovirus E1B 19-kd interacting protein 3 (BNIP3), 
which mediates DC Programmed cell death.50 Additionally, hypoxia 
reduces the surface expression of DC differentiation and matura-
tion markers, including MHC-II and costimulatory molecules (CD40, 
CD80, and CD86).51 Glioma cells suppress the expression of MHC-II 

F I G U R E  6  PTX3 is involved in ZNF148-mediated malignant phenotypes. (A) Levels of PTX3 in t-DCs transfected with si-NC, si-ZNF148, 
or si-ZNF148 with PTX3-overexpression plasmids by western blot. (B, C) CCK8 and clone formation assay of t-DCs transfected with si-NC, 
si-ZNF148, or si-ZNF148 with PTX3-overexpression plasmids. (D, E) Transwell and wound healing assay of t-DCs transfected with si-NC, 
si-ZNF148, or si-ZNF148 with PTX3-overexpression plasmids. (F) Tumorigenicity assay performed in nude mice by subcutaneous inoculation 
of t-DCs with sh-NC, sh-ZNF148, or sh-ZNF148 with PTX3-overexpression. (G) Flow cytometry on cell apoptosis of t-DCs transfected with 
si-NC, si-ZNF148, or si-ZNF148 with PTX3-overexpression plasmids. (H) Cell cycle assay of t-DCs transfected with si-NC, si-ZNF148, or si-
ZNF148 with PTX3-overexpression plasmids. Data are expressed as mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001.
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through TGF-β1.52 As interest in the use of immune checkpoint in-
hibitors for cancer therapy continues to expand, DC vaccines are 
likewise gaining significant clinical attention as an alternative strat-
egy to stimulate T-cell responses. Preconditioning of the vaccination 
site with an inflammatory stimulus (e.g., tetanus toxoid) was found 
to significantly increase DC homing to nearby draining LNs, leading 
to prolonged progression-free and overall survival of glioblastoma 
patients; these results demonstrated the potential of DC vaccines 
to exert antitumor effects on glioblastoma. DC vaccinations, such 
as DC-Vax-L, have yielded promising results and are being eval-
uated in advanced clinical trials (newly diagnosed glioblastoma, 
NCT00045968, phase III).53 This implies that DC-based immuno-
therapy may have great potential for the treatment of gliomas.

We previously reported the malignant transformation of oligo-
dendrocytes, macrophages, MSCs, and fibroblasts induced by GSCs 
in a dual-color tracing orthotropic GSC model, and revealed that dif-
ferentiated non-GSCs glioma cells cannot induce malignant transfor-
mation of these cells.20,54 The current study aimed to investigate the 
crosstalk between GSCs and DCs. Based on the double-fluorescence 
tracing platform, interactions between GSCs labeled with RFP and 
DCs labeled with GFP were visible. After approximately 10 days of 
co-culture, a few green cells (DCs) were found to undergo active 

proliferation. As coculture continued, these cells became increas-
ingly prevalent. After monoclonal with a micropipetting technique 
under a fluorescence microscope, t-DCs were found to retain the 
expression of DC surface markers and to behave like transformed 
cells with high proliferation, strong invasion and migration abilities, 
and definite tumorigenicity.

PTX3, which is also called tumor necrosis factor (TNF)-inducible 
gene 14 protein (TSG-14), is a member of the superfamily of acute-
phase proteins.55 PTX3 activates JNK signaling and regulates the 
epithelial-to-mesenchymal transition,56 which is always accompa-
nied by tumor metastasis.57 Increasing amounts of evidence have 
focused on the potential relationship between PTX3 and various 
malignancies. Increased plasma levels of PTX3 are associated with 
a poor prognosis in colorectal carcinoma patients.58 Overexpression 
of PTX3 is related to poor prognosis in lung cancer patients via a 
local inflammatory response.59 Higher levels of PTX3 were observed 
in glioblastomas, whereas its expression in low-grade gliomas and 
normal astrocytes is very low or null,60 and higher levels of PTX3 
are associated with a high degree of malignancy and shorter patient 
survival.61 Both stromal cells (endothelium and fibroblasts) and im-
mune cells (macrophages, neutrophils, and DCs) in the GBM micro-
environment are known to produce PTX3.62 PTX3 is an important 

F I G U R E  7  ZNF148/PTX3 axis downregulated expression of adhesion and costimulatory molecules of t-DCs.
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component of the GBM microenvironment that is produced by 
both tumor cells and infiltrating CD68-positive macrophages, and 
local PTX3 levels correlate with glioma grade and malignancy.60 
ZNF148 is a Kruppel-type zinc finger family protein that binds to 
GC-rich sequences in various gene promoters.63,64 ZNF148 can act 
as a transcriptional regulator to activate or repress gene expres-
sion.65 Previous studies indicate that ZNF148 potentially acts as a 
tumor-promoting factor in many tumors,64,66–70 so the implications 
of ZNF148 in tumor development in the context of genetics are wor-
thy of further investigation. Additionally, our results showed higher 
expression of ZNF148 and higher expression of PTX3 in highly in-
vasive malignant t-DCs. Upregulated ZNF148 expression resulted 
in increased cell growth and invasion by upregulating PTX3, which 
further confirmed that the role of DCs can be modulated by GSC-
mediated remodeling of the immune microenvironment. However, 
the molecules released by GSCs that induce the transformation of 
DCs through activating the ZNF148/PTX3 axis still need further 
investigation.

Overall, our study demonstrated that DCs can be induced to 
undergo malignant transformation after being cocultured with 

GSCs in vitro, and the ZNF148/PTX3 axis plays an important role 
in the malignant transformation of DCs. Our findings provide 
strong evidence that the transformation of DCs can occur in the 
highly immunosuppressive microenvironment that is generated 
by GSCs. Therefore, the development of novel DC-based immu-
notherapies for the treatment of gliomas requires caution, and 
this area still needs further investigation. However, there is an 
existing common problem associated with most glioma research, 
namely, the lack of complete immunity in nude mice, which limited 
the interpretation of our experimental data to some extent. Our 
experimental design can be improved if applying more powerful 
in vivo characterization methods to further elucidate the role 
of transformed DCs in GSCs-microenvironment. Recent studies 
have reported that the deficiency of nude mice models can be 
improved by adopting several brain imaging modalities,71,72 which 
have been developed that are particularly appropriate for in vivo 
glioma studies. Especially, molecular magnetic resonance imaging 
(MRI) to visualize biological processes at the molecular level in 
nude mouse models, helps to enhance feasibility and accuracy in 
future studies.71

F I G U R E  8  The transcription factor ZNF148 regulated PTX3 expression by directly binding to its promoter region. (A, B) Levels of PTX3 in 
t-DCs transfected with si-NC, si-ZNF148, Vector, or ZNF148-overexpression plasmids by qRT-PCR and western blot. (C) ZNF148 binding site 
in PTX3 promoter region predicted by UCSC. (D) ChIP-qPCR assay indicating binding of ZNF148 with PTX3 promoter. (E) Oligonucleotide 
sequences 1 to 9 represent the predicted ZNF148 binding sites by JASPAR. (F) Dual-luciferase reporter assay indicating binding of PTX3 
with ZNF148. (G) Quantitative RT-PCR on ZNF148 and PTX3 expression in SU3 cells-derived exosomes. (H) Western blot on ZNF148 and 
PTX3 expression in SU3 cells-derived exosomes. (I) Quantitative RT-PCR on ZNF148 and PTX3 expression in TAAs. (J) Western blot on 
ZNF148 and PTX3 expression in TAAs. Data are expressed as mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001.
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