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Abstract: Molecular biomarkers combined with histopathological examination are of critical importance in the di-
agnosis and treatment of gliomas. Although recent studies have shown that many tripartite motif-containing (TRIM)
family proteins could regulate the cell cycle, cell proliferation, and differentiation in cancers, the precise role of
TRIM21 has been unknown in glioma. In this study, we analyzed TRIM21, which was upregulated in gliomas and
identified its role in tumor proliferation, migration and drug resistance. By using immunohistochemical analysis,
we found that the expression level of TRIM21 was upregulated in glioma specimens and the higher expression
level of TRIM21 was associated with poorer clinical outcomes in glioma patients. Moreover, we demonstrated that
TRIM21 could act as a regulator of the proliferation, cell cycle, and migration of glioma cells by gain- and loss-of
function assays in vitro. In vivo, TRIM21 could also modulate glioma progression in murine intracranial xenografts.
Furthermore, we found that TRIM21 suppressed cellular senescence via the p53-p21 pathway, and increased drug
resistance in glioma cells by RNA-seq analysis, SA-B-Gal activity assay, and Cell Counting Kit-8 (CCK-8) assay. These
results indicated that TRIM21 is a novel regulator in the diagnosis, prognosis, and therapy of gliomas.
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Introduction

Glioma is the most common primary malignant
tumor in the brain and other areas of the
central nervous system (CNS) in adults.
Glioblastoma (GBM), which is a high-grade
subtype, account for 56.6% of gliomas [1]. The
median survival of patients initially diagnosed
with GBM is less than 15 months [2, 3], even
with ideal treatment with maximal surgical
resection and subsequent chemoradiotherapy.
Molecular and histological parameters are

now being combined for the diagnosis and
treatment plan of patients with glioma in the
revised 2016 WHO classification of CNS tumors
[4]. Thus, effective novel biomarkers for the
accurate identification and the appropriate
therapy designs of gliomas remain crucial anti-
tumor requirements.

The tripartite motif-containing (TRIM) family
members contain a structurally conserved
N-terminal with Really Interesting New Gene
(RING) motif followed by one or two zinc-finger


http://www.ajcr.us

TRIM21 promotes tumor progression in human glioma

domains called B-boxes and a coiled-coil (CC)
domain [5-7]. As a member of this family,
TRIM21 also contains PRY and SPRY domains
at the C-terminus. Like any other family mem-
bers, TRIM21 is an E3 ligase via its RING
domain [8]. It is an autoantigen related to auto-
immune diseases, such as systemic lupus ery-
thematosus and Sjogren’s syndrome [9, 10].

TRIM21 regulates innate immune signaling
through its E3 ligase function. It negatively reg-
ulates the innate immune response to intracel-
lular double-stranded DNA and DNA viruses by
ubiquitination and degradation of DDX41 [11].
Furthermore, IRF3, IRF5, and other interferon
response factors are ubiquitination substrates
of TRIM21. They are regulated by a TRIM21-
mediated proteasome degradation pathway
[12-14]. TRIM21 could also regulate cellular
processes. It reduces B-cell proliferation and
facilitates apoptotic cell death [15]. Moreover,
it induces cell apoptosis through suppressing
anti-apoptotic protein Bcl-2 and GSK3p expres-
sion as a proapoptotic molecule [16, 17].

Previous studies suggest that TRIM21 may
play a role in tumor development. Recent stud-
ies have explored the relationships between
TRIM21 expression and tumor prognosis. High-
and low-level expressions of TRIM21 are asso-
ciated with good and poor prognosis, respec-
tively, in breast cancer [18, 19]. In two studies
about hepatocellular carcinoma and diffuse
large B-cell lymphoma, the reduced expression
of TRIM21 implicated a poor prognosis [20,
21]. TRIM21 can increase the resistance of
colon cancer cells to cisplatin by down-regu-
lating Par-4 levels and ubiquitylating FASN
to regulate its protein [22, 23]. Interestingly,
TRIM21 could destabilize p53, a vital tumor-
suppressor protein, by mediating the ubiquiti-
nation and degradation of GMPS or HuR [24,
25]. However, the expression and functions of
TRIM21 in gliomas have not been reported yet.

This study investigated the expression, func-
tions, and prognostic value of TRIM21 in glio-
mas. We found that TRIM21 expression was
frequently higher in glioma tissues than in nor-
mal brain tissues. TRIM21 could regulate cell
proliferation and migration of gliomas. It regu-
lated cell senescence through the p53-p21
pathway in glioma cells. Our research suggests
that TRIM21 is a novel diagnostic, prognostic,
and therapeutic factor in gliomas.
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Results
TRIM21 is elevated in human gliomas

To investigate the expression of TRIM21 in
gliomas, the expression levels of TRIM21 pro-
tein were examined by immunohistochemical
staining performed on the Chinese tissue
microarray (TMA), containing 264 gliomas
and 16 controls. As shown in Figure 1A, 1B
and Table S1, the immunoreactivity of TRIM21
was significantly elevated in LGG (low grade
glioma) and HGG (high grade glioma) samples,
and increased according to WHO grade.
Furthermore, similar results could be seen
between normal brain tissues and gliomas of
different WHO grade or histological grouping
(Figure 1B). We further determined whether
the TRIM21 gene was also increased at the
transcriptional level. We examined its mRNA
level in a cohort of 17 normal brain tissues
and 41 glioma specimens. Consistently, the
MRNA expression of TRIM21 was also signifi-
cantly increased in different WHO grade glio-
mas (Figure 1C). Moreover, the result was fur-
ther confirmed in TCGA, CGGA and Rembrandt
cohorts (Figure 1D-F). Taken together, our find-
ings suggested that TRIM21 is elevated in
human gliomas.

TRIM21 serves as a prognostic factor

To explore the relationship between TRIM21
expression and the clinical prognosis of
patients with glioma, we first examined the
prognostic significance of TRIM21 protein
expression in a Chinese TMA cohort. Kaplan-
Meier analysis was performed, and the results
showed that in all patients with glioma, those
with high TRIM21 expression had a markedly
shorter overall survival (OS) and progression-
free survival (PFS) than those with low TRIM21
expression (Figure 2A). As higher tumor grade
is an indubitable risk factor for glioma, we fur-
ther conducted similar analysis in patients
with HGG and GBM. As shown in Figure 2B
and 2C, high TRIM21 expression could also
predict significantly unfavorable OS and PFS
in patients with HGG and GBM. Similar ana-
lysis performed in the CGGA, TCGA, and
Rembrandt cohorts revealed that, higher
TRIM21 mRNA expression could significantly
predict worse OS and PFS for all gliomas
(Figures 2E and S1), HGGs (Figure 2F) and
GBMs (Figure 2D).
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Figure 1. Protein expression and mRNA transcript of TRIM21 gene are elevated in human gliomas. (A) TRIM21
protein expression was analyzed by immunohistochemistry staining and representative staining images in normal
brains and gliomas. LGG, Low Grade Gliomas; HGG, High Grade Gliomas. Scale bar, 20 ym and 10 ym respectively.
(B) Immunoreactivity scores of TRIM21 staining in normal brains samples and different gliomas. Data are shown as
means * SEM. *, P<0.05; ***, P<0.001. (C) TRIM21 mRNA expression was analyzed by real time RT-PCR assays in
human gliomas of different WHO grades and normal brains, and GAPDH was used as an internal control. Data are
shown as means + SEM. *, P<0.05; **, P<0.01. (D-F) TRIM21 gene expression was compared between gliomas
and normal brains in TCGA (D), CGGA (E) and Rembrandt (F) cohorts. Data are shown as means + SEM. **, P<0.01;

*#*% P<0.001.

Univariate and multivariate Cox regression
analyses were also performed to examine the
independence of the prognostic value of TR-
IM21 protein expression. As shown in Table 1,
after correction for clinical characteristics sug-
gested to be significant prognostic factors in
univariate Cox regression, high TRIM21 protein
expression was an independent risk predictor
of both OS and PFS for all gliomas, HGGs, and
GBMs in the Chinese TMA cohort. Together, our
findings indicate that TRIM21 serves as a prog-
nostic factor in all gliomas, HGGs and GBMs.

TRIM21 promotes cell growth and migration in
vitro

To further explore the biological significance
of TRIM21 in glioma, TRIM21-overexpressed or
depleted U87-MG and U251 cells were estab-
lished by lentivirus infection with optimized
lentivirus vectors (Figures 3A, S2A and S2B).
As determined by CCK-8 assays, TRIM21-
overexpressed U87-MG and U251 cells dis-
played a faster growth rate than the controls;
targeting TRIM21 by shRNAs markedly inhi-
bited cell proliferation, and similar results
were obtained in U373 cells (Figures 3B and
S2C). Consistent results in U251 cells were
observed in colony formation assays (Figure
S2D). We further examined whether the cell
cycle was regulated by TRIM21 in glioma. Cell
cycle analyses and EdU assays demonstrated
that the percentage of G1 phase cells was
significantly reduced with TRIM21 overexpres-
sion and elevated with TRIM21 depletion, on
the contrary, the percentage of S phase cells
was significantly elevated with TRIM21 overex-
pression and reduced with TRIM21 depletion
(Figure 3C-E). Moreover, transwell and wound
healing assays displayed that TRIM21 overex-
pression markedly promoted cell migration,
whereas TRIM21 depletion depressed cell
migration (Figure 4A-D). Taken together, our
results indicated that TRIM21 regulates glioma
cell growth and migration in vitro.
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TRIM21 promotes glioma growth in vivo

Our data indicated that TRIM21 controls glio-
ma cells survival in vitro and suggested that it
might play an important role in the modulation
of glioma progression. To verify the impact of
TRIM21 in glioma, we conducted an in vivo
experiment with intracranial xeno-transplanted
tumor models. In intracranial xenograft mice,
tumor progression was monitored by biolumi-
nescence imaging technique on day 14, 20,
and 26 after implantation. Xenografts carr-
ying TRIM21-overexpressed U87-MG cells
showed a significant increase in signal com-
pared with the control group. On the contrary,
mice bearing TRIM21-depleted U87-MG cells
showed a drastic regression of tumor growth
compared with the control group (Figure 5A).
Survival rates of different groups of intracra-
nial xenograft mice were described by the
survival curve. As shown in Figure 5B, com-
pared with the control group, mice injected
with  TRIM21-overexpressed U87-MG cells
and TRIM21-depleted U87-MG cells exhibited
shorter and longer OS time, respectively. For a
pathological form of the intracranial tumor,
representative paralleled HE-stained images
from each group are shown in Figure 5C.
Immunostaining analyses revealed an eleva-
tion of Ki-67 expression in tumors derived from
TRIM21-overexpressed U87-MG cells (Figure
5D and 5E).

TRIM21 suppresses cell senescence through
the p53-p21 pathway in glioma cells

To further elucidate the mechanism by which
TRIM21 modulates glioma progression, RNA
isolated from U87-MG cells infected with lenti-
virus expressing shLuc and shTRIM21 was
subjected to transcriptional RNA sequencing
profiling. A total of 116 million paired-end rea-
ds with average of 19 million reads per sample
were generated from RNA sequencing, and a
summary of their transcriptome statistics is
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Figure 2. High expression of TRIM21 predicts a poor clinical outcome in human gliomas. A. Kaplan-Meier survival
curves were plotted according to different TRIM21 immunoreactivity level for overall survival (upper panel) and pro-
gression-free survival (lower panel) of all glioma patients in the Chinese TMA cohort. B. Kaplan-Meier survival curves
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were plotted according to different TRIM21 immunoreactivity level for overall survival (upper panel) and progression-
free survival (lower panel) of HGG patients in the Chinese TMA cohort. C. Kaplan-Meier survival curves were plotted
according to different TRIM21 immunoreactivity level for overall survival (upper panel) and progression-free survival
(lower panel) of GMB patients in the Chinese TMA cohort. D. Kaplan-Meier survival curves were plotted according
to different TRIM21 gene expression for overall survival (upper panel) and progression-free survival (lower panel) of
GBM patients in the TCGA cohort. E. Kaplan-Meier survival curves were plotted according to different TRIM21 gene
expression for overall survival (upper panel) and progression-free survival (lower panel) of all glioma patients in the
CGGA cohort. F. Kaplan-Meier survival curves were plotted according to different TRIM21 gene expression for overall
survival (upper panel) and progression-free survival (lower panel) of HGG patients in the CGGA cohort.

Table 1. Univariate and multivariate Cox regression of TRIM21 immunoreactivity for overall survival
and progression-free survival in all glioma patients, HGG patients and GBM patients in the Chinese
TMA cohort

) . o Univariate Cox Regression Multivariate Cox Regression
Patients groups and clinical characteristics
HR (95% Cl) P HR (95% Cl) P
All glioma patients (n=246)
0S
Age (245 vs. <45) 2.43 (1.69-3.49) 2E-06 1.75 (1.19-2.56) 0.004
Necrosis (Yes vs. No) 1.87 (1.26-2.78) 0.002 0.407
Grade (high vs. low) 5.66 (3.78-8.48) 4.26E-17 2.67 (1.57-4.54) 3.07E-04
Lineage (GBM vs. other) 6.21 (4.46-8.64) 3.60E-27 3.73(2.46-5.66) 6.78E-10
TRIM21 expression (high vs. low) 1.61 (1.18-2.21) 0.003 1.53 (1.11-2.11) 0.01
PFS
Age (245 vs. <45) 2.57 (1.79-3.70) 3.65E-07 1.87 (1.28-2.75) 0.001
Necrosis (Yes vs. No) 2.04 (1.38-3.04) 3.98E-04 0.091
Grade (high vs. low) 5.89 (3.93-8.83) 8.52E-18 2.89 (1.70-4.89) 8.2E-05
Lineage (GBM vs. other) 6.17 (4.43-8.59) 5.40E-27 3.46 (2.29-5.22) 3.52E-09
TRIM21 expression (high vs. low) 1.59 (1.16-2.17) 0.004 1.45 (1.05-2.00) 0.023
High Grade Glioma (n=161)
0S
Age (245 vs. <45) 1.87 (1.27-2.76) 0.002 1.57 (1.04-2.38) 0.032
Resection (>98% vs. <98%) 1.40 (1.05-1.86) 0.021 0.052
Radiotherapy (Yes vs. No) 0.64 (0.44-0.91) 0.013 0.061
Lineage (GBM vs. other) 3.32 (2.22-4.95) 4.23E-09 3.69 (2.41-5.65) 2.11E-09
TRIM21 expression (high vs. low) 1.51 (1.07-2.135) 0.019 1.82 (1.28-2.60) 0.001
PFS
Age (245 vs. <45) 2.03 (1.38-3.00) 3.69E-04 1.70 (1.12-2.58) 0.013
Gender (male vs. female) 0.67 (0.47-0.95) 0.027 0.64 (0.43-0.96) 0.03
Radiotherapy (Yes vs. No) 3.20 (2.15-4.75) 9.40E-09 3.53(2.31-5.39) 5.52E-09
Lineage (GBM vs. other) 0.68 (0.48-0.96) 0.029 0.58 (0.40-0.85) 0.005
TRIM21 expression (high vs. low) 1.49 (1.05-2.10) 0.024 1.79 (1.25-2.56) 0.001
GBM (n=106)
0s
Radiotherapy (Yes vs. No) 0.63 (0.41-0.95) 0.029 0.058
TRIM21 expression (high vs. low) 1.57 (1.05-2.35) 0.028 1.67 (1.11-2.51) 0.014
PFS
Age (245 vs. <45) 1.60 (1.03-2.49) 0.037 1.59 (1.01-2.51) 0.048
Radiotherapy (Yes vs. No) 0.65 (0.43-0.99) 0.046 0.166
TRIM21 expression (high vs. low) 1.54 (1.03-2.29) 0.036 1.60 (1.06-2.40) 0.025

Abbreviations: OS, overall survival; PFS, progression-free survival; HR: hazard ratio; Cl, confidence interval.
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Figure 3. TRIM21 promotes cell growth in glioma cells. A. Western blot of indicated proteins in WCLs of U87-MG
and U251 cells infected with lentivirus expressing indicated plasmids or shRNAs for 48 hr. B. CCK-8 cell prolifera-
tion analyses of U87-MG and U251 cells infected with lentivirus expressing indicated plasmids or shRNAs. Data are
shown as means + SD (n=3). ***, P<0.001. C. Cell cycle analyses of U87-MG and U251 cells infected with lentivi-
rus expressing indicated plasmids or shRNAs. Data are shown as means + SD (n=3). *, P<0.05, **, P<0.01, ***,
P<0.001. D. EdU incorporation analyses of U87-MG cells infected with lentivirus expressing indicated plasmids or
shRNAs. Scale bar, 20 um. E. The quantitative analyses of EdU incorporation assays. Data are shown as means +
SD (n=3). ***, P<0.001.
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shown in Table S2. Meanwhile, comparing
shLuc with shTRIM21 U87-MG cells, a total of
1 601 differentially expressed genes (DEGS)
were identified on the basis of p-value <0.05.
Among all DEGs, 773 and 828 genes were
downregulated and upregulated, respectively.
Gene Ontology analysis showed that the id-
entified upregulated genes were mainly invo-

12

[

Ived in endoplasmic reticulum unfolded protein
response, response to topologically incorrect
protein, cellular response to unfolded protein,
and cellular response to topologically incorrect
protein biological processes (Figure 6A). The-
se biological processes are related to the E3
ligase function of TRIM21. Moreover, a number
of identified upregulated genes were involved
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Figure 5. TRIM21 promotes glioma growth in intracranial xenografts. A. Representative pseudocolor biolumines-
cence images of intracranial mice of U87-MG cells with lentivirus expressing indicated plasmids or shRNAs on the
days as indicated. B. Kaplan-Meier curves determine the survival rate of mice with intracranial xenografts derived
from U87-MG cells with lentivirus expressing indicated plasmids or shRNAs. C. Representative H&E staining for a
pathological form of the intracranial tumor from each group; T, tumor. Scale bar, 20 um. D, E. IHC analyses of Ki67
expression in intracranial tumors developed from U87-MG cells with lentivirus expressing indicated plasmids. Data
are shown as means + SD (n=3). *** P<0.001. Scale bar, 20 pm.
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Figure 6. TRIM21 suppresses cell senescence through p53-p21 pathway in glioma cells. (A, B) Gene Otology (A) and
KEGG pathway (B) enrichment analyses of identified DEGs (Differentially Expressed Genes) by RNA-seq from U87-
MG cells infected with lentivirus expressing shLuc and shTRIM21#2 for 48 hr. (C) qRT-PCR assessments of TP53
and CDKN1IA mRNA expression in U87-MG cells infected with lentivirus expressing indicated plasmids or shRNAs.
Data are shown as means + SD (n=3). *, P<0.05, **, P<0.01, ***, P<0.001. (D, E) Western blot of indicated pro-
teins in WCLs of U87-MG cells infected with lentivirus expressing indicated plasmids or shRNAs for 48 hr. (F) CCK-8
cell proliferation analyses of U87-MG cells infected with lentivirus expressing indicated shRNAs. Data are shown
as means * SD (n=3). *** P<0.001. (G) Cell cycle analyses of U87-MG cells infected with lentivirus expressing
indicated shRNAs. Data are shown as means + SD (n=3). ns, not significant, **, P<0.01, ***, P<0.001. (H) EdU in-
corporation analyses of US7-MG cells infected with lentivirus expressing indicated shRNAs. Scale bar, 20 um. Data
are shown as means + SD (n=3). ***, P<0.001. (I) SA-B-Gal activity assays of US7-MG cells infected with lentivirus
expressing indicated shRNAs for 48 hr. Scale bar, 20 ym. Data are shown as means = SD (n=3). ***, P<0.001.

in cellular response to stress, apoptotic signal-
ing pathway, response to stress and response
to oxidative stress biological processes (Figure
6A). In addition, downregulated genes were
mainly involved in mitotic cell cycle, cell cycle
process, cell cycle phase transition, and DNA
repair (Figure 6A). These biological processes
are closely related to cell senescence. More
importantly, KEGG analysis revealed that the
identified DEGs were significantly enriched in
protein processing in endoplasmic reticulum
pathway, p53 signaling pathway, and cell cycle
pathway (Figure 6B).

Because p53-p21 is one of the major pathways
that mediate aging, we quantified the mRNA
and protein levels of TP53 and CDKN1A in
the pathway. As shown in Figure 6C and 6D,
both mRNA and protein levels of TP53 and
CDKN1A were significantly reduced in TRIM21-
overexpressed U87-MG cells, whereas they
were remarkably increased in TRIM21-depleted
U87-MG cells. Furthermore, as determined by
CCK-8, cell cycle, EdU, and SA-B-Gal staining
assays, TRIM21 knockdown promoted cell
senescence in US7-MG cells (Figure 6E-I). On
the contrary, TRIM21-overexpressed U87-MG
cells displayed a lower cell senescence rate
(Figure S3). Importantly, p53 knockdown could
rescue the cell senescence effect of TRIM21
knockdown on glioma cells (Figure 6E-l). Taken
together, our findings suggested that TRIM21
may modulate glioma progression at least in
part, through cell senescence via the p53-p21
pathway.

TRIM21 increases glioma cell resistance to
temozolomide (TMZ)

TMZ is a first-line chemotherapeutic drug for
GBM. It exerts its effect by causing DNA dam-
age and inhibiting cell division. Several studies
have indicated that TMZ resistance is associ-
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ated with p53 malfunction [26-29]. We per-
formed analyses of TRIM21 expression strati-
fied by the status of common genetic aberra-
tions of GBM in TCGA cohort. As shown in
Figure 7A and 7B, the mRNA expression of
TRIM21 was significantly increased in GBM
patients with IDH1 wild type or non-G-CIMP
compared with those with IDH1 mutations or
G-CIMP. Meanwhile, a similar trend could be
seen between MGMT-unmethylated, and
MGMT-methylated (Figure 7C). Studies have
shown that GBM patients with IDH1 mutation,
MGMT-methylated and G-CIMP have higher
total survival and responsiveness to TMZ treat-
ment [30, 31]. We next examined whether
TRIM21 played a critical role in resistance to
TMZ therapy. As determined by CCK-8 assays,
the overexpression of TRIM21 decreased the
sensitivity of U87-MG cells to TMZ, but the
depletion of TRIM21 sensitized U87-MG to TMZ
(Figure 7D and 7E). Together, our findings indi-
cated that TRIM21 increases the resistance
of glioma cells to TMZ, which may be the under-
lying mechanism in the poor prognosis of glio-
ma patients with high expression of TRIM21.

Discussion

A strong relationship between the expression of
TRIM21 and tumor prognosis has been report-
ed in literature [18-21]. Several reports have
shown that TRIM21 could also regulate cellu-
lar processes [15-17]. Here, we described the
high expression of TRIM21 in glioma tissues
through microarray analysis. We found that
patients with high TRIM21 expression often
had a significantly poor OS and PFS. Our study
also found that the expression of TRIM21 in
glioma tissues was significantly higher than
that in normal brain tissues, and exhibited a
significant positive correlation with the histo-
pathological grade. However, no relationship
was found between TRIM21 expression and
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Figure 7. Impact of TRIM21 on cell survival under DNA damage stress induced by TMZ treatment. (A) TRIM21
gene expression was compared between GBM patients carrying IDH1-wt and IDH1-mutations in TCGA cohort. (B)
TRIM21 gene expression was compared between GBM patients carrying G-CIMP and non-G-CIMP in TCGA cohort.
(C) TRIM21 gene expression was compared between GBM patients carrying MGMT-unmethylated and MGMT-meth-
ylated in TCGA cohort. (D, E) Relative inhibition analyses of U87-MG infected with lentivirus expressing indicated
plasmids (D) or shRNAs (E) and treat with TMZ at levels of 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6 yM. Data are
shown as means + SD (n=3). *, P<0.05, **, P<0.01, ***, P<0.001. TMZ, temozolomide. G-CIMP, glioma-CpG island

methylator phenotype.

gender and age, tumor origin, clinical symp-
toms, and chemoradiotherapy of patients. All
these results confirm that the TRIM21 expres-
sion level in glioma tissues could be used as a
diagnostic marker and prognostic indicator for
patients with glioma.

In this study, we investigated the functions of
TRIM21 in glioma both in vitro and in vivo. We
found that TRIM21 overexpression promoted
the glioma cell cycle and proliferation, whereas
TRIM21 knockdown inhibited cell proliferation
and could lead to significant gathering of glio-
ma cells at the G1 phase. Our results suggest
that TRIM21 plays an important role in regulat-
ing cell cycle and cell proliferation in glioma. We
also found that TRIM21 overexpression obvi-
ously promoted glioma cell migration, whereas
TRIM21 knockdown could inhibit glioma cell
migration. Glioma invading the surrounding nor-
mal brain tissues is one of the reasons for the
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poor prognosis. In vivo experiments also vali-
dated the results mentioned above. We found
that TRIM21 overexpression significantly in-
creased tumorigenicity and tumor progression
of glioma cells in the intracranial xenograft
model in nude mice, whereas TRIM21 knock-
down obviously inhibited tumorigenicity and
tumor progression. The standard therapeutic
method for primary glioma patients is radiation
therapy with TMZ, which is the most comm-
only used anti-glioma chemotherapy, followed
by surgery [3]. Another important finding was
that TRIM21 knockdown would be as potent
at inhibiting GBM cell proliferation as TMZ. In
summary, these findings suggest that the
functions of TRIM21 in gliomas focus on cell
proliferation, cell cycle and invasion, and tumor-
igenesis and development. Hence, TRIM21
could be a molecular biomarker for glioma
treatment.
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Previous studies have noted the importance of
oncogene-induced senescence as it may be a
barrier in tumor development [32-34]. In this
study, we found the representative appeara-
nce of senescence-associated phenotypes in
glioma cells by TRIM21 knockdown. Earlier
studies confirmed that TRIM21 could destabi-
lize p53 by ubiquitinating GMPS or HuR [24,
25]. One of the hallmarks of cellular senes-
cence is the induction of anti-proliferative pro-
teins, such as p21 and p53 [35]. We also found
that the knockdown of TRIM21 obviously pro-
moted glioma cell senescence by activating
the p53-p21 cascade. Although accurate cell
prosenescence therapy has a promising po-
tential as part of cancer treatment, it has
limitations. Earlier reports have suggested one
possibility of the opposing functions of the
senescence-associated secretory phenotype,
which could enhance HCC growth by NK cell
inhibition while senescent hepatocyte-secret-
ed chemokines suppress liver cancer initiation
[36]. However, this study confirms that TRIM21
knockdown is associated with cellular senes-
cence, thus, affecting the glioma cell process.

In summary, the present results are signifi-
cant in at least two major respects. Increased
expression of TRIM21 was distinguished in
glioma tissues. TRIM21 functions as an onco-
gene in gliomas by promoting cell proliferation
and migration. Furthermore, TRIM21 induces
cellular senescence in gliomas through the
p53-p21 pathway. Finally, the TRIM21 expres-
sion level in glioma is associated with patient
prognosis. TRIM21 could be a novel promising
target in glioma treatment. Further work is
required to establish the viability of TRIM21 as
a clinical target in gliomagenesis for early inter-
vention and determine the exact mechanisms
responsible for the relevance of TRIM21 upreg-
ulation in gliomas.

Materials and methods
Ethics statement

This study complied with the tenets of the
Helsinki Declaration and the National Gui-
delines for Animal Use in Research (China).
This study was approved by the Specialty
Committee on Ethics of Biomedicine Research
of the Second Military Medical University
(Shanghai, China, hereafter referred to as
‘SMMU’). All animal experiments were conduct-
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ed with the approval of the Institutional Animal
Care and Use Committee of Fudan University.
All animal studies were performed according to
the Ethics Committee guidelines of Fudan
University.

Patient samples

The Chinese tissue microarray (TMA) cohort of
human glioma tissue specimens from different
WHO grades patients and normal brain tissue
samples from trauma patients were obtained
from the Department of Neurosurgery in Ch-
angzheng Hospital, Second Military Medical
University (SMMU) (Shanghai, China), between
January 2000 and December 2010. The hu-
man gliomas cohort of fresh-frozen tissues
from 41 glioma patients and 17 normal con-
trols were collected from the Department of
Neurosurgery in Changzheng Hospital, SMMU,
between June 2008 and July 2010. Informed
consent was provided by each patient. The
Specialty Committee on Ethics of Biomedicine
Research of SMMU approved the patient sam-
ple acquisition.

Antibodies and chemicals

The following antibodies were used: TRIM21
(8C-25351; Santa Cruz), GAPDH (ab9385;
Abcam), Ki-67 (9449; Cell Signaling Techno-
logy), p53 (9282; Cell Signaling Technology),
p21 (@ab109520; Abcam). The TRIzol Reagent
was purchased from the Invitrogen (Thermo
Fisher Scientific, USA). The Cell Counting Kit-8
was purchased from Dojindo Laboratories
(Japan). Puromycin was purchased from Sig-
ma. The protease inhibitors cocktail was pur-
chased from the Sigma-Aldrich (USA). The
D-luciferin was purchased from Promega (USA).
The Lipofectamine 2000 was purchased from
Thermo Fisher Scientific (USA).

Cell culture and lentivirus infection

293T and human malignant glioma cell lines
(US7-MG, U251, U373) were obtained from
the American Type Culture Collection (ATCC). All
cells were maintained in DMEM with 10% (v/v)
FBS, and were grown at 37°C with 5% CO,,.
293T cells were transiently transfected using
Lipofectamine 2000 according to the manu-
facturer’s instructions. pCD513B-1-based ge-
ne-overexpression or pll3.7-based gene-knock-
down lentiviral vectors and packing constructs
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were transfected into 293T cells. Virus-con-
taining supernatant was collected 48 hr. after
transfection. US7-MG, U251 and U373 cells
were infected with virus-containing superna-
tant over 48 hr.

Plasmids constructions

TRIM21 cDNA was subcloned into pCD513B-1
lentiviral vector to generate the TRIM21 ove-
rexpression plasmid. pll3.7-shRNA plasmids
generated by methods described previous
[37]. The shRNA sequence of shTRIM21#2: 5'-
UGGCAUGGUCUCCUUCUACAA-3’;  shTRIM21#
3: 5-CUGCCUUCUUUAUGGGACUUA-3’; shTP-
53#1: 5-GUCCAGAUGAAGCUCCCAGAA-3’; sh-
TP53#2: 5-CGGCGCACAGAGGAAGAGAAU-3’;
shLuc: 5’-CAAAUCACAGAAUCGUCGUAU-3..

Immunohistochemistry assays

The immunohistochemistry assays were per-
formed on TMA and nude mice xenograft tis-
sue to detect TRIM21 and Ki-67 expression by
methods described previously. The immunohis-
tochemical staining were scored by two inde-
pendent pathologists in a blinded manner. The
evaluation of the staining density, intensity and
the calculation of total immunoreactivity score
were described previously. TRIM21 expression
was denoted as low (total score <6) or high
(total score >6) to divide the glioma patients
into two groups.

Cell proliferation assays

Cell proliferation rate was determined using
Cell Counting Kit-8 (CCK-8) according to the
manufacturer’s protocol (Dojindo Laboratories,
Japan). Briefly, the cells were seeded onto
96-well plates at a density of 1 200 cells per
well. During a 4 to 7-d culture periods, 10 pL of
the CCK-8 solution was added to cell culture,
and incubated for 1 hr. The resulting color was
assayed at 450 nm using a microplate absor-
bance reader (Bio-Rad). Each assay was car-
ried out in triplicate.

Cell cycle analysis

For cell cycle analysis, cells were harvested and
washed 48 hr post-treatment with PBS, fol-
lowed by propidium iodide (50 pg/mL) staining
in the presence of RNase (10 ug/mL) for 30
minutes at 4°C in the dark. The fraction of via-
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ble cells in GO/G1, S and G2/M phases of cell
cycle were determined using a FACs flow
cytometer and Cell Quest FACS system (Be-
cton-Dickinson).

EdU assays

EdU assay was performed using the EdU Apo-
llo 567 Cell Tracking Kit (Rib-bio; Guangzhou,
China). Treated and control cells (5 x 103/well)
were seeded onto 96-well plates and incubated
with 5-ethynyl-20-deoxyuridine (EdU; 200 pM)
for 2 h at 37°C. Cells were fixed with 4% para-
formaldehyde for 20 min, treated with 0.5%
TritonX-100 for 10 min, washed with PBS three
times, and incubated with 100 uL of Apollo
reagent for 30 min. Nuclei were labeled with
Hoechst 33342. The percentage of EdU-po-
sitive cells was calculated by image J software.
Data reported represent the average of three
independent experiments.

SA-B-Gal activity assays

SA-B-Gal activity was determined using Sigma
SA-B-Gal staining kit according to the manufac-
turer’s protocol. Briefly, the cells were seeded
onto 24-well plate 24 or 48 hr before staining.
After washing cells with PBS for triple, cells
were fixed with the fixation buffer, followed by
three washed with PBS and then incubated
with SA-B-Gal staining solution at 37°C sepa-
rated from CO, overnight. Cells were visualized
and imaged using a microscope (Leica).

Migration assays

Cell migration was determined by Transwell
(Costa) migration assay. U87-MG cells were
precultured in serum-free medium for 48 hr.
1-3 x 10* cells were seeded in serum-free
medium in the upper chamber, and the lower
chamber was filled with DMEM containing 10%
FBS. After 48 hr, the non-migrating cells on the
upper chambers were carefully removed with a
cotton swab, and the migrated cells underside
of the filter stained and counted in nine differ-
ent fields.

Western blotting

Cell lysates or immunoprecipitates were sub-
jected to SDS-PAGE, and proteins were trans-
ferred to nitrocellulose membranes (GE He-
althcare Sciences). Membranes were blocked
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in Tris-buffered saline (TBS, pH7.4) containing
5% nonfat milk and 0.1% Tween-20, washed
twice in TBS containing 0.1% Tween-20 and
incubated with primary antibody overnight at
4°C followed by secondary antibody for 1 hr
at room temperature. Proteins of interest were
visualized using the Enhanced Chemilumin-
escence (ECL) system (Santa Cruz Biote-
chnology). Densitometry analysis of protein
bands was performed on image J software.

qRT-PCR

Total RNA was isolated from cells or tissues
using TRIzol reagent (Thermo Fisher Scientific),
and cDNA was reverse-transcribed using the
Superscript RT kit (Toyobo), according to the
manufacturer’s instructions. Quantitative real-
time PCR amplification was performed using
the THUNDERBIRD SYBR gPCR Mix (Toyobo)
on ABI PRISM 7900HT instruments (Applied
Biosystems). The amplification was done in
a total volume of 10 pL with the following
steps: an initial denaturation step at 95°C for
5 min, followed by 40 cycles for denaturation
at 95°C for 15 sec and elongation at 60°C
for 45 sec. A melting curve analysis of each
sample was used to check the specificity of
amplification, and each sample was assayed
in triplicate. Glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) was used as the endoge-
nous control, and the 222t method was used
as relative quantification measure of differen-
tial expression. The primer sequences for
gRT-PCR used are as follows: TRIM21-F: 5-
CGTTGAGTCCCCTGTAAAGC-3’; TRIM21-R: 5-
CAGGCAGATAGGGCATGTG-3’; TP53-F: 5-GGA-
GCCGCAGTCAGATCCTAG-3’; TP53-R: 5-CAAG-
GGGGACAGAACGTTG-3’; CDKN1A-F: 5-TAGCA-
GCGGAACAAGGAG-3’; CDKN1A-R: 5-AAACG-
GGAACCAGGACAC-3’; GAPDH-F: 5-GAAGGTG-
AAGGTCGGAGT-3’; GAPDH-R: 5-GAAGATGGTG-
ATGGGATTTC-3..

Generation of glioma xenografts in mice

For generation of orthotopic xenografts, 6-
week-old female nude mice (SLAC laboratory
animal Center, Shanghai, China) were main-
tained in a barrier facility on high-efficiency par-
ticulate air (HEPA)-filtered racks and randomly
divided into different experimental groups.
U87-MG cells with luciferase expression were
infected with TRIM21 overexpression or dele-
tion lentiviruses and their corresponding con-
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trol lentiviruses. Cells (1 x 10°) were surgically
implanted into left amygdala of mice brains
using a stereotactic apparatus (KDS310, KD
Scientific; Holliston, MA, USA). For in vivo BLI,
luciferase signals were detected 14, 20, 26
days after transplantation. Mice were intra-
peritoneally injected with D-luciferin (150 mg/
kg) (E1603, Promega) and anesthetized with
pentobarbital sodium. After 10 min of subs-
trate administration, images were acquired
through the In Vivo Imaging System (IVIS,
PerkinElmer, Waltham, MA), and luminescence
flux was recorded to assess tumor growth in a
blinded fashion. After transplantation, animals
were closely followed and euthanized by cervi-
cal dislocation when they exhibited central
nervous system symptoms, or drastic loss of
body weight. Tumors were excised, formalin-
fixed, paraffin-embedded, and sectioned for
hematoxylin and eosin (HE) staining and IHC. All
animal experiments were conducted with the
approval of the Institutional Animal Care and
Use Committee of Fudan University. All animal
studies were performed according to the Ethics
Committee guidelines of Fudan University.

Statistics

All data are shown as mean values + SD/SEM
for experiments performed with at least three
replicates. The difference between two groups
was analyzed using two-tailed Student’s t-test
unless otherwise specified. Analysis of survival
was conducted by Kaplan-Meier survival and
Cox regression. * represents P<0.05; ** repre-
sents P<0.01; *** represents P<0.001.
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Table S1. The relationship between the clinicopathologic charac-
teristics and TRIM21 immunoreactivity in the Chinese TMA cohort

TRIM21 expression

Characteristics No. patient - P value
Low High

Gender 0.593
Male 178 (67.4%) 110 (61.8%) 68 (38.2%)

Female 86 (32%) 50 (58.1%) 36 (41.9%)

Age (year) 0.167
>45 138 (52.3%) 78 (56.5%) 60 (43.5%)
<45 126 (47.7%) 82 (65.1%) 44 (34.9%)

Tumor origin 0.707
Primary 231 (87.5%) 141 (61%) 90 (39%)
Secondary 33(12.5%) 19 (57.6%) 14 (42.4%)

Seizure 0.873
No 214 (81.1%) 129 (60.3%) 85 (39.7%)

Yes 50 (18.9%) 31 (62%) 19 (38%)

IICP 1.000
No 158 (59.8%) 96 (61%) 62 (39%)

Yes 106 (40.2%) 64 (60.4%) 42 (39.6%)

Cystic degeneration 0.051
No 204 (77.3%) 123 (60.3%) 81(39.7%)

Yes 50 (18.9%) 31 (62%) 19 (38%)

Necrosis 0.441
No 232 (87.9%) 143 (61.6%) 89 (38.4%)

Yes 32(12.1%) 17 (53.1%) 15 (46.9%)

MTD 0.450
<5 119 (45.1%) 69 (58%) 50 (42%)
>5 145 (54.9%) 91 (62.8%) 54 (37.2)

Grade 0.003
LGG 103 (39%) 74 (71.8%) 29 (28.2%)

HGG 161 (61%) 86 (53.4%) 75 (46.6%)

Chemotherapy 0.508
No 91 (34.5%) 58 (63.7%) 33(36.3%)

Yes 173 (65.5%) 102 (59%) 71 (41%)

Radiotherapy 0.347
No 86 (32.6%) 56 (65.1%) 30 (34.9%)

Yes 178 (67.4%) 104 (58.4%) 74 (41.6%)

Abbreviations: IICP, increased intracranial pressure; MTD, mean tumor diameter;
LGG, low grade glioma; HGG, high grade glioma.
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Figure S1. High expression of TRIM21 predicts a poor clinical outcome in Rembrandt cohort. Kaplan-Meier survival

curves were plotted according to different TRIM21 gene expression for overall survival of all glioma patients in the
Rembrandt cohort.
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Figure S2. TRIM21 promotes glioma cell growth in vitro. (A, B) RT-gPCR assessments of TRIM21 mRNA expression
in U87-MG (A) or U251 (B) cells infected with lentivirus expressing indicated plasmids or shRNAs for 48 hr. Data
are shown as means + SD (n=3). ***, P<0.001. (C) CCK-8 cell proliferation analyses of U373 cells infected with
lentivirus expressing indicated plasmids or shRNAs for 48 hr. Data are shown as means + SD (n=3). ***, P<0.001.
(D) Colony formation analyses of U251 cells infected with lentivirus expressing indicated plasmids or shRNAs for 48
hr. Data are shown as means + SD (n=3). **, P<0.01; ***, P<0.001.
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Table S2. The statistics summary of RNA-seq libraries

Library Total reads  Reads length (bp) Mapped reads Mapping reads (%)
shLuc#1 17,457,159 300 15,808,446 90.56
shLuc#2 18,202,984 300 16,672,385 91.59
shLuc#3 20,961,171 300 19,226,848 91.73
shTRIM21#1 22,094,268 300 19,254,353 87.15
shTRIM21#2 20,833,814 300 17,871,792 85.78
shTRIM21#3 16,375,190 300 14,095,628 86.08

A B U87-MG
e 304
EV TRIM21 = »
©
o Q 20+
= g
N~ ? |
S o 10
w
S G oM
Q/A\&
&

Figure S3. TRIM21 suppresses cell senescence in U87-MG cells. A. Representative images of SA-B-Gal staining of
U87-MG cells infected with lentivirus expressing indicated plasmids for 48 hr. Scale bar, 50 um. B. The quantitative
analyses of SA-B-Gal staining assays. Data are shown as means + SD (n=3). ***,  P<0.001.



