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Lysine-40 succinylation of TAGLN2 induces glioma
angiogenesis and tumor growth through regulating TMSB4X
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Protein lysine succinylation (Ksucc) represents an important regulatory mechanism of tumor development. In this work, the
difference of protein Ksucc between HCMEC/D3 co-cultured with U87 (glioma endothelia cells, GEC) and without U87 (normal
endothelia cells, NEC) was investigated using TMT labeling and affinity enrichment followed by high-resolution LC-MS/MS analysis.
Interestingly, TAGLN2 was highly succinylated at K40 in GEC (15.36 folds vs. NEC). Compared to the Vector group, TAGLN2WT and a
succinylation-mimetic TAGLN2K40E greatly promoted the angiogenesis of glioma in vitro and in vivo. Furthermore, the adhesion and
metastasis of U87 co-cultured with GEC in the TAGLN2WT or TAGLN2K40E group were also significantly promoted. This was
consistent with the increased expression of VE-cadherin and actin cytoskeleton remodeling induced by TAGLN2 K40succ in GEC. In
addition, high K40succ of TAGLN2 was associated with poor prognosis in patients with glioma. Overexpression of TAGLN2K40E also
markedly promoted the proliferation and migration of glioma cells, further analysis of in vivo xenograft tumors showed that there
was a significant decrease in tumor size and angiogenesis in the TAGLN2K40R group. Notably, the co-localization of TMSB4X and
TAGLN2 mainly in the nucleus and cytoplasm of glioma cells was detected by immunofluorescence staining. We identified TMSB4X
as a potential target of TAGLN2, which was proved to interact with TAGLN2WT rather than TAGLN2K40A. And the inhibition of
TMSB4X could markedly attenuate the proliferation and migration of glioma cells induced by TAGLN2 K40succ. The results revealed
K40succ of TAGLN2 could be a novelty diagnosis and therapeutic target for gliomas.
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INTRODUCTION
Glioblastoma (GBM), the WHO grade IV glioma, is the most
common and lethal type of primary brain tumor associated with
high rates of morbidity, relapse, and mortality. Currently, some
relevant epigenetic biomarkers have been used for the classifica-
tion of glioma and therapeutic basements, such as IDH and O-6-
methylguanine-DNA methyltransferase promoter methylation.
However, novel specific biomarkers for the prognosis and
treatment of glioma should be further investigated. GBM, a highly
vascularized tumor, is characterized by a high proliferation of
endothelial cells and blood vessels [1, 2]. And the high degree of
vascularization in the GBM can provide oxygen and nutrients to
tumor cells and then fuels tumor proliferation and invasion [3].
Therefore, it is important to elucidate the molecular mechanisms
that regulate the angiogenesis and proliferation of GBM for
diagnosis, treatment, and prognosis of glioma.
Post-translational protein modification (PTM) is a dynamic and

reversible protein chemical modification after translation and one
of the most efficient biological mechanisms to regulate cell
physiology [4], which can change the physicochemical properties
of protein and influence the conformation of protein space [5].
Zhao et al demonstrated that succinylation on a lysine residue can
induce the charge status to transform from +1 to −1 under

physiological pH conditions, which in turn facilitates adjustment of
the structure and function of substrate proteins [6]. As a result, lysine
succinylation induces more significant changes in protein structure
and function than lysine methylation and acetylation. Du et al.
demonstrated that succinylated lysine could be desuccinylated by
sirtuin-5 (SIRT5) localized mostly or exclusively to the mitochondrial
matrix, a NAD-dependent protein lysine desuccinylase and dema-
lonylase [7]. And desuccinylation or mutation of the
SOD1 succinylation site can affect the elimination of reactive
oxygen species, inhibiting the growth of lung tumor cells [8]. Thus,
protein succinylation might be related to the pathological process of
tumors. However, the effect of protein succinylation on glioma
angiogenesis remains unclear. Therefore, differential identification of
proteome and post-translational modification in normal endothelia
cells (NEC) and glioma endothelia cells (GEC) would unquestionably
provide new targets for drug research in glioma treatment. In the
present study, we performed a quantitative analysis of lysine
succinylome in GEC and NEC. Notably, the succinylation level of
Transgelin-2 (TAGLN2) K40 (KsuccDVGRPQPGR) in GECs was sig-
nificantly increased.
TAGLN2, an actin-binding protein, regulates cytoskeletal rear-

rangement by binding to actin [9]. Studies have demonstrated
that the expression of TAGLN2 has great difference in various
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tumors, including gliomas. And a high expression of TAGLN2 is
often associated with the grade of glioma and poor prognosis [10].
The study demonstrated that K40 of TAGLN2 is located in the CH
domain that is involved in promoting G-actin polymerization [11].
And morphogenesis of the vascular system utilizes processes like
cell adhesion, motility, and proliferation, which are closely related
to the dynamics of actin filaments during angiogenesis [12]. Thus,
we hypothesized that TAGLN2 K40succ could influence the
angiogenesis of GECs by inducing the remodeling of actin fibers
and then investigated the underlying effect and mechanism of
TAGLN2 K40succ on glioma biological behavior.

RESULTS
Upregulation of lysine-40 succinylation in the TAGLN2 protein
is confirmed
There are no significant differences in the expression level of
TAGLN2 protein between GEC and NEC (Fig. 1A, B). High-
resolution MS/MS spectra of TAGLN2 K40 succinylation peptide
(KsuccDVGRPQPGR) from GEC extract using anti-succinyl lysine
pan antibody (Fig. 1C). Mass spectrometry analysis showed that
TAGLN2 was succinylated on K40 in GECs, where the level of
TAGLN2 succinylation was 15.36 times higher than that in NECs
(Fig. 1D). The level of TAGLN2 K40succ was verified to be higher in
GECs than in NECs by Western blots (Fig. 1E). The level of TAGLN2
K40succ was significantly higher in glioma tissue than in normal
tissue, as indicated by Western blots and IHC (Fig. 1F, G).

K40succ of TAGLN2 in GECs induced the remodeling of the
actin cytoskeleton
The N-terminal CH domain of TAGLN2 is an important structural
basis for promoting G-actin polymerization and stabilizing F-actin
[9] and the 40th lysine is located in this domain. Thus, TAGLN2
K40succ may influence the stability of the actin skeleton. To
elucidate the effect of TAGLN2 K40succ on the actin cytoskeleton,
TAGLN2WT, TAGLN2K40E (mimicking succinylation modification) or
TAGLN2K40R (mimicking deletion) was stably expressed in HCMEC/
D3 cells (Fig. 2A). Notably, compared with Vector and TAGLN2K40R

group, the fluorescent signal of F-actin is mainly concentrated on
the cell membrane, and many stress fibers are formed in
TAGLN2WT and TAGLN2K40E group (Fig. 2B). These results suggest
that TAGLN2 K40succ may affect the biological behavior of GECs by
inducing rearrangement of the intracellular actin skeleton.

K40succ of TAGLN2 in GECs promoted glioma angiogenesis
in vitro and in vivo
And we explored the regulatory role of TAGLN2 K40succ on the
angiogenesis of GECs. The results showed that the proliferation
and migration of GECs in the TAGLN2WT and TAGLN2K40E group
was significantly increased compared to the Vector group and the
TAGLN2K40R group (Fig. 2C–F). At the same time, the 3D
angiogenesis assays and tube formation assays showed that the
length of the sprouting structure formed, the number of tube
connections, the total tube length, and total branch length in the
TAGLN2WT and TAGLN2K40E group were also significantly higher
than in Vector group and TAGLN2K40R group (Fig. 2G–L). These
results suggest that TAGLN2 K40succ in GECs can promote the
angiogenesis of GECs in vitro. In addition, we mixed ECs and U87
cells in a ratio of 1:3 and injected them subcutaneously into the
right flank of nude mice. And the expression of CD31 in the
TAGLN2K40R group was significantly reduced (Fig. S1A, B). The
results indicate that the desuccinylation of TAGLN2 K40 could
inhibit the angiogenesis of glioma in vivo.

TAGLN2 K40succ destroyed the integrity of GEC in vitro
As shown in Fig. 3, compared with the Vector and the TAGLN2K40R

group, the influx of FITC-dextran (40/100 kDa) was increased in the
TAGLN2WT and TAGLN2K40E group, which indicates that the barrier

between endothelial cells is impaired (Fig. 3A). VE-cadherin is
fundamental to maintaining the integrity of the intercellular
barrier between endothelial cells [13] and the expression of VE-
cadherin was significantly down-regulated in TAGLN2WT and
TAGLN2K40E group (Fig. 3B, C), suggesting that TAGLN2 K40succ
could contribute to the disruption of the integrity by regulating
the expression of VE-cadherin. U87 cells adhesion assays and
transendothelial migration assays results showed that U87 cells in
TAGLN2WT and TAGLN2K40E group adhered and migrated across
GECs were significantly more than Vector and TAGLN2K40R group
(Fig. 3D–G). These results further indicate that TAGLN2 K40succ
induces disruption of the GEC barrier.

K40succ of TAGLN2 promoted the glioma biological behavior
and angiogenesis in vitro
To explore the biological function of TAGLN2 K40succ in glioma
progression, TAGLN2WT, TAGLN2K40E (mimicking succinylation
modification) or TAGLN2K40R (mimicking deletion) were stably
expressed in U87 and U251 cells with inhibition of endogenous
TAGLN2 (Fig. S2A–F). Compared with the Vector and TAGLN2K40R

groups, the cell proliferation rate was significantly enhanced in the
TAGLN2WT and TAGLN2K40E groups (Fig. 4A, B). The wound healing
assays revealed that the migration ability of the TAGLN2WT and
TAGLN2K40E groups were significantly higher than those of the
Vector and TAGLN2K40R groups in U87 and U251 cells (Fig. 4C, D).
Next, HCMEC/D3 cells were co-cultured with U87 cells with
different treatments. Interestingly, the number of tube connec-
tions, the total tube length, and total branch length of the GECs in
the TAGLN2WT and TAGLN2K40E groups were also significantly
higher than that in the Vector group and TAGLN2K40R group
(Fig. 4E, F). These results have shown that TAGLN2 K40succ in U87
could promote the angiogenesis of GECs in vitro.

Desuccinylation of TAGLN2 can inhibit glioma growth and
angiogenesis in vivo
In vivo xenograft tumor analysis showed that there was a
significant difference in tumor size and weight between the
TAGLN2WT group and the TAGLN2K40R group (Fig. 5A–D). And
compared to the TAGLN2WT group, the number of vascular and
Ki67-positive cells in the TAGLN2K40R group was also greatly
decreased (Fig. 5E–H), suggesting that desuccinylation of TAGLN2
in glioma cells inhibited glioma growth and angiogenesis.

K40succ of TAGLN2 in U87 promoted the proliferation and
migration via interacting with TMSB4X
GST-pull down with LC-MS/MS assay have shown that five
proteins interacting with TAGLN2WT rather than TAGLN2K40A were
regarded as important factors involved in glioma development
(Table S2). The differential expression of the genes was analyzed in
GBMs and low-grade gliomas (LGGs) as well as normal brain
tissues from the GEPIA dataset (http://gepia2.cancer-pku.cn/
#index). ARF4, TMSB4X, and SHOX2 were significantly upregulated
in GBMs relative to normal brain (Fig. 6A). Moreover, the survival
data from CGGA support the correlation between higher ARF4,
TMSB4X, and SHOX2 expression and worse prognosis (Fig. 6B). Our
previous study illustrated that K40succ of TAGLN2 modulate the
remodeling of the actin cytoskeleton in U87 (Fig S3A). Given that
TMSB4X, as a G-actin-binding protein preventing actin polymer-
ization plays a role in cell motility by regulating actin cytoskeleton
[14], we subsequently focused on the interaction between
TAGLN2 and TMSB4X. The study found that TAGLN2 colocalized
with TMSB4X in the nucleus and cytoplasm of U87 cells (Fig. 6C).
Furthermore, the results showed that the expression of TMSB4X in
TAGLN2WT and TAGLN2K40E group is higher than Vector and
TAGLN2K40R group (Fig. 6D, E and Fig. S4A). Notably, the depletion
of TMSB4X expression significantly attenuated cell proliferation
and migration mediated by TAGLN2 K40succ (Fig S4B and
Fig. 6F–I). F-actin staining assay demonstrated that the depletion
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of TMSB4X decreased the expression of F-actin in TAGLN2WT and
TAGLN2K40E groups (Fig. S4C). Collectively, these results support
the possibility that K40succ of TAGLN2 in U87 promotes
proliferation and migration via interacting with TMSB4X.

DISCUSSION
Post-translational modifications (PTM) are crucial for protein
structure and function. In recent years, studies have found that
succinylation modification can result in a group with a larger
structure and thus significantly change the structure and function
of proteins [15]. And studies have confirmed that protein
succinylation induced the alteration of the activity and structure
of enzymes and participated in function regulation of tumor

metabolism and signal transduction [16]. Aberrant vascularization
is a typical feature of glioblastoma. The interactions between
tumor cells and the brain microenvironment, principally brain
vascular endothelium, are the critical determinants in their tumor
progression and migration [17]. More importantly, crosstalk
among global succinylome was studied in HCMEC/D3 co-
cultured without or with U87, which may considerably provide
new biology targets for drug research in glioma treatment.
TAGLN2 is an actin-binding protein (ABP), which could be

combined with F-actin or G-actin to block the binding of other
ABPs and actin, thereby regulating the dynamic changes of the
cytoskeleton [18, 19]. The expression of TAGLN2 have a significant
difference in various tumors including gliomas [10], and is
associated with tumor development [20]. In addition, TAGLN2

Fig. 1 Upregulation of lysine succinylation on TAGLN2 protein is confirmed. A The expression of TAGLN2 was measured by western blots in
GECs and NECs. B The relative gray value of TAGLN2 normalized to GAPDH. C, D Succinylation of TAGLN2 in GECs, mass spectrometric
verification of TAGLN2 succinylation at K40 (KsuccDVGRPQPGR). E The expression of TAGLN2 K40succ was measured by western blots in GECs
and NECs. The relative gray value of TAGLN2 K40succ normalized to GAPDH. F The expression of TAGLN2 K40succ was measured by western
blots in different grade gliomas and normal brain specimens. The relative gray value of TAGLN2 K40succ normalized to GAPDH.
G Representative images of IHC staining for TAGLN2 K40succ in different grade gliomas and normal brain specimens (scale bar= 25 μm). Data
were shown as the mean ± SD, *p < 0.05, **p < 0.01.
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Fig. 2 K40succ of TAGLN2 in GECs promoted glioma angiogenesis in vitro. A The expression of Flag-Tag and TAGLN2 were measured by
western blots. B The distribution of F-actin in GECs detected by fluorescent probes (scale bar= 25 μm). C EdU assay was used to detect the
proliferation ability of cells in GECs (scale bar= 100 μm). D The relative proportion of EdU staining cells. E Wound healing was used to detect
the migration ability between different groups (scale bar= 200 μm). F Quantification of wound healing rate. G The 3D angiogenesis
experiment was used to detect the sprouting ability of each group of GECs (scale bar= 100 μm). H Quantification of the length of sprouting
structures. I The tube formation assay was used to detect the lumen forming ability of the GECs (scale bar= 100 μm). J–L Quantification of the
tube connection numbers, total length, and branch length. Data were shown as mean ± SD, *p < 0.05, **p < 0.01, and ***p < 0.001.
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can regulate the skeleton of endothelial cells and promote the
migration and tube formation ability of HUVECs [21]. And the
researchers observed that the expression of TAGLN2 was signifi-
cantly increased in the microvascular endothelial cells of lung cancer
tissues [22], which means that TAGLN2 could play an important role
in regulation of tumor angiogenesis. Notably, our result demon-
strated that lysine at position 40 of TAGLN2 was highly succinylated
in GECs, which was approximately 15.36 times that of NECs. And the
increased succinylation of TAGLN2 K40 promoted the proliferation,
migration and tube forming ability of GECs. Moreover, the blood
vessel formation of xenograft tumors in the K40R group was less
than that in the WT group, which indicated that the desuccinylation
of TAGLN2 K40 could inhibit the angiogenesis of GECs in vivo. The
above-mentioned results suggested that TAGLN2 succinylation
contributed to glioma angiogenesis.
Endothelial cell proliferation and migration are important steps

in angiogenesis, and the remodeling of the actin cytoskeleton can
strictly regulate this process [12]. And actin fibers are the main
cytoskeletal components of endothelial cells, which can be
continuously remodeled to form filopodia, lamellipodia and stress
fibers to generate force to drive the movement of cells [23, 24].
TAGLN2 can stabilize and bind to F-actin [9] and K40 of TAGLN2 is
located in the CH domain, which is necessary to promote the
polymerization of G-actin [25]. Interestingly, our results showed

that the K40succ of TAGLN2 facilitates the formation of GECs
stress fibers and a concentration of actin in the cell periphery,
which is beneficial to maintain the directional migration of cells
[24]. The results indicated that TAGLN2 K40succ could promote
the remodeling of the actin cytoskeleton in GECs, thereby causing
the cells to contract and ultimately resulting in the increase of
their exercise ability.
Previous studies revealed that a high level of TAGLN2

expression was related to hepatocellular carcinoma and breast
and pancreatic cancer progression [26]. It was also reported that
TAGLN2 might exert a vital role in promoting the development of
human glioma [10]. In this study, we further demonstrated that
the level of TAGLN2 K40succ was higher in human glioma tissues
than in normal tissues. TAGLN2 K40succ promoted the prolifera-
tion and migration of glioma cells. In addition, TAGLN2 K40succ in
U87 also promoted the angiogenesis of GECs. To explore the
specific molecular mechanism of TAGLN2 K40succ on the glioma
biological behavior, the differential proteins that interact with
TAGLN2WT or TAGLN2K40A were screened. Among the identified
proteins ARF4 [27], TMSB4X [28], NEK10, SHOX2 [29], and ANOS1
[30] were involved in the regulation of human cancers progres-
sion. After CGGA and GEPIA datasets analysis, the ARF4, TMSB4X
and SHOX2 were significantly upregulated in glioma and
associated with patient prognosis, suggesting that they might

Fig. 3 K40succ of TAGLN2 destroyed the integrity of GECs in vitro. A 40 kDa/100 kDa-FITC-dextran permeability experiment. B The
expression of VE-cadherin was measured by western blots in GECs. C The relative gray value of VE-cadherin normalized to GAPDH. D The
adhesion of U87 cells (scale bar= 100 μm). E Quantification of the number of adherent cells. F The transendothelial migration of U87 cells
(scale bar= 100 μm). G Quantification of the number of transendothelial migration cells. Data were shown as the mean ± SD, *p < 0.05,
**p < 0.01, ***p < 0.001.
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be potential targets for further research. In addition, TAGLN2 is
expressed not only in the cytoplasm but also in the nucleus.
However, little is known about the function of TAGLN2 in the
nucleus. The emerging roles of actin and actin-binding proteins in
the nucleus have become a new frontier in cell biology.
TMSB4X could sequester monomeric actin that prevents G-actin

from joining a filament [31]. It was reported that TMSB4X
influenced neuronal motility via modulating the actin dynamics
[32] and promoted the adhesion and thus motility of melanoma
cells by regulating the number and morphology of focal
adhesions. Additionally, a correlation between TMSB4X expression
level and exhibition of EMT features was also demonstrated [28].
TMSB4X has also been implicated in the stemness and invasive-
ness of glioblastoma [33] and affects actin cytoskeletal rearrange-
ment by controlling G-actin transport between cells and
supporting Formin protein-mediated actin polymerization [34].
Interestingly, our results clarified that TAGLN2 K40succ increased
the expression of TMSB4X in U87. And then the depletion of
TMSB4X significantly attenuated TAGLN2 K40succ-dependent cell
migration and proliferation, suggesting that TMSB4X plays a
crucial role in regulating cytoskeletal rearrangement and partici-
pates in the process of TAGLN2 K40succ-regulating cell migration.
Currently, our study puts more emphasis on translational

relevance, but there are still some limitations in this research. I.
The effect of TAGLN2 K40succ on glioma in vivo intracranial
models or primary culture models should be verified. II. The effect
of exogenous blocking of the TAGLN2 K40succ via cell-penetrating
peptide or Liposomes on glioma proliferation and angiogenesis
should be further investigated. III. The level of TAGLN2 K40succ in
other tumor cells or tissues should be also evaluated.
In conclusion, our results revealed that TAGLN2 K40succ could

promote glioma angiogenesis and induce the rearrangement of
the actin skeleton via interacting with TMSB4X and ultimately
enhanced the proliferation and migration of glioma. Notably, K40-

succinylated TAGLN2 is also associated with poor prognosis in
patients with glioma. Therefore, targeting succinylated TAGLN2
provides a novel strategy for glioma therapy.

MATERIALS AND METHODS
Glioma samples
The tumor samples in this study were taken from eight patients with
primary brain glioma who had not received chemotherapy or any other
treatment before surgery and were surgically removed with the patient’s
informed consent (Table S1). The patients were from the General Hospital
of Northern Theater Command (Shenyang, China). This study was
approved by the Hospital Ethics Committee of the General Hospital of
Northern Theater Command and carried out in accordance with the
principles of the Declaration of Helsinki.

Proteomic quantification of lysine succinylation
TMT labeling, HPLC fractionation, affinity enrichment, and mass
spectrometry-based quantitative proteomics were performed to quantify
the dynamic difference of lysine succinylome between the GEC and NEC in
PTM Biolabs (Hangzhou, China). Intensive bioinformatic analysis was then
carried out to annotate the quantifiable targets, including protein
annotation, functional classification, functional enrichment, and functional
enrichment-based cluster analysis.

Cell culture
Immortalized human cerebral microvascular endothelial cell line (HCMEC/
D3, a gift from Dr. Pierre-Olivier Couraud, Department of Neurology and
Stroke Centre, Bichat University Hospital, Paris, France) was cultured in
endothelial basal medium 2 (EBM-2, Lonza, Walkersville, MD, USA) on an
established protocol [35]. Human glioblastoma cell lines, U87 and U251 cell
lines were obtained from the Chinese Academy of Sciences Cell Bank and
maintained in Dulbecco’s modified Eagle medium (DMEM) and supple-
mented with 10% fetal bovine serum (FBS) (Gibco, life technologies, Grand
Land, NY, US). The source of cell lines was recently authenticated by STR
profiling and tested for mycoplasma contamination.

Fig. 4 K40succ of TAGLN2 in U87 promoted the glioma biological behavior in vitro. A, B EdU assay was used to detect the proliferation
ability of U87 and U251 cells (scale bar= 50 μm). The relative proportion of EdU staining cells. C, D Cell migration ability of U87 and U251 cells
was tested by wound healing assay (scale bar= 200 μm). Quantification of wound healing rate. E The tube formation assay was used to detect
the lumen forming ability of the GECs (scale bar= 100 μm). F Quantification of the tube connection numbers, total length, and branch length.
Data were shown as mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001.
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Generation of stable cell lines
The stable cell lines were generated using a lentivirus system. Briefly,
Full-length WT cDNA carrying Flag or cDNA with point mutation of the
TAGLN2 gene (K40E/K40R) was synthesized from GenePharma (Shang-
hai, China), and cloned into indicated vectors LV5 (EF-1a/GFP&Puro)
(GenePharma, Shanghai, China) and then transfected into cells using
Lipofectamine 3000. Cells were seeded in a 24-well cell culture plate and
infected with virus when the cell fusion rate reached 20%. After 24 h,
fresh medium was replaced for further culture for 72 h, 1 µg/mL
purinomycin (Solarbio, Beijing, China) was added to select stable
transfected cell lines for 2 weeks.

RNA interference analysis
Small interfering RNA (siRNA) against the coding region of TMSB4X and the
3′ UTR of TAGLN2 were synthesized (GenePharma; Shanghai, China).
siRNAs were transfected with Lipofectamine 3000 reagent (Thermo Fisher
Scientific; Waltham, MA, USA) according to the manufacturer’s protocol.
Knockdown efficiency was evaluated at 72 h after transfection by Western
blots and ICC assays. Sequences of siRNA targeting TAGLN2 (n= 1): si-
TAGLN2#1: 5′-GCUGUGGCUGCAGGAACUU-3′. Sequences of siRNA target-
ing TMSB4X (n= 3): si-TMSB4X#1: 5′-GUCUGACAAACCCGAUAUG-3′,
si-TMSB4X#2: 5′-GCCUUCCAAAGAAACGAUU-3′, si-TMSB4X# 3: 5′-GCGAAU
CGUAAUGAGGCGU-3′.

HCMEC/D3 culture with or without U87
The six-well plate or 24-well plate is separated into upper and lower
chambers by Transwell nested chambers (0.4 μm pore size; Corning, NY,
USA), allowing only the exchange of metabolites or secreted substances
between the upper and lower chambers. According to the purpose of the
experiment, HCMEC/D3 and U87 cells were inoculated in the upper or
lower compartment, respectively. The GECs could be obtained after the
coculture of HCMEC/D3 and U87 cells for 6 days.

Cell proliferation assay
Proliferation was assessed using the EdU Imaging Kits (Cy3) (APExBIO,
America). Briefly, GECs were seeded at a density of 1 × 104 cells/mL and
incubated 48 h at 37 °C. Dye incorporation was assayed as a measure of
proliferation according to manufacturer’s instructions.

Western blots
Total proteins were extracted from GECs with RIPA buffer containing
protease inhibitors (Beyotime Institute of Biotechnology, Jiangsu, CN) on
ice, and the supernatant extracts were quantified for protein level using
the BCA protein assay kit (Beyotime Institute of Biotechnology, Jiangsu,
CN). And then subjected to SDS-PAGE based on an established protocol
[36]. After being transferred onto polyvinylidene fluoride membranes,

Fig. 5 Desuccinylation of TAGLN2 in glioma cells can inhibit glioma growth and angiogenesis in vivo. The respective image of mice (A)
with implantation of U87 and tumor tissues (B) from different groups. Heterotopic xenograft tumor volume (C) and weight (D) were detected
in nude mice. The expression and number analysis of CD31+ vessels (E, F) were measured by immunohistology (scale bar= 50 μm). Data were
shown as the mean ± SD. The number analysis of Ki67-positive cells (G, H) was measured by immunohistology (scale bar= 25 μm). Data were
shown as the mean ± SD, **p < 0.01.
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nonspecific binding was blocked with 5% nonfat milk. The blots were
probed with the following primary antibodies: Flag-Tag antibody (T0003,
Affinity, USA); TAGLN2 antibody (sc-373928, Santa Cruz, Dallas, TX, USA);
CD31 antibody (ab9498, Abcam, Cambridge, UK); GAPDH (60004-1-Ig,
Proteintech, Rosemont, USA); VEGFR2 (2415-1-AP, Proteintech, Rosemont,
USA); VE-cadherin (66804-1-Ig, Protintech, Rosemont, USA). Secondary
antibodies included goat anti-rabbit lgG H&L (HRP, ab6721, Abcam,
Cambridge, UK), and goat anti-mouse lgG H&L (HRP, ab6789, Abcam,
Cambridge, UK).

Permeability assays
In the upper well of the Transwell (0.4 μm), the medium was replaced with
50mM fluorescein isothiocyanate (FITC) labeled dextran (40 kDa/100 kDa)
(Xian ruixi Biological Technology, CN). Samples were analyzed using a
Florescence Multiwell Plate Reader (FlexStation 3; Molecular Devices, San
Jose, CA, USA). The results were expressed as permeability coefficients
using the slopes of the curves, which were obtained through the volume
clearance plotted against time.

Cell migration assay
GECs were starved overnight, trypsinized, and suspended at a final
concentration of 1 × 106 cells/mL, 200 μL/well seeded in a six-well cell
culture plate. After the cells are fused overnight, 200 μL sterile pipette was
used to scratch the cell layers of each group. Then photographs were taken

at 0 and 24 h, respectively. The intersection of the bottom line and the cell
scratch line was considered as the observation point.

Three-dimensional angiogenesis assay system
The GECs were trypsinized and suspended at a final concentration of
1 × 105 cells/mL, 10 μL suspension was dripped onto the cell culture plate
cover and the appropriate culture medium was added to the culture plate,
which was incubated for 24 h at 37 °C after closing the plate cover. The
GECs spheres was removed with an appropriate amount of EBM-2 and
added to a 96-well plate covered with rat tail tendon collagen type I
(Xinyou Biotechnology. Hangzhou, CN) at 37 °C for 48 h and observed with
the inverted microscope.

F-actin staining assay
Cells were fixed with acetone for 10min at room temperature, followed by
incubation with goat serum for 30min at room temperature, according to
a previous study [37]. Cells were then stained with Actin-Tracker Red-555
for 1 h at room temperature. The cells were then counterstained with DAPI
(Beyotime Institute of Biotechnology) for 15min at room temperature and
visualized with the microscope.

Immunofluorescence
The cells were fixed with 4% paraformaldehyde for 10min and
permeabilized with 0.1% Triton x-100 for 5 min. After blocking for 1 h in

Fig. 6 K40succ of TAGLN2 in U87 promoted the proliferation and migration via interacting with TMSB4X. A Quantification of ARF4,
TMSB4X, and SHOX2 mRNA expression levels in gliomas in GEPIA dataset. B The survival analysis according to ARF4, TMSB4X, and SHOX2
expression in glioma using CGGA datasets. C IF images of TAGLN2 (green) and TMSB4X (red) with DAPI staining (blue) in U87 cells (scale
bar= 25 μm). D Expression of TMSB4X in U87 stable cells by ICC (scale bar= 25 μm). E Quantification of the expression of TMSB4X. F The
effects of TMSB4X depletion on the proliferation of U87 cells with TAGLN2WT and TAGLN2K40E expression (scale bar= 50 μm). G The relative
proportion of EdU-positive cells. H Wound healing assay was used to detect the migration ability of U87 cells (scale bar= 200 μm).
I Quantification of wound healing rate. Data were shown as the mean ± SD, **p < 0.01, ***p < 0.001.
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5% bovine serum albumin at room temperature, the cells were incubated
overnight at 4 °C with primary antibodies anti-TMSB4X (1:50, Cat# 19850-1-
AP, Proteintech, Wuhan, China) and anti-TAGLN2 (1:50, sc-373928, Santa
Cruz, Dallas, TX, USA). Subsequently, the Alexa FluorTM 594 goat anti-rabbit
IgG (H+ L) and Alexa FluorTM 488 goat anti-mouse IgG (H+ L) (1:1000,
Thermo Fisher Scientific; Waltham, MA, USA) secondary antibodies were
added for 1 h at room temperature followed by counterstaining with DAPI.

Immunocytochemistry (ICC) and immunohistochemistry (IHC)
The following procedures were performed according to the Ultra-Sensitive
SP instructions (Maxim Institute of Biotechnology, Fuzhou, CN): After
blocking for 10min in nonspecific staining blocker, the tissues were
incubated overnight at 4 °C with primary antibody anti-CD31 (1:1000,
ab9498, Abcam, Cambridge, UK) or anti-TMSB4X (1:50, Cat# 19850-1-AP,
Proteintech, Wuhan, China) or rabbit polyclonal antibodies against the
human TAGLN2 K40-succinylated peptide (PDLGTDKsuccDVGRPQPGR)
were generated from three rabbits (ChinaPeptides Co., Ltd., Shanghai).
The images were visualized by following standard protocols of the DAB
rendering kit (Maxim Institute of Biotechnology, Fuzhou, CN) and then
observed via microscope.

Tumor xenograft experiments
Male BALB/c nude mice (6–8 weeks, 18–20 g) were purchased from Vital
River Laboratory Animal Technology (Beijing, China) and were raised at the
Laboratory Animal Center of Shenyang Pharmaceutical University. All
animal experiments were performed in accordance with the Animal Care
Committee of Shenyang Pharmaceutical University. In angiogenesis
experiment in vivo, ECs and U87 cells were mixed in a ratio of 1:3, and
5 × 105 cells were injected into the right flank of BALB/c nude mice. For the
glioma experiment in vivo, mice were randomly divided into two groups
(n= 5): WT and K40R. Cells that stably expressed TAGLN2WT or TAGLN2K40R

were mixed in Matrigel and subcutaneously injected into nude mice.
Tumor volume was measured every 3 days and calculated using the
formula: tumor volume (mm3)= (length × width2)/2. After 40 days, tumors
were removed, weighed, and stored at −80 °C.

GST-pull down
The fusion protein of GST-TAGLN2 and GST-TAGLN2K40A were expressed
and purified using a prokaryotic expression system and GST affinity
chromatography. The lysates of U87 cells were added to the GST affinity
chromatography column. Then GST Elution-Buffer was used to elute the
interacting proteins. The eluted proteins were subjected to LC-MS/MS
analysis.

Statistical analysis
All data are presented as the mean ± standard deviations (SD). Student’s t-
test was used for comparing two groups’ data and the one-way ANOVA
test was used for more than two groups’ data comparisons using SPSS
software. When ANOVA was significant, post hoc testing of differences
between groups was performed using the least significant difference (LSD)
test. Differences with a p value of <0.05 were considered statistically
significant.

DATA AVAILABILITY
Quantitative analysis of global proteome in HCMEC/D3 and proteomic quantification
of lysine succinylation in human project accession: PXD005001. All other data
supporting the findings of this study and the experimental materials generated in
this study are available from the corresponding authors upon request.
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