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Abstract: Altered protein ubiquitination is associated with cancer. The novel tripartite motif (TRIM) family of E3 ubiq-
uitin ligases have been reported to play crucial roles in the development, growth, and metastasis of various tumors. 
The TRIM family member TRIM27 acts as a potential promoter of tumor development in a wide range of cancers. 
However, little is known regarding the biological features and clinical relevance of TRIM27 in glioblastoma (GBM). 
Here, we report findings of elevated TRIM27 expression in GBM tissues and GBM cell lines. Further functional 
analysis showed that TRIM27 deletion inhibited GBM cell growth both in vitro and in vivo. Furthermore, we found 
that TRIM27 promoted the growth of GBM cells by enhancing the Warburg effect. Additionally, the inactivation of 
the LKB1/AMPK/mTOR pathway was critical for the oncogenic effects of TRIM27 in GBM. Mechanistically, TRIM27 
could directly bind to LKB1 and promote the ubiquitination and degradation of LKB1, which in turn enhanced the 
Warburg effect and GBM progression. Collectively, these data suggest that TRIM27 contributes to GNM pathogen-
esis by inhibiting the LKB1/AMPK/mTOR axis and may be a promising candidate as a potential diagnostic and 
therapeutic marker for patients with GBM.
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Introduction

Glioblastoma (GBM) is one of the deadliest  
and most aggressive primary brain tumors. 
Despite advances in surgical and chemoradio-
therapy techniques, the prognosis and survival 
of GBM patients remain poor [1, 2]. Due to 
GBM’s highly aggressive and heterogeneous 
nature, traditional surgical resection combined 
with chemotherapy and radiotherapy often fail 
to completely remove intracranial tumor tis-
sues, ultimately resulting in therapeutic failure 
and relapses [3]. Therefore, there is an urgent 
need for combination therapies that are per-
sonalized with specific molecular-targeting 
therapeutics.

Ubiquitination is a crucial post-translational 
modification that has been the focus of many 
studies on eukaryotic signaling modulation 

under physiological and pathological conditions 
[4, 5]. Ubiquitination occurs via a multistep 
enzymatic cascade that facilitates the binding 
of E1, E2, or E3 ligases to substrates [6]. The 
TRIM family is a novel family of E3 ubiquitin 
ligases, whose members are involved in the 
dynamic regulation of myriad cellular processes 
such as DNA repair and transfer, transcription, 
and signal transduction [7, 8]. Accumulating  
evidence has shown that many TRIM proteins 
play a vital role in tumorigenesis and are dys-
regulated in diverse types of cancer [9, 10]. 
Notably, TRIM27 acts as a cancer-causing gene 
in many cancer types, including gastric [11], 
ovarian cancer [12], and breast cancer [13]. 
And elevated TRIM27 expression appears 
closely correlated with poor outcomes and an 
indicator of poor prognosis in colorectal cancer 
[14]. Additionally, Ma et al. found that TRIM27 
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contributed to the progression of esophageal 
cancer by modulating the PTEN/AKT signaling 
pathway [15], while Liu et al. reported that 
TRIM27 modulated SIX3-β-catenin signaling 
thereby functioning as an oncogene that pro-
moted cell proliferation and progression of 
non-small cell lung cancer [16]. However, little 
is known about the exact action and potential 
signaling cascades of TRIM27 in GMB.

In the present study, we provide evidence that 
TRIM27 was upregulated in GBM tissues and 
that high TRIM27 levels significantly correlated 
with poor prognosis of GBM patients. Loss-  
and gain-of-function studies also indicated that 
TRIM27 could promote the Warburg effect and 
the progression of glioblastoma by inhibiting 
the LKB1/AMPK/mTOR axis. Mechanistically, 
our findings demonstrate that TRIM27 could 
directly interact with and ubiquitinate LKB1 for 
its degradation in GBM cells. Thus, our study 
offers insight into possible activation mecha-
nisms of the LKB1/AMPK/mTOR axis and iden-
tifies TRIM27 as a promising candidate target 
for GBM therapy.

Materials and methods

Clinical specimens

Primary glioblastoma tissue samples (n=30) 
and non-neoplastic brain tissue samples (n=6) 
were obtained from the Department of Neuro- 
surgery at the Second Affiliated Hospital of 
Nanchang University. Written informed con- 
sent was obtained from all adult patients, and 
the research procedure was approved by the 
Ethics and Research Committees of the Se- 
cond Affiliated Hospital of Nanchang University. 
The clinical characteristics of all patients are 
summarised in Supplementary Table 1.

Cell lines and culture conditions

The human GBM cell lines U118, U251, LN229, 
T98G, and U87 were acquired from the Cell 
Bank of the Chinese Academy of Sciences 
(Shanghai, China). Cells were cultured in 
Dulbecco’s modified eagle’s medium (DMEM) 
supplemented with 10% FBS (Thermo Fsher 
Scientific, Waltham, MA, USA) in a 37°C 
humidified incubator with 5% CO2. The PKM2 
inhibitor Compound 3K was obtained from 
Selleck Chem and resuspended as a 15 mM 
working solution in DMSO.

RNA extraction and qRT-PCR assay

Total RNA was isolated using the standard 
TRIzol-based protocol and reverse-transcribed 
using the PrimeScript RT kit (Thermo Fisher 
Scientific) following the manufacturer’s guide-
lines. qRT-PCR analysis was performed using 
YBR Premix Ex Taq (TaKaRa, Dalian, China)  
and the ABI PRISM 7900HT Sequence 
Detection System. GAPDH was used as an 
internal control. The primers for qRT-PCR used 
are as follows: TRIM27, forward: 5’-TACTGC- 
GAGGAGGACCAGAT-3’; reverse: 5’-GGTCGAG- 
CTGGTTCTGGATT-3’. LKB1, forward: 5’-ATCTA- 
CACTCAGGACTTCAC-3’; reverse: 5’-CTCTGTGC- 
CGTTCATACACAC-3’. GAPDH, forward: 5’-TGA- 
CTAACCCTGCGCTCCT-3’; reverse: 5’-GTGACCA- 
GGCGCCCAATAC-3’.

Western blot analysis and immunohistochem-
istry (IHC) staining

Standard methods were used to analyze the 
expression of specific proteins using western 
blotting. The following antibodies were utilized: 
TRIM27 (1:1000, Abcam), LKB1 (1:1000, CST), 
AMPKα1 (1:1000, Abcam), mTOR (1:1000, 
Abcam), p-AMPKα1 (1:1000, CST), p-mTOR 
(1:1000, CST), and Tubulin (1:1000, Santa 
Cruz). Enhanced chemiluminescence (Pierce, 
USA) was used to detect signals. For immuno-
histochemistry (IHC) staining, patient and 
mouse tumor tissues were fixed, embedded, 
sectioned, and deparaffinized. Subsequently, 
the sections were blocked in serum-free pro-
tein blocking buffer (DAKO, CA, USA) for 30  
minutes and stained with anti-TRIM27 (1:200, 
Abcam) or Ki-67 (1:200, CST) antibodies. 
Immuno-scoring of all the samples was per-
formed in a blinded manner by one pathologist 
and one scientist. The intensity score of  
nuclear and/or cytoplasmic staining was rat- 
ed as follows: 0, negative; 1, weak; 2, moder-
ate; 3, strong. The proportion of stained tumor 
cells was expressed as percentages (0-100%). 
The overall immunostaining score for each 
specimen was calculated by multiplying the 
percentage score by the intensity score.

Constructs and plasmids

TRIM27 and LKB1 cDNA expression constructs 
as well as shRNA (short hairpin RNA)-encoding 
plasmids targeting TRIM27 or LKB1 were pro-
duced by GenePharma (Shanghai, China). The 
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shRNA sequence for the human TRIM27 gene 
(#1 CCCAGTTCTCTTGCAACAT; #2 CCCAGTTC- 
TCTTGCAACAT). GBM cells were transfected 
with shRNA plasmids or overexpression con-
structs according to the manufacturer’s proto-
col using the Lipofectamine 2000 Transfection 
Reagent (Invitrogen, USA).

Colony formation, CCK8 assay and EdU assay

For the colony formation assay, GBM cells  
were seeded in 6-well plates at a density of 1  
× 103 cells/well and cultured for two weeks. 
Subsequently, the cells were washed thrice 
with 1 × PBS, fixed with methanol, and stained 
with 1% crystal violet. Visible cell clusters that 
were stained purple were counted. For the 
CCK-8 assay, cell viability was evaluated with 
the Cell Counting kit 8 (CCK-8; Sigma-Aldrich). 
In brief, GBM cells were seeded into a 96-well 
plate at 5,000 cells per well. At the indicated 
time points, fresh medium containing 10% 
CCK-8 was added to each well to replace the 
primary medium. After incubation for 4 h at 
37°C, the cells were analyzed on a plate reader 
to obtain the OD values at 450 nm. Cell prolif-
eration was assessed by EdU and DAPI stain-
ing. The Cell-light EdU luminescence detection 
kit (RiboBio, Guangzhou, China) was used to 
monitor DNA replication based on the pro- 
tocols provided by the manufacturer.

Tumorigenicity assay and bioluminescence 
imaging

The firefly luciferase gene was used for the 
transduction of GBM cells (for injection), and 
tumor development was monitored in vivo by 
bioluminescence imaging. For in vivo tumorige-
nicity assays, nude mice (male BALB/c-nu/nu, 
aged 6-8 weeks) were injected subcutane- 
ously with 1 × 106 GBM cells (100 ml 1 × PBS) 
in the abdomen. To image, mice were anesthe-
tized using isoflurane and monitored using a 
Lumina Series III IVIS (In Vivo Imaging System; 
PerkinElmer, MA, USA). All experimental proto-
cols using animal models were approved by the 
Ethics Committee for Animal Experiments of 
the Second Affiliated Hospital of Nanchang 
University.

Glycolysis stress test

The glycolysis stress assay was performed as 
previously described [9]. Briefly, ECAR was 

detected using a Seahorse XF24 extracellular 
flux analyzer (Agilent Seahorse Bioscience). 
GBM cells (5 × 104 cells) transfected with the 
appropriate constructs were seeded into each 
well. After incubation in the absence of CO2  
for 1 h, glycolysis was determined using an XF 
Cell Glycolysis Test Kit (Agilent Technologies). 
Following baseline recordings, injections of oli-
gomycin (1 μM), glucose (10 mM), or 2-DG (50 
mM) were administered sequentially.

Co-IP and in vivo ubiquitination assay

For Co-IP, cell lysates were incubated with 
appropriate primary antibodies at 4°C over-
night and then with protein A/G-Sepharose 
beads as previously described [17]. Subse- 
quently, co-precipitated proteins were collect- 
ed and analyzed by immunoblotting with  
appropriate antibodies. For in vivo ubiquitina-
tion experiments, the previously described 
plasmids were co-transfected into cells. The 
cells were then treated with the proteasome 
inhibitor MG132 (50 μg/mL) for 12 hours 
before being harvested. Subsequently, the cell 
lysates were used for immunoprecipitation with 
anti-LKB1 antibodies and an anti-Ub antibody 
was used to determine LKB1 ubiquitination 
levels.

Statistical analysis

All numbers were displayed using GraphPad 
Prism 6 (GraphPad Software, USA) and report-
ed as averages ± standard error of the aver- 
age. Significant differences were analyzed 
using two-tailed distribution and Student’s 
t-test. Survival curves were obtained using the 
Kaplan-Meier technique, and significance was 
evaluated using the log-rank test. Differences 
were considered significant at P<0.05.

Results

TRIM27 is overexpressed in GBM tissues

To explore whether TRIM27 plays a role in  
GBM progression, we first examined the ex- 
pression of TRIM family proteins in the TCGA-
GBM, GSE108474 and GSE108474 datasets 
(Figure 1A and Supplementary Table 2). We 
generated Venn diagrams of differentially 
expressed TRIM genes in the three datasets 
and calculated the number of overlapping 
genes, which included TRIM27 (Figure 1B). Our 
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Figure 1. TRIM27 is elevated in GBM tissues. (A) A heat map of differentially expressed TRIM family genes between 
GBM (n=169) and normal brain tissue (n=5) from the TCGA-GBM dataset. (B) Wayne plots showing eight genes that 
showed significantly different expression in the TCGA-GBM, GSE108474, and GSE108474 datasets. (C) TRIM27 
mRNA expression in 30 GBM tissues and 6 NBT samples was determined by qRT-PCR analysis. **P<0.01. (D and E) 
Analysis (D) and quantification (E) of TRIM27 protein levels in GBM tissues and normal brain tissues by western blot-
ting assay. Tubulin was used as a loading control. **P<0.01. (F) Representative immunostaining of TRIM27 protein 
expression in human glioma and normal brain tissue (NBT) samples (images from the Human Protein Atlas). (G and 
H) Representative immunostaining (G) and quantification (H) of TRIM27 in human gliomas of different grade and 
normal brain tissue (NBT) samples (magnification: 100 × and 200 ×). Scale bar, 50 μm. (I and J) TRIM27 protein 
and mRNA levels were detected in normal human astrocytes (NHAs) and glioma cell lines U251, BG7, U118MG, 
BG5, and LN229.
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results showed that mRNA levels of TRIM27 
were markedly elevated in a set of GBM sam-
ples (n=30) compared to samples from non-
neoplastic brain tissues (NBT, Figure 1C; n=6). 
And the protein level of TRIM27 was low in NBT 
but increased in GBM tissues (Figure 1D and 
1E). Moreover, TRIM27 was overexpressed in 
GBM tissues compared to that in normal brain 
tissues (The Human Protein Atlas) (Figure 1F). 
Immunohistochemistry (IHC) results revealed 
that TRIM27 was also over-expressed in tis- 
sue specimens with the highest GBM grade 
(Figure 1G and 1H). Notably, TRIM27 was also 
expressed at elevated levels in four human 
GBM cell lines compared to normal human 
astrocytes (NHA; Figure 1I and 1J). These  
findings combined support elevated TRIM27 
expression in GBM tissues and suggest a 
potential tumor-promoting role for TRIM27 in 
GBM progression.

TRIM27 promotes the growth of GBM cells in 
vitro and in vivo

To determine the role of TRIM27 in GBM devel-
opment, we generated U251 and U118G GBM 
cell lines in which TRIM27 was silenced using 
TRIM27-targeting shRNA vectors (Figure 2A-C). 
In both EdU and CCK8 assays, TRIM27 knock-
down greatly suppressed the proliferation of 
GBM cells (Figure 2D-G). Furthermore, cell pro-
liferation ability was also reduced in TRIM27-
silenced GBM cells compared to controls, as 
evidenced in the colony formation assay  
(Figure 2H-K). Next, we investigated the effect 
of modulating TRIM27 expression on GBM cell 
proliferation in vivo using a mouse xenograft 
model. At 4 weeks after grafting, tumor size 
and weight were both markedly reduced in 
TRIM27-silenced groups compared to control 
groups (Figure 2L-N). Ki67 staining indicated 
that TRIM27 knockdown inhibited the prolifera-
tion of GBM cells (Figure 2O). Taken together, 
these data suggest that TRIM27 may play an 
oncogenic role in GBM development.

TRIM27 enhances aerobic glycolysis of GBM 
cells

To determine the mechanism by which TRIM27 
affects GBM cell progression, we carried out 
gene set enrichment analysis (GSEA) and  
found that glycolysis-related genes were dra-
matically enriched in GBM specimens with  
high TRIM27 expression (Supplementary Figure 

1), suggesting that aerobic glycolytic pathways 
may be strongly associated with TRIM27 ex- 
pression in GBM. These observations prompt-
ed us to further probe the link between TRIM27 
and the glycolytic profile in GBM cells. TRIM27 
knockdown appeared to markedly inhibit aero-
bic glycolysis in GBM cells, as evidenced by 
decreased glucose-6-phosphate (G6P) pro- 
duction, glucose consumption, and the produc-
tion of lactate and ATP (Figure 3A-D). TRIM27 
silencing inhibited ECAR, indicating a global  
glycolytic flux in GBM cells (Figure 3E-H). 
Furthermore, we found that OCR values, which 
measure mitochondrial respiration, were also 
increased in TRIM27-silenced GBM cells  
(Figure 3I-L). Next, to confirm whether TRIM27 
function was dependent on aerobic glycolysis 
in GBM, we treated GBM cells with the gly- 
colysis inhibitor 2-deoxy-D-glucose (2-DG). We 
found that TRIM27 overexpression facilitated 
G=BM cell viability and that this oncogenic 
effect was abolished with 2-DG treatment 
(Figure 3M-P). These results suggest that 
TRIM27 exerts its oncogenic effects through 
enhancing aerobic glycolysis in GBM cells.

LKB1/AMPK/mTOR pathway is critical for 
TRIM27-dependent GBM tumor biology

LKB1 is an upstream kinase of AMPK. Activat- 
ed AMPK in turn regulates glycolysis through 
additional phosphorylation events in down-
stream pathways [18, 19]. We therefore in- 
vestigated whether TRIM27 controls glycolysis 
and tumor progression via the LKB1/AMPK  
signaling pathway. We observed dramatically 
elevated protein levels of LKB1 and p-AMPK 
and decreased levels of p-mTOR in TRIM27 
knockdown GBM cells (Figure 4A). In contrast, 
overexpression of TRIM27 led to the opposite 
effects in GBM cells (Figure 4B). Furthermore, 
our results showed that combination knock-
down of both TRIM27 and LKB1 markedly 
increased glycolysis in and proliferation of  
GBM cells (Figure 4C-J). As shown in Figure  
4K and 4L, mice bearing TRIM27-silenced cells 
showed a notable decrease in tumour weight 
and volume, whereas simultaneous knock- 
down of both TRIM27 and LKB1 partially abol-
ished the anti-tumour effect of TRIM27 inhibi-
tion. In addition, we treated TRIM27 over-
expressing GBM cells with the AMPK activator 
metformin (Met) and found that Met sup-
pressed the promoting effect of TRIM27 over-
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Figure 2. Effects of TRIM27 expression on GBM cell proliferation. (A) Protein levels of TRIM27 were assessed in  
U251 and U118MG cells transfected with shNC or shTRIM27 plasmids by western blotting assay. (B and C) The 
mRNA levels of TRIM27 were detected U251 and U118MG cells transfected with shNC or shTRIM27. **P<0.01.  
(D-G) EdU (D and E) and CCK-8 assay (F and G) showing proliferation of GBM cells following knockdown of TRIM27. 
Scale bar, 50 μm. *P<0.05, **P<0.01. (H-K) Representative images (H and J) and quantification (I and K) of colony 
formation assays using GBM cells transfected with shTRIM27 plasmids. *P<0.05, **P<0.01. (L-N) U251/shTRIM27 
cells were subcutaneously injected into nude mice. Tumor volumes were measured on the indicated days. At the 
experimental endpoint, tumors were dissected, photographed, and weighed. Scale bar, 50 μm. n=6, *P<0.05, 
**P<0.01. (O) Ki67 staining using tumor tissues isolated from nude mice injected with TRIM27-silenced cells. Scale 
bar, 50 μm.
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Figure 3. TRIM27 promotes the growth of GBM cells by enhancing glycolysis. A-D. Glucose-6-phosphate (G6P) production, glucose consumption, lactate production, 
and ATP levels in TRIM27-silenced GBM cells. *P<0.05. E-H. ECAR data showing the glycolytic rate and capacity in TRIM27-silenced GBM cells. Glucose (10 mM), 
the oxidative phosphorylation inhibitor oligomycin (1.0 μM), and the glycolytic inhibitor 2-deoxyglucose (2-DG, 50 mM) were sequentially added to each well at the 
indicated time points. *P<0.05. I-L. OCR results showing basal and maximum respiration in TRIM27-silenced GBM cells. Oligomycin (1.0 μM), the mitochondrial 
uncoupler carbonyl cyanide p-trifluoromethoxy phenylhydrazone (FCCP, 1.0 μM), and the mitochondrial complex I inhibitor rotenone plus the mitochondrial complex 
III inhibitor antimycin A (Rote/AA, 0.5 μM) were sequentially added. *P<0.05. M-P. Effects of 2-DG on the viability of TRIM27-silenced GBM cells. *P<0.05, **P<0.01.
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Figure 4. TRIM27 promotes glycolysis by regulating LKB1/AMPK/mTOR pathway. (A and B) Protein levels of LKB1, total AMPK, p-AMPK, total mTOR, and p-mTOR 
were assessed by western blotting in TRIM27-silenced U251 cells (A) and TRIM27-overexpression U251 cells (B). (C) Western blotting showing the protein expres-
sion of TRIM27 and LKB1 in each group. (D and E) Glucose uptake, G6P production, and lactate and ATP levels were measured following knockdown of LKB1 in 
TRIM27-silenced U251 cells. (F and G) ECAR and OCR were measured after LKB1 knockdown in TRIM27-silenced U251 cells. (H-J) Quantification of CCK8 (H), EdU 
(I), and colony formation (J) assays using TRIM27-silenced U251 cells transfected with a shLKB1 construct. *P<0.05, **P<0.01. (K and L) The quantification of tumor 
weight (K) and tumor volume (L) in different groups. *P<0.05, **P<0.01. (M) Western blotting showing the protein expression of TRIM27 and p-mTOR in TRIM27-
overexpression U251 cells treated with Met. (N and O) Glucose uptake, the production of G6P, and lactate and ATP levels were measured in TRIM27-overexpression 
U251 cells treated with Met. (P and Q) ECAR and OCR were measured in TRIM27-overexpression U251 cells treated with Met. (R) Quantification for CCK8 assays in 
TRIM27-overexpression U251 cells treated with Met. *P<0.05, **P<0.01.
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expression on p-mTOR expression (Figure 4M). 
The promotion of cell proliferation and cellular 
glycolysis by TRIM27 overexpression was also 
offset by Met activation of AMPK (Figure 4N-R). 
These findings indicate that TRIM27 functions 
through the LKB1/AMPK/mTOR signaling path-
way in regulating GBM cells.

TRIM27 mediates ubiquitination and degrada-
tion of LKB1

Ubiquitination is a crucial step in the regulation 
of LKB1 expression [20]. As an E3 ubiquitin 
ligase, TRIM27 mediates substrate ubiquitina-
tion. Notably, we found that altered TRIM27 
expression had no impact on LKB1 mRNA lev-
els in GBM cells (Supplementary Figure 2). We 
speculated that TRIM27 might mediate the 
reduction in LKB1 expression by promoting its 
ubiquitination and subsequent degradation. To 
this end, we first determined whether TRIM27 
could directly bind to LKB1 in GBM cells. As 
indicated in Figure 5A and 5B, co-IP analysis 
supported interactions between TRIM27 and 
LKB1 in GBM cells. Docking analysis revealed 
potential binding interactions between TRIM27 
and LKB1 (Figure 5C). Furthermore, treating 
TRIM27 knockdown GBM cells with cyclohexi-
mide CHX prolonged the half-life of LKB1 
(Figure 5D-G). And LKB1 protein expression 
was restored in TRIM27-expressing GBM cells 
treated with the proteasome inhibitor MG132 
(Figure 5H and 5I). Additionally, knocking down 
TRIM27 greatly inhibited LKB1 ubiquitination, 
whereas overexpression of TRIM27 increased 
LKB1 ubiquitination in GBM cells (Figure 5J  
and 5K). Finally, the K48R mutation in Ub, but 
not the K63R mutation, abolished TRIM27-
mediated LKB1 ubiquitination (Figure 5L). 
Collectively, these data indicate that TRIM27 
was responsible for the ubiquitination of LKB1, 
which led to its subsequent proteasome-
dependent degradation in GBM cells.

Discussion

Modulating TRIM protein levels can have both 
positive and negative effects on carcinogene-
sis, and varied expression of select TRIM  
family proteins can affect the growth and prog-
nosis of cancer. TRIM proteins have been iden-
tified as possible targets for treating solid 
tumors [21, 22]. Our findings suggest that 
TRIM27 is upregulated in human gliomas and 
that elevated levels of TRIM27 are significantly 

associated with poor prognosis and more 
malignant phenotypes in individuals with GBM. 
We also demonstrated that TRIM27 could pro-
mote tumor proliferation and progression in 
vitro and in vivo, which is likely mediated 
through the inhibition of the LKB1/AMPK 
pathway.

The Warburg effect is a key future in tumor 
development. Clinical anticancer treatment 
studies targeting the Warburg effect should 
consider all relevant molecular targets [23,  
24]. The metabolic sensor AMPK plays a criti- 
cal role in the modulation of cellular metabo-
lism and growth in response to energy stress 
and is a well-known cancer marker [25]. Pre- 
vious studies have reported that the AMPK/
mTOR pathway is a critical signaling cascade in 
modulating the Warburg effect in many cancer 
cells [18, 26]. We found that TRIM27 knock-
down significantly inhibited aerobic glycolysis 
and inactivated the AMPK/mTOR pathway. 
Conversely, TRIM27 overexpression significant-
ly enhanced the AMPK/mTOR pathway and the 
glycolytic activity of GBM cells. Importantly, 
inhibiting the AMPK/mTOR pathway rescued 
the reduced glycolysis and malignant pheno-
types in TRIM27-silenced GBM cells, suggest-
ing that TRIM27 exerts its oncogenic function 
through regulating the AMPK/mTOR signaling 
pathway in GBM cells.

LKB1 is a well-studied tumor suppressor and 
primary upstream kinase of AMPK [27]. Loss-
of-function mutations in LKB1 are frequently 
detected and contribute significantly to the 
development and metastasis of many tumors 
[28], including GBM [29]. Therefore, targeting 
LKB1 activity is an appealing strategy for  
facilitating GBM oncogenesis. Several proteins 
have been reported as targets for TRIM27-
mediated proteasome-dependent degradation 
in various cancers [13, 30]. Consistent with 
these observations, our findings revealed that 
TRIM27 functioned as an E3 ubiquitin ligase for 
LKB1 in GBM cells. In co-IP assays examining 
endogenous and exogenous proteins, we pro-
vide evidence supporting direct interaction 
between TRIM27 and LKB1. Additionally, 
TRIM27 could reduce the half-life of LKB1 and 
promote the proteasome-mediated degrada-
tion of LKB1 in GBM cells. Finally, TRIM27 pro-
motes the polyubiquitination of the LKB1-K48 
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linkage. More detailed studies are needed to 
identify the LKB1 ubiquitination site for TRIM27 
polyubiquitination.

Collectively, our results indicate that TRIM27 is 
an E3 ubiquitin ligase of LKB1 in GBM cells.  
Our data suggest that TRIM27 interacts with 
LKB1 and increases its polyubiquitination of 
LKB1, which in turn destabilizes LKB1 and 
attenuates the AMPK/mTOR pathway, thereby 
enhancing glycolysis to promote GBM progres-
sion (Figure 6). Thus, our findings suggest  
that pharmaceutical inhibition of TRIM27 or its 
interaction with the LKB1/AMPK/mTOR path-
way may prove a promising strategy in treating 
human gliomas.
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Figure 5. TRIM27 interacting with LKB1 and destabilising its expression. (A and B) The interaction between TRIM27 
and LKB1 was confirmed by co-IP assays in U251 and U118G cells. (C) Docking analysis for the binding of TRIM27 
and LKB1. (D-G) Representative (D and F) and quantitative (E and G) results of LKB1 protein levels in TRIM27-
silenced GBM cells. The cells were treated with cycloheximide (CHX, 100 mg/ml) at the indicated time points and 
then harvested for western blot analysis. **P<0.01. (H and I) GBM cells transfected with shTRIM27 (H) or TRIM27-
overexpression plasmids (I) were treated with 10 μM MG132. The cells were then collected after 6 hours and immu-
noblotted with the indicated antibodies. (J and K) Lysates from U251 cells transfected with TRIM27-overexpression 
plasmid (J) or shTRIM27 (K) were immunoprecipitated with the anti-Ub and immunoblotted with the anti-LKB1. (L) 
Determination of LKB1 ubiquitination type in HEK293 cells.

Figure 6. The proposed mechanistic scheme of how TRIM27 promotes GBM progression by enhancing glycolysis via 
modulating the LKB1/AMPK/mTOR pathway.
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Supplementary Table 1. Basic information of the validation cohort
Parameters Number Percentage
Age
    ≤60 12 40.00%
    >60 18 60.00%
Gender
    Male 14 46.67%
    Female 16 53.33%
KPS
    <80 6 20.00%
    ≥80 24 80.00%
Size
    <3 cm 18 60.00%
    ≥3 cm 12 40.00%
TRIM27
    Low 4 13.33%
    High 26 86.67%
IDH1-R132H
    Low 25 83.33%
    High 5 16.67%

Supplementary Table 2. TRIM family members in TCGA-GBM, CGGA, and GSE108474 datasets
Gene name

TCGA GBM CGGA GSE108474
TRIM14 TRIM11 TRIM10
TRIM16L TRIM13 TRIM11
TRIM17 TRIM14 TRIM13
TRIM2 TRIM16 TRIM15
TRIM22 TRIM16L TRIM16
TRIM25 TRIM17 TRIM17
TRIM27 TRIM2 TRIM2
TRIM28 TRIM21 TRIM23
TRIM3 TRIM22 TRIM24
TRIM32 TRIM23 TRIM25
TRIM33 TRIM24 TRIM26
TRIM34 TRIM25 TRIM27
TRIM35 TRIM26 TRIM28
TRIM38 TRIM27 TRIM29
TRIM4 TRIM28 TRIM3
TRIM40 TRIM29 TRIM31
TRIM54 TRIM3 TRIM35
TRIM56 TRIM32 TRIM36
TRIM58 TRIM33 TRIM37
TRIM65 TRIM34 TRIM40
TRIM66 TRIM35 TRIM41
TRIM67 TRIM36 TRIM44
TRIM68 TRIM37 TRIM46
TRIM72 TRIM38 TRIM47
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TRIM39 TRIM55
TRIM41 TRIM56
TRIM44 TRIM59
TRIM45 TRIM63
TRIM46 TRIM69
TRIM47 TRIM8
TRIM50
TRIM52
TRIM54
TRIM55
TRIM56
TRIM58
TRIM59
TRIM6

TRIM60P18
TRIM61
TRIM62
TRIM63
TRIM65
TRIM66
TRIM67
TRIM68
TRIM69
TRIM7

TRIM71
TRIM72
TRIM73
TRIM74
TRIM8
TRIM9
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Supplementary Figure 1. GSEA comparing the gene sets of glycolysis pathway targets in TRIM27high GBM patients. 
Data were obtained from TCGA database. NES means normalized enrichment score.

Supplementary Figure 2. The mRNA levels of TRIM27 and LKB1 were detected. A and B. The mRNA levels of TRIM27 
and LKB1 assessed by qRT-PCR in GBM cells transfected with shNC or shTRIM27.


