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TCAF2 drives glioma cellular migratory/invasion properties

through STAT3 signaling
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Abstract

Glioma is an intracranial tumor characterized by high mortality and recurrence rates. In the present study, the association
of TRPMS channel-associated factor 2 (TCAF2) in glioma was investigated using bioinformatics, showing significant
relationships with age, WHO grade, IDH, and 1p/19q status, as well as being an independent predictor of prognosis. Immu-
nohistochemistry of a glioma sample microarray showed markedly increased TCAF2 expression in glioblastoma relative to
lower-grade glioma, with elevated expression predominating in the tumor center. Raised TCAF2 levels promote glioma cell
migratory/invasion properties through the epithelial-to-mesenchymal transition-like (EMT-like) process, shown by Transwell
and scratch assays and western blotting. It was further found that the effects of TCAF2 were mediated by the activation of
STAT3. These results suggest that TCAF2 promotes glioma cell migration and invasion, rendering it a potential drug target

in glioma therapy.
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Introduction

Glioma is the most common malignant central nervous
system tumor with high mortality [1]. Diffuse tumors lean
toward being resistant to conventional therapy, including
surgical procedures and chemotherapies, together with irra-
diation [2], and most patients relapse [3], surviving only
between three and six months [4]. The 2016 WHO classifi-
cation of CNS malignancies states that 50% of gliomas fall
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into the glioblastoma (GBM) category [5]. These tumors
are highly invasive [6, 7], creating significant obstacles for
treatment, leading to a median patient survival of between
14 and 15 months [8, 9]. Despite the increased use of electric
field treatment, survival remains at less than 21 months [10].
Thus, new treatment strategies and targets and the develop-
ment of new drugs are urgently needed.
Molecular-targeted therapy, encompassing immunother-
apy, represents a pivotal advancement in managing malig-
nant tumors, yet its application in glioma has encountered
significant challenges. Most potential pharmaceutical inter-
ventions aimed at crucial pathways in GBM have demon-
strated low efficacy throughout phase I and II clinical tri-
als. Furthermore, the limited number of interventions that
advanced to phase III primarily focus on modulating the
tumor microenvironments (TMEs). These include Cilen-
gitide, which blocks GBM integrin binding to the extracel-
lular matrix and which failed phase III trials [11], and Beva-
cizumab, an anti-VEGF mouse-human chimeric antibody
that blocks angiogenesis that resulted in some prolongation
of progression-free but not overall survival [12]. Antibodies
against the immune checkpoints PD-1/PD-L1 and CTLA-4
have proved unsuccessful in GBM treatment [13, 14]. The
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reasons for failure include TME complexity, high tumor het-
erogeneity/plasticity, and the blood—brain barrier preventing
effective drug delivery. Thus, there is an urgent requirement
for identifying molecules that can be targeted to prevent gli-
oma progression.

The TCAF2 gene is located on chromosome 7 and con-
tains three domains: the M60-like_N, Pep_M60_3, and
peptidase_M60_domains, associated with metalloprotein
kinase activity. The protein has been found to negatively
regulate anion channel activity and positively modulate
cellular migration [15]. Transient receptor potential (TRP)
channels are members within the non-selective cationic
channel superfamily and are involved in responses to exog-
enous stimuli and the pathogenesis of various tumors,
including glioma [16]. The recruitment of TRPMS to the
cellular membrane and the facilitation of migration in pros-
tate cancer cells is attributed to the actions of TCAF2, which
operates in a TRPMS8-dependent manner [15]. Studies have
shown that TCAF2 is also involved in the malignant biologi-
cal behavior of pancreatic cancer cells, affecting the prog-
nosis of pancreatic cancer patients [17]. The latest research
reports that TCAF2 can facilitate distant metastasis in colo-
rectal cancer [18], and TCAF?2 also involves glioma, which
is associated with the immune microenvironment of glioma
and promotes malignant progression [19]. However, research
on TCAF?2 in cancer remains limited, and its biological role
and functions in glioma are not yet fully understood.

In the present study, the role of TCAF2 in glioma was
investigated, finding that TCAF2 levels were positively
correlated with significant clinicopathological features
and patient prognosis. The results showed that upregulated
TCAF2 enhanced migration/invasion properties in glioma
cultures through an EMT-like process and STAT3 activation.

Materials and methods
Bioinformatics analysis

The TCGA and GTEx mRNA-seq data in perform Tran-
scripts Per Million (TPM) format were downloaded from the
UCSC XENA database (https://xenabrowser.net/datapages/)
[20]. Then, TCAF?2 levels were analyzed in glioma (n=689)
and normal tissue samples (n=1157). The TCAF2 mRNA-
seq data of glioma (n=698) used in survival analysis and
Cox regression analysis were downloaded from the TCGA
database (https://portal.gdc.cancer.gov). TCGA supplemen-
tary clinical information included the WHO classification
and IDH mutation together with 1p/19q co-deletion statuses
from Ceccarelli et al. [21] and the prognostic data obtained
from Liu et al. [22].

Subsequently, the relationship between TCAF2 expres-
sion levels and important clinical pathological factors
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was analyzed. Survival analysis was performed using the
Kaplan—Meier (KM) method, with the median TCAF2
expression used as the cut-off value for high and low-
expression groups. Univariate Cox regression analysis was
conducted for TCAF2 expression and clinicopathological
factors in the TCGA glioma, and significant variables iden-
tified through univariate Cox regression analysis (p <0.05)
were further included in the multivariate Cox regression
analysis. Further mRNA-seq and clinical data were obtained
from the CGGA_mRNAseq_693 database to validate patient
survival [23]. R "DESeq2" package identified differentially
expressed genes (DEGs), and significant genes were ana-
lyzed by GSEA using the R "clusterProfiler" package [24,
25]. During bioinformatics analysis, NA values in each
group were excluded.

Clinical sample collection and tissue microarray
(TMA)

TMA samples were extracted from patients designated for
surgical resection within the Neurosurgery Department
of Tianjin Medical University General Hospital between
August 2011 and April 2017. Histopathologists performed
pathological confirmation of the diagnosis according to the
WHO criteria. All patients or relatives provided written
informed consent. Such an investigation complied with the
Declaration of Helsinki and the Ethics Committee of Tianjin
Medical University General Hospital approvals. The TMA
included 141 samples overall, of which 4 were normal, 21
were borderline, 25 were peritumoral, and 91 were tumor
center samples (2 were WHO I, 18 were WHO 11, 11 were
WHO III, 60 were WHO IV).

H&E staining immunohistochemistry (IHC)

IHC was conducted on TMAs of paraffin-embedded samples
using the primary anti-TCAF2 antibody (1:50; ab2641227,
Invitrogen, USA). A goat anti-rabbit IgG assay kit (ZSBG-
Bio, China) was used for IHC marker assessment. Hema-
toxylin-nuclear staining was performed, while slides were
imaged under a VANOX microscope (Olympus, Japan) and
analyzed with Image J software to determine the integrated
optical density (IOD). The IOD values were divided by the
area of the target protein distribution to yield the average
optical density (AOD). Paraffin-embedded tumor-bearing
nude mice's brains and tumors were used for performing
H&E staining as described previously [26].

Cellular culturing
The human glioma cultures U251MG and U87MG were

obtained through the Chinese Academy of Sciences Cell
Bank (China), grown within DMEM (Gibco™, USA), and
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augmented through 10% fetal bovine serum (FBS). Glioma
TJI905 culture was isolated from human GBM tissue and
grown within F12 (Gibco™) + 10% FBS. Cultures were kept
at 37 °C/ 5% CO,.

Lentivirus and plasmid transfection

We used the lentiviruses acquired from GeneChem, China,
to establish TCAF2 knockdown, overexpression, and cor-
responding control cultures using three lines (US87MG,
U251MG, and TJ905). The lentiviral transfection pro-
cess was conducted according to the Protocol provided by
GenChem. Cell selection was with 2.00 pg/ml puromycin. A
STAT3-overexpressing plasmid was developed, employing
a pcDNA3.1 vector. Plasmids were obtained from Hanbio
(China) and underwent transient transfection into cultures
through Lipofectamine 3000® (Invitrogen™).

RNA collection / RT-qPCR

Overall RNA was extracted from tissues and cultures
through TRIzol® (ThermoFisher Scientific™, USA) with
5 ug undergoing reverse transcription into cDNA through
GoScript® Reverse Transcription System (Promega™,
USA). RT-qPCR was performed per the previous Protocol
[27] using Promega GoTaq qPCR Master Mix. GAPDH
served as internal/normalization control. Primers (Genewiz,
China) were as follows:

TCAF2

Forward: 5'- AAAGTTGGGGTGAACACAAATCT-3"'.
Reverse: 5'- CTTGTCACTGTACGCCTTGC-3"'.

GAPDH

Forward: 5' GGTGGTCTCCTCTGACTTCAACA-3".
Reverse: 5/ ~-GTTGCTGTAGCCAAATTCGTTGT-3".
Results were calculated from the relative standard curve,

followed by GAPDH normalization.

CCK-8 assays

Following the directions provided by the manufacturer, cell
viability was probed through CCK-8 (DOJINDO, China).
Cultures were inoculated within 96-well plates (2.0 x 10°
cells / well) and grown under normal conditions for one,
two, three, and four days. After the addition of CCK-8 rea-
gent and incubation for 1 h, 450 nm-absorbance values were
obtained employing a microplate reader (BioTek™, USA).

Colony formation assays

Cells were cultured under standard conditions in 6-well
plates (5.0 x 103 cells / well) for 14 days. After rinsing in
PBS, cultures underwent 4% paraformaldehyde-fixing, fol-
lowed by 2.5% crystal violet-staining steps. After imaging,
the number of clone formations is counted using ImageJ
software. Colony formation was determined as the ratio
between the colony numbers and the number of seeded cells.

Cell scratch assays

Cells (1.5 10° cells/well) were grown under normal con-
ditions in 6-well plates until reaching approximately 80%
confluence. After several washes in PBS, a 200-pl pipette
tip scratched three straight lines per well within the cul-
ture monolayer, followed by PBS-rinsing (thrice) to remove
floating cells and incubated within serum-free media (24
or 48 h). Scratch areas were examined and imaged at 0, 24,
and 48 h.

Subsequently, the scratch area at each corresponding time
point was calculated using ImagelJ software, Cell migra-
tion rate = (0 h scratch area—48 h scratch area)/0 h scratch
areax 100%.

Transwell assay

Concerning probing of migratory property, cultures
(1.0x 10* cells / well) within serum-free DMEM or
DMEM/F12 were placed within the upper chamber (Corn-
ing, USA). Media containing 10% were introduced within
lower-chamber. Concerning invasive properties, the cham-
ber was Matrigel-coated, and cells (5.0 X 10* cells/well) in
serum-free DMEM were added and incubated (one day).
The non-invasive cells within the upper chamber were then
collected with a cotton swab. The invasive cells were fixed
using 4% Paraformaldehyde, stained with a 2.5% solution
of crystal Violet Stain, and imaged as above. Image J soft-
ware quantified cellular numbers within the lower surfaces
of such filters.

Western blotting

Cells underwent RIPA buffer lysis (Solarbio™) having
1:100 PMSF, 1:100 phosphatase inhibitors (Solarbio) and
1:100 protease inhibitor mixture (Solarbio). Proteomic lev-
els were determined through the BCA kit (Solarbio). Thirty
micrograms of protein was segregated on SDS-PAGE and
blotted onto PVDF (Millipore, USA), followed by a 5%
skimmed milk block. Membranes were probed overnight at
4°C with primary antibodies followed by secondary anti-
bodies (1:3000; ZB-2301, ZB-2305, ZSGB-BIO, China)
(one hour / ambient temperature). Proteomic bands were

@ Springer



1804

Molecular and Cellular Biochemistry (2024) 479:1801-1815

visualized through GBOX® (Syngene™ Company, UK) and
a chemiluminescent HRP substrate (Millipore™). Primary
antibodies (all 1:1000 dilutions) were against TCAF2 (Inv-
itrogen), E-Cadherin (E-Ca), N-Cadherin (N-Ca), Vimentin,
Snail, and p-STAT3, all from Cell Signaling Technology
(USA), STAT3 was procured through ABclonal® (China),
B-actin procured through ZSGB-BIO™ (China).

Mouse xenograft models

All animal protocols received approval from the Ethical
Committee of Tianjin Medical University General Hos-
pital. BALB/c-nu female nude mice, aged 6 weeks with a
weight of approximately 16—-18 g, were randomly divided
into empty Vector, OE-TCAF2, sh-NC, and sh-TCAF2, with
5 mice per group. A mouse model with intracranial tumors
was established by stereotactically implanting 0.5 x 10°
U251MG cells infected with lenti-empty vector, lenti-OE-
TCAF2, lenti-sh-NC, or lenti-sh-TCAF2 into the respec-
tive groups using cranial guide screws (RWD Life Science,
China) [26]. Subsequently, the mice were transferred to iso-
lators and fed with pathogen-free feed. The tumor growth
was analyzed weekly through bioluminescence imaging
beginning upon day 7 post-injection through IVIS Spectrum
Live Imaging System (Perkin Elmer™, USA). Up to death,
the survival of mice in both groups was assessed daily. After
mice died, their brains and tumors were extracted and fixed
in 10% formalin, then embedded in paraffin for subsequent
H&E staining.

Statistics

All experiments were conducted a minimum of three times,
and datasets were analyzed through SPSS 20®. Quantita-
tive datasets reflected mean + SD while variations across
two cohorts were comparatively analyzed through unpaired
t-tests with two-tailed p-values < 0.05 deemed to confer sta-
tistical significance. Murine survival was analyzed through
the survival package in R (4.2.1) to determine the pro-
portional hazards and visualized using the survminer and
ggplot2 packages.

Results

TCAF2 is upregulated in glioma and is associated
with prognosis

Analysis of Toil-processed the TPM-format TCGA and
GTEx RNA-seq data from UCSC XENA-dataset outcomes
showed TCAF2 expression within glioma, GBM, and
low-grade glioma (LGG) was considerably upregulated in
comparison with healthy brain tissue (Fig. 1A-C). Further
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probing for associations across TCAF2 levels and overall
survival (OS) within TCGA data indicated that regardless
of whether the diagnosis was a glioma, LGG, or GBM, cases
having upregulated TCAF2 expression had shorter OS in
comparison with patients having lower TCAF2 expression
(Fig. 1D-F). CGGA-693 provided additional confirmation,
with consistent results for the findings from the TCGA
data (Fig. 1G-I). Univariate and multivariate Cox analyses
were conducted to assess the association between TCAF2
expression and various clinicopathological characteristics
in the TCGA datasets to identify the independent prognostic
markers (Figure S1). Dataset outcomes revealed that TCAF2
level, age, WHO grade, IDH, and 1p/19q status were inde-
pendent prognostic factors for glioma (Fig. 1J).

TCAF2 levels are associated with significant
clinicopathological features of glioma

Analysis for associations across TCAF2 expression pro-
files and patient characteristics within TCGA data indi-
cated significant associations between the TCAF2 level and
age, WHO grade, IDH and 1p/19q status, progression-free
interval (PFI), and disease-specific survival (DSS). Fur-
thermore, in elderly cases (Fig. 2A), IDH wild-type (IDH-
WT) patients (Fig. 2B), and patients with 1p/19q non-co-
deletions (Fig. 2C), as well as in the PFI and DSS event
groups (Figs. 2E-F), TCAF2 levels were markedly elevated.
TCAF?2 levels were also increased significantly in higher-
grade tumors (Fig. 2D). The expression level of TCAF2
was found to be significantly positively correlated with the
expression of IDH1 (R=0.484, p <0.001) (Figure S2A).
After classifying gliomas in the TCGA database according
to the WHO 5th edition classification of central nervous sys-
tem tumors, it was observed that the expression of TCAF2
increased with tumor grade in the IDH mutation group. In
contrast, its expression level was significantly higher in the
IDH-WT group than in other groups (Figure S2B). Clinical
grouping based on IDH status revealed that patients with
high TCAF2 expression had a poorer prognosis, regardless
of whether they belonged to the IDH mutation or IDH-WT
group (Figure S2C-D).

TCAF2 protein levels are associated with tumor
grade and specimen location

For further verification of TCAF2 protein levels in glioma
tissues, specimens were collected at our institution, made
into TMAs, and stained by IHC. TCAF2 was strongly
expressed within glioma and peritumoral tissue (Fig. 3A).
Figures 3D and 3E show the THC staining of samples from
tumors of different WHO grades. It was found that TCAF2
protein levels were markedly elevated in GBM samples
compared with LGG specimens (Fig. 3B), and protein
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Fig. 1 The expression of
TCAF?2 in glioma and its rela-
tionship with glioma prognosis.
A-C TCAF?2 levels in glioma
(n=689), LGG (n=523), GBM
(n=166), and normal tissues
(n=1157) in UCSC data. D-F
Survival analysis of glioma
(n=698), LGG (n=530),

and GBM (n=168) in the
TCGA database after group-
ing them based on the median
value of TCAF?2 expression.
G-I Survival analysis of glioma
(n=0657), LGG (n=420), and
GBM (n=237) patients in
CCGA-693 data after group-
ing them based on the median
value of TCAF2 expression.

J Multivariate Cox analysis

of clinicopathological factors
and TCAF?2 levels in glioma in
TCGA data (***p <0.001)
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levels in samples taken from the tumor-mass center were
considerably upregulated in comparison with counterpart
levels within the tumor periphery (Fig. 3C). These results
were in agreement with those on the TCGA data.

Overexpression of TCAF2 promotes migration/
invasion properties within glioma cells

TCAF2 overexpression (OE-TCAF2) and knockdown
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Fig.2 Relationship between TCAF2 levels and clinicopathological
features of glioma patients in TCGA data. A-F Clinicopathological
features including age (age <60 n=>556, age>60 n=143), IDH sta-
tus (mutation n=443, wild type n=246), 1p/19q co-deletion status

(shRNA-TCAF?2-1, sh-1; shRNA-TCAF2-2, sh-2) effective-
ness within three cultures were examined through both RT-
gPCR and western blotting (Figure S3A-C). Proliferation
was assessed by colony formation and CCK8 assays. It was
found that neither overexpression nor knockdown of TCAF2
significantly affected glioma cell proliferation (Figure S4A,
B and Figure S5A-C). In the scratch and migration assay,
TCAF2 overexpression was found to promote migration,
while knockdown had the reverse effect (Fig. 4A, B). Simi-
lar results were obtained in the Transwell assays (Fig. SA).
Assessment of cell invasion in the Matrigel-coated Transwell
chamber indicated that invasion was enhanced by TCAF2
overexpression and correspondingly reduced by TCAF2
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(co-deletion n=172, non-co-deletion n=520), WHO grade (grade
2 n=224, grade 3 n=245, grade 4 n=168), DSS (no n=434, yes
n=246), and PFI (no n=353, yes =346) (***p <0.001)

knockdown (Fig. 5B). Thus, the results of the scratch and
Transwell assays were consistent.

TCAF2 promotes migration/invasion properties
through EMT-like processes stimulation

GSEA analysis of the HALLMARK gene set according to
the Log2FoldChange values found that genes associated
with TCAF2 were strongly enriched in the epithelial-mes-
enchymal transition (EMT) (NES =2.383, adjust p-value [p.
adj] <0.0001) (Figure S6). Western blotting was then used
to confirm these findings, showing significant changes in
the levels of EMT markers after TCAF2 overexpression and
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Fig. 3 Immunohistochemical staining of glioma tissue microarray. A
Expression of TCAF2 in TMA samples. B-C Higher TCAF2 levels
were seen in GBM (n=60) relative to LGG (n=29) and in tumor

knockdown. E-Ca levels were reduced in all cells overex-
pressing TCAF2, while those of N-Ca, Vimentin, and Snail
were increased (Fig. 6A, C). In contrast, TCAF2 knockdown
elevated E-Ca levels while reducing those of N-Ca, Vimen-
tin, and Snail (Fig. 6B, D). Such results infer that TCAF2
overexpression enhances glioma cell motility by stimulating
EMT-like processes.

TCAF2 promotes migratory/invasive properties
by activation of STAT3

GSEA was performed to understand the molecular mecha-
nism of TCAF?2 further, showing enrichment of TCAF2-
associated genes within the IL6-JAK-STAT3 pathway

w

C

Protein expression TCAF2 Protein expression TCAF2
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centers (n=91) relative to the periphery (n=25). D Higher levels of
TCAF2 with increased tumor grade (D, E) (¥p <0.05, **p <0.01)

(NES =2.249, adjust p-value [p. adj] <0.0001) (Figure
S7). Western blotting evaluated the levels of significant
components of STAT3 signaling, specifically STAT3 and
p-STAT3. Significantly upregulated p-STAT3 was noted
within cells overexpressing TCAF2, while the levels
of STAT3 were not altered (Fig. 6A, 6C). In contrast,
p-STAT3 levels were significantly lower after TCAF2
knockdown, seen in all three cultures (Fig. 6B, 6D). Fur-
ther experiments using STAT3 overexpression showed
that this counteracted the effects of TCAF2 knockdown
(Fig. 7A, B). As demonstrated by western blotting,
STATS3 overexpression also reduced the levels of E-cad-
herin while increasing those of N-cadherin, Vimentin,
and Snail in TCAF2-knockdown cells (Fig. 7C). These
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Fig.4 TCAF2 overexpression promoted scratch healing. A Over-
expression of TCAF2 (OE-TCAF2) promoted scratch healing in
U87 MG, U251 MG, and TJ905 cells at 24 h and 48 h. B TCAF2
knockdown (shRNA-TCAF2-1, sh-1; shRNA-TCAF2-2, sh-2) in U87
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Fig.5 TCAF2 overexpression promoted migratory/invasive prop-
erties of glioma cells. A Migration assay showed that TCAF2 over-
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cells by regulating the EMT and is correlated with STAT3 signaling
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findings indicate that TCAF2 promoted cellular migra-
tion, invasion, and EMT-like processes by activating
STAT3.
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glioma cells after overexpression and knockdown of TCAF2. C-D
The relative TCAF2, E-Cadherin, N-Cadherin, Vimentin, Snail,
STATS3, and p-STATS3 levels close to p-actin (ns p>0.05, *p <0.05,
*#p<0.01, #%p <0.001, ****p <0.0001)
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Fig.7 TCAF2 mediated
migration/invasion properties
of glioma cells by activating
STAT3 signaling. A-B Tran-
swell assay showing that STAT3
overexpression counteracted the
effects of TCAF2 knockdown
on migration and invasion. C
Western blotting results show
TCAF2, STAT3, p-STATS3,
E-Ca, N-Ca, Vimentin, and
Snail levels in the three glioma
cells
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Fig.8 TCAF2 overexpression is linked to reduced overall survival
in vivo. A Bioluminescence imaging of tumor growth in U251MG
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on day 7 after implantation. B Signal intensities were quantified on
days 7, 14, 21, and 28 after implantation. C-D Kaplan—Meier sur-
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vival curves indicating the percentage survival of mice. E-F H&E
staining was used to observe the tumor boundaries of tumor-bearing
mice, and the tumors of U251MG-OE-TCAF2 mice showed invasive
boundaries, whereas the tumors of U251MG-sh-TCAF2 mice showed
smooth boundaries
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TCAF2 overexpression decreases survival in vivo

TCAF2 functions were further evaluated in a xenograft
mouse model. The mice were monitored by Luminescence
weekly for four weeks (Fig. 8A). Compared to the control
cohort, neither overexpression nor TCAF2 knockdown con-
siderably affected tumor growth (Fig. 8B). Kaplan—-Meier
analysis showed that U251MG-OE-TCAF2 tumor-bearing
mice survived for shorter periods than those in the empty
vector group (Fig. 8C). In contrast, mice injected with
U251MG-sh-TCAF2 cells survived longer than the con-
trols (Fig. 8D). The H&E staining analysis revealed that the
tumors present in U251MG-OE-TCAF2 tumor-bearing mice
exhibited an infiltrative border (Fig. 8E). In contrast, the
tumors detected in U251MG-sh-TCAF2 animals presented
a smooth border (Fig. 8F). The results of this study indicate
that the overexpression of TCAF2 leads to an increase in the
migratory and invasive capabilities of glioma cells, as well
as a decrease in survival rates among xenograft mice. These
findings align with the outcomes observed in vitro.

Discussion

Glioma is a common and deadly brain tumor with poor
outcomes. Treatment of glioma to improve the prognosis is
hugely challenging. Over the past several decades, studies of
glioma biology have found various molecular changes within
grade II, III, and IV gliomas, two of which are particularly
important because they are prevalent, present in early-stage
gliomas, or are closely connected to overall survival. The
first is 1p/19q co-deletion, linked to oligodendrocyte tissue
type and sensitivity to alkylating drug treatment [28, 29].
The second is a mutation in the IDH genes, IDH1 or IDH2,
which is not specific to particular histopathological glioma
subtypes but is linked with cellular metabolism [5, 30].
These factors significantly affect glioma grading, stratifica-
tion, diagnosis, and management.

Interestingly, we observed similar results when con-
ducting extensive data bioinformatics analysis. We
observed broad expression and significant enrichment of
TCAF2 in both LGG and GBM samples, with a significant
association between increased TCAF2 levels and reduced
patient survival (Fig. 1 A-I). Numerous studies have found
that IDH status [31, 32], WHO grade [33], and older age
[34] are reliable factors for predicting glioma prognosis
and are widely applied clinically. Regression analyses
showed that TCAF2 could independently predict glioma
prognosis (Fig. 1J), similar to IDH status, WHO grade,
and older age. Regarding the relationship between TCAF2
and clinicopathological factors, significant associations
were observed between TCAF2 levels and the 1p/19q
and IDH status, age, WHO grade, DSS, and PFI (Fig. 2,

S2). Analysis of 137 glioma specimens by IHC produced
consistent results (Fig. 3). Thus, it can be speculated that
TCAF?2 is closely associated with glioma pathogenesis.

Earlier studies reported that TCAF2, as a chaperone of
TMPRS, is implicated in invasiveness/migration for both
pancreatic and prostate cancer [15, 17]. Recent research
reports that TCAF2 in peritumoral stromal cells promotes
liver metastasis in colorectal cancer by inhibiting the
cold-sensing TRPMS8 channel [18]. Additionally, a recent
study reported that TCAF?2 is associated with the immune
microenvironment of the glioma, promoting its onset and
impairing prognosis [19]. TCAF2 is a membrane protein
containing four domains. Three are associated with met-
allopeptidase activity, functioning mainly in mediating
cell—cell adhesion, which may explain the association with
migration and invasion properties in glioma. Overexpres-
sion of TCAF2 significantly promoted both migratory/
invasive properties in glioma cells (Figs. 4,5,8E). GSEA
suggested marked enrichment of TCAF2-related DEGs in
the EMT, which ranked top in all the enrichment results
(Figure S6), and the levels of EMT markers altered accord-
ingly. Our findings are consistent with both the bioinfor-
matics analysis and the study conducted by Li et al. and
provide additional insights into the mechanisms by which
TCAF2 promotes malignant progression in glioma.

The JAK-STAT pathway represents a classical pathway
involved in STAT-related signaling and consists essentially
of a receptor, the JAK tyrosine kinase, together with the
transcription factor STAT. The pathway contributes sig-
nificantly to numerous cellular processes. Growth factors
and cytokines interact and form complexes with cell-sur-
face receptors, such as IL6/IL6R, EGF/EGFR, and STAT3,
activating it. Tyrosine phosphorylation of STAT3 leads
to dimerization followed by nuclear translocation, which
regulates EMT-associated genes' transcription, such as
Twist, Snail, and Slug [35]. The JAK/STAT3/Slug, JAK/
STAT3/Snail, and other pathways activate EMT-related
transcription factors that modulate the EMT and thus pro-
mote tumorigenesis [36, 37]. Promoting the EMT-like pro-
cesses in high-grade glioma has been linked to an aggres-
sive phenotype and resistance to treatment, resulting in
poor patient outcomes [38, 39]. GSEA indicated marked
enrichment of the TCAF2-associated DEGs in IL6-JAK-
STATS3 signaling (Figure S7), and TCAF2 overexpression
downregulated E-cadherin while upregulating the levels
of N-cadherin, Snail, and Vimentin, and promoting the
EMT-like processes (Fig. 6). It was also found that TCAF2
knockdown reduced the levels of p-STAT3 (Fig. 6). Such
dataset outcomes are consistent with numerous reports
that STAT3 influences EMT biomarker levels in tumor
cells [40, 41]. Notably, STAT3 overexpression rescued
the influence of TCAF2 knockdown on migration/inva-
sion, together with EMT-like processes, suggesting that
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TCAF2 promotes glioma cell migratory/invasive proper-
ties through activating STAT3 signaling (Fig. 7).

Nevertheless, this preliminary investigation of TCAF2
in glioma has several limitations. Firstly, additional experi-
ments are required to observe tumors' invasive behavior
in vivo accurately. Secondly, the mechanism underlying
TCAF2 mediation of the enhancement of invasion and
migration of glioma cells remains unclear, and more studies
are needed to clarify the downstream mechanism of TCAF2
action in glioma. Lastly, it is necessary to design drugs tar-
geting TCAF?2 to elucidate the mechanism across multiple
study levels.

In essence, this study investigated the role of TCAF2
in glioma. TCAF2 was positively related to tumor grade,
1p/19q, IDH status, and poor outcome. In vitro and in vivo
experiments demonstrated that TCAF2 promotes the malig-
nant progression of glioma cells, proposing that TCAF2 may
be a valuable target for treating glioma.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11010-023-04891-0.

Acknowledgements We thank the teams of the TCGA, UCSC, GTEx,
and CGGA. We also thank the tool providers, including the Xiantao
academic platform, R, and R studio.

Author contributions DBY JSL designed the study. XYW, JBL, and
XSW performed the bioinformatic analysis. JL, XDR, XR, and HZ
conducted the in vitro experiments. GJS, WZJ, LC, and TL prepared
the glioma tissue microarray. TL, CZ, SPY, and XJY assisted with the
experiments. DBY, JKF, and JSL performed data analysis and inter-
pretation. XYW and JL conducted the rescue experiment. JSL XSW
performed the animal experiment. DBY and JSL wrote the draft of
the manuscript. All authors have been involved in the writing of the
manuscript and have read and approved the final version.

Funding This work was supported by grants from the Beijing Natu-
ral Science Foundation (No. 7232228) and the Institute for Intelligent
Healthcare, Tsinghua University (No. 2022ZLB007).

Data availability The data that support the findings of this study are
available in the figures and the supplementary material of this article.

Declarations

Competing interests The authors declare that they have no conflict
of interest.

Ethical approval The study was conducted following the Declaration of
Helsinki and was approved by the ethical committee of Tianjin Medical
University General Hospital (March 03, 2018).

Consent for publication All patients or relatives provided written
informed consent.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are

@ Springer

included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I,
Jemal A et al (2021) Global Cancer Statistics 2020: GLOBO-
CAN Estimates of Incidence and Mortality Worldwide for 36
cancers in 185 countries. CA Cancer J Clin 71(3):209-249

2. Jiang T, Nam DH, Ram Z, Poon WS, Wang J, Boldbaatar D et al
(2021) Clinical practice guidelines for the management of adult
diffuse gliomas. Cancer Lett 499:60-72

3. Haider AS, van den Bent M, Wen PY, Vogelbaum MA, Chang
S, Canoll PD et al (2020) Toward a standard pathological and
molecular characterization of recurrent glioma in adults: a
Response Assessment in Neuro-Oncology effort. Neuro Oncol
22(4):450-456

4. Niyazi M, Siefert A, Schwarz SB, Ganswindt U, Kreth FW,
Tonn JC et al (2011) Therapeutic options for recurrent malig-
nant glioma. Radiother Oncol 98(1):1-14

5. Louis DN, Perry A, Wesseling P, Brat DJ, Cree IA, Figarella-
Branger D et al (2021) The 2021 WHO classification of tumors
of the central nervous system: a summary. Neuro Oncol
23(8):1231-1251

6. Danen EH, van Rheenen J, Franken W, Huveneers S, Sonneveld
P, Jalink K et al (2005) Integrins control motile strategy through
a Rho-cofilin pathway. J Cell Biol 169(3):515-526

7. Cuddapah VA, Robel S, Watkins S, Sontheimer H (2014) A
neurocentric perspective on glioma invasion. Nat Rev Neurosci
15(7):455-465

8. Stupp R, Hegi ME, Mason WP, van den Bent MJ, Taphoorn
MlJ, Janzer RC et al (2009) Effects of radiotherapy with con-
comitant and adjuvant temozolomide versus radiotherapy
alone on survival in glioblastoma in a randomized phase III
study: 5-year analysis of the EORTC-NCIC trial. Lancet Oncol
10(5):459-466

9. Clarke J, Butowski N, Chang S (2010) Recent advances in therapy
for glioblastoma. Arch Neurol 67(3):279-283

10. Stupp R, Taillibert S, Kanner A, Read W, Steinberg D, Lhermitte
B et al (2017) Effect of tumor-treating fields plus maintenance
temozolomide vs maintenance temozolomide alone on survival
in patients with glioblastoma: a randomized clinical trial. JAMA
318(23):2306-2316

11. Seystahl K, Weller M (2012) Is there a world beyond Bevaci-
zumab in targeting angiogenesis in glioblastoma? Expert Opin
Investig Drugs 21(5):605-617

12. Khasraw M, Ameratunga M, Grommes C (2014) Bevacizumab
for the treatment of high-grade glioma: an update after phase III
trials. Expert Opin Biol Ther 14(5):729-740

13. Wang X, Guo G, Guan H, Yu Y, LuJ, YuJ (2019) Challenges and
potential of PD-1/PD-L1 checkpoint blockade immunotherapy for
glioblastoma. J Exp Clin Cancer Res 38(1):87

14. Preddy I, Nandoliya K, Miska J, Ahmed AU (2022) Checkpoint:
Inspecting the barriers in glioblastoma immunotherapies. Semin
Cancer Biol 86(Pt 3):473-481

15. Gkika D, Lemonnier L, Shapovalov G, Gordienko D, Poux C,
Bernardini M et al (2015) TRP channel-associated factors are a
novel protein family that regulates TRPMS trafficking and activity.
J Cell Biol 208(1):89-107


https://doi.org/10.1007/s11010-023-04891-0
http://creativecommons.org/licenses/by/4.0/

Molecular and Cellular Biochemistry (2024) 479:1801-1815

1815

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Chinigo G, Castel H, Chever O, Gkika D (2021) TRP channels in
brain tumors. Front Cell Dev Biol 9:617801

. Saeki K, Onishi H, Koga S, Ichimiya S, Nakayama K, Oyama Y

et al (2020) FAM115C could be a novel tumor suppressor asso-
ciated with prolonged survival in pancreatic cancer patients. J
Cancer 11(8):2289-2302

Li X, Qi Q, Li Y, Miao Q, Yin W, Pan J et al (2023) TCAF2 in
pericytes promotes colorectal cancer liver metastasis via inhibit-
ing cold-sensing TRPMS channel. Adv Sci (Weinh). https://doi.
org/10.1002/advs.202302717

Li Y, LiJ, Chen H, Lu B, Lu F, Chen H et al (2023) TCAF2 is
associated with the immune microenvironment, promotes patho-
genesis, and impairs prognosis in glioma. Gene 883:147667
Vivian J, Rao AA, Nothaft FA, Ketchum C, Armstrong J, Novak A
et al (2017) Toil enables reproducible, open-source, big biomedi-
cal data analyses. Nat Biotechnol 35(4):314-316

Ceccarelli M, Barthel FP, Malta TM, Sabedot TS, Salama SR,
Murray BA et al (2016) Molecular profiling reveals biologically
discrete subsets and pathways of progression in diffuse glioma.
Cell 164(3):550-563

Liu J, Lichtenberg T, Hoadley KA, Poisson LM, Lazar AJ, Cher-
niack AD, et al. An integrated TCGA pan-cancer clinical data
resource to drive high-quality survival outcome analytics. Cell.
2018;173(2).

Zhao Z, Zhang KN, Wang Q, Li G, Zeng F, Zhang Y et al (2021)
Chinese Glioma Genome Atlas (CGGA): A Comprehensive
Resource with Functional Genomic Data from Chinese Glioma
Patients. Genomics Proteomics Bioinformatics 19(1):1-12

Yu G, Wang LG, Han Y, He QY (2012) clusterProfiler: an R pack-
age for comparing biological themes among gene clusters. OMICS
16(5):284-287

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL,
Gillette MA et al (2005) Gene set enrichment analysis: a knowl-
edge-based approach for interpreting genome-wide expression
profiles. Proc Natl Acad Sci U S A 102(43):15545-15550

LiT, YiL, Hai L, Ma H, Tao Z, Zhang C et al (2018) The interac-
tome and spatial redistribution feature of Ca(2+) receptor protein
calmodulin reveals a novel role in invadopodia-mediated invasion.
Cell Death Dis 9(3):292

Zhang Z, Wang Z, Huang K, Liu Y, Wei C, Zhou J et al (2019)
PLK4 is a determinant of temozolomide sensitivity through phos-
phorylation of IKBKE in glioblastoma. Cancer Lett 443:91-107
Aldape K, Nejad R, Louis DN, Zadeh G (2017) Integrating molec-
ular markers into the World Health Organization classification of
CNS tumors: a survey of the neuro-oncology community. Neuro
Oncol 19(3):336-344

Laug D, Glasgow SM, Deneen B (2018) A glial blueprint for
gliomagenesis. Nat Rev Neurosci 19(7):393—403

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Viswanath P, Chaumeil MM, Ronen SM (2016) Molecular imag-
ing of metabolic reprograming in mutant IDH cells. Front Oncol
6:60

Han S, Liu Y, Cai SJ, Qian M, Ding J, Larion M et al (2020) IDH
mutation in glioma: molecular mechanisms and potential thera-
peutic targets. BrJ Cancer 122(11):1580-1589

Turkalp Z, Karamchandani J, Das S (2014) IDH mutation in
glioma: new insights and promises for the future. JAMA Neurol
71(10):1319-1325

van West SE, de Bruin HG, van de Langerijt B, Swaak-Kragten
AT, van den Bent MJ, Taal W (2017) Incidence of pseudoprogres-
sion in low-grade gliomas treated with radiotherapy. Neuro Oncol
19(5):719-725

Li G, Zhai Y, Wang Z, Wang Z, Huang R, Jiang H et al (2020)
Postoperative standard chemoradiotherapy benefits primary glio-
blastoma patients of all ages. Cancer Med 9(6):1955-1965
Wendt MK, Balanis N, Carlin CR, Schiemann WP (2014) STAT3
and epithelial-mesenchymal transitions in carcinomas. JAKSTAT
3(1):e28975

Kang FB, Wang L, Jia HC, Li D, Li HJ, Zhang YG et al (2021)
Correction to: B7-H3 promotes aggression and invasion of hepa-
tocellular carcinoma by targeting epithelial-to-mesenchymal tran-
sition via JAK2/STAT?3/Slug signaling pathway. Cancer Cell Int
21(1):570

Liu RY, Zeng Y, Lei Z, Wang L, Yang H, Liu Z et al (2014)
JAK/STAT3 signaling is required for TGF-beta-induced epi-
thelial-mesenchymal transition in lung cancer cells. Int J Oncol
44(5):1643-1651

Behnan J, Finocchiaro G, Hanna G (2019) The landscape of the
mesenchymal signature in brain tumours. Brain 142(4):847-866
Phillips HS, Kharbanda S, Chen R, Forrest WF, Soriano RH, Wu
TD et al (2006) Molecular subclasses of high-grade glioma predict
prognosis, delineate a pattern of disease progression, and resem-
ble stages in neurogenesis. Cancer Cell 9(3):157-173

Li R, Huang Y, Lin J (2020) Distinct effects of general anesthet-
ics on lung metastasis mediated by IL-6/JAK/STAT3 pathway in
mouse models. Nat Commun 11(1):642

Zhao J, Du P, Cui P, Qin Y, Hu C, Wu J et al (2018) LncRNA
PVTI promotes angiogenesis via activating the STAT3/VEGFA
axis in gastric cancer. Oncogene 37(30):4094—4109

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1002/advs.202302717
https://doi.org/10.1002/advs.202302717

	TCAF2 drives glioma cellular migratoryinvasion properties through STAT3 signaling
	Abstract
	Introduction
	Materials and methods
	Bioinformatics analysis
	Clinical sample collection and tissue microarray (TMA)
	H&E staining immunohistochemistry (IHC)
	Cellular culturing
	Lentivirus and plasmid transfection
	RNA collection  RT-qPCR
	TCAF2
	GAPDH
	CCK-8 assays
	Colony formation assays
	Cell scratch assays
	Transwell assay
	Western blotting
	Mouse xenograft models
	Statistics

	Results
	TCAF2 is upregulated in glioma and is associated with prognosis
	TCAF2 levels are associated with significant clinicopathological features of glioma
	TCAF2 protein levels are associated with tumor grade and specimen location
	Overexpression of TCAF2 promotes migrationinvasion properties within glioma cells
	TCAF2 promotes migrationinvasion properties through EMT-like processes stimulation
	TCAF2 promotes migratoryinvasive properties by activation of STAT3
	TCAF2 overexpression decreases survival in vivo

	Discussion
	Acknowledgements 
	References




