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Extracellular vesicles-transferred SBSN drives glioma
aggressiveness by activating NF-κB via ANXA1-dependent
ubiquitination of NEMO
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Glioma is the most common malignant primary brain tumor with aggressiveness and poor prognosis. Although extracellular
vesicles (EVs)-based cell-to-cell communication mediates glioma progression, the key molecular mediators of this process are still
not fully understood. Herein, we elucidated an EVs-mediated transfer of suprabasin (SBSN), leading to the aggressiveness and
progression of glioma. High levels of SBSN were positively correlated with clinical grade, predicting poor clinical prognosis of
patients. Upregulation of SBSN promoted, while silencing of SBSN suppressed tumorigenesis and aggressiveness of glioma cells
in vivo. EVs-mediated transfer of SBSN resulted in an increase in SBSN levels, which promoted the aggressiveness of glioma cells by
enhancing migration, invasion, and angiogenesis of recipient glioma cells. Mechanistically, SBSN activated NF-κB signaling by
interacting with annexin A1, which further induced Lys63-linked and Met1-linear polyubiquitination of NF-κB essential modulator
(NEMO). In conclusion, the communication of SBSN-containing EVs within glioma cells drives the formation and development of
tumors by activating NF-κB pathway, which may provide potential therapeutic target for clinical intervention in glioma.
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INTRODUCTION
Glioma is the most common malignant primary brain tumor,
accounting for 30% of all central nervous system tumors and 75%
of all malignant brain tumors [1]. Although current treatment
approaches have been significantly improved, the prognosis of
patients with glioma is still very poor due to the highly invasive
characteristics of glioma. Currently, the median survival time of
patients is between 14.6 and 20.5 months, and the 5-year survival
rate is approximately 5% [2, 3]. If glioma is not effectively treated,
it will inevitably invade surrounding normal brain tissues, leading
to brain-occupying lesions and rapid progression of glioma, even
early recurrence after surgery. It is important to understand the
molecular mechanism of glioma aggressiveness and to identify
key target genes for the treatment of glioma patients.
Cell-to-cell communication via extracellular vesicles (EVs)

between primary tumor cells and the microenvironment of distant
organs contributes to tumor progression [4, 5]. EVs promote
intercellular communication and reprogramming of recipient cells
by transporting DNA or RNA to the surrounding environment

[6, 7]. In addition to nucleotides, tumor cells also communicate
with neighboring cells through exosomal releasing proteins to
regulate tumor progression, angiogenesis, and metastasis [8, 9].
Although EVs-mediated interactions between glioma cells and
non-glioma brain cells shape the tumor microenvironment, the
key mediators of this process are still unclear [10].
The nuclear factor kappa-B (NF-κB) pathway is involved in many

biological processes, such as inflammation, immunity, and
development, as well as anti-apoptotic properties, angiogenesis,
and cell adhesion [11, 12]. NF-κB also plays a complex role in
tumor biology and participates in the formation of hallmarks of
cancer [13, 14]. The NF-κB signaling promotes the aggressiveness
and progression of glioma, in which ubiquitination plays an
important role in regulating NF-κB activation [15, 16]. The first step
of NF-κB activation involves in the assembly of a tumor necrosis
factor receptor type 1 (TNFR1)-associated signaling complex,
which is composed of TNF receptor-associated death domain
(TRADD), receptor-interacting protein kinase 1 (RIP1), TNF
receptor-associated factors (TRAFs), the E3 ubiquitin ligases
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cellular inhibitor of apoptosis protein (cIAP) 1, and cIAP2. cIAPs
then conjugate K63-linked ubiquitin chains to RIP, leading to the
recruitment of the kinase transforming growth factor beta-
activated kinase 1 (TAK1) and linear ubiquitin chains assembly
complex (LUBAC) followed with Lys63-linked and Met1-linear
polyubiquitination of NF-κB essential modulator (NEMO) [16].
TAK1 mediates IκB Kinase (IKK) phosphorylation, resulting in IKK
activation, and finally inhibitor of κB (IκB) α degradation and NF-κB
activation [17]. This highly regulated NF-κB pathway provides an
opportunity to treat cancer.
The suprabasin (SBSN) is a newly identified gene, mainly

expressed in differentiated keratinocytes of mice and humans
[18]. The upregulated SBSN promotes malignant progression of
tumors [19]. SBSN is identified as a secreted protein that can be
detected in patient serum [20–22]; however, the release and
activity of SBSN in tumor microenvironment is still unknown. In this
study, we provide first evidence that EVs mediate the transport of
SBSN protein between cells and cause glioma progression by
activating NF-κB signaling pathway. In addition to defining the
extracellular functions of SBSN in regulating ubiquitination of
NEMO, our clinical studies further show that SBSN is a biomarker
that may predict poor prognosis of patients with glioma. These
findings highlight that SBSN is a potential therapeutic target for
glioma.

RESULTS
SBSN is upregulated in glioma tissues and predicts poor
prognosis
To determine the clinical significance of SBSN in glioma, we used
IHC staining to examine the expression level of SBSN in
commercial glioma tissue microarrays. Compared with normal
brain tissue, the expression of SBSN increased in glioma tissues,
and the expression in high-grade tumors (WHO grade III+ IV) was
significantly higher than that in low-grade tumors (WHO grade
I+ II), which was consistent with the analysis using the TCGA
database (Fig. 1A and Supplementary Fig. 1A). Notably, the high
expression ratio of SBSN in glioma tissues was positively
correlated with the staining index (SI, cutoff by SI ≥ 8) of low to
high grade (Fig. 1B). The expression of SBSN in different
histological subtypes of the TCGA database was also examined.
This analysis found that compared with other types of gliomas,
SBSN was significantly upregulated in glioblastoma multiforme
(GBM) which is the subtype with the highest malignancy and the
worst prognosis (Supplementary Fig. 1A). In addition, the
expression of SBSN was higher in isocitrate dehydrogenase (IDH)
wild-type group compared to IDH mutant group in WHO grade IV,
indicating a potential correlation between SBSN expression and
primary GBM incidence (P= 0.029, Supplementary Fig. 1B).
We studied the clinical correlation between the expression level

of SBSN and the clinicopathological characteristics of patients with
glioma, and confirmed that the overexpression of SBSN was
positively correlated with the WHO classification (Fig. 1A and
Supplementary Table 2). To clarify the diagnostic value of SBSN in
glioma patients, the ROC curve was made. We found that SBSN
expression could distinguish glioma patients from healthy controls
with an AUC of 0.895 (95% CI: 0.817–0.974; P= 0.001). The cutoff
value of the mean optical density (MOD) was 16.59, at the highest
Youden Index (YI, Sensitivity + Specificity – 1= 72.02), with a
sensitivity of 88.69% and a specificity of 83.33% (Fig. 1C). It also
suggested that SBSN expression could distinguish patients with
high-grade tumors (III+ IV) from low-grade tumors (I+ II) with an
AUC of 0.917 (95% CI: 0.865–0.968; P < 0.001). The cutoff value of
MOD at the highest YI was 52.76, with a sensitivity of 85.71% and a
specificity of 93.88% (Fig. 1C). Moreover, SBSN expression could
indicate patients’ mortality with an AUC of 0.820 (95% CI:
0.751–0.888; P < 0.001), and predicted the recurrence risk of
patients with an AUC of 0.786 (95% CI: 0.712–0.850; P < 0.001) (Fig.

1D). These results highlight the possible value of SBSN in glioma
diagnosis and assessment of progression status.
Compared with patients with lower SBSN expression, patients

with higher SBSN expression had shorter overall and relapse-free
survivals (Fig. 1E). This notion was further validated in multiple
publicly available glioma datasets (Supplementary Fig. 1C, D). In-
depth investigation of the prognostic significance of SBSN in
different grades of glioma subgroups showed that high SBSN
expression predicted poor overall and relapse-free survivals in the
low-grade tumors (I+ II) and high-grade tumors (III+ IV) subgroup
(Fig. 1F), even in the specific separate grade II, III, or IV subgroup
(Supplementary Fig. 1E–G). Meanwhile, the univariate and multi-
variate Cox-regression analysis revealed that the expression level
of SBSN was an independent prognostic factor in glioma
(Supplementary Table 3). Collectively, these findings indicate that
the overexpression of SBSN is closely related to the poor
prognosis of patients with glioma.

SBSN mediates glioma aggressiveness in vivo and in vitro
GSEA analysis showed that SBSN expression was positively
correlated with gene characteristics of tumor migration (Supple-
mentary Fig. 2A), indicating that SBSN might promote glioma
aggressiveness. Next, we used an orthotopic tumor model to
assess the role of SBSN in glioma aggressiveness. The murine
glioma cells GL261 with SBSN overexpression or knockdown
(Supplementary Fig. 2B, C) were stereotactically implanted into the
brains of mice. H&E staining showed that control cells generally
formed moderately invasive intracranial tumors with relatively
visible peritumoral boundaries, while tumors formed by the SBSN-
transduced glioma cells exhibited a highly invasive morphology
with the borders displaying a palisading pattern of tumor cell
distribution and forming spike-like structures and tumor foci
invading into the surrounding regions. In contrast, SBSN-silenced
cells formed noninvasive, oval-shaped intracranial tumors with
sharp edges when expanding as spheroids, compared with control
cells (Fig. 2A). Meanwhile, the cells were subcutaneously
administered into mice. The tumors formed by SBSN-
overexpressed GL261 cells retained a higher growth rate in both
size and weight, while the mice inoculated with the SBSN-
silencing cells showed smaller and lighter tumor tissues than the
control group (Fig. 2B, C). Consistently, the results showed that
tumor tissues in the SBSN overexpression group performed spine-
like structures and penetrated into the surrounding tissues
representing more invasive capacity of glioma cells, while tumor
tissues in SBSN low-expression group showed well-defined
boundaries, indicating low capacity of local invasiveness (Fig. 2D).
We also found higher density of microvascular in both

orthotopic and subcutaneous tumor tissues with overexpression
of SBSN, indicating promotion of angiogenesis by SBSN. GSEA
analysis showed that SBSN expression was positively correlated
with gene characteristics of angiogenesis (Supplementary Fig. 2D).
It was confirmed that microvascular outgrowth and microvascular
densities (MVD) reflected by the intensity of CD31 staining were
enhanced in SBSN-transduced tumors, and reduced in SBSN-
silencing tumors (P < 0.01, Fig. 2E).
SBSN expression was upregulated in most glioma cells lines

based on analysis of the Cancer Cell Line Encyclopedia (CCLE)
database (Supplementary Fig. 2E). Furthermore, it was confirmed
that SBSN was differentially upregulated in our collected eight
glioma cancer cells compared with a normal human astrocyte
(NHA) cell (Supplementary Fig. 2F). We then stably overexpressed
or silenced SBSN expression in two cell lines A172 and U87MG with
moderate levels of SBSN (Supplementary Fig. 2G). Functionally, the
overexpression of SBSN increased, while the downregulation of
SBSN decreased glioma cells proliferation (Supplementary Fig. 3A).
Wound healing assay and transwell assay revealed that over-
expression of SBSN enhanced, while downregulation of SBSN
limited the migration and invasion ability of glioma cells (Fig. 3A, B
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and Supplementary Fig. 3B). Similar results were obtained in two
other cell lines, LN229 and T98G (Supplementary Figs. 2G and 3C).
In a 3-D invasive culture assay, SBSN-overexpressing glioma cells
displayed the typical morphology of highly aggressive cells,
presenting more outward projections than control cells; in contrast,
the SBSN-knockdown glioma cells showed spheroid morphologies
and less projections (Fig. 3C). The angiogenesis function was
further determined using HUVECs. Remarkably, ectopic expression
of SBSN promoted, and SBSN inhibition attenuated the ability of
glioma cells to induce tube formation and migration of HUVECs
(Fig. 3D and Supplementary Fig. 3D). These results demonstrate
that SBSN promotes aggressiveness of glioma.

EVs-mediated transfer of SBSN promotes glioma
aggressiveness
Heterogeneity is a key feature of glioma and leading to
aggressiveness of glioma and poor prognosis of patients
[23, 24]. As expected, the values of MOD used to determine the
quantification of the IHC staining in the same tissue were
scattered obviously, with a mean of 0.288 and a range of
0.156–0.500 in tissue of P1 (Grade II), and a mean of 0.408 and a
range of 0.229–0.648 in tissue of P2 (Grade III), and a mean of
0.536 and a range of 0.301–0.807 in tissue of P3 (Grade IV)
(Supplementary Fig. 4A). These findings show that different tumor
cell subsets have different degrees of staining intensity within the

Fig. 1 SBSN is upregulated in glioma and associates with glioma progression. A Representative images of IHC analyses of formalin-fixed
paraffin-embedded glioma specimens compared with normal brain tissue. Scale bar, 20 μm; statistical quantification of the mean optical
density (MOD) of SBSN staining (right). B Distribution of SBSN staining index (SI). The SI 8 was chosen as the cutoff value and SI ≥ 8 was
considered as high expression. C ROC curve analysis of SBSN in glioma patients vs. the normal control, and in high-grade glioma (III+ IV) vs.
low-grade glioma (I+ II). D ROC curve analysis of SBSN in glioma patients alive vs. dead, and in patients with relapse vs. relapse-free status.
E Kaplan–Meier analysis of overall survival (left) and relapse-free survival (right) of 168 patients with glioma with low vs. high expression of
SBSN. F Kaplan–Meier analysis of overall survival and relapse-free survival for patients in the clinical low-grade and high-grade glioma
subgroups. P values were calculated by using the log-rank test. *P < 0.05. **P < 0.01.
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same tissue sample, supporting that gliomas have a high degree
of tumor heterogeneity. We further explored whether cell-to-cell
communication exists between these heterogeneous tumor cells,
and the manner and subsequent outcomes. Given that SBSN can
act as a secreted protein [20–22], which may make it a potential
carrier for intercellular communication, we first investigated the
effect of secreted SBSN on glioma cells within tumor environment.
Overexpression of SBSN through gene transfection not only
increased endogenous expression of SBSN, but also caused its
secretion in the supernatant of U87MG cells; in contrast, the
deletion of secretion signaling peptide of SBSN (SBSN-OPT)
markedly reduced its secretion (Supplementary Fig. 4B, C).

Strikingly, the conditioned medium (CM) from SBSN-OPT group
could incompletely reduce the invasion ability of recipient U87MG
cells (Fig. 4A). Moreover, the recipient U87MG cells treated with
the CM from SBSN-overexpressed cells exhibited increased levels
of SBSN, whereas the CM from SBSN-silencing cells displayed
reduced SBSN expression in the recipient cells (Fig. 4B). All these
results suggested that some other secretory mechanisms may play
a role in the transfer of SBSN between glioma cells.
We focused on EVs due to their roles of cell communication by

transporting oncogenic driver factors [25, 26]. The FunRich cluster
analysis of the mass spectrometry revealed that EVs-related
proteins were highly enriched in the supernatants of SBSN-

Fig. 2 SBSN enhances glioma aggressiveness in vivo. A H&E staining of the orthotopic tumors from indicated group. The indicated cells
were intracranially injected into the brain of mice. Scale bar, 2 mm. B Representative images of subcutaneous tumors. C The tumor volumes
and weights. D H&E staining of subcutaneous tumors from indicated group. Scale bar, 300 μm. E Representative image and quantification of
MVD in orthotopic and subcutaneous tumors indicated by CD31 staining. Scale bar, 100 μm. GL261 cells were used for the in vivo
experiments.
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overexpressing U87MG cells and SBSN-interacting proteins
profiles (Fig. 4C). The nanoparticle tracking analysis (NTA) and
western blotting analysis showed that all EVs isolated from
different SBSN expression groups using ultracentrifugation were
within the expected size range (40–150 nm) (Fig. 4D and
Supplementary Fig. 4D) and contained specific EVs marker
proteins CD9 and CD63, but the absence of calnexin (Fig. 4E

and Supplementary Fig. 4E). To confirm the cell-entering ability of
EVs, EVs were isolated and then pre-labeled by PKH26 lipophilic
membrane red fluorescent dye. After the recipient U87MG cells
were mixed with PKH26-labeled EVs and incubated for 48 h, the
PKH26-labeled EVs derived from parental cells could be effectively
taken up by the recipient cells (Fig. 4F). Furthermore, the EVs from
parental U87MG cells transfected with the XPack cloning that is

Fig. 3 SBSN enhances glioma aggressiveness in vitro. A Wound healing assay of the indicated cells. Scale bar, 20 μm. B Representative
images (left) and quantification (right) of indicated invaded cells analyzed in a transwell matrix penetration assay. Scale bar, 20 μm.
C Representative micrographs of indicated cells cultured in a 3-D spheroid invasion assay. Scale bar, 50 μm. D Representative images and
quantification of tubules formed by HUVECs cultured on BME-coated plates with conditioned medium (CM) from indicated glioma cells. Scale
bar, 20 μm. A172 and U87 cells were used for the in vitro experiments. sh-vec: shRNA-vector, sh-SBSN: shRNA-SBSN. Error bar represents the
mean ± SD of three independent experiments. *P < 0.05; **P < 0.01.
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Fig. 4 EVs-transferred SBSN promotes glioma aggressiveness. A Representative images (left) and quantification (right) of indicated invaded
cells analyzed in a transwell matrix penetration assay after treated with indicated CM. Scale bar, 20 μm. B Western blotting analysis of SBSN
protein level in U87MG cells after treated with indicated CM. C Cellular component analysis by FunRich for the secreted protein upregulated in
SBSN-overexpressing U87MG cells (left), and the IP binding protein of SBSN. Y axis represents percentage of genes (left) or and –log10 (P
value) (right). D Size distributions of EVs from U87MG cells were measured using NTA analysis. E Western blotting analysis of SBSN and EVs
markers including CD9, CD63, and calnexin; EVs collected from U87MG cells. F Fluorescence microscope images of U87MG cells co-cultured
with PKH26-labeled exosomes (red). PBS-PKH26 without EVs used as a dye-fluorescence background control. Scale bar, 20 μm. G Fluorescence
microscope images of U87MG cells co-cultured with EVs from XPack-vector-TurboGFP and XPack-SBSN-TurboGFP transduced U87MG cells.
Scale bar, 20 μm. H The expression of SBSN (including SBSN fused with TurboGFP and endogenous SBSN) and TurboGFP (including TurboGFP
and TurboGFP fused with SBSN) were analyzed using western blotting and β-actin served as a loading control. I, J Representative images (left)
and quantification (right) of indicated invaded cells analyzed in a transwell matrix penetration assay after treated with indicated EVs (I) or CM
from U87MG cells transfected with si-Alix or CM added with EVs inhibitor GW4869 (J). Scale bar, 20 μm. sh-vec: shRNA-vector, sh-SBSN: shRNA-
SBSN. Error bar represents the mean ± SD of three independent experiments. *P < 0.05; **P < 0.01.
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used to load SBSN protein into EVs of glioma cells were taken up
by the recipient cells (Fig. 4G). It is further confirmed that EVs from
SBSN-overexpressed glioma cells delivered SBSN protein into the
recipient cells by western blotting analysis (Fig. 4H).
Subsequent functional assays showed that the invasion and

migration abilities of the recipient cells were enhanced by the EVs
from SBSN-overexpressed glioma cells (Fig. 4I and Supplementary
Fig. 4F). This process was blocked by genetic or pharmacologic
inhibition of EVs (ALIX-siRNA or GW4869) (Fig. 4J and Supple-
mentary Fig. 4G). Overall, these findings indicate that EVs-
mediated cell-to-cell SBSN transport promotes the aggressiveness
of glioma.

EVs-transferred SBSN-mediated NF-κB activation favors
glioma aggressiveness
The GSEA analysis found SBSN expression was positively
correlated with the NF-κB-activated gene signatures (Supplemen-
tary Fig. 5A), indicating SBSN might be involved in NF-κB
activation. Luciferase reporter assay revealed that ectopic expres-
sion of SBSN enhanced, but silencing SBSN attenuated NF-κB-
induced luciferase activity in glioma cells (Fig. 5A). Constitutive
activation of NF-κB may vary as tumor cell lines are derived from
glioma patients with different genetic backgrounds [27, 28].
Consistent with previous studies [29, 30], we also observed distinct
constitutive activation of NF-κB in A172 and U87MG cell lines. Two
more cell lines, LN229 and T98G, were added to replicate the
experiment and showed consistent results (Supplementary Fig.
5B). Subsequent immunofluorescence staining and subcellular
fractionation assays showed that overexpression of SBSN pro-
moted, while knockdown of SBSN attenuated, nuclear transloca-
tion of NF-κB/p65 (Fig. 5B and Supplementary Fig. 5C). The qPCR
analysis of NF-κB target genes also confirmed that SBSN activated
NF-κB (Fig. 5C). Western blotting analysis showed that the
phosphorylation levels of IKKα/β, IκBα and p65 were positively
related to the expression of SBSN, whereas SBSN had no
significant effect on the expression of total protein of IKKα/β,
IκBα and p65 (Fig. 5D).
To confirm whether NF-κB activation is required for SBSN-

inducing glioma aggressiveness, the inhibitors of NF-κB pathway,
including JSH-23 and QNZ, were used in vitro. JSH-23 and QNZ
abrogated the effects of SBSN overexpression on NF-κB activation,
and the migratory and invasive capability of glioma cells, by
detecting the expression of matrix metallopeptidase 9 (MMP9, a
tumor invasion marker and NF-κB target gene of various cancers
including glioma [31, 32]) (Fig. 5E, F and Supplementary Fig. 5D, E).
Similar results were performed by IKKβ silencing, in which the
effects of SBSN overexpression on NF-κB activation and invasive
capability of glioma cells were abrogated by IKKβ silencing
(Supplementary Fig. 5F–H).
The activity of NF-κB in the recipient glioma cells was enhanced

by the EVs produced from SBSN-overexpressed cells (Fig. 5G and
Supplementary Fig. 5I). This EVs-mediating NF-κB activation was
reversed by silencing ALIX or using GW4869 (Fig. 5H). Thus, EVs-
transferred SBSN promotes glioma aggressiveness by activating
NF-κB signaling. Both orthotopic and subcutaneous mouse tumor
tissues with overexpressed SBSN exhibited increased, while SBSN-
silenced tumors displayed lower nuclear NF-κB expression and
MMP9 levels (Fig. 5I and Supplementary Fig. 5J). These studies
confirm the role of SBSN in activating NF-κB and glioma
aggressiveness, including invasiveness and angiogenesis.

EVs-transferred SBSN activates NF-κB through ANXA1-
dependent NEMO ubiquitination
To further investigate the specific mechanism responsible for
SBSN-induced NF-κB activation, mass spectrum analysis was
carried out to identify potential SBSN-interacting proteins. Two
NF-κB signaling-related proteins were identified, namely elonga-
tion factor 1-alpha 1 (EEF1A1) [33] and annexin A1 (ANXA1) [34]

(Fig. 6A). Unlike the inhibition of EEF1A1, the knockdown of
ANXA1 limited NF-κB activation in SBSN-overexpressed glioma
cells (Fig. 6B and Supplementary Fig. 6A). Western blotting
analysis of phosphorylation levels of IKKα/β, IκBα, and p65 further
confirmed the role of ANXA1 in activating NF-κB signaling (Fig.
6C). The immunofluorescence staining and co-
immunoprecipitation (Co-IP) analysis showed that SBSN interacted
with ANXA1 and NEMO (Fig. 6D, E). However, the expression of
SBSN had no effect on the expression of NEMO and ANXA1 (Fig.
6C and Supplementary Fig. 6B). Furthermore, downregulation of
ANXA1, but not EEF1A1, significantly eliminated the enhancement
of SBSN overexpression on invasion and migration of glioma cells,
further suggesting that ANXA1 is a mediator of SBSN-inducing
glioma aggressiveness (Fig. 6F, G and Supplementary Fig. 6C).
Polyubiquitination of NEMO plays a critical role in the assembly

of the IKK complex and the subsequent activation of NF-κB,
including Lys63-linked polyubiquitination (K63-Ub) and Met1-
linear polyubiquitination (M1-Ub). M1-Ub has stronger affinity to
the linear ubiquitin chain generated by LUBAC complex consisting
of the heme-oxidized IRP2 ubiquitin ligase-1L (HOIL-1L), HOIL-1L-
interacting protein (HOIP), and shank-associated RH domain
interactor (SHARPIN) subunits [35, 36]. Overexpression of SBSN
increased the levels of HOIL-1, HOIP, and SHARPIN, and elevated
the levels of K63-Ub and M1-Ub in glioma cells, while the
knockdown of SBSN displayed opposite effects on these events
(Fig. 7A). Critically, silencing ANXA1 remarkably abrogated the
enhancement of K63-Ub, M1-Ub and LUBAC complex by SBSN
overexpression (Fig. 7A). Co-IP analysis further observed that
upregulating SBSN increased, while silencing SBSN reduced K63-
Ub and M1-Ub levels of NEMO in the precipitate pellets (Fig. 7B
and Supplementary Fig. 7A). Moreover, suppression of ANXA1
attenuated the ubiquitin-inducing role of SBSN in NEMO (Fig. 7B
and Supplementary Fig. 7B). These assays dissect the role of SBSN
in the regulation of NEMO ubiquitination through ANXA1.
Moreover, Co-IP analysis confirmed that the EVs from SBSN-
overexpressed cells increased K63-Ub and M1-Ub levels of NEMO
in the precipitate pellets of the recipient cells (Fig. 7C and
Supplementary Fig. 7C). Thus, EVs-transferred SBSN activates NF-
κB through K63 and M1 ubiquitination of NEMO in glioma cells.

DISCUSSION
Ubiquitination regulation of NF-κB signaling is a striking
therapeutic target for cancer [36–38]. In this study, we established
a new model of NF-κB activation in glioma cells through EVs-
driven SBSN. Specially, SBSN recruits ANXA1 to trigger K63- and
M1-Ub of NEMO, thereby promoting NF-κB activation and driving
glioma aggressiveness (Fig. 7D). Combined with clinical sample
analysis and animal experiments, our findings might provide new
opportunities for the treatment of glioma.
NEMO is a ubiquitin-binding protein and a target for

ubiquitination in the classic NF-κB signaling pathway. It activates
NF-κB signaling by combining K63 with a linear ubiquitin chain,
and the activation of NF-κB is downregulated when the NEMO
ubiquitin-binding region is mutated [37, 39]. Although Ubc13
encodes an ubiquitin conjugating enzyme that is essential for the
production of the K63 linker, it has little effect on NF-κB activation
[40], highlighting that NEMO could also activate NF-κB signaling in
a K63-independent ubiquitination manner. Indeed, M1-Ub may
mediate NF-κB activation in a K63-independent manner [41]. Due
to the linear ubiquitin chain produced by LUBAC, the binding
capacity of M1-Ub to NEMO ubiquitin motif is 100 times higher
than that of K63-Ub [36, 42]. In the absence of HOIL-1, one of the
LUBAC subunits, the NF-κB activation is severely impaired [43].
Inhibition of another LUBAC subunit HOIP also increases
chemotherapy-induced apoptosis [44]. We not only found that
upregulating SBSN increased the K63-Ub level of NEMO in glioma
cells, but also revealed that SBSN enhanced the M1-Ub level of
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Fig. 5 EVs-transferred SBSN activates NF-κB signaling pathway. A NF-κB luciferase reporter activity was analyzed in the indicated cells.
B Immunofluorescence staining analysis and quantification of subcellular localization of NF-κB/p65 in the indicated cells; images merged p65
with DAPI were shown. Scale bar, 20 μm. C qPCR analysis of NF-κB-regulated genes in the indicated cells. D Western blotting analysis of NF-κB
signaling-related proteins in the indicated cells. E NF-κB luciferase reporter activity was analyzed in the indicated cells after treated with
indicated dose of NF-κB inhibitor, JSH-23 or QNZ, for 48 h. F Representative images (left) and quantification (right) of indicated cells analyzed
in a transwell matrix penetration assay after treated with JSH-23 (20 μM) and QNZ (2 μM) for 48 h. Scale bar, 20 μm. G, H NF-κB luciferase
reporter activity was analyzed in the glioma cells treated with indicated EVs (G) or CM with si-Alix or GW4869 (H). I IHC staining (SBSN, NF-κB/
p65, MMP9) of the orthotopic tumors from indicated group. Scale bar, 100 μm. vec: vector, sh-vec: shRNA-vector, sh-SBSN: shRNA-SBSN. Error
bar represents the mean ± SD of three independent experiments. *P < 0.05; **P < 0.01.
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NEMO by upregulating the expression of the LUBAC complex. This
dual mechanism of NEMO ubiquitination by SBSN depends on its
partner ANXA1 in glioma cells, which leads to NF-κB-dependent
tumor migration and invasion. Therefore, inhibition of NEMO
linear ubiquitination can inhibit tumor growth and metastasis [45].
Tumor heterogeneity is evident not only in cancers from

different patients (inter-tumor heterogeneity), but also within
individual tumors (intra-tumor heterogeneity) [46]. The intra-
tumor heterogeneity incudes phenotypic diversity, such as cell
surface markers, genetic or epigenetic abnormalities, and other
hallmarks of tumor that eventually lead to disease progression
and treatment failure [47]. EVs play an significant role in mediating
intra-tumoral heterogeneity through multiple mechanisms [6, 7].
For example, EVs secreted by glioma cells can communicate with
the component cells within the tumor microenvironment (such as
astrocytes) to drive the development of tumorigenic phenotypes
in astrocytes, thereby supporting the growth of the tumor itself
[48]. In addition, EVs produced by glioblastoma multiforme cells
can transfer immunomodulatory molecules to immune cells,
thereby establishing an immunosuppressive tumor microenviron-
ment that supports tumor growth [49, 50]. Our current research
shows that glioma tissue represents a high degree of tumor
heterogeneity, in which EVs-mediated transfer of SBSN from
parental cells promotes the invasion and migration of recipient
cells by activating NF-κB signals, and ultimately promotes the
aggressiveness of glioma. Blocking the generation or release of
EVs in glioma may be a potential therapeutic strategy.
SBSN can be used as a potential prognostic biomarker for multiple

cancer types [19]. Here, we demonstrated that SBSN is significantly

upregulated in glioma tissue, and is positively correlated with the
increasing WHO malignancy grade of glioma. Kaplan–Meier analysis
based on our own patients and two independent publicly available
glioma datasets revealed that glioma patients with higher SBSN
expression had shorter overall and relapse-free survivals. SBSN may
also be used for the early diagnosis for patients with glioma. Since
the current study analyzed a limited number of glioma samples, the
clinical significance of SBSN deserves further study in a larger
sample follow-up study.

CONCLUSIONS
In summary, our findings demonstrate that EVs-transferred SBSN
promotes the aggressiveness of glioma by activating NF-κB
signaling that depends on ANXA1-mediated ubiquitination of
NEMO. The presence of this extracellular form confers the
possibility of SBSN as a noninvasive biomarker, which may
facilitate early diagnosis of glioma.

METHODS AND MATERIALS
Cell culture and treatments
Glioma cells lines (LN229, LN18, T98G, U118MG, A172, U87MG, U251MG,
and U138MG) were purchased from American Type Culture Collection
(ATCC). Murine glioma cell line GL261 and normal human astrocytes (NHA)
were purchased from Sidea Biotechnology (Guangzhou, CHN) and Bluefbio
(Shanghai, CHN), respectively. These cell lines were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco, Grand Island, NY,
#C11995500BT) supplemented with 10% fetal bovine serum (FBS) (Gibco,
#10270-106). HUVEC was purchased from ATCC and cultured in Endothelial
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Fig. 6 EVs-transferred SBSN activates NF-κB through ANXA1. A Lysates from U87MG cells transfected with SBSN were immunoprecipitated
using anti-SBSN antibody. Extracts of lysates separated by 9% acrylamide SDS-PAGE and visualized by diamine silver staining, and the mass
spectrometry peptide sequencing revealed the interaction between SBSN and ANXA1 or EEF1A1. B NF-κB luciferase reporter activity was
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D Immunofluorescence staining analysis of subcellular localization of SBSN and ANXA1 in the SBSN-overexpressing glioma cells. Scale bar,
20 μm. E U87MG cells transfected with SBSN plasmids, and antibodies against SBSN, ANXA1 and NEMO were used to perform co-IP.
F, G Representative images (left) and quantification (right) of indicated invaded (F) and migrated (G) cells analyzed in a transwell matrix
penetration assay. Scale bar, 20 μm. Error bar represents the mean ± SD of three independent experiments. *P < 0.05; **P < 0.01.
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Cell Medium (Sciencell, Carlsbad, CA, #1001) supplemented with 5% FBS.
All cells were authenticated, tested for mycoplasma contamination, and
cultured in a humidified incubator at 37 °C and 5% CO2. NF-κB inhibitors
JSH-23 (#S7351) and QNZ (#S4902) were purchased from Selleck (Houston,
TX) and dissolved in DMSO. Cells were pretreated with JSH-23 and QNZ for
48 h. GW4869 (5 μM; Selleck, #S7609) was used to treat cells for 24 h and
then conditioned medium was collected.

Tissue specimens
The tissue array (#HBraG177Su01) (Outdo Biotech, Shanghai, CHN) including
168 glioma tissues and six normal brain tissues was used for the detection of
SBSN expression. Clinical and clinicopathological classification and grade
were determined according to the guideline of the World Health
Organization (WHO). According to the Diagnosis and Treatment Guidelines
for Glioma (2022, National Health Commission of the People’s Republic of
China), WHO grade I and II were combined as low-grade glioma, and WHO
grade III and IV were combined into high-grade glioma. Normal brain tissues
were obtained from individuals who died in traffic accidents and were
confirmed to be free of any preexisting pathologically detectable conditions.

Prior donors’ consent and approval from the Institutional Research Ethics
Committee were obtained. The clinical information on the patients’ samples
is shown in Supplementary Tables 1–3.

Plasmids, RNAi, and transfection
pLent-SBSN was generated by subcloning the PCR-amplified human SBSN
coding sequence (NM_001166034) into pLent-vector (Vigene Biosciences,
Shandong, CHN). Glioma cells were transduced with lentivirus particles
expression SBSN or short hairpin RNAs (shRNAs) targeting the SBSN
sequence (Vigene Biosciences). ANXA1-siRNA (#stB0009886A-1-5) and
EEF1A1-siRNA (#stB0005131A-1-5) were purchased from RiboBio (Guangz-
hou, CHN). Plasmids and siRNAs were transfected using Lipofectamine
3000 (Invitrogen, Carlsbad, CA, #L3000015). An SBSN-OPT construct with
deletion of the signal peptide sequence of SBSN protein (Yunzhou
Biosciences, Guangzhou, CHN, #VB200228-1074cqm) was used to block its
secretion. Stable cell lines expressing SBSN, shRNA-SBSN or SBSN-OPT were
selected for 10 days with 0.5 μg/mL puromycin (Selleck, #S9631) for 48 h
after infection. All the sequences of shRNA, siRNA and SBSN-OPT construct
were shown in Supplementary Table 4.

Fig. 7 EVs-transferred SBSN activates NF-κB through ANXA1-dependent NEMO ubiquitination. A Western blotting analysis of LUBAC, K63,
M1 ubiquitin protein in the indicated cells. B Cell lysates of indicated cells were immunoprecipitated with anti-NEMO antibody, followed by
immunoblotting with anti-K63 or anti-M1 ubiquitin antibody. C Cell lysates of U87MG cells treated with EVs of indicated groups were
immunoprecipitated with anti-NEMO antibody, followed by immunoblotting with anti-K63 or anti-M1 ubiquitin antibody. D The schematic
model showing that SBSN sustains NF-κB activation and consequently results in glioma aggressiveness.
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Western blotting and immunoprecipitation analysis
Cells and EVs were prepared in the RIPA lysis buffer (Cell Signaling
Technology, Danvers, MA, #9806) and quantified using BCA kit (Thermo,
Waltham, MA, #23227). For immunoprecipitation under denaturing
conditions, harvested cells were lysed in a buffer with 1% SDS and 5mM
DTT. The samples were boiled at 95 °C for 5 minutes, then diluted into 0.1%
SDS and 0.5 mM DTT with lysis buffer. The soluble supernatant fractions
were harvested and subjected to immunoprecipitation experiments. The
follow primary antibodies were used: SBSN (#ab232771), NEMO
(#ab178872), CD63 (#ab134045) (Abcam, Cambridge, MA); p-IKKα/β
(Ser176/180) (#2697), IKKα (#11930), IKKβ (#8943), IκBα (#4814), p-IκBα
(Ser32) (#2859), p65 (#8242), p-p65 (Ser536) (#4887), GAPDH (#5174),
β-actin (#3700), K63 (#12930), ANXA1 (#32934), EEF1A1 (#2551), CD9
(#13403), calnexin (#2679) (Cell Signaling Technology); and M1 ubiquitin
(Millipore, #MABS451). After incubation with the HRP-conjugated second-
ary antibody (Cell Signaling Technology, #7074, #7076), chemilumines-
cence signal was detected using Immobilon ECL Ultra Western HRP
Substrate (Millipore, #WBULS0100). The original western blots were
provided in the Supplementary material.

Tumor model and sample staining
BALB/c nude mice (female, 4–5 weeks of age, weighting 18–20 g) were
purchased from Beijing Vital River Laboratory Animal Technology (Beijing,
CHN). All experimental procedures were approved by the Institutional
Animal Care and Use Committee of Guangzhou Medical University. BALB/c
nude mice were housed in specific pathogen-free conditions and
randomly divided into two groups for further implants. One group was
inoculated intracranially for the orthotopic tumor model. The indicated
cells (GL261-vector cells, GL261-SBSN cells, GL261-shRNA-vector cells, and
GL261-shRNA-SBSN cells, 5 × 105) were stereotactically implanted into mice
brains (n= 5, each group). The glioma-bearing mice were scarified two
weeks later. After whole brains were removed, 6-μm sections were cut to
hematoxylin and eosin (H&E) or immunohistochemical (IHC) staining.
Another group was inoculated subcutaneously with indicated cells
(1 × 106) (n= 5, each group). Tumor growth was monitored every 5 days.
Tumor volume was measured from two directions with a digital caliber and
calculated as follows (length × width2)/2. Twenty days (GL261-vector cells
vs. GL261-SBSN cells-inoculated group) or 25 days (GL261-shRNA-vector
cells vs. GL261-shRNA-SBSN cells-inoculated group) after tumor implanta-
tion, the mice were sacrificed and the tumors were removed and weighed.
Tumors were fixed in formalin for 2 days and then embedded in paraffin
using conventional method. Serial 6.0-μm sections were cut and subjected
to H&E staining, or IHC staining with SBSN, p65 or MMP9 (#10375-2-AP)
(Proteintech, Rosemont, IL) antibodies. Microvascular densities (MVD) were
indicated by CD31 (#11265-1-AP) (Proteintech) staining.

Transwell matrix penetration assay and transwell assay
Transwell with 8.0-µm pore polyester membrane insert was purchased
from Corning (Corning, NY, #3422). Cells (1 × 104) were planted on the top
side of polycarbonate transwell filters coated with or without the Cultrex
Basement Membrane Extract (BME) (R&D Systems, Minneapolis, MN,
#3432-010-01) in the upper chamber of transwell and incubated at 37 °C
for 24 h, followed by removal of cells inside of the upper chamber using
cotton swabs. Invaded and migrated cells on the lower membrane surface
were fixed in 4% paraformaldehyde (#P0099, Beyotime Biotechnology,
Shanghai, CHN) for 15min, stained with hematoxylin and counted.

EVs isolation, characterization, and treatments
EVs were purified from U87MG-derived conditioned medium. U87MG cells
(1 × 106) were plated in a 100-mm dish and cultured in DMEM
supplemented with 10% FBS to 70–80% confluence. The cells were then
transferred to DMEM with 10% EVs-free FBS (FBS centrifuged at 110,000 g
for 16 h to eliminate EVs) and the supernatants were collected after 48 h.
For the small EVs isolation, the supernatants were first centrifuged at
2000 g for 10min to remove dead cells and then remove debris at 10,000 g
for 1 h. Next, the supernatants were concentrated with a 100-kDa
ultrafiltration device (Millipore, #UFC910096) and filtered through 0.22-
μm filters (Millipore, #SLGP033RB) to eliminate vesicles larger than 200 nm.
The resulting supernatants were centrifuged at 110,000 g for 70min in
Beckman Coulter Optima XPN-100 ultracentrifuge (Beckman Coulter,
Germany) for the EV precipitates. The EV precipitates were washed with
PBS (Gibco, #C10010500BT) and centrifuged for another 70min. The final
concentrations of the EVs were determined using a BCA kit (Thermo,

#23227). Generally, 100–300 μg EVs were isolated from a total volume of
200–400mL of the conditioned medium. Finally, the EVs were resus-
pended in PBS and stored at –80 °C. EV marker proteins, CD9 (Cell
Signaling Technology, #13403), Calnexin (Cell Signaling Technology,
#2679) and CD63 (Abcam, #ab134045) were examined by western blotting.
For cell treatments, 50 μg/mL of EVs were incubated with glioma cells for
48 h.

EVs fluorescent labeling and uptake assay
For EVs uptake experiments, EVs preparations were labeled with PKH26
Fluorescent Cell Linker Kits (Sigma-Aldrich, St. Louis, MO, #MINI26-1KT)
according to the manufacturer’s instructions. Briefly, the extracted EV
pellets were resuspended in 1mL Diluent C (1 mL Diluent C was mixed
with 6 μL PKH26). The EVs suspension was mixed with the stain solution
and incubated for 5 min at room temperature, while the PBS without EVs
mixed with the stain solution was used as the PKH26 dye-fluorescence
background control (shown as PBS-PKH26). The labeling reaction was
stopped by adding 2mL PBS which contain 0.5% BSA. Labeled EVs were
ultracentrifuged at 100,000 g for 90min, washed with PBS, and ultracen-
trifuged again. Next, the fluorescent labeled EVs were incubated with
U87MG cells for 48 h. The U87MG cells were stained with 4’6-diamidino-2-
phenylindole (DAPI) and observed under an inverted fluorescence
microscope to determine whether U87MG cells could endocytose the
EVs. Images were obtained using an inverted fluorescence microscope
(Carl Zeiss, Oberkochen).

EVs-transferred protein uptake assay
To determine whether EVs transfer protein into the target cells, the XPack
Exosome Protein Engineering Technology was used according to the
manufacturer’s instructions (System Biosciences, SBI, CA, #XPAK730PA-1).
To generate EVs containing high levels of SBSN, the open reading frame
sequence for SBSN was cloned the downstream of XPack-peptide in the
XPack-cloning lentivector, which can produce lentiviral particles for the
establishment of stable cell lines. The XPack stable cell lines continuously
secreted EVs containing reporter protein TurboGFP and the purified EVs
from XPack stable cell lines were ready for addition to target U87MG cells.
50 μg/mL of EVs containing XPack-vector-TurboGFP or XPack-SBSN-
TurboGFP were added to target cells and the cells were imaged on a
confocal microscope 24 h after EVs addition.

Statistical analysis
Data were analyzed statistically by using Fisher’s exact text, log-rank test, χ2

test, or Student’s two-tailed t-test. The receiver-operating characteristics
(ROC) curve was used to determine the diagnostic value of SBSN
expression in patients with glioma. The construction of the ROC curves
was performed using GraphPad Prism and the areas under ROC curve
(AUC) with 95% confidence interval (CI) was calculated to evaluate the
diagnostic accuracy and discrimination power. Survival curves were
plotted by the log-rank test. The pathway and function gene expression
signatures were analyzed using Gene Set Enrichment Analysis (GSEA)
[51, 52]. For each sample and signature, GSEA reported a signature
expression score between 0 and 1 and the statistical significance (P value)
for signature overexpression. GraphPad Prism and Excel software were
used for statistical analysis. All experiments were performed at least three
times, and P ≤ 0.05 was considered statistically significant.

DATA AVAILABILITY
For survival analysis of glioma patients, the Chinese Glioma Genome Atlas (CGGA)
and the Cancer Genome Atlas (TCGA) datasets were used. All other data supporting
the findings of this study are available within the article and its Supplementary
information files and on reasonable request from the corresponding author.
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