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TRIM67 drives tumorigenesis in oligodendrogliomas 
through Rho GTPase-dependent membrane blebbing
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Abstract
Background. IDH mutant gliomas are grouped into astrocytomas or oligodendrogliomas depending on the 
codeletion of chromosome arms 1p and 19q. Although the genomic alterations of IDH mutant gliomas have been 
well described, transcriptional changes unique to either tumor type have not been fully understood. Here, we 
identify Tripartite Motif Containing 67 (TRIM67), an E3 ubiquitin ligase with essential roles during neuronal devel-
opment, as an oncogene distinctly upregulated in oligodendrogliomas.
Methods. We used several cell lines, including patient-derived oligodendroglioma tumorspheres, to knock down 
or overexpress TRIM67. We coupled high-throughput assays, including RNA sequencing, total lysate-mass spec-
trometry (MS), and coimmunoprecipitation (co-IP)-MS with functional assays including immunofluorescence (IF) 
staining, co-IP, and western blotting (WB) to assess the in vitro phenotype associated with TRIM67. Patient-derived 
oligodendroglioma tumorspheres were orthotopically implanted in mice to determine the effect of TRIM67 on 
tumor growth and survival.
Results. TRIM67 overexpression alters the abundance of cytoskeletal proteins and induces membrane bleb for-
mation. TRIM67-associated blebbing was reverted with the nonmuscle class II myosin inhibitor blebbistatin and 
selective ROCK inhibitor fasudil. NOGO-A/Rho GTPase/ROCK2 signaling is altered upon TRIM67 ectopic expres-
sion, pointing to the underlying mechanism for TRIM67-induced blebbing. Phenotypically, TRIM67 expression re-
sulted in higher cell motility and reduced cell adherence. In orthotopic implantation models of patient-derived 
oligodendrogliomas, TRIM67 accelerated tumor growth, reduced overall survival, and led to increased vimentin 
expression at the tumor margin.
Conclusions. Taken together, our results demonstrate that upregulated TRIM67 induces blebbing-based rounded 
cell morphology through Rho GTPase/ROCK-mediated signaling thereby contributing to glioma pathogenesis.
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Key Points

• TRIM67 is overexpressed in oligodendrogliomas.

• TRIM67 triggers membrane blebbing through Rho-mediated signaling.

• TRIM67 upregulation leads to increased tumor burden and reduced survival in mice.

Lower-grade gliomas (LGGs) harbor recurrent mutations in the 
isocitrate dehydrogenase (IDH) gene.1,2 IDH mutant LGGs are 
classified into 2 subtypes based on the presence (oligodendro-
glioma) or absence (astrocytoma) of chromosome arms 1p 
and 19q codeletion. Although the mutational landscape of 
oligodendrogliomas and astrocytomas has been largely eluci-
dated,1 subtype-specific nonmutational mechanisms and their 
impact on glioma growth are not well understood.

In this study, we identify TRIM67 as a distinctly expressed 
gene in oligodendrogliomas. TRIM67 is a member of the 
large family of the tripartite motif (TRIM) containing RING 
finger E3 ubiquitin ligases.3 TRIM67 is highly expressed in 
the cerebellum, interacts with TRIM9 and the netrin receptor 
DCC, and plays a role in neurodevelopment.4,5 It antagon-
izes TRIM9-dependent degradation of VASP and positively 
regulates filopodia extension and axon branching.6 TRIM67 
and TRIM9 associate with cytoskeletal proteins and syn-
aptic regulators, play a role in exocytosis and endocytosis, 
and are new targets in paraneoplastic cerebellar degenera-
tion associated with lung adenocarcinoma.7–9

TRIM67 plays pivotal roles in various cancers. TRIM67 in-
hibits Ras signaling and activates differentiation in mouse 
neuroblastoma cells10 and suppresses colorectal cancer 
by activating p53.11 In nonsmall cell lung cancer (NSCLC), 
TRIM67 upregulates Notch signaling and causes prolifera-
tion, migration, and invasion.12 Although the role of TRIM67 in 
neuronal development has been elegantly demonstrated, it 
is unclear whether TRIM67 has an oncogenic role in gliomas.

Here, we aim to characterize the mechanistic role of 
TRIM67 in glioma pathogenesis. To investigate this, we 
used patient-derived glioma tumorspheres with or without 
IDH mutation and 1p/19q codeletion. Additionally, we used 
SK-N-BE(2) neuroblastoma cell line with endogenously 

expressed TRIM67 to further analyze the outcomes of TRIM67 
manipulation. We find TRIM67 induces membrane blebbing 
through Rho GTPase-mediated signaling, leading to reduced 
adhesion, and increased cell motility and tumor expansion.

Materials and Methods

Complete methods can be found in Supplementary 
Methods.

Cell Culture

Human neural progenitor cells (hNPCs) and patient-derived 
glioma lines TS603, SU-AO3, S24, TS600, and TS543 were 
maintained in NeuroCult Basal Medium with proliferation 
supplements, 20 ng/ml EGF, 20 ng/ml basic-FGF and 2 μg/
ml Heparin (StemCell Technologies). S24 Tdtomato/GFP 
cells were kindly provided by Dr. Varun Venkataramani 
(Heidelberg University Hospital) and SU-AO3 cells were 
kindly provided by Dr. Michelle Monje (Stanford University). 
HEK293TN and SK-N-BE(2) cell lines were maintained in 
DMEM containing 10% FBS. Blebbistatin (Merck) treat-
ment (20  μM) was performed for 1  h. Fasudil (HA-1077, 
Selleckchem) treatment (10 μM) was performed for 16 h.

Cloning of pLVX-puro-TRIM67-Flag 
Overexpression Plasmid

FLAG-TRIM67 was cloned into pLVX-puro (Addgene) using 
BamHI and SalI. Insert amplification was performed using 

Importance of the Study

We identify TRIM67 as a novel oncogene in oligo-
dendroglioma that leads to increased cell motility, 
tumor growth, reduced adhesion, and reduced sur-
vival in mice. Our results show constitutive TRIM67 
expression transforms cell morphology from an ad-
herent to a rounded appearance with membrane 
blebs. Mechanistic alteration of the actin cyto-
skeleton and Rho GTPase signaling upon TRIM67 
upregulation underlies the rounded cell structure and 
the membrane blebbing phenotype. TRIM67-induced 
blebbing is specifically regulated by NOGO-A/RHOA/
RAC1/ROCK2 signaling axis. In orthotopic implantation 

models of oligodendrogliomas, TRIM67 upregulation 
leads to increased glioma-specific vimentin expres-
sion around the tumor edge and leads to increased 
tumor volume and poor survival. Consistently TRIM67 
knockdown increases overall survival in preclinical 
oligodendroglioma models. Overall, our study high-
lights TRIM67 as a novel player orchestrating cyto-
skeleton, Rho GTPase signaling and bleb-based cell 
movement, ultimately causing tumorigenic outcomes. 
Therefore, TRIM67 and its downstream mechanisms 
may be utilized as potential drug targets to treat 
oligodendrogliomas.

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac233#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac233#supplementary-data
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the Kappa Hi-Fi Hotstart ReadyMix (Roche). Ligations were 
performed using Quick Ligation Kit (NEB) and transformed 
into 50  μL Stbl3 competent E-coli. The plasmid was ex-
tracted using the Maxiprep kit (Qiagen).

Viral transductions

TRIM67 was stably overexpressed by viral transduction 
using pLVX-puro (Addgene) and pLVX-puro-TRIM67-
Flag plasmids. Luciferase expression was stably induced 
by second viral transduction using pHIV-luc-ZsGreen 
(Addgene) plasmid and zsGreen expressing cells were 
sorted by flow cytometry. SK-N-BE(2) and SU-AO3 cells 
were transduced with TRIM67 Mission lentiviral shRNA 
plasmids (Sigma). For virus production, HEK293TN cells 
were transiently transfected with the plasmid of choice with 
FuGene (Promega) and OptiMem (Gibco). Cells were trans-
fected with packaging plasmid psPAX2 (Addgene), envelope 
plasmid pCMV-VSV-G (Addgene), and expression plasmid 
in a 1:1:1 ratio. 0.5 μg/ml puromycin selection was applied.

SDS-page and western blot

Cells were lysed in M-PER buffer (Thermo Fisher Scientific) 
containing 1× Protease Inhibitor Cocktail (Roche). For 
GTP pulldown, TS603 cells were seeded in NeuroCult 
without EGF/bFGF. After 24  h serum starvation, the me-
dium was changed to NeuroCult containing 50  ng/μl 
EGF. Cells were harvested after 15  min EGF induction 
and flash frozen in liquid nitrogen. RHOA/RAC1/CDC42 
Activation Assay Combo kit (Cytoskeleton) manufacturer’s 
protocol was performed. Primary antibodies: Mouse 
anti-RAC1 (Cytoskeleton #ARC03, 1:250), mouse anti-
RHOA (Cytoskeleton #ARH05, 1:500), rabbit anti-ROCK2 
(Cell Signaling #9029, 1:1000), rabbit anti-Tensin-2 (Cell 
Signaling #11990, 1:1000), rabbit anti-FAK (Cell Signaling 
#3285, 1:1000), rabbit anti-phospho-FAK (Cell Signaling 
#8556, 1:1000), mouse anti-Flag (Sigma #F1804, 1:1000), 
mouse anti-Akt (Cell Signaling #2920, 1:2000), rabbit anti-
phospho-Akt (Cell Signaling #4060, 1:2000), rabbit anti-
Vimentin (Cell Signaling #3932, 1:1000), rabbit anti-GAPDH 
(Cell Signaling #2118, 1:1000), rabbit anti-TRIM67 (Novus 
Bio #NBP1-55028, 1:1000), mouse anti-TRIM9 (Abnova 
#ABN-H00114088-M01, 1:1000), rabbit anti-GFP (Novus Bio 
#NB600-308, 1:1000), rabbit anti-NOGO-A (Cell Signaling 
#13401, 1:1000). Secondary antibodies: HRP-linked anti-
mouse IgG (Cell Signaling #7076, 1:5000), HRP-linked anti-
rabbit IgG (Cell Signaling #7074, 1:5000).

Orthotopic Transplantation

All mouse experiments were approved by the Institutional 
Animal Care and Use Committee at DKFZ. Female athymic 
nude mice (7 weeks old) were intracranially injected using 
a fixed stereotactic apparatus (Stoelting). Mice were 
orthotopically implanted as previously described.13 Using 
a stereotactic frame, 5000 or 50 000 cells were injected into 
the cortex at a speed of 1 μL/min. The following coordinates 
from bregma were used: Anterior–posterior  =  −1.5  mm; 
mediolateral = +1.5mm; dorsoventral = –1.5 mm.

Bioluminescence Imaging

Bioluminescence imaging (BLI) was performed fol-
lowing i.p. injection of D-luciferin and measured using 
the Xenogen IVIS Spectrum in vivo imaging system 
(PerkinElmer). Living Image software (PerkinElmer) was 
used to acquire and analyze the BLI data.

Immunofluorescence

A total of 50  000 cells/well were seeded in Matrigel-coated 
24-well dishes. Cells were fixed with 4% PFA for 20  min 
at RT, permeabilized using PBS-T for 10  min at RT, and 
blocked in 5% BSA/PBS-T for 30  min at RT. Primary anti-
bodies: Phalloidin-iFluor 594 conjugated (Abcam #176757, 
1:1000), mouse anti-F-actin (NH3) (Abcam #ab205, 1:100), 
mouse anti-Flag (Sigma #F1804, 1:200), mouse anti-TRIM9 
(Abnova #ABN-H00114088-M01, 1:200), rabbit anti-NOGO-A 
(Cell Signaling  #13401, 1:200), rabbit anti-cleaved-CASP3 
(Cell Signaling #9664, 1:500), rabbit anti-cleaved-PARP (Cell 
Signaling #5625, 1:400). Secondary antibodies: Alexa Fluor 488 
goat anti-mouse (Thermo Fisher Scientific #A-11029, 1:1000), 
Alexa Fluor 488 donkey anti-rabbit (Thermo Fisher Scientific 
#A-21206, 1:1000), Alexa Fluor 594 goat anti-mouse (Thermo 
Fisher Scientific #A-11032, 1:1000), Alexa Fluor 594 donkey 
anti-rabbit (Thermo Fisher Scientific #A-21207, 1:1000).

Microscopy Imaging and Quantification

The image z-stacks acquisition of DAPI, Alexa-488, and 
Alexa-594 signal was performed with a Leica TCS SP5 II 
Confocal microscope. The 3D z-stack projections were 
prepared using Fiji.14 F-Actin intensity quantification was 
performed using in-house developed Fji macros. Image 
acquisition for IHC-stained sections were performed using 
ZEN software on Zeiss Cell Observer Z1 microscope.

Embedding, Microtome Sectioning, 
Immunohistochemistry, and H&E Staining

For IHC and H&E staining, 5-μm thick FFPE sections were 
stained with the following antibodies: Rabbit monoclonal anti-
Flag (Abcam # ab205606, 1:500), rabbit monoclonal anti-Ki-67 
(human) (Abcam # ab16667, 1:100), and mouse monoclonal 
anti-Vimentin (human) (Santa Cruz, # sc6260, 1:25).

Wound Healing

SK-N-BE(2) and TS600 lines were seeded at 5 × 105 cells/
well density in 6-well plates. The wound was created using 
a P100 tip in each well. Images were taken at 24 h and 48 h 
using Nikon Eclipse Ts2 bright-field microscope at 4× mag-
nification. Wound area was quantified using in-house de-
veloped Fiji macros.

Cell adhesion

A total of 48-well ECM cell adhesion assay (Cell Biolabs) 
was performed according to the manufacturer’s protocol. 
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Briefly, EV and TRIM67 overexpressing (TRIM67OE) TS603 
cells were seeded at 5 × 104 cells/well density in a 48-well 
ECM-coated plate and incubated for 2.5 h in EGF/FGF-free 
medium. After incubation with cell stain solution, washing, 
and extraction, OD was measured at 560 nm in the Infinite 
200 Pro plate reader (Tecan).

RNA Sequencing and Bioinformatic Analysis

EV or TRIM67OE cells were seeded at 5 × 105 cells/well den-
sity in 6-well plates in triplicates and harvested after 48 h. 
Total RNA was extracted using the QIAGEN RNeasy RNA 
isolation kit according to the manufacturer’s protocol. 
Sequencing was performed at the DKFZ genomics and pro-
teomics core facility. Raw count normalization and differ-
ential expression analysis were performed using DESeq2 
R package15 and Galaxy.16 An adjusted P-value of 0.05 was 
used as a cutoff to filter the significantly altered genes. 
Enriched pathways were determined using the Ingenuity 
Pathway Analysis or Enrichr.17 Normalized RNA-seq ex-
pression for LGGs were obtained from The Cancer Genome 
Atlas, and ATAC-seq data were obtained from Corces 
et al.18

Immunoprecipitation and Mass Spectrometry

Cell lysates from 5 × 106 cells were prepared using the IP 
buffer (50 mM Tris pH 7.5, 150 mM NaCl, 1% TritonX-100, 
0.5% Na-DOC, 1  mM EDTA, 2  mM PMSF and 1  × Roche 
protease inhibitor cocktail). Flag (Sigma #F1804) antibody 
(2 μg) were added to CTRL/TRIM67 IP samples. Reaction 
was incubated for 1h at 4°C on a rotator. 25 μL Protein G 
agarose beads (Roche) were placed into each IP sample 
and incubated O/N at 4°C on a rotator. Proteins were 
eluted using 2 × Laemmli buffer (Bio-Rad) at 95°C for 5 min 
at 1000  rpm. Proteomics were performed at the Mass 
Spectrometry (MS) Core Facility at the German Cancer 
Center (DKFZ).

Statistical Analysis

Two-tailed t-test was performed if not stated otherwise 
using Prism9. Significance is indicated using the following 
legend: ≤0. 05 (*), ≤0.01 (**), ≤0.001 (***). Survival analysis 
was performed using a log-rank test in Prism9.

Accession Numbers

RNA-seq data have been deposited in NCBI’s Gene 
Expression Omnibus under accession number GSE184567.

Results

TRIM67 is Overexpressed in Oligodendrogliomas.

To determine the transcriptional differences between 
oligodendrogliomas and astrocytomas, we analyzed LGG 
samples from The Cancer Genome Atlas RNA sequencing 

(RNA-seq) dataset. We identified TRIM67 as 1 of the most 
significantly upregulated genes in oligodendrogliomas 
(Figure 1A, Supplementary Figure 1A). TRIM67 ex-
pression was increased approximately 3.5-fold in 
oligodendrogliomas compared to astrocytomas or GBM 
(Figure 1A). A pan-cancer comparison showed TRIM67 ex-
pression is high in LGGs (i.e., oligodendrogliomas) than 
in most other tumor types, except for neuroblastoma and 
paraganglioma (Supplementary Figure 1B, C). In the adult 
human brain, TRIM67 expression seems to be particularly 
enriched in medial ganglionic eminence-derived inter-
neurons (Supplementary Figure 1D). TRIM67 upregulation 
in oligodendrogliomas may be due to an epigenetic con-
trol mechanism involving promoter hypomethylation19 and 
open chromatin structure (Supplementary Figure 1E, F). 
Overall, these results suggest TRIM67 may play a role in 
oligodendroglioma pathogenesis.

TRIM67 Alters Pathways Regulating Cytoskeletal 
Organization

To uncover the role of TRIM67 in gliomas, we used 2 
patient-derived oligodendroglioma lines (TS603 and 
SU-AO3), 3 patient-derived GBM lines (S24, TS600, and 
TS543), and cultured hNPCs (Supplementary Figure 2A). 
Of the 2 oligodendroglioma lines, SU-AO3 showed en-
dogenous TRIM67 expression, whereas TS603 did not ex-
press TRIM67 (Supplementary Figure 2B). We transduced 
the SU-AO3s with shRNAs targeting TRIM67 to generate 
knockdown lines and ectopically expressed Flag-tagged 
TRIM67 in the other lines (Figure 1B, 2D). To gain insight 
into TRIM67 function, we performed RNA-seq on empty 
vector (EV) or TRIM67OE TS603, S24, TS600, TS543, and 
hNPC cells and identified significantly altered genes upon 
TRIM67 overexpression (Supplementary Table 1). In the 
TS603 line, cytoskeleton/cell adhesion-associated genes 
accounted for the majority of differentially expressed 
genes (Supplementary Figure 2C). KEGG pathway and 
gene ontology analysis indicated the cytoskeleton and 
focal adhesion were among the most significantly altered 
pathways (Supplementary Figure. 2D). Pathways altered 
by TRIM67 in different cell lines revealed significant alter-
ation of cytoskeleton-related pathways, such as paxillin 
signaling, Rho GTPase signaling, RAC signaling, integrin 
signaling and actin cytoskeleton signaling (Supplementary 
Figure 2E), suggesting a potentially ubiquitous role of 
TRIM67 in regulating cytoskeleton/cell adhesion-related 
pathways.

To further elucidate TRIM67-dependent mechanisms, we 
performed MS-based approaches using total cell extracts 
or TRIM67 pulldown using Flag antibody (Supplementary 
Table 2, Supplementary Figure 2F). The total cell extract-MS 
approach using 2 different ectopic TRIM67-expressing cell 
lines (TS603 and S24) showed a significant change in the 
abundance of cytoskeletal/cell adhesion proteins (Figure 
1C–D, Supplementary Figure 2G), and the associated cyto-
skeletal, cell adhesion and Rho GTPase signaling pathways 
(Figure 1E–F). In the TRIM67-Flag coimmunoprecipitation 
(co-IP)-MS experiment in S24 cells, most TRIM67-
interacting partners were cytoskeletal/cell adhesion pro-
teins (Figure 1G, Supplementary Figure 2F). We compared 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac233#supplementary-data
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http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac233#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac233#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac233#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac233#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac233#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac233#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac233#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac233#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac233#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac233#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac233#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac233#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac233#supplementary-data
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Figure 1. TRIM67 overexpression influences cytoskeletal proteins and pathways. (A) Bar plot shows log2 expression of TRIM67 in 
oligodendrogliomas, astrocytomas, and IDH wild-type (wt) gliomas. The Cancer Genome Atlas LGG RNA-seq data were downloaded from 
GlioVis.39 Histopathological classification is based on the 2007 WHO classification of CNS tumors. (B) Immunoblotting for Flag in EV (−) or 
TRIM67OE (+) hNPC, S24, TS603 cells (upper panel) and TS600 and TS543 cells (lower panel). Actin serves as the loading control. (C, D) Volcano 
plots highlighting differentially abundant proteins shown in red (−log10[P value] >1,4, absolute[log2 fold change] > 1) identified by mass spectrom-
etry (MS) in TRIM67OE TS603 (C) or S24 cells (D) compared to EV control cells. Proteins of interest are shown in the plot. (E-G) Top 10 significantly 
enriched cytoskeletal pathways among the differentially abundant proteins (-log10[P value] >1,4) in TRIM67OE TS603 (E), TRIM67OE S24 (F), and 
Co-IP MS experiment in TRIM67OE TS603 cells (G). (H) Heatmap comparison of pathways enriched among the differentially abundant proteins in 
TRIM67OE cells (S24_MS and TS603_MS) and the putative TRIM67 interacting partners in TS603 cells (TS603_Co-IP_MS). (I) Heatmap showing 
the differentially abundant signaling proteins within the Rho family GTPases for S24_MS, TS603_Co-IP_MS, and TS603_MS.
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Figure 2. TRIM67 overexpression induces membrane blebbing and rounded cell morphology. (A) Representative IF images of EV or TRIM67OE 
HEK293TN cells. DIC indicates bright-field images, Flag in green, F-Actin in red, and DAPI in blue. The zoomed regions of interest (ROI) are 
shown by white rectangles. Membrane blebs are indicated by white arrows. Scale bar, 10 μm. (B) Representative IF images of EV or TRIM67OE 
TS603 cells. DIC indicates bright-field images, TRIM9 in green, F-Actin in red, and DAPI in blue. The zoomed ROI are shown by white rectangles. 
Membrane blebs are marked by white arrows. Scale bar, 25 μm. (C) Quantification of (A) and (B). * P < .05, *** P < .001. (D) Immunoblotting for 
TRIM67 and GAPDH in SU-A03 cells transduced with scrambled shRNA, or TRIM67 shRNA (sh1 or sh4). E) Representative IF images of SU-A03 
cells transduced with scrambled shRNA, TRIM67 shRNA (sh.1 or sh.4). DIC indicates bright-field images, TRIM9 in green, F-Actin in red, and DAPI 
in blue. Membrane blebs are indicated by white arrows. Scale bar, 8 μm. (F) Quantification of (E). *** P < .001.
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our independent MS experiments and analyzed the overlap 
of the differentially active pathways, which showed actin 
cytoskeleton and Rho GTPase signaling among the top 
hits (Figure 1H). Detailed examination of these pathways 
indicated several members of Rho family GTPases were al-
tered (Figure 1I). Taken together, our high-throughput data 
suggest TRIM67 triggers changes in the cellular cytoskel-
eton, cell adhesion, and Rho GTPase signaling.

TRIM67 Influences the Structure or Expression of 
Cytoskeletal Proteins

Next, we aimed to address how TRIM67 affects cytoskeletal 
proteins. We performed immunofluorescence (IF) staining 
for a set of cytoskeletal proteins, including actin, tubulin, 
and F-actin. To observe the transient changes in the cyto-
skeletal structures upon TRIM67 ectopic expression, we 
transiently transfected HEK cells with actin-RFP or tubulin-
RFP. IF showed actin-RFP and tubulin-RFP formed cyto-
skeletal clumps in HEK cells upon TRIM67 overexpression 
(Supplementary Figure 3A, C). F-actin levels decreased 
significantly upon TRIM67 overexpression in hNPCs and 
TS600s (Supplementary Figure 3B, D). F-actin levels were 
comparable in EV and TRIM67OE TS603s but significantly 
reduced in TS600s by western blot (WB) (Supplementary 
Figure 3E–F). Of note, β-actin levels did not significantly 
alter upon TRIM67 overexpression (Supplementary Figure 
3E–F). These results suggest that TRIM67 alters the abun-
dance and distribution of cytoskeleton-associated proteins.

Ectopic TRIM67 Expression Induces the 
Formation of Membrane Blebs

We used confocal microscopy and F-actin staining to in-
vestigate how TRIM67 alters the cytoskeleton. In HEK cells, 
the morphology of epithelial-like adherent cells changed to 
a round cell structure upon transient TRIM67 transfection 
(Figure 2A). Remarkably, both differential interference con-
trast (DIC) and fluorescent F-actin images showed ectopic 
TRIM67 expression-induced membrane blebs, and TRIM67 
clustered adjacent to the blebs (Figure 2A).

We next tested the interaction of TRIM67 with TRIM9, the 
TRIM family member with the closest sequence homology 
to TRIM67. Both proteins associate with the cytoskeleton,7 
regulate filopodia extension,6 and play important roles in 
axon branching and synaptic vesicle formation.8 Using 
WB, we detected a marked increase in TRIM9 levels in 3 
glioma lines (Supplementary Figure 4A–B). We confirmed 
the physical interaction and coexistence of TRIM67 and 
TRIM9 by co-IP and IF (Supplementary Figure 4C–F). In 
HEK cells, transiently transfected TRIM9-GFP localized to 
cytoskeletal mesh-like fibers (Supplementary Figure 4E). 
Upon TRIM67 coexpression, this specific localization con-
verted into a vesicle-like aggregate structure, in which 
TRIM67 and TRIM9 co-exist (Supplementary Figure 4E). The 
altered TRIM9 localization upon TRIM67 coexpression was 
confirmed with the Myc-TRIM9 construct (Supplementary 
Figure 4F), excluding a potential artifact caused by the 
GFP tag. Of note, TRIM67 and TRIM9 antibodies were spe-
cific and showed no cross-reactivity (Supplementary 

Figure 4G). Endogenous TRIM9 clustered with F-actin in 
the TRIM67-induced membrane blebs in the TS603 oligo-
dendroglioma line (Figure 2B). The percentage of cells with 
membrane blebs increased several folds upon TRIM67 
overexpression (Figure 2C).

Next, we validated the membrane blebbing phenotype 
with another patient-derived oligodendroglioma line, 
SU-AO3, with endogenous TRIM67 expression. To mod-
ulate TRIM67 levels, we performed overexpression or 
shRNA knockdown of TRIM67 (Supplementary Figure 5B, 
Figure 2D). SU-AO3s with scrambled shRNA exhibit mem-
brane blebbing, and after TRIM67 knockdown, the bleb 
formation was inhibited and cells became more adherent 
(Figure 2E–F). Endogenous F-actin staining showed elon-
gated F-actin morphology upon TRIM67 knockdown and 
partial colocalization with Flag-TRIM67 near membrane 
blebs (Supplementary Figure 5A, 5C). TRIM67-induced 
blebbing was more pronounced in TRIM67OE than in con-
trol cells (Supplementary Figure 5D–E).

To further demonstrate the role of TRIM67 in mem-
brane blebbing, we used the nonmuscle class  II myosin 
inhibitor blebbistatin in TS603 cells. While blebbistatin 
had no significant effect on the F-actin structure and cy-
toskeleton morphology of control cells, TRIM67-induced 
membrane bleb formation was significantly inhibited and 
reverted to a more adherent phenotype with longer pro-
trusions in TRIM67OE cells after blebbistatin treatment 
(Supplementary Figure 6A–B). Overall, these data suggest 
ectopic TRIM67 expression triggers membrane blebbing 
and alters cytoskeletal proteins.

TRIM67-Driven Membrane Blebbing is Linked to 
Rho GTPase Signaling

We then investigated the mechanism by which TRIM67 
triggers membrane blebbing. According to RNA-seq and 
MS data, Rho GTPases were highly altered upon TRIM67 
overexpression (Supplementary Figure 2E and Figure 
1E–I). Rho GTPase signaling plays a major role in cyto-
skeleton dynamics and membrane blebbing20; therefore, 
we hypothesized that TRIM67 may regulate Rho GTPase 
signaling to stimulate membrane blebbing. We performed 
GTP pulldown to detect the activity of GTP-bound Rho 
GTPases. This revealed significantly enhanced RHOA but 
reduced RAC1 activity in TRIM67OE TS603 cells (Figure 
3A–C). Consistently, RHOA-ROCK induces membrane 
blebbing whereas RAC1 suppresses it.21 Indeed, we ob-
served a significant increase in ROCK2 protein levels upon 
TRIM67 overexpression (Figure 3D–E).

To further test the involvement of ROCK signaling 
in TRIM67-driven blebbing, we used the selective 
ROCK inhibitor fasudil. F-actin cytoskeleton structure 
in control cells were not altered by fasudil treatment 
(Supplementary Figure 6C). However, inhibition of 
ROCK significantly reversed TRIM67-driven membrane 
blebbing (Figure 3H–I). To exclude the off-target effects 
of fasudil, we used other specific ROCK2 inhibitors, 
RKI-1447, and belumosudil. Both inhibitors decreased 
TRIM67-induced blebs (Supplementary Figure 8A–B). We 
next examined the Rho/ROCK upstream activator and 
neurite outgrowth inhibitor NOGO-A as a potential target 
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for TRIM67-induced blebbing.22,23 Consistently, NOGO-A 
was upregulated in TRIM67-expressing cells by WB and 
IF (Figure 3F, G, J, L). Moreover, NOGO-A showed a sim-
ilar distribution pattern and partial colocalization with 
F-actin and Flag-TRIM67 at specific sites (Figure 3J, K, 
M, N). These results suggest that TRIM67-induced mem-
brane blebbing may result from altered NOGO-A/Rho 
GTPase/ROCK signaling.

To find ubiquitin-related targets of TRIM67, we per-
formed a whole-cell extract-MS approach with or without 
the proteasomal inhibitor MG132 in TRIM67OE TS603s. 
In MG132-treated cells, we detected an increased abun-
dance of MYO6, an unconventional minus-end my-
osin involved in membrane ruffling by anchoring the 
plasma membrane to the cytoskeleton24 as the top hit 
(Supplementary Figure 7A). We observed an interaction 
of TRIM67 with MYO6 after Flag-TRIM67 pulldown in S24 
and TS603 cells (Supplementary Figure 7B, C). In addition, 
MYO6 localized in TRIM67-induced blebs partially over-
lapped with F-actin and Flag-TRIM67 (Supplementary 
Figure 7D–F). This suggests MYO6 could be targeted by 
TRIM67 and may play a role in regulating the blebbing 
phenotype.

TRIM67 Expression Promotes Cell Migration

Membrane blebbing can lead to increased cell migration 
or apoptosis.25 To rule out apoptosis, we performed IF for 
apoptotic markers cleaved caspase-3 and cleaved PARP. 
Despite membrane blebbing, we did not detect apoptosis 
in TRIM67OE TS600 and TS603 cells (Supplementary Figure 
9A–B). To determine the effects of TRIM67 on cell migration 
and invasion, we performed WB to assess the expression 
of several migration/invasion markers. Levels of phospho-
FAK, phospho-Akt, and vimentin increased, whereas 
tensin-2 was reduced upon TRIM67 overexpression (Figure 
4A–B). Tensin-2 negatively regulates Akt signaling and con-
sequently cell proliferation and migration,26 suggesting 
that TRIM67 may activate cell migration and invasion 
pathways. To further test this hypothesis, we performed 
wound healing assays using a neuroblastoma cell line with 
endogenous TRIM67 expression (SK-N-BE(2)), a TRIM67-
deficient TS600 line, and transiently transfected HEK cells. 
SK-N-BE(2) cells showed significantly reduced migra-
tion after TRIM67 knockdown (Figure 4C, Supplementary 
Figure 10A, B). Similarly, TS600s and HEKs had increased 
cell migration upon TRIM67 overexpression (Figure 4D, 
Supplementary Figure 10B–D). F-actin staining of the mi-
gratory cells in the wound healing assay showed natural 
TRIM67-expressing SK-N-BE(2) cells retained bleb-based 
cell migration, and membrane blebs were inhibited by 
TRIM67 knockdown (Figure 4E). On 5 distinct coating ma-
trices, surface adhesion reduced significantly in TRIM67OE 
TS603s (Figure 4F–G) and increased in SU-AO3s with 
TRIM67 knockdown (Supplementary Figure 8C–D). 
Treatment with fasudil or blebbistatin resulted in a partial 
yet significant reversal of TRIM67-driven reduced adhesion, 
linking Rho GTPase-dependent blebbing with tumorigen-
esis (Supplementary Figure 8E–F). These results indicate 
that TRIM67 leads to enhanced cell migration with poor cell 
adhesion, a hallmark of cancer.

TRIM67 Overexpression Leads to Increased 
Tumor Growth and Reduced Survival In vivo

To address whether TRIM67 is oncogenic in vivo, we 
orthotopically implanted EV or TRIM67OE TS603s at 2 di-
lutions (5000 or 50  000 cells) into the frontal lobes of 
athymic nude mice. TRIM67 overexpression significantly 
increased tumor growth as measured by BLI, reaching sig-
nificance on day 18 (50 000 cells) (Supplementary Figure 
10F–H) or day 27 (5000 cells) post-implantation (Figure 
5A, B). TRIM67 overexpression in TS603s resulted in a sig-
nificantly reduced overall survival when 5000 cells per 
mouse were implanted (Figure 5C). The reduced survival 
was also recapitulated with 50 000 cells, albeit the differ-
ence in median overall survival was not as pronounced 
(Supplementary Figure 10I). Remarkably, implantation 
of SU-AO3 cells with TRIM67 knockdown led to a marked 
increase in overall survival (Figure 5D).

We performed H&E, Flag, and Ki-67 staining on 2 selected 
coronal sections from mice implanted with 50  000 EV or 
TRIM67OE TS603s. Flag staining confirmed the sustained 
constitutive expression of TRIM67 in vivo and revealed a 
significantly higher tumor burden associated with TRIM67 
overexpression as measured by H&E and deformation of 
brain anatomy (Figure 5E). Of note, we did not detect a signif-
icant difference in Ki-67 levels upon TRIM67 overexpression 
(Figure 5F) but H&E quantification showed a significantly 
higher tumor content when TRIM67 was overexpressed 
(Figure 5G). To investigate whether TRIM67-expressing cells 
are invasive in vivo, we performed immunohistochemistry 
with the EMT marker vimentin using a human-specific an-
tibody to detect only the implanted tumor cells. Increased 
vimentin expression in cancer correlates well with increased 
tumor growth, invasion, and poor prognosis.27 Region of 
interest analysis in randomly selected areas of the tumor 
margin showed a significant accumulation of vimentin 
in the cytoplasm surrounding the nucleus in TRIM67-
overexpressing tumors (Figure 5H, I).

In conclusion, our study identified TRIM67 as a novel on-
cogene in oligodendrogliomas. Mechanistically, our results 
show overexpressed TRIM67 alters Rho GT Pase signaling 
and induces membrane blebbing, triggering tumor migra-
tion and expansion with higher mortality.

Discussion

TRIM67 plays an essential role in neuronal develop-
ment.4,6–8 Here, we identify TRIM67 as an oncogene that 
may have major implications for oligodendroglioma pa-
thology. Our results indicate that TRIM67 activates the 
NOGO-A/Rho GTPase/ROCK signaling-dependent mem-
brane blebbing mechanism, leading to cell motility and 
tumor progression (Figure 5J).

TRIM67 plays a tumor-suppressive role in colon, gastric 
and lung cancers,11,28,29 while functioning as an oncogene 
in NSCLC.12 Our study shows oligodendroglioma is another 
example of a tumor in which TRIM67 functions as an onco-
gene, leading to reduced overall survival, increased tumor 
volume, and increased vimentin expression at the tumor 
margin in orthotopic oligodendroglioma implantation 
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Figure 3. TRIM67 induces membrane blebbing through NOGO-A/Rho GTPase/ROCK signaling. (A, B) Immunoblotting for RHOA (A) or RAC1 
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zoomed ROI are shown by white rectangles. Scale bar, 8 μm. (K) Colocalization of NOGO-A and F-actin in the regions indicated by the white lines 
in (J) (3rd panel in the last column). (L) Bar plot showing the average intensity of NOGO-A in EV or TRIM67OE TS603s. (M) Representative IF images 
of TRIM67OE TS603 cells. NOGO-A in green, Flag in red, and DAPI in blue. The zoomed ROI are shown by white rectangles. Scale bar, 8 μm. (N) 
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models. Although further studies are needed, our findings 
suggest an oncogenic role for TRIM67 in neuroblastoma. 
Overall, the broad spectrum of mechanistic and phenotypic 
roles of TRIM67 in various cancers suggests its function is 
highly tissue-dependent. An interesting point to be explored 
in future studies may be to determine the similar features 
between oligodendrogliomas and NSCLC that permit the 
oncogenic functions of TRIM67 to emerge.

Remarkably, a large number of TRIM proteins play an 
oncogenic role in gliomas,30-34 with TRIM3 being an ex-
ception.35 In this context, TRIM67 emerges as another 
member of the TRIM family with an oncogenic function in 
gliomas. The TRIM-protein family has E3 ubiquitin ligase 
activity, and direct ubiquitination targets of TRIM67 have 
been restricted to 80-K-H, such that TRIM67-induced deg-
radation of 80-K-H leads to altered Ras signaling.10 In a 
recent MS-based study,7 potential TRIM67 and TRIM9 ubi-
quitination targets were discovered in primary mouse cor-
tical neurons, with NOGO-A as a potential ubiquitination 
target of TRIM67 that requires further functional charac-
terization in the context of gliomas. Our MS experiments 
with patient-derived glioma tumorspheres provide candi-
dates, including MYO6, to investigate potential TRIM67 tar-
gets. Comparison of TRIM67 interactome between primary 
gliomas and mouse cortical neurons may lead to the dis-
covery of key TRIM67 targets underlying tumorigenesis.

Crosstalk between TRIM9 and TRIM67 also needs further 
investigation. It has been suggested that TRIM9 and TRIM67 
may act antagonistically by regulating VASP degradation 
and filopodia extension.6 However, ubiquitylome analysis in 
mouse cortical neurons indicated TRIM9 and TRIM67 could 
have redundant and nonredundant functions.7 Our study 
shows enrichment of TRIM9 protein levels upon TRIM67 
overexpression, and physical interaction and colocalization 
of TRIM9 with TRIM67. However, further efforts are needed to 
fully elucidate the TRIM67/TRIM9 interaction axis and cross-
talk with other TRIMs in gliomagenesis.

Recent efforts have focused on mapping the TRIM67 
interactome. Using the Bio-ID-MS approach, Menon et al. re-
ported the interacting partners of TRIM67 mainly consist of 
cytoskeletal, synaptic, exocytosis, and endocytosis proteins 
in mouse cortical neurons.7 Similarly, our IP-MS and total 
lysate-MS data demonstrate that the TRIM67 interactome 
contains mainly proteins associated with the cytoskeleton, 
endocytosis, cell adhesion, and cell junction. Moreover, our 
work identifies additional TRIM67-targeted pathways, such as 
Rho GTPase, RhoA, and Rac signaling. These altered signaling 
pathways may underlie glioma pathogenesis. For example, 
metastatic cancer cells benefit from both elongated and 
rounded modes of migration.36 These two different modes 
of movement are regulated by Rho GTPases. Elongated cell 
migration is driven by RAC1 activity and couples with F-actin-
containing protrusions and extracellular matrix (ECM) degra-
dation. On the other hand, bleb-based rounded cell migration 
is triggered by RHOA/C signaling-mediated ROCK activity 
and accompanied by actomyosin contractility without the 
need for ECM proteolysis.37 Bleb-based rounded cell motility 
predominates when active Rho-ROCK signaling is coupled 
with suppressed RAC1 signaling.21 Consistently, our results 
indicate activated Rho-ROCK and inhibited RAC1 signaling 
may underlie the TRIM67-driven membrane blebbing. Active 
RHOA signaling is expected to increase levels of cytoskeletal 

proteins, including F-actin. We detect enrichment of some 
cytoskeletal proteins, but we identify a significant reduction 
in F-actin levels in TRIM67OE hNPCs and TS600s. One reason 
may be that TRIM67-induced filopodia dynamics, exocytosis, 
and synaptic vesicle formation lead to the loss of cell mem-
brane and cytoskeleton structures, resulting in reduced phal-
loidin staining.

From a translational perspective, a comprehensive eval-
uation of the transcriptional changes that distinguish 
oligodendrogliomas from astrocytomas could ultimately serve 
either as a therapeutic target or as a pathological biomarker 
to distinguish subtypes when additional markers are needed. 
Indeed, TRIM67 has recently been shown to be a highly abun-
dant protein that distinguishes oligodendrogliomas.38 Our 
work has revealed a functional pathogenic mechanism and 
points to a basis for a new therapeutic strategy. Inhibition of 
the Rho-ROCK pathway may be considered an additional or 
complementary therapeutic option for oligodendrogliomas. 
In addition, targeting bleb-based cell motility could be an al-
ternative strategy. Such therapeutic options could be explored 
in combination with other therapies currently being tested in 
clinical trials for IDH mutant gliomas, including IDH inhibitors. 
In conclusion, our results highlight TRIM67 as a highly ex-
pressed gene in oligodendrogliomas, point to the inhibition 
of TRIM67-mediated pathways as a viable therapeutic target, 
and demonstrate the potential use of TRIM67 as a biomarker 
unique to oligodendrogliomas.
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