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The hypoxic microenvironment in gliomas critically contributes to malignant progression. This study 
investigates the functional role and molecular mechanisms of long noncoding RNAs derived from 
hypoxic endothelial cell exosomes in reprogramming tumor-associated macrophages and driving 
glioma progression. We identified a novel long noncoding RNA, lnc-DKK3, enriched in exosomes 
secreted by hypoxic endothelial cells. Nuclear-localized lnc-DKK3 suppresses PD-L1 ubiquitination in 
macrophages by binding to USP47, promoting M2-like polarization and immunosuppression. Additionally, 
the lnc-DKK3/USP47 axis stabilizes RelA, augmenting its transcriptional activity and collectively accelerating 
glioma progression. Thus, hypoxic endothelial-cell-derived lnc-DKK3 drives M2 polarization via the 
USP47/PD-L1 pathway and promotes glioma progression via the USP47/RelA axis, highlighting its 
therapeutic potential. To translate these insights, we developed a macrophage-specific CRISPR interference–
liquid nanoparticle platform targeting the lnc-DKK3 super-enhancer and demonstrated its synergistic 
sensitization to anti-PD-1 therapy in preclinical models.

Introduction

   Glioblastoma (GBM), the most aggressive primary brain 
tumor, is characterized by a profoundly immunosuppressive and 
hypoxic tumor microenvironment (TME) that drives therapeu-
tic resistance and disease progression [  1 ]. Hypoxic stress func-
tions as a master regulator, fostering a niche that sustains glioma 
stem cells and promotes aberrant angiogenesis [  2 ]. Vascular 
endothelial cells actively engage in bidirectional signaling with 
tumors. The microfluidic models demonstrate that endothelial 
cells can modulate oxygen gradients within tumor spheroids 
[  3 ,  4 ] and undergo phenotypic changes in response to hypoxic 
signals, particularly shaping TME through complex paracrine 
signaling [  5 –  7 ]. This paracrine dialogue is critically mediated 
by exosomes, which serve as key vehicles for intercellular com-
munication. Tumor- and stromal-cell-derived exosomes carry 

bioactive molecules to recipient cells, including proteins and 
noncoding RNAs (ncRNAs), to recipient cells [  8 ,  9 ], thereby 
remodeling the immune cells and facilitating the formation 
of pre-metastatic niches [  10 ,  11 ]. In tumors, exosomes from 
endothelial-cell-derived exosomes have been shown to deliver 
specific cargo that influences immune evasion, angiogenesis, 
metastasis, and chemoresistance [  12 ,  13 ]. However, the mecha-
nisms by which hypoxic endothelial exosomal long noncoding 
RNAs (lncRNAs) orchestrate immunosuppression and glioma 
progression remain poorly defined [  14 ].

   Immunosuppression drives resistance to immune checkpoint 
inhibitors in GBM [  15 –  17 ]. This immunosuppressive TME is 
dominated by tumor-associated macrophages (TAMs) polarized 
toward an M2-like, pro-tumoral phenotype [  18 ] and is further 
attributed to the intrinsic immune-evasive properties of glioma 
stem cells (GSCs) [  19 ]. TAMs repress cytotoxic T-cell function, 

Citation: Wang Z, Zhao Y, Fan F, Ji C, 
Chen Y, Li P, Ji A, Bai W, Chen H, Yuan Y, 
et al. Hypoxic Endothelial-Cell-Derived 
Exosomal lnc-DKK3 Reprograms 
Tumor-Associated Macrophages via 
USP47/PD-L1/RelA Axis to Promote 
Glioma Progression. Research 
2026;9:Article 1431. https://doi.
org/10.34133/research.1431

Submitted 12 May 2026  
Revised 20 August 2026  
Accepted 21 August 2026  
Published 14 September 2026

Copyright © 2026 Zanhan Wang et al.   
Exclusive licensee Science and 
Technology Review Publishing House. 
No claim to original U.S. Government 
Works. Distributed under a Creative 
Commons Attribution License  
(CC BY 4.0).

mailto:lixia_fmmu@126.com
mailto:729122921@qq.com
mailto:zhaojl@fmmu.edu.cn
mailto:zhaojl@fmmu.edu.cn
mailto:sunny_3c@126.com
https://doi.org/10.34133/research.1431
https://doi.org/10.34133/research.1431
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Wang et al. 2026 | https://doi.org/10.34133/research.1431 2

facilitate the generation of myeloid-derived suppressor cells and 
regulatory T cells, and secrete factors that support tumor growth 
[  20 ,  21 ]. GSCs, meanwhile, contribute to therapeutic resistance 
and recurrence and are known to interact with and modulate their 
microenvironment [  22 ,  23 ]. Increas ing evidence highlights those 
endothelial cells, via exosome-mediated delivery, actively regulate 
both TAM remodeling and GSCs self-renewal [  24 ,  25 ]. However, 
whether and how hypoxic niches specifically alter endothelial-
derived exosomes to simultaneously modulate TAM-mediated 
immunosuppression and fortify GSC-driven immune evasion 
remains unclear [  26 ]. Few studies have examined how hypoxic 
endothelial exosomal lncRNAs mediate the dual interaction 
between macrophages and glioma cells, leaving a critical gap in 
understanding how endothelial paracrine signaling coordinates 
immune reprogramming and tumor cell stemness.

   Exosomal lncRNAs regulate gene expression at epigenetic, 
transcriptional, and posttranscriptional levels, presenting impor-
tant potential as therapeutic targets. Nuclear-localized lncRNAs 
exert potent and sustained regulatory effects by directly engaging 
with chromatin and the transcriptional machinery [  27 ,  28 ], func-
tioning as scaffolds, decoys, or guides to modulate gene expression 
[  29 ]. Specific nuclear lncRNAs influence NF-κB signaling and the 
DNA damage response, thereby contributing to tumor aggressive-
ness [  30 ,  31 ]. In glioma, the nuclear lncRNA ST7-AS2 promotes 
tumorigenesis by regulating VEGFR2 transcription [  32 –  34 ], while 
other lncRNAs control the epithelial–mesenchymal transition 
[  35 ]. However, whether hypoxic endothelial exosomes deliver 
nucleus-localized lncRNAs that concurrently reprogram TAMs 
and modulate glioma stemness remains unexplored [  36 ,  37 ].

   In this study, we identified ENST00000527132 (lnc-DKK3) 
from hypoxic endothelial exosomes as a core functional molecule. 
Exosomal lnc-DKK3 transcriptionally activates USP47 in TAMs 
and glioma cells, stabilizing both PD-L1 and the NF-κB subunit 
RelA. This axis promotes PD-L1 expression in TAMs to foster 
immunosuppression and enhances RelA-driven stemness in 
glioma cells. Employing a CRISPR interference (CRISPRi) tool 
to target the lnc-DKK3 enhancer effectively suppressed USP47 
transcription, remodeling the immunosuppressive TME and sen-
sitizing gliomas to anti-PD-1 therapy in vivo. Thus, we reveal that 
hypoxic endothelial exosomal lnc-DKK3 serves as a dual-function 
signaling hub that simultaneously orchestrates TAM immunosup-
pressive polarization via the USP47/PD-L1 axis and promotes 
glioma stemness via the USP47/RelA axis, establishing a cohesive 
mechanistic link between endothelial paracrine signaling and 
immune-stromal co-evolution. Our findings elucidate a cohesive 
hypoxia-driven signaling axis and propose a promising combina-
tory immunotherapeutic strategy for glioma by targeting the 
endothelial exosomal lnc-DKK3–USP47 pathway.   

Results
Hypoxic endothelial-cell-derived exosomes  
promote glioma progression by remodeling the 
glioma microenvironment
   Given the pivotal role of endothelial-cell-derived exosomes in 
tumor progression, this study systematically investigated the 
impact of on the glioma microenvironment. Drawing upon prior 
literature, we constructed APRPG@Nexinhib20@LNP (APRPG@
Nexinhib20@lipid nanoparticle, LNP-N) [  38 ,  39 ] encapsulating 
the Rab27a inhibitor Nexinhib20 [  40 ] to specifically block endo-
thelial exosome secretion (Fig.  1 A). Prior to therapeutic evalua-
tion, we validated the safety and targeting specificity of LNP-N; 

systemic administration resulted in no significant weight loss or 
organ abnormalities (Fig.  S1 A), and LNP-N was preferentially 
internalized by endothelial cells compared to immune or tumor 
cells (Fig.  S1 C), confirming its specificity. In a mouse GBM model, 
blocking endothelial exosome secretion using LNP-N signifi-
cantly suppressed glioma outgrowth, as evidenced by markedly 
attenuated intracranial fluorescence signals (Fig.  1 B and C). Mice 
in the LNP-N-treated group maintained stable body weight, in 
contrast to the tumor-induced weight loss observed in controls 
(Fig.  1 D). Hematoxylin and eosin staining on day 21 revealed 
significantly smaller tumor areas in the LNP-N group compared 
to controls (Fig.  1 E and F). Furthermore, Ki-67 expression was 
significantly reduced, indicating the inhibition of tumor cell pro-
liferation (Fig.  1 G). Staining analysis of tumor tissues from our 
mouse model revealed a significant reduction in M2 macrophage 
infiltration in the LNP-N-treated group (Fig. 1H). Together, these 
findings demonstrate that vascular endothelial cells in the hypoxic 
tumor microenvironment contribute to glioma proliferation and 
immune microenvironment remodeling through exosome-
mediated paracrine signaling, and that targeted inhibition of 
this pathway effectively impedes disease progression.        

   To determine whether blocking endothelial exosome secre-
tion influences brain exosome levels, we performed immuno-
fluorescence staining for CD31 co-localized with the exosomal 
markers CD9 and TSG101. In LNP-N-treated mice, CD31+CD9+ 
and CD31+TSG101+ double-positive events were significantly 
reduced (Fig.  S1 B), confirming the effective blockade of endo-
thelial exosome secretion and a decrease in exosome signals 
within the TME, consistent with the reduced tumor burden. 
Staining analysis also revealed a significant reduction in M2 
macrophage infiltration in LNP-N-treated tumors (Fig.  1 H).

   Collectively, these findings demonstrate that vascular endo-
thelial cells in the hypoxic TME contribute to tumor prolifera-
tion and immune remodeling through exosome-mediated 
paracrine signaling, and that targeted inhibition of this pathway 
effectively impedes disease progression.   

Lnc-DKK3 is a significantly up-regulated regulatory 
molecule in endothelial-cell-derived exosomes
   To identify key factors within hypoxic endothelial-cell-derived 
exosomes that influence tumor progression, we performed high-
throughput sequencing on exosomes isolated from human umbili-
cal vein endothelial cells (HUVECs) cultured under normoxic and 
hypoxic conditions. Mass spectrometry and Western blot analyses 
confirmed hypoxia-induced alterations in exosomal cargo (Fig.  2 A 
to C), while principal component analysis revealed distinct RNA 
expression profiles between the groups (Fig.  2 D). Given that 
lncRNAs regulate gene expression at epigenetic, transcriptional, 
and posttranscriptional levels, we focused on screening differen-
tially expressed lncRNAs. Volcano plot analysis identified signifi-
cantly altered candidates (Fig.  2 E). Since nucleus-localized 
lncRNAs can recruit chromatin-modifying complexes to exert 
potent regulatory effects, we examined the cellular localization of 
differentially expressed lncRNAs (Fig.  2 F). A heatmap visually 
displays the top 10 significantly up-regulated and down-regulated 
lncRNAs in hypoxic exosomes (Fig.  2 G), and bioinformatics analy-
sis revealed correlations with glioma patient survival (Fig.  2 H). 
We selected the top 5 nuclear-localized lncRNAs for quantitative 
reverse transcription polymerase chain reaction (qRT-PCR) vali-
dation (Fig.  2 I). To experimentally verify the nuclear localization 
of lnc-DKK3, we performed nuclear/cytoplasmic fraction-
ation followed by qRT-PCR. Under both normoxic and hypoxic 
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Fig. 1. Blocking the endothelial exosome-mediated paracrine pathway suppresses glioblastoma progression in mice. (A) Schematic representation of the experimental design: 
an orthotopic glioma model with endothelial paracrine blockade using APRPG@Nexinhib20@LNP (LNP-N). (B and C) In  vivo imaging demonstrated reduced intracranial 
tumor fluorescence in LNP-N-treated mice (n = 8). (D) Body weight remained stable throughout the treatment period. (E and F) Hematoxylin and eosin (HE) staining of brain 
sections at the experimental endpoint. (G) Immunofluorescence analysis revealed a lower Ki-67 (red) signal in the LNP-N group. (H) Reduced M2 macrophage markers in 
the LNP-N group indicated amelioration of the immunosuppressive microenvironment. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, not significant; 2-tailed 
unpaired Student t test; mean ± SEM; scale bar: 50 μm.
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Fig. 2. Screening for key long noncoding RNAs (lncRNAs) in hypoxic endothelial-cell-derived exosomes that regulate glioma. (A and B) Characterization of human-umbilical-
vein-endothelial-cell-derived exosomes under hypoxic versus normoxic conditions: particle-size distribution (A) and mass spectrometry profiles (B). (C) Western blot analysis 
confirming exosomal markers. (D) Principal component analysis plot revealing distinct RNA expression profiles between groups. (E to H) Differential lncRNA analysis: volcano 
plot (E) highlighting up-regulated lncRNAs in hypoxia; subcellular localization (F); heatmaps of differentially expressed exosomal lncRNAs (G) and their correlation with 
overall survival in lower-grade glioma (LGG) and in patients with glioblastoma (GBM) (H). HR, hazard ratio. (I) Quantitative reverse transcription polymerase chain reaction 
(qRT-PCR) validation of the top 5 lncRNAs. (J) Nuclear/cytoplasmic fractionation confirming nuclear enrichment of lnc-DKK3. (K) Kaplan–Meier curve demonstrating that 
high co-expression of lnc-DKK3/USP47 correlates with poor survival in patients with TCGA GBM (log-rank P < 0.05). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; 
2-tailed unpaired Student t test or one-way analysis of variance (ANOVA); mean ± SEM.
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conditions, lnc-DKK3 was enriched more than 10-fold in the 
nuclear fraction, with no significant difference in nuclear-to-
cytoplasmic ratio between oxygen conditions, confirming its con-
stitutive nuclear localization (Fig.  2 J). Integrated bioinformatics 
analysis identified Ensembl ID ENST00000527132 as significantly 
highly expressed, with markedly higher levels in GBM versus low-
grade glioma tissues (Fig.  2 K). Synthesizing these multilayered 
screening results, we identified ENST00000527132 as the core 
candidate molecule within hypoxic endothelial exosomes mediat-
ing crosstalk with glioma cells and designated it lnc-DKK3.           

Lnc-DKK3 promotes glioma progression by 
regulating USP47 to influence macrophages
   To confirm that lnc-DKK3 possesses the molecular characteristics 
of a typical lncRNA and to assess its clinical significance, we per-
formed a series of bioinformatic analyses. The University of 
California, Santa Cruz database revealed that the genomic locus 
of lnc-DKK3 overlaps with the DKK3 protein-coding region and 
contains a putative enhancer marked by H3K4me1 and H3K27Ac 
that may promote USP47 expression. Tracks including transcrip-
tion start site (TSS), genome-wide information on protein syn-
thesis (GWIPS) ribosome profiling, and cap analysis of gene 
expression (CAGE) reads are shown in this genome browser plot 
(Fig.  3 A). Database analysis indicated low sequence conservation 
across species (Fig.  3 B), and the Matched Annotation from NCBI 
and EBI (MANE) track suggested a regulatory interaction between 
lnc-DKK3 and the USP47 enhancer (Fig.  3 C). To validate its non-
coding nature, we assessed its protein-coding potential; lnc-DKK3 
lacks a complete open reading frame and a canonical Kozak 
sequence, supporting its classification as a lncRNA (Fig.  S2 A).        

   To experimentally test the predicted enhancer–promoter 
interaction, we performed chromatin immunoprecipitation 
(ChIP)–qPCR using antibodies against H3K4me1, H3K27Ac, 
and H3K4me3. These assays confirmed the enrichment of 
active enhancer marks at the USP47 promoter in lnc-DKK3-
expressing cells (Fig.  3 D to F). To directly evaluate cis-regu-
latory function, we conducted dual-luciferase reporter assays. 
The enhancer sequence drove luciferase expression upon lnc-
DKK3 co-expression, while mutation of the predicted binding 
motif abolished this effect (Fig.  3 G).

   To investigate clinical relevance, we performed survival 
analysis using public databases. Kaplan–Meier curves showed 
that high lnc-DKK3 expression in endothelial cells was sig-
nificantly associated with shorter overall survival in patients 
with glioma (Fig.  3 H). High USP47 expression in glioma stem 
cells (Fig.  3 I) and macrophages was also correlated with poor 
survival (Fig.  3 J), whereas USP47 expression in T cells, regu-
latory T cells, and B cells showed no significant prognostic 
correlation (Fig.  S2 B to D), suggesting cell-type-specific rel-
evance of the lnc-DKK3/USP47 axis. These findings suggest 
that lnc-DKK3 may serve as a potential molecular marker for 
unfavorable prognosis in patients with glioma.   

Lnc-DKK3 promotes tumor progression by inducing 
M2 polarization of macrophages
   Previous findings suggested that high lnc-DKK3 expression remod-
els the glioma TME, with differences observed in Arginase-1 
(Arg1)+ macrophage infiltration. To elucidate the regulatory mech-
anism by which hypoxic endothelial cells regulate macrophage 
polarization, conditioned medium from normoxic and hypoxic 
HUVECs were collected and co-cultured with immortalized 

bone-marrow-derived macrophages (iBMDMs) for 24 h. qRT-PCR 
(Fig.  4 A), immunofluorescence (Fig.  4 C), and flow cytometry (Fig. 
 4 E) confirmed that hypoxic endothelial conditioned medium sig-
nificantly up-regulated M2 marker expression. To verify that exo-
somes, rather than soluble factors, mediate this effect, exosomes 
were isolated from normoxic and hypoxic HUVEC supernatants 
and used to treated iBMDMs directly. Hypoxic exosomes signifi-
cantly up-regulated M2 markers (Arg1 and CD206) at the mRNA 
level, whereas M1 markers (inducible nitric oxide synthase [iNOS] 
and monocyte chemoattractant protein 1 [MCP1]) exhibited no 
significant changes; these results were corroborated by immu-
nofluorescence analysis for iNOS and Arg1 (Fig.  S3 A to C). 
Furthermore, the phagocytic capacity (Fig.  4 G), proliferative poten-
tial (Fig.  4 I), and apoptotic potential (Fig.  4 J) of macrophages were 
markedly enhanced following co-culture with tumor cells. To 
directly verify the role of lnc-DKK3, it was overexpressed in 
iBMDMs. Lnc-DKK3 overexpression recapitulated the effects of 
hypoxic conditioned medium, driving M2 polarization character-
ized by elevated M2 marker expression. Mechanistically, treatment 
of lnc-DKK3-overexpressing macrophages with a USP47-specific 
inhibitor [  41 ] significantly suppressed M2 polarization (Fig.  4 B, D, 
and F) and attenuated phagocytic capacity (Fig.  4 H), proliferative 
potential (Fig.  4 I), and apoptotic potential (Fig.  4 K) following co-
culture with tumor cells. In summary, hypoxic endothelial cells 
deliver lnc-DKK3 via exosomes, up-regulating USP47 in macro-
phages and driving immunosuppressive M2 polarization, thereby 
promoting glioma progression.           

Lnc-DKK3 promotes malignant behaviors and 
enhances stemness in glioma
   To investigate the biological function of lnc-DKK3 in glioma pro-
gression, we performed overexpression and functional rescue 
experiments in GL261 cells. High expression of lnc-DKK3 signifi-
cantly enhanced the malignant phenotype of glioma cells. Cell 
migration assays demonstrated that hypoxic endothelial condi-
tioned medium or lnc-DKK3 overexpression markedly increased 
GL261 migratory ability, whereas USP47 inhibition attenuated this 
effect (Fig.  5 A to D). Similarly, colony formation assays revealed 
that hypoxic conditioned medium or lnc-DKK3 overexpression 
significantly enhanced glioma cell proliferation, which was par-
tially reversed by USP47 inhibitor treatment (Fig.  5 E to G). 
qRT-PCR analysis showed that stemness-related genes (CD133 
and OCT4) were significantly up-regulated in GL261 cells treated 
with hypoxic conditioned medium or overexpressing lnc-DKK3, 
suggesting enhanced self-renewal and tumorigenic potential 
(Fig.  5 H and I). To corroborate these findings at the protein 
level, we performed immunofluorescence staining for SOX2. 
Consistent with the mRNA results, SOX2 protein expression was 
markedly elevated in GL261 cells treated with hypoxic conditioned 
medium or overexpressing lnc-DKK3, while USP47 inhibition 
effectively attenuated this up-regulation (Fig.  5 J and K). Collectively, 
these results indicate that lnc-DKK3 promotes glioma cell prolif-
eration, migration, and stemness maintenance by up-regulating 
USP47, thereby driving malignant tumor progression.           

Lnc-DKK3 promotes macrophage phenotype 
remodeling by up-regulating PD-L1 via USP47
   To confirm that exosomal lnc-DKK3 engages the downstream 
signaling cascade in recipient cells, we isolated exosomes from 
normoxic and hypoxic HUVEC supernatants and treated iBMDMs 
with the purified exosomes. Western blot analysis confirmed 
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Fig. 3. Molecular characterization and clinical prognostic value of lnc-DKK3. (A to C) Bioinformatic characterization of lnc-DKK3. (A) Analysis using Cistrome Data Browser 
analysis revealed the ChIP-seq peak distribution of lnc-DKK3 and USP47 at promoters of nucleotide synthesis genes. (B) Cross-species analysis identified conserved regions 
within lnc-DKK3. (C) Lnc-DKK3 regulates the enhancer of its upstream protein, USP47. (D to F) ChIP-qPCR for H3K4me1, H3K27Ac, and H3K4me3 demonstrated significantly 
increased active enhancer marks and H3K4me3 occupancy at the USP47 promoter in lnc-DKK3-expressing cells, confirming its active enhancer state. (G) Dual-luciferase 
assay indicated that the enhancer drives luciferase expression in a lnc-DKK3-dependent manner; mutation of the predicted binding motif abolished this effect. (H to J) 
Kaplan–Meier analysis of patients with TCGA glioma demonstrated that the co-expression of endothelial (Tie2+Vegf+ENST00000527132), stem cell (USP47+CD133+OCT4), 
and macrophage (USP47+CD68+CD11c+HLA-DR) signatures correlated with unfavorable survival (log-rank P < 0.05). **P < 0.01, ***P < 0.001, ****P < 0.0001; 2-tailed 
unpaired Student t test or one-way ANOVA; mean ± SEM.
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Fig. 4. Lnc-DKK3 promotes tumor progression by inducing M2 polarization of macrophages. (A) qRT-PCR analysis of macrophage polarization marker expression following co-
culture with conditioned medium from normoxic or hypoxic endothelial cells. (B) qRT-PCR analysis of polarization marker expression in macrophages overexpressing lnc-DKK3. 
(C) Immunofluorescence staining and quantification results. (D) Immunofluorescence staining and quantification. (E) Validation of polarization markers by flow cytometry and 
statistical analysis. (F) Validation of polarization markers by flow cytometry and statistical analysis. (G) Assessment of macrophage phagocytic capacity. (H) Assessment of 
macrophage phagocytic capacity. (I) Proliferation was enhanced in lnc-DKK3-overexpressing macrophages and effect reversed by USP47 inhibition. (J) Flow cytometric analysis 
and statistical quantification of macrophage apoptosis after co-culture with conditioned medium from normoxic or hypoxic endothelial cell. (K) Detection of macrophage 
apoptosis. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, not significant; 2-tailed unpaired Student t test or one-way ANOVA; mean ± SEM; scale bar: 150 μm.
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increased USP47 and PD-L1 following treatment with hypoxic 
exosomes, demonstrating that exosomal lnc-DKK3 activates the 
USP47/PD-L1 axis (Fig.  S4 A to C). Given that USP47 promotes 

the accumulation of its substrate proteins, we intersected 
known USP47 deubiquitination substrates with genes involved 
in pro-tumor immune evasion in TAMs, identifying PD-L1 as 

Fig. 5. Lnc-DKK3 promotes malignant biological behaviors of glioma cells by regulating USP47. (A to D) Migration assays indicated that hypoxia and lnc-DKK3 overexpression 
promoted GL261 cell migration, whereas USP47 inhibition reversed this effect. (E to G) Proliferation assays demonstrated enhanced cell growth under hypoxia or lnc-DKK3 
overexpression, which was attenuated by USP47 inhibition. (H and I) qRT-PCR analysis revealed up-regulated stemness markers (CD133 and OCT4) in lnc-DKK3 overexpressing 
cells, an effect reversed by USP47 inhibition. (J and K) Immunofluorescence confirmed increased SOX2 expression upon lnc-DKK3 overexpression, which was reduced by USP47 
inhibition. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; 2-tailed unpaired Student t test or one-way ANOVA; mean ± SEM; scale bar: 150 μm.

https://doi.org/10.34133/research.1431
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a key target whose protein stability is maintained by USP47 
(Fig.  6 A). Previous studies have shown that USP47 deficiency 
reduces PD-L1 protein level without affecting its mRNA expres-
sion [  42 ]. qRT-PCR analyses confirmed that USP47 mRNA was 
significantly increased in macrophages treated with hypoxic con-
ditioned medium or overexpressing lnc-DKK3, whereas a USP47 
inhibitor suppressed this effect (Fig.  6 B). Co-immunoprecipitation 
assays confirmed a physical interaction between USP47 and 
PD-L1, which was enhanced upon lnc-DKK3 overexpression 
(Fig.  6 C). Immunofluorescence (Fig.  6 D to F) and Western blot 
analyses (Fig.  6 G to I) consistently demonstrated that PD-L1 
and USP47 protein expression was up-regulated in macrophages 
treated with hypoxic conditioned medium or overexpressing 
lnc-DKK3 and down-regulated by USP47 inhibitor treatment.        

   To validate the specificity of USP47-mediated effects, we 
designed 3 independent siRNAs targeting USP47. All 3 siRNAs 
efficiently knocked down USP47 at both mRNA (Fig.  S4 D) and 
protein levels (Fig.  S4 E). USP47 knockdown significantly atten-
uated lnc-DKK3 overexpression-induced up-regulation of 
USP47 at the mRNA level (Fig.  S4 F) and reversed USP47, 
PD-L1, and downstream signaling protein up-regulation by 
Western blot (Fig.  S4 G). To determine whether USP47 regulates 
PD-L1 post-translationally, we performed qRT-PCR and found 
no significant changes in PD-L1 mRNA upon USP47 knock-
down or overexpression (Fig.  6 J). MG132 rescue experiments 
further demonstrated that proteasome inhibitor treatment res-
cued PD-L1 protein levels in USP47-knockdown cells (Fig.  6 K), 
confirming that USP47 stabilizes PD-L1 by protecting it from 
proteasome-dependent degradation. These results validate the 
pathway wherein lnc-DKK3 up-regulates PD-L1 expression in 
macrophages through positive regulation of USP47.   

Lnc-DKK3 up-regulates RelA in glioma cells via 
USP47 and induces T-cell exhaustion
   Exosome-derived lncRNAs play a critical role in tumor pro-
gression by promoting malignant phenotypic transformation 
in glioma and mediating intercellular communication to 
facilitate tumorigenesis. For instance, the exosomal lncRNA 
CRNDE-h derived from colorectal cancer promotes Th17 cell 
differentiation, thereby exerting a pro-tumorigenic effect within 
the TME [  43 ]. Beyond its established role in gastric cancer, the 
deubiquitinase USP47 has been shown to sustain NF-κB signal-
ing by stabilizing RelA and promoting chemoresistance [  44 ]. 
However, the upstream regulatory mechanisms governing USP47 
activity within the glioma microenvironment—particularly 
how paracrine signals from the hypoxic endothelium might 
influence this axis—remain poorly understood. To confirm that 
exosomal lnc-DKK3 engages the downstream cascade in gli-
oma cells, exosomes were isolated from normoxic and hypoxic 
HUVEC supernatants and used to treat GL261 cells. Western 
blot analysis confirmed increased USP47 and RelA expression 
following hypoxic exosome treatment, demonstrating activa-
tion of the USP47/RelA axis (Fig.  S5 H and I). To elucidate the 
role of this axis in glioma malignancy and immune evasion, 
hypoxia-induced genes were screened against known USP47 
deubiquitination substrates; this identified RelA, a key NF-κB 
subunit, as being associated with the hypoxia-induced pheno-
type in GBM (Fig.  7 A and B). Co-immunoprecipitation assays 
confirmed a physical interaction between USP47 and RelA in 
glioma cells (Fig.  7 C). Previous studies have demonstrated that 
USP47 promotes the stability of β-transducin repeat-containing 
protein and the function of RelA, suggesting that inhibiting 

USP47 may be a viable strategy to reduce NF-κB activity and 
overcome chemotherapy resistance [  45 ]. In glioma cells treated 
with hypoxic endothelial conditioned medium, both RelA and 
USP47 were up-regulated in the cytoplasmic fraction, accompa-
nied by RelA nuclear translocation and increased T-cell exhaus-
tion markers (Fig.  7 D to F), findings that were further confirmed 
by enzyme-linked immunosorbent assay (ELISA; Fig.  S5 A). 
Lnc-DKK3 overexpression recapitulated these effects, including 
the exacerbation of T-cell exhaustion (Fig.  7 G to I and Fig.  S5 B), 
while USP47 inhibition reversed them (Fig.  7 J to L and Fig.  S5 C). 
Cell Counting Kit-8 (CCK8) proliferation assays and flow-
cytometry-based cytotoxicity assays confirmed that T cells co-
cultured with lnc-DKK3-overexpressing or hypoxic conditioned 
medium-treated glioma cells exhibited markedly reduced pro-
liferation and killing capacity, which were partially restored by 
USP47 inhibition (Fig.  S5 D to G). qRT-PCR revealed no sig-
nificant changes in RelA mRNA levels upon USP47 knockdown 
or overexpression (Fig.  7 M), and MG132 rescue experiments 
confirmed that USP47 stabilizes RelA by protecting it from 
proteasome-dependent degradation (Fig.  7 N). These results 
demonstrate that lnc-DKK3 up-regulates USP47, which stabi-
lizes RelA and promotes its nuclear translocation, ultimately 
activating RelA-mediated transcription and inducing T-cell 
exhaustion, thereby driving immune evasion.           

Blocking the lnc-DKK3-bound enhancer of USP47 
in M2 macrophages inhibits tumor growth and 
enhances PD-1 therapy sensitivity in vivo
   Based on our systematic investigation of hypoxic endothelial 
exosomal lnc-DKK3 in remodeling the glioma immune micro-
environment, we employed a CRISPR interference (CRISPRi) 
gene editing system to construct [  46 ,  47 ] lnc-DKK3 sgRNA@
KRAB@M2pep@LNP(LNP-sKM), which specifically targets 
and suppresses the lnc-DKK3-bound enhancer of USP47 spe-
cifically in M2 macrophages. LNP-sKM demonstrated favorable 
safety profiles and specific uptake by M2-polarized macro-
phages (Fig.  S6 A and B). In a mouse glioma model, in vivo 
imaging revealed that LNP-sKM combined with anti-PD-1 
therapy exerted the most potent tumor-suppressive effect (Fig. 
 8 A and B). Survival analysis confirmed significantly prolonged 
median survival in the combination group, with 30% of mice 
surviving beyond 50 d (Fig.  S6 C). Body-weight monitoring 
showed that combination-treated mice gradually gained weight, 
whereas controls lost weight due to tumor burden (Fig.  S6 D). 
Furthermore, the combination treatment resulted in Ki-67 down-
regulation and terminal deoxynucleotidyl transferase dUTP nick 
end labeling (TUNEL) up-regulation (Fig.  8 E). Mechanistically, 
combination therapy decreased USP47, RelA, and PD-L1 expres-
sion at both protein and mRNA levels (Fig.  8 F and G). Western 
blot analysis of brain tumor tissues revealed that LNP-sKM 
treatment significantly reduced USP47 protein levels, confirm-
ing effective target silencing in vivo (Fig.  S6 E). ELISA of tumor 
tissue lysates demonstrated that combination therapy signifi-
cantly increased the levels of pro-inflammatory cytokines (IL-
1β, TNF-α, and IFN-γ) and the T-cell chemoattractant CXCL10, 
indicating a shift toward an antitumor immune microenviron-
ment (Fig.  S6 F). Consistent with these findings, qRT-PCR 
analysis showed reduced expression of the M2 marker Arg1 
and elevated expression of pro-inflammatory cytokines (IL-1β, 
TNF-α, and IFN-γ) in the combination therapy group (Fig.  S6 G). 
Additionally, combination therapy also reduced M2 macro-
phage markers (Fig.  9 A), decreased CD133+ glioma stem cells 
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Fig. 6. Lnc-DKK3 promotes PD-L1 expression in macrophages by regulating USP47. (A) Bioinformatics analysis revealed a significant association between high PD-L1 expression 
in pro-tumorigenic macrophages and USP47. (B) qRT-PCR confirmed USP47 up-regulation induced by hypoxic endothelial conditioned medium or lnc-DKK3 overexpression, 
which was reversed by the USP47 inhibitor. (C) Co-immunoprecipitation (Co-IP) demonstrated a physical interaction between USP47 and PD-L1, which was enhanced upon 
lnc-DKK3 overexpression. (D to I) Immunofluorescence and Western blot analysis showed increased PD-L1 and USP47 protein levels under hypoxic medium or with lnc-DKK3 
overexpression; these levels were reduced by USP47 inhibitor. (J) qRT-PCR showed that USP47 did not affect PD-L1 mRNA levels. (K) MG132 rescue experiments confirmed 
that USP47 stabilized PD-L1 protein via deubiquitination. The USP47 siRNA sequence was 5′-TGAAAAGGGATGTGCAAAA-3′. *P < 0.05, **P < 0.01, ****P < 0.0001; ns, not 
significant; 2-tailed unpaired Student t test or one-way ANOVA; mean ± SEM; scale bar: 150 μm.
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Fig. 7. Lnc-DKK3 up-regulates RelA in glioma cells and induces T-cell exhaustion via the USP47/RelA axis. (A and B) Bioinformatics analysis revealed altered gene expression in 
hypoxic glioma cells and a positive correlation between RelA and USP47. (C) Co-IP confirmed the physical interaction between USP47 and RelA. (D and E) Western blot analysis 
demonstrated increased RelA nuclear translocation following exposure to hypoxic endothelial conditioned medium. (F) qRT-PCR showed up-regulation of T-cell exhaustion 
markers in co-cultured T cells. GZMB, Granzyme B; TOX, thymocyte selection-associated high mobility group box protein; IL-2, interleukin-2; TIM-3, T cell immunoglobulin 
and mucin domain-containing protein 3; PD-1, programmed cell death protein 1. (G to I) Lnc-DKK3 overexpression enhanced RelA nuclear translocation and increased the 
expression of exhaustion marker expression. (J to L) USP47 inhibition reversed these effects. (M) USP47 did not affect RelA mRNA levels. (N) MG132 rescue experiments 
confirmed that USP47 stabilizes RelA protein via deubiquitination. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, not significant; 2-tailed unpaired Student t test 
or one-way ANOVA; mean ± SEM.
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(Fig.  9 B), suppressed USP47 and PD-L1 expression in macrophages 
(Fig.  9 C), and remodeled the immune microenvironment by reduc-
ing FOXP3+ Tregs, increasing CD8+ T cells and alleviating T-cell 
exhaustion (Fig.  9 D). These results demonstrate that targeting the 
lnc-DKK3-bound enhancer in M2 macrophages remodels the 
immune microenvironment and enhances anti-PD-1 efficacy, pro-
viding a novel combination immunotherapy strategy for glioma.                    

Discussion

   This study proposes a promising combinatorial immunother-
apy strategy for glioma. To investigate the impact of the hypoxic 

microenvironment on endothelial paracrine signaling, we success-
fully blocked endothelial exosome secretion, which significantly 
inhibited glioma progression and remodeled the immune micro-
environment. Compositional analysis of hypoxic endothelial-
cell-derived exosomes revealed altered expression of several 
nucleus-localized lncRNAs, with lnc-DKK3 being notably up-
regulated. Through multidimensional validation, we demonstrated 
that lnc-DKK3 directly binds to and cis-activates the USP47 
enhancer: CRISPRi-mediated silencing of the enhancer reduced 
USP47 expression, dual-luciferase reporter assays confirmed trans-
activation, and ChIP-qPCR assays revealed direct physical interac-
tion with the USP47 enhancer chromatin. Bioinformatic analysis 

Fig. 8. Evaluation of the antitumor effects of targeting the lnc-DKK3-bound enhancer of USP47 in M2 macrophages combined with PD-1 inhibitor. (A and B) In vivo imaging 
showed significantly reduced intracranial tumor fluorescence in the combination therapy group compared to controls (n = 6). (C and D) HE staining confirmed smaller tumor 
areas in the combination group. (E) Immunofluorescence revealed decreased Ki-67 and increased TUNEL signals in the combination group. (F) USP47 and RelA expression 
were down-regulated in the combination group. (G) qRT-PCR confirmed reduced mRNA levels of USP47, RelA, and PD-L1 in the combination group. *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001; ns, not significant; one-way ANOVA; mean ± SEM; scale bar: 50 μm.
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indicated that the lnc-DKK3 locus contains an enhancer capable 
of binding to and promoting USP47 transcription. Mechanistically, 
lnc-DKK3 delivered to macrophages up-regulates USP47 to sta-
bilize PD-L1, driving M2-like polarization; concurrently, in 
glioma cells, the lnc-DKK3/USP47 axis promotes RelA nuclear 

translocation, up-regulates PD-L1, and induces T-cell exhaustion. 
Finally, we constructed a CRISPRi system targeting the lnc-DKK3 
super-enhancer, which, in combination with PD-L1 blockade, 
activated antitumor immunity in macrophages and suppressed 
stemness, demonstrating marked synergistic efficacy (Fig.  10 ).        

Fig. 9. Evaluation of the antitumor effects of targeting the lnc-DKK3-bound enhancer of USP47 in M2 macrophages combined with PD-1 inhibitor in vivo test. (A) Immunofluorescence 
detection of the proportion of M2 macrophages in tumor tissues. (B) The proportion of glioma stem cells (CD133+, green) in tumor tissues was detected by immunofluorescence. 
(C) Immunofluorescence double staining showing the expression levels and quantification of PD-L1 (red) and USP47 (white) in macrophages (F4/11180+, green) from tumor 
tissues. (D) Multiple immunofluorescence staining showed the expression and statistics of T cells in the immune microenvironment (FOXP3+, green; CD4+, red; CD8+, purple; 
CD3+, yellow). *P < 0.05, **P < 0.01, ****P < 0.0001 one-way ANOVA; mean ± SEM; scale bar: 50 μm.
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   The complexity of the glioma microenvironment is not lim-
ited to immunosuppression. Nonimmune elements, particularly 
endothelial cells as key drivers, are critical contributors to tumor 
progression and therapeutic resistance [  48 ]. The vascular endo-
thelium drives tumor progression through a dual mechanism: 
structurally, the imbalance between angiogenesis and vascular 
normalization supports growth and facilitates metastasis [  49 ,  50 ]; 
functionally, its dynamic paracrine signaling actively remodels 
microenvironmental homeostasis [ 8 ,  51 ]. The pervasive hypoxia 
in glioma profoundly alters the endothelial secretory profile, 
especially exosomal cargo, which in turn modulates macro-
phages, immunosuppression, cellular functions, and stem-cell 
proliferation [  52 ], rendering the stem-cell niche a key target for 
directed therapy and sensitization to resistance [  53 ]. Accordingly, 
we investigated how hypoxia-mediated endothelial paracrine 
signals affect stem-cell niche architecture and maintenance. We 
found that blocking hypoxic endothelial exosomes significantly 
inhibited tumor progression, reshaped the immune microenvi-
ronment, and suppressed stem-cell proliferation, suggesting that 
targeting functional factors within these exosomes holds thera-
peutic promise. However, direct inhibition of endothelial exo-
some components has shown suboptimal efficacy [  54 ] and faces 
clinical challenges such as poor targeting and low specificity [  55 ], 
underscoring the need for deeper mechanistic insight. We identi-
fied nucleus-localized lnc-DKK3 in hypoxic endothelial exo-
somes as a pivotal regulator of glioma immune modulation. 

Unlike prior research focused on tumor-derived exosomal tran-
scripts, this finding provides a novel perspective on the hypoxia–
endothelium–tumor immune axis and bridges a critical gap in 
glioma paracrine immune signaling.

   Previous studies indicate that direct endothelial cell–tumor 
interactions within the hypoxic microenvironment can modu-
late exosomal secretion from both cell types [  56 ]. As key inter-
cellular messengers, exosomes transport proteins, lipids, and 
various RNAs [ 9 ]. The functional significance of exosomal 
cargo has been debated due to its minute quantities—with some 
arguing that membrane physical properties or protein content 
dominate the observed effects [ 8 ]. Our study, however, provides 
evidence for the functional activity of RNA cargo, raising a 
fundamental question: How do trace quantities of RNA drive 
profound biological effects? Conflicting data suggest that this 
powerful regulatory capacity relies on intrinsic molecular 
mechanisms that support signal amplification in recipient cells 
[  57 ,  58 ]. Recently, a class of nucleus-localized lncRNAs has 
drawn attention for the ability to bind enhancers at very low 
copy numbers and trans-regulate numerous downstream genes. 
For instance, LINC01116 promotes astrocytic malignant trans-
formation [  59 ], LINC02774 is negatively correlated with glioma 
grade [  60 ], and HIF1α-AS1 regulates endothelial function 
through triplex structures [  61 ]. In this study, we identified lnc-
DKK3 as a markedly enriched nucleus-localized lncRNA in 
hypoxic endothelial exosomes. Furthermore, we detected a 

Fig. 10. Schematic diagram of lncRNA lnc-DKK3 from hypoxic endothelial-cell-derived exosomes reprogramming tumor-associated macrophages through the USP47/PD-L1/
RelA axis to promote glioma progression. TME, tumor microenvironment; GSC, glioma stem cell.
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super-enhancer (SE) at its locus, and Hi-C data indicated direct 
interaction with the USP47 promoter. SEs, which are clusters 
of multiple enhancers, represent essential epigenetic oncogenic 
factors critical for maintaining cancer cell identity [  62 ]. In glioma, 
lncRNA-mediated long-range enhancer–promoter interactions 
(e.g., HOXD-AS2 and LINC01116) regulate tumor survival [  63 ], 
dynamic enhancer RNA expression modulates recurrence-
associated transcription [  64 ,  65 ], and Cx43 influences resistance 
via the T-cell factor/lymphoid enhancer factor pathway [  66 ]. 
Building upon this framework, we demonstrate that lnc-DKK3 
delivered to macrophages up-regulates USP47 to drive M2 
polarization and directly acts on glioma cells to enhance pro-
liferation, stemness, and invasion. We further elucidated the 
mechanisms by which hypoxia drives endothelial secretion of 
lnc-DKK3-enriched exosomes to establish a paracrine immu-
nosuppressive loop; how this axis simultaneously promotes M2 
polarization and via PD-L1 and maintains stemness via RelA; 
and how it integrates hypoxia sensing, exosomal communica-
tion, and posttranslational modification as a nodal point in the 
TME. These findings suggest that targeting the lnc-DKK3–SE 
interaction represents a key therapeutic strategy for treating 
glioma and overcoming immunotherapy resistance, and that 
the lnc-DKK3/USP47 co-expression signature holds potential 
as a composite prognostic biomarker.

   Conventional methods for targeted knockdown or inhibition 
of lncRNAs, including ASO/GapmeR, RNA interference, and 
CRISPR-Cas genome editing technologies, exhibit substantial 
limitations [  67 ,  68 ]. Given that most lncRNAs function in concert 
with coding genes, and direct targeting often incurs off-target 
effects [  69 ], we propose that designing sequences to target the 
specific interaction between the lnc-DKK3 SE and the USP47 
promoter may circumvent nonspecific regulation. Our prior 
research in liver cancer showed that deleting specific enhancers 
or CpG islands could ameliorate cancer progression [  70 ]. 
However, clinical feasibility remains limited, rendering the sup-
pression of SE activation a pivotal strategy. Consequently, we 
therefore employed CRISPRi with a dCas9-KRAB fusion protein 
to specifically silence the USP47 enhancer bound by lnc-DKK3, 
a mechanism operating through steric hindrance and the recruit-
ment of KAP1/HP1α to establish a repressive chromatin environ-
ment for long-term silencing [  71 ,  72 ]. In a murine glioma model, 
LNP-delivered CRISPRi effectively inhibited tumor growth and 
synergized with PD-1 blockade. Notably, this study utilized an 
immunocompetent GL261 syngeneic mouse glioma model; while 
widely used and amenable to mechanistic dissection, this model 
does not fully recapitulate the high heterogeneity and complex 
pathological features of human GBM. Therefore, the translational 
value of this combination therapy necessitates further validation 
in more clinically relevant models, such as patient-derived xeno-
grafts or genetically engineered mouse models. We acknowledge 
that the 21-d endpoint was selected to prioritize mechanistic 
analysis, and long-term survival studies are warranted. The trans-
lational potential of this approach also depends on the efficiency 
of LNP delivery to human TAMs and the feasibility of clinical-
grade CRISPRi manufacturing, both of which remain to be 
addressed. Furthermore, macrophage-specific targeting relies on 
the M2pep ligand, whose specificity within the complex human 
TME—characterized by continuous macrophage phenotypic 
plasticity—requires rigorous validation. Despite these limitations, 
this LNP-delivered CRISPRi platform targeting disease-specific 
SEs represents a promising innovative therapeutic paradigm for 
overcoming immunotherapy resistance in glioma.   

Materials and Methods

Cell culture and hypoxic treatment
   GL261 glioma cells and iBMDMs were maintained in high-
glucose Dulbecco’s Modified Eagle Medium with 10% fetal 
bovine serum (FBS) and 1% antibiotics; HUVECs were cul-
tured in endothelial medium with 5% FBS, endothelial cell 
growth supplement, and antibiotics, all at 37 °C and 5% CO2. 
Hypoxia was induced by incubating cells in 1% O2, 5% CO2, 
and 94% N2 for 24 to 72 h, with normoxia (21% O2) as control. 
Conditioned medium from HUVECs cultured under normoxia 
or hypoxia for 48 h was collected, filtered (0.22 μm), and used 
fresh or stored at –80 °C.   

Detailed bioinformatic workflow including databases 
used, analysis parameters, and statistical methods
   RNA-sequencing raw reads were processed with fastp for quality 
filtering, Bowtie2 for rRNA removal, and HISAT2 for alignment. 
Transcripts were assembled by StringTie, and values of fragments 
per kilobase of transcript per million mapped reads were cal-
culated; novel transcripts and lncRNAs were identified using 
Cuffcompare, Coding-Non-Coding Index, and Coding Potential 
Calculator. Sample consistency was assessed by Pearson correla-
tion and principal component analysis. Differentially expressed 
genes were identified with DESeq2/edgeR (false discovery 
rate ≤ 0.05). Additional analyses included miRNA prediction, 
untranslated-region optimization, variant filtering, splicing detec-
tion, and antisense pairing prediction; cis targets were defined 
within ±100 kb and trans targets via correlation or WGCNA.   

Exosome isolation and characterization protocol
   Exosomes were isolated from cell culture supernatants and urine 
by sequential centrifugation (10,000×g, 30 min), concentration via 
100-kDa ultrafiltration (3,500×g, 15 min), filtration (0.22 μm), and 
ultracentrifugation (120,000×g, 90 min). Nanoparticle tracking 
analysis (ZetaView) revealed particle concentrations of 1.8 × 
108 particles/ml (normoxia, median 97.1 nm) and 1.7 × 108 particles/
ml (hypoxia, median 100.6 nm). Transmission electron micros-
copy showed typical cup-shaped morphology. Protein concentrations 
were determined using the bicinchoninic acid assay, and equal 
amounts of total protein (20 μg per lane) were loaded for sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis, followed 
by transfer to polyvinylidene fluoride membranes. Western blot 
confirmed positivity for CD9, CD81, and TSG101 and negativity 
for Calnexin. NanoFCM detected surface marker positive rates.   

In vitro functional assays.
   Cell viability was measured by Cell Counting Kit-8. Clonogenic 
ability was assessed by seeding 1,000 cells/well for 10 to 14 d, 
staining colonies (>50 cells) with crystal violet. Migration was 
evaluated by wound healing assay (scratch, images at 0, 12, and 
24 h) with ImageJ quantification. Macrophage polarization was 
induced in iBMDMs with IFN-γ (20 ng/ml) + lipopolysac-
charide (50 ng/ml) for M1, or IL-4 (20 ng/mL) for M2, for 24 
h; alternatively, lnc-DKK3 overexpression was used. Polari
zation was assessed by qRT-PCR and flow cytometry for M1 
(iNOS and CD86) and M2 (Arg1 and CD206) markers.   

Molecular analyses
   Total RNA was extracted with TRIzol and reverse transcribed, 
and qRT-PCR was performed with SYBR Green to measure 



Wang et al. 2026 | https://doi.org/10.34133/research.1431 16

lnc-DKK3, USP47, M2 markers, stemness genes, and T-cell 
exhaustion markers, normalized to β-actin. RNA expression was 
calculated as the fold change in the expression of each target 
gene relative to the control sample using the 2−ΔΔCt method. 
Proteins were extracted with radioimmunoprecipitation assay, 
quantified by bicinchoninic acid assay, resolved by sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis, transferred 
to polyvinylidene fluoride membranes, and immunoblotted with 
antibodies against USP47, PD-L1, RelA, α-tubulin, H3, etc., fol-
lowed by horseradish peroxidase-secondary and enhanced che-
miluminescence detection. Immunofluorescence was performed 
on cells/tissue sections with primary antibodies overnight at 
4 °C, then Alexa Fluor-conjugated secondaries and DAPI, imaged 
by confocal microscopy.   

T-cell isolation and co-culture of GL261 glioma cells 
and T cells
   Primary CD3+ T cells were isolated from spleens of 8- to 
12-week-old C57BL/6 mice using magnetic bead negative selec-
tion, activated with anti-CD3/CD28 beads, and co-cultured with 
GL261 target cells at a 10:1 ratio in RPMI 1640 complete 
medium (with 10% FBS, β-mercaptoethanol, sodium pyruvate, 
and L-glutamine) for 24 h. Before co-culture, GL261 cells were 
preconditioned for 24 h with hypoxic HUVEC-conditioned 
medium (1:1 with Dulbecco’s Modified Eagle Medium) or 10 μM 
USP47 inhibitor, then washed twice. After co-culture, suspended 
T cells were harvested for qRT-PCR of exhaustion markers, and 
supernatants for ELISA.   

Dual-luciferase reporter assay
   The USP47 SE fragment was cloned to drive firefly luciferase; 
the full lnc-DKK3 transcript was cloned for overexpression; 
pRL-TK served as internal control. Cells at 70% to 80% conflu-
ence were transfected, and after 48 h, firefly and Renilla activi-
ties were measured sequentially. Relative luciferase activity was 
calculated as firefly/Renilla ratio, with ≥3 replicates, and analy-
sis of variance (ANOVA) followed by Tukey test.   

CRISPRi system
   The CRISPRi system was constructed with a dual-sgRNA cas-
sette targeting the mouse lnc-DKK3 locus (LOC132412331), 
using sgRNA sequences GTTAACTACAGATCAAGCAG and 
TAAAGACTAGCACAAAGAAC, cloned into the GV469 back-
bone at MluI/HindIII sites, with the non-targeting control. The 
dCas9-KRAB effector was generated in the GV712 backbone 
via XbaI cloning, producing a 4,508-bp insert encoding the 
full-length dCas9–KRAB fusion protein.   

Synthesis of LNPs functionalized with various 
targeting ligands
   APRPG@Nexinhib20@LNP was prepared by dissolving DLin-
MC3-DMA, DSPC, cholesterol, DSPE-PEG2000-APRPG, and 
Nexinhib20 in ethanol (40:10:35:10:5 molar ratio), rapidly inject-
ing into citrate buffer (pH 4), equilibrating, and extruding 
through 80-nm membranes to obtain 70- to 90-nm vesicles. 
KRAB@M2pep@LNP (for CRISPRi in M2 macrophages) was 
formulated using preformed vesicles of DLin-MC3-DMA, DSPC, 
cholesterol, and DSPE-PEG2000-M2pep (40:10:40:10), then 
mixed with an equimolar mixture of dCas9-KRAB and sgRNA 
plasmids in citrate buffer/ethanol, incubated at 35 °C for 30 min, 
and purified by ultrafiltration. Both were stored at 4 °C.   

Statistical analysis
   Gene correlations and survival analyses were performed with 
GEPIA2 using TCGA glioma data and with median cutoff and 
log-rank test. All in vitro experiments had ≥3 replicates; data 
were presented as mean ± SD; 2-group comparisons were per-
formed using an unpaired t test, multigroup by one-way ANOVA; 
﻿P <0.05 was considered significant.   

In vivo therapeutic experiments.
   For in vivo studies, male C57BL/6 mice (8 to 12 wk) were housed 
under specific pathogen-free conditions. Orthotopic glioma was 
established by stereotactic injection of luciferase-expressing 
GL261 cells (1 × 105 in 2 μl phosphate-buffered saline) into the 
right striatum. Tumor growth was monitored by biolumines-
cence imaging on days 7, 14, and 21; mice were randomized by 
signal intensity. At endpoint, transcardial perfusion was per-
formed, brains fixed or snap-frozen, and tumor area/fluores-
cence quantified with Image-Pro Plus. All animal procedures 
were approved by the institutional committee.    
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