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ARTICLE INFO ABSTRACT

Keywords: Objective: Glioblastoma is one of the most common intracranial malignant tumors with an unfavorable prognosis,

Glioblastgma and iron metabolism as well as ferroptosis are implicated in the pathogenesis of glioblastoma. The present study

Ferroptosis aims to decipher the role and mechanisms of tripartite motif-containing protein 7 (TRIM7) in ferroptosis and

gecr?lﬁi glioblastoma progression.

TRIM? Methods: Stable TRIM7-deficient or overexpressing human glioblastoma cells were generated with lentiviral
vectors, and cell survival, lipid peroxidation and iron metabolism were evaluated. Inmunoprecipitation, protein
degradation and ubiquitination assays were performed to demonstrate the regulation of TRIM7 on its candidate
proteins.

Results: TRIM7 expression was elevated in human glioblastoma cells and tissues. TRIM7 silence suppressed
growth and induced death, while TRIM7 overexpression facilitated growth and inhibited death of human glio-
blastoma cells. Meanwhile, TRIM7-silenced cells exhibited increased iron accumulation, lipid peroxidation and
ferroptosis, which were significantly reduced by TRIM7 overexpression. Mechanistically, TRIM7 directly bound
to and ubiquitinated nuclear receptor coactivator 4 (NCOA4) using K48-linked chains, thereby reducing NCOA4-
mediated ferritinophagy and ferroptosis of human glioblastoma cells. Moreover, we found that TRIM7 deletion
sensitized human glioblastoma cells to temozolomide therapy.

Conclusion: We for the first time demonstrate that TRIM7 modulates NCOA4-mediated ferritinophagy and fer-
roptosis in glioblastoma cells, and our findings provide a novel insight into the progression and treatment for
human glioblastoma.

1. Introduction chemotherapy, the median survival rate of these patients is only

approximately 1 year [1-5]. Ferroptosis is a novel form of programmed

Glioblastoma is one of the most common intracranial malignant tu- cell death and is mainly triggered by iron-induced accumulations of
mors and remains incurable, with an unfavorable prognosis even toxic lipid-based reactive oxygen species (ROS), which ultimately pro-
following the standard treatments after diagnosis. Despite the develop- motes polyunsaturated fatty acids peroxidation, membrane fragmenta-
ment of surgical intervention, radiotherapy and temozolomide (TMZ) tion and cell death [6-9]. Iron is essential for the execution of
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ferroptosis, and regulation of intracellular iron homeostasis is often
orchestrated by multiple molecular mechanisms regarding the uptake,
export and release [10-12]. Ferritin is composed of ferritin heavy
polypeptide 1 (FTH1) and ferritin light polypeptide 1, and functions as
the major iron sequestration and storage protein to decrease intracel-
lular iron concentrations. In contrast, ferritin proteolytic degradation
leads to rapid releases of iron, and subsequently increases intracellular
iron levels and ferroptosis [13-15]. Nuclear receptor coactivator 4
(NCOA4) is identified as a cargo receptor for the autophagic degradation
of ferritin that is known as ferritinophagy, and NCOA4-mediated ferritin
turnover contributes to the elevation of intracellular iron levels and
subsequent ferroptosis in different cell types, including the glioblastoma
cells [16,17]. In addition, transferrin (TF)/transferrin receptor
(TFR)-mediated iron uptake and ferroportin 1 (FPN1)-mediated iron
export are also implicated in maintaining intracellular iron concentra-
tions [10,12,18]. Intriguingly, glioblastoma cells are especially sensitive
to intracellular iron levels due to the alterations of various
iron-dependent enzyme activities and iron metabolism-related proteins
[19]. Accordingly, emerging studies have demonstrated indispensable
roles of iron metabolism and ferroptosis in glioblastoma progression.
Zhu et al. reported that ferroptosis signature was different in human
glioblastoma, and that some hub ferroptosis-related genes could inde-
pendently predict the prognosis of glioblastoma patients [20]. And
findings from Buccarelli et al. and Chen et al. revealed that igniting
ferroptosis significantly enhanced susceptibility of glioblastoma cells
and glioblastoma stem cells to TMZ treatment, thereby reducing recur-
rence and extending the survival period of glioblastoma patients [21,
22]. Based on these results, it is reasonable to treat human glioblastoma
through targeting ferroptosis.

Tripartite motif-containing proteins (TRIMs) are a family of E3
ubiquitin ligases and mediate endogenous proteins for degradation by
the ubiquitin-proteasome system [23,24]. TRIMs are implicated in the
pathogenesis of various human tumors, including the glioblastoma. Liu
et al. identified TRIM3 as a tumor suppressor, and TRIM3 down-
regulation accelerated the growth and proliferation of glioblastoma cells
[25]. Feng et al. demonstrated that TRIM14 overexpression evidently
promoted epithelial-mesenchymal transition in glioblastoma cells, and
that its level correlated with glioblastoma progression and shorter pa-
tient survival times [26]. A very recent study by Ji et al. indicated that
TRIM22 activated nuclear factor-kB pathway through its E3 ligase ac-
tivity, and subsequently promoted glioblastoma cell proliferation in vivo
and in vitro [27]. TRIM7 is a member of TRIMs family and contains an
N-terminal RING finger, a B-box domain, a coiled-coil domain and a
C-terminal PRY/SPRY domain [28]. TRIM7 is dysregulated in various
human tumors, and positively or negatively regulates tumor cell pro-
liferation. Chakraborty et al. reported that TRIM7 mediated K63-linked
ubiquitination and subsequent protein stabilization of RING domain
AP-1 co-activator 1, thereby increasing cell growth and lung tumor
burden [29]. Meanwhile, Zhou et al. found that TRIM7 promoted oste-
osarcoma cell migration and invasion through ubiquitinating breast
cancer metastasis suppressor 1 at the K184 site [30]. In contrast, other
findings showed that TRIM7 could suppressed tumor growth in vivo and
in vitro [31-33]. In the present study, we aim to decipher the role and
mechanisms of TRIM?7 in the progression of glioblastoma.

2. Materials and methods
2.1. Chemicals

Ferrostain-1 (Fer-1, #S7243), liproxstatin-1 (Lip-1, #57699), defer-
oxamine mesylate (DFO, #S5742), ciclopirox ethanolamine (CPX,
#S83019), erastin (#S7242), RSL3 (#S8155), 3-methyladenine (3-MA,
#S2767) and chloroquine (CQ, #S6999) were purchased from Selleck
Chemicals (Houston, TX, USA). Necrosulfonamide (NSA, #ab143839; a
necroptosis inhibitor), Z-VAD (OH)-FMK (Z-VAD, #ab120382; an irre-
versible general caspase inhibitor), BrdU Cell Proliferation ELISA Kit
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(#ab126556), lactate dehydrogenase (LDH) assay kit (#ab65393) and
colorimetric Iron Assay Kit (#ab83366) were obtained from Abcam
(Cambridge, UK). Ferric ammonium citrate (FAC, #RES20400-A7),
cycloheximide (CHX, #01810), MG132 (proteasome inhibitor,
#M7449), temozolomide (TMZ, #T2577), cell counting kit-8 (CCK-8,
#96992) and Lipid Peroxidation Assay Kit (#MAKO085) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Lipofectamine™ 3000
Transfection Reagent (#L3000001), Pierce BCA Protein Assay Kit
(#23225), Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit
(#A22188) and B27 (#17504044) were purchased from ThermoFisher
Scientific (Rockford, IL, USA). Basic fibroblast growth factor (bFGF,
#AF-100-18B) and epidermal growth factor (EGF, #AF-100-15) were
purchased from Peprotech (Cranbury, NJ, USA). Lipid Peroxidation
Assay Kit (#A106) was purchased from Nanjing Jiancheng Bioengi-
neering Institute (Jiangsu, China). Dihydroethidium (DHE, #S0063)
was purchased from Beyotime (Shanghai, China). Human TRIM?7 iso-
form 1 cDNA (#RG224754) was cloned from Origene Technologies
(Rockville, MD, USA) and then transferred into the lentiviral expression
vector by GeneChem Co., Ltd. (Shanghai, China). Three short hairpin
RNA sequences against human TRIM7 (shTRIM7) or shNCOA4 carried
by lentivirus were generated by GeneChem Co., Ltd., and the oligonu-
cleotide sequences (sense strand) were provided in Online Supplemen-
tary Table L.

2.2. Cell lines and treatments

Two human normal brain astroglia cells (SVG and HA1800), two
human glioblastoma cells (A172 and U87MG) and HEK293T cells were
purchased from ATCC (Manassas, VA, USA), and cultured in DMEM
medium containing 10% fetal bovine serum. To construct stable TRIM7-
deficient glioblastoma cells, A172 and U87MG cells were infected with
shTRIM7 at a multiplicity of infection (MOI) of 10. After 48 h of infec-
tion, the cells were incubated with puromycin (2 pg/mL) for 14 days to
select the stable expression cells, and the stable TRIM7-knockdown
clones were validated by immunoblot (IB), whereas the cells stably
transfected with scramble control shRNA vector were used as the
negative control [17,31]. Meanwhile, stable TRIM7-overexpressing
glioblastoma cells were also constructed using the lentiviral system. In
addition, CRISPR/Cas9 system was applied to generate TRIM7-knockout
(KO) glioblastoma cells as previously described [31]. Briefly, A172 cells
were transfected with a sgRNA targeting TRIM7 (Online Supplementary
Table I) using the pLentiCRISPRv2 system, followed by a puromycin (2
pg/mL) selection. The non-specific sgRNA-transfected cells were used as
the wild type (WT) control. The surviving colonies were passaged and
validated by IB. To inhibit ferroptosis, necroptosis or apoptosis,
TRIM7-deficient cells were incubated with Fer-1 (1 pmol/L), Lip-1 (0.2
pmol/L), NSA (0.5 pmol/L) or Z-VAD (10 pmol/L) as previously
described [12,34]. To chelate intracellular iron, shTRIM7-infected
glioblastoma cells were incubated with DFO (100 pmol/L, membrane
impermeable) or CPX (5 pmol/L, membrane permeable) [12,17]. In
contrast, FAC was used to increase intracellular iron levels of
TRIM7-deficient cells as previously described [17]. To induce ferrop-
tosis of glioblastoma cells, TRIM7-overexpressing A172 and U87MG
cells were stimulated with erastin (5 pmol/L) or RSL3 (2 pmol/L) for 72
h [12]. To inhibit autophagy, TRIM7-deficient A712 cells were incu-
bated with 3-MA (10 mmol/L) or CQ (3 pmol/L) [17]. To silence
endogenous NCOA4, TRIM7-deficient A712 cells were infected with the
lentiviral vectors carrying shNCOA4 at a MOI of 10 for 12 h, and then
maintained in fresh DMEM medium for an additional 72 h. Moreover,
WT or KO A172 cells were incubated with TMZ (100 pmol/L) to further
determine whether TRIM7 KO could sensitize glioblastoma cells to TMZ
chemotherapy [22].

To investigate the necessity of RING domain in TRIM7-mediated
NCOA4 degradation, Cys29 and Cys32 in the RING finger were
mutated to Ala (Flag-TRIM7 CA) to destroy the integrity of the RING
domain [29]. Meanwhile, we mutated a conserved Try57 to Ala
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(Flag-TRIM7 WA) to block the interaction of the RING domain with
ubiquitin-conjugating enzymes [29]. The WT and these mutant plasmids
of human TRIM7 were co-transfected with HA-NCOA4 into HEK293T
cells for 72 h using a Lipofectamine™ 3000 Transfection Reagent. In
addition, DNA fragments encoding various truncated TRIM7 were also
generated, which were then co-transfected with HA-NCOA4 plasmid
into HEK293T cells for 72 h to determine specific domains for the
interaction between TRIM7 and NCOA4.

2.3. Protein degradation assay

To investigate whether TRIM7 destabilized NCOA4 protein, TRIM7-
overexpressing or control A172 cells were incubated with CHX (10
pmol/L) to inhibit protein synthesis, and cell lysates were prepared at 0,
3, 6 and 9 h for IB analysis [35]. In addition, TRIM7-overexpressing
A172 cells were treated with MG132 (10 pmol/L) for 6 h to suppress
proteasome-mediated protein degradation [28,31].

2.4. Cell growth and proliferation

Cell growth was measured by CCK-8 method as previously described
[36,37]. Briefly, cells were incubated with 10% CCK-8 solution at 37 °C
for 4 h, and then the absorbance was detected at 450 nm. Cell prolif-
eration was determined by a BrdU Cell Proliferation ELISA Kit according
to a previous study [38]. In addition, colony formation assay was also
performed to evaluate glioblastoma cells proliferation [39,40]. Briefly,
glioblastoma cells were seeded into 6-well plates and cultured for 14
days, which were then fixed in methanol for 30 min, stained with 0.5%
crystal violet at room temperature for 15 min and carefully rinsed with
tap water. The colonies larger than 50 pm were scored in a blinded
manner.

2.5. Cell death analysis

Cell death was analyzed by measuring LDH releases in the medium
using a commercial kit [17,41,42]. Briefly, cells were removed by a
600 x g centrifugation, and cell-free medium solution was incubated with
WST Substrate Mix and LDH Reaction Mix at room temperature for 30
min. The absorbance was measured at 450 nm and used to calculate cell
death ratio as previously described.

2.6. IB and immunoprecipitation (IP)

Cell lysates were prepared using RIPA lysis buffer and total protein
concentrations were assessed by a Pierce BCA Protein Assay Kit. Next,
20 pg proteins were separated by 10% SDS-PAGE and transferred onto
PVDF membranes. Membranes were blocked by 5% skimmed milk at
room temperature for 2 h and incubated with the primary antibodies at
4 °C overnight. The primary antibodies were listed as the Online Sup-
plementary Table II. On the second day, membranes were incubated
with horse radish peroxidase (HRP)-conjugated secondary antibodies at
room temperature for 2 h, and the blots were visualized by electro-
chemiluminescence substrate. Protein expression was normalized to
endogenous GAPDH using the Image Lab software (Version 6.0)
[43-45]. HEK293T cells expressing HA-NCOA4 and various truncated
TRIM7 were lysed and subjected to Flag IP, and then proteins were
washed from the beads, boiled and separated by SDS-PAGE [46,47].

2.7. Quantitative real-time PCR

Total RNA was extracted using TRIzol reagent and reversely tran-
scribed to cDNA using a Maxima First Strand cDNA Synthesis Kit (Roche)
according to the manufacturer’s instructions as previously described [48,
49]. Quantitative real-time PCR was performed with SYBR Green incor-
poration. The primer sequences were listed as below: human TRIM7,
forward: 5'-GCTCGGGGTTGAGATCACC-3', reverse: 5-CCAGGCACATT
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GCTACACCT-3’; human NCOA4, forward: 5-CAGCAGCTCTACTCGT
TATTGG-3/, reverse: 5'-TCTCCAGGCACACAGAGACT-3’; human GAPDH,
forward: 5'-GCACCGTCAAGGCTGAGAAC-3', reverse: 5-TGGTGAA-
GACGCCAGTGGA-3’. Gene expression was calculated with the PYAAC
method and normalized to the internal control GAPDH.

2.8. Iron assay

Intracellular ferrous iron levels were analyzed using a colorimetric
Iron Assay Kit according to the manufacturer’s instructions. Briefly, cells
were lysed in Iron Assay Buffer on ice and centrifuged at 16000 x g for 10
min to remove insoluble materials. And then the supernatants were
collected, incubated with assay buffer at 37 °C for 30 min, followed by
an incubation with 100 pL Iron Probe for an additional 1 h. Finally, the
absorbance was immediately measured at 593 nm, and iron concentra-
tions were calculated by the standard calibration curve method. Labile
iron pool (LIP) was detected by using calcein acetoxymethyl ester as
previously described [12]. Briefly, cells were incubated with calcein (2
pmol/L) at 37 °C for 30 min, and then mixed with DFO (100 pmol/L) to
remove calcein from iron. The change in fluorescence at 485 nm exci-
tation and 535 nm emission before- and post-DFO addition was calcu-
lated as the level of LIP.

2.9. Lipid peroxidation measurements

Lipid peroxidation was assessed by measuring intracellular lipid
peroxidase (LPO) level using a commercial kit following the manufac-
turer’s instructions. Briefly, cells were lysed, and incubated with Re-
agents 1 and Reagents 2 at 45 °C for 1 h. Next, the samples were
centrifuged at 4000xg for 10 min, and cell-free supernatants were
collected to detect LPO level at 586 nm. The level of intracellular
malondialdehyde (MDA) was detected by a Lipid Peroxidation Assay Kit
to further evaluate lipid peroxidation as previously described [50,51].
Briefly, cells were lysed on ice in the MDA Lysis Buffer and centrifuged at
13000xg for 10 min to remove insoluble materials. Next, the superna-
tants were incubated with TBA solution at 95 °C for 1 h, cooled down to
room temperature and measured at 532 nm. In addition, we also
detected the productions of hydrogen peroxide (H203) and superoxide
anion to evaluate oxidative stress as previously described. Briefly, cell
samples were prepared and incubated with Amplex Red reagent (100
pmol/L) and HRP (0.2 U/mL) at room temperature for 30 min protected
from light, and then the absorbance was measured at 560 nm [35].
Superoxide anion levels were detected by incubating glioblastoma cells
with DHE probe (10 mmol/L) at 37 °C for 30 min, and the fluorescence
was measured at 485 nm excitation and 530 nm emission [17].

2.10. In vivo and in vitro ubiquitination assays

For in vivo ubiquitination assays, HA-NCOA4 and His-ubiquitin (His-
Ub) plasmids were transfected into HEK293T cells with or without Flag-
TRIM?7 using a Lipofectamine™ 3000 Transfection Reagent. After 72 h,
cells were lysed and subjected to IP assay with anti-HA antibody-con-
jugated agarose beads. After washing for 5 times, proteins were eluted
from the beads and subjected to IB analysis. To identify the chain linkage
of ubiquitinated NCOA4, HEK293T cells were transfected with two
ubiquitin mutants, K48R and K63R, as previously described [29]. For in
vitro ubiquitination assays, the tested proteins were expressed by a TNT
Quick Coupled Transcription/Translation System (Promega, Madison,
WI, USA) according to the manufacturer’s instructions. The Flag-TRIM7
and HA-NCOA4 proteins were mixed with ubiquitin conjugation mixture
(Enzo Life Sciences, Farmingdale, NY, USA) at 30 °C for 1 h, and the
samples were subjected to IP assay as aforementioned.

2.11. Clinical specimens and cell isolation

The collection and use of clinical specimens were approved by the
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Ethics Committee of Zhejiang Provincial People’s Hospital, and also
were in accordance with the instructions from Declaration of Helsinki.
All patients or the families have signed the informed written consent.
Normal brain tissues were collected from patients with traumatic brain
injury during emergency surgeries. Human glioblastoma cells were
immediately isolated from 2 patients after dissociation of primary tumor
or after transient xenograft passage. To stimulate the recovery of GSCs,
human glioblastoma cells were cultivated in Neurobasal-A medium with
B27, bFGF (20 ng/mL) and EGF (20 ng/mL) as previously described [52,
53]. The knockdown of TRIM7 or NCOA4 was achieved through lenti-
viral vectors as mentioned above. For TMZ treatment, cells were incu-
bated with TMZ (500 pmol/L) for indicating times [54].

2.12. Subcutaneous and intracranial tumor xenograft models

To investigate whether TRIM7-KO A172 cells were more sensitive to
TMZ treatment in vivo, 1 x 10® TRIM7-KO or WT A172 cells were sub-
cutaneously injected into the flanks of non-obese diabetic-severe com-
bined immunodeficient NOD-SCID mice at 4-6 weeks of age [52,55].
Ten days after inoculation, mice were intraperitoneally injected with
TMZ (5 mg/kg) three times every week [22,54]. To imitate the clinical
process of human glioblastoma and enhance the translational value of
our findings, we also established patient-derived xenograft (PDX)
models in vivo as previously described [55]. Briefly, 1 x 10° human
glioblastoma cells from primary tumors or transient xenografts with or
without TRIM7 silence were subcutaneously injected into the flanks of
NOD-SCID mice in the presence or absence of TMZ treatment. Tumors
were observed daily with tumor volume calculated weekly using the
following formula: (length x width?)/2. At the end of study, tumors
were carefully excised and weighed to obtain the tumor weight. In
addition, mice were also intracranially injected at 3 mm lateral and 3
mm depth of the bregma with TRIM7-silenced or control human glio-
blastoma cells expressing luciferase reporter as previously described.
Tumor growth was monitored by an In Vivo Imaging System Spectrum
imaging system (PerkinElmer, Waltham, MA, USA) at indicated times.
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2.13. Statistical analysis

All values are presented as the mean + S.D., and analyzed by
GraphPad Prism software (Version 7.0). Data from 3 or more groups
with normal distributions were compared using one-way ANOVA fol-
lowed by Tukey post-hoc analysis, while comparisons between 2 groups
were performed using an unpaired two-tailed Student’s t-test. P < 0.05 is
considered statistically significant.

3. Results
3.1. TRIMY expression is elevated in human glioblastoma cells and tissues

To investigate the role of TRIM7 in glioblastoma progression, we first
detected its expression in human glioblastoma cells. As shown in Fig. 1A,
compared to human normal brain astroglia cells (SVG and HA1800),
human glioblastoma cells (A172 and U87MG) exhibited higher TRIM7
protein levels. And our findings also revealed that TRIM7 expression was
elevated in human glioblastoma tissues (Fig. 1B). Collectively, these
results suggest that TRIM7 may be implicated in the progression of
glioblastoma.

3.2. TRIMY silence suppresses growth and induces death of human
glioblastoma cells

We next evaluated the biological effects of TRIM7 by generating
stable TRIM7-deficient glioblastoma cells. As shown in Fig. 2A, A172 or
U87MG cells transfected with two independent shTRIM7, named
shTRIM7-2 and shTRIM7-3, were used in our further study due to their
knockdown efficiency. Intriguingly, we found that TRIM7 knockdown
significantly suppressed glioblastoma cell growth (Fig. 2B). In colony
formation and BrdU cell proliferation assays, cell proliferation was also
reduced in A172 or U87MG cells with TRIM? silence (Fig. 2C-D). To
investigate the mechanisms mediating cell growth inhibition in the
context of TRIM7 silence, we assessed cell death by detecting LDH re-
leases to the medium. As shown in Fig. 2E, the releases of LDH signifi-
cantly increased in glioblastoma cells with loss of TRIM7. To further
validate whether TRIM7 silence could induce cell death of human
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Fig. 1. TRIM7 expression is elevated in human glioblastoma cells and tissues. (A) Human normal brain astroglia cells (SVG and HA1800) and human glio-
blastoma cells (A172 and U87MG) were subjected to IB assay to detect TRIM7 expression. (B) The expression of TRIM7 protein in human glioblastoma tissues. N = 6
for each group. All values are presented as the mean + S.D., *P < 0.05 is considered statistically significant.
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Fig. 2. TRIMY7 silence suppresses growth and induces death of human glioblastoma cells. (A) Stable TRIM7-deficient cells were subjected to IB assay to validate
the efficiency. (B) Stable TRIM7-deficient or control cells were cultured and exposed to CCK-8 assay to evaluate cell viability. (C) Colony formation assay. (D) Cell
proliferation was assessed by BrdU assay at 72 h. (E) LDH releases from human glioblastoma cells to the medium at 72 h. N = 6 for each group. All values are
presented as the mean =+ S.D., *P < 0.05 is considered statistically significant.
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assay to validate the efficiency. (B) Stable TRIM7-overexpressing or control cells were cultured and exposed to CCK-8 assay to evaluate cell viability. (C) Colony
formation assay. (D) Cell proliferation was assessed by BrdU assay at 72 h. (E) LDH releases from human glioblastoma cells to the medium at 72 h. N = 6 for each
group. All values are presented as the mean + S.D., *P < 0.05 is considered statistically significant.
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glioblastoma cells, we generated a TRIM7-KO A172 cells using the
CRISPR/Cas9 system (Fig. S1A). As shown in Figs. SIB-E, TRIM7-
deficient A172 cells exhibited lower cell viability and proliferative ca-
pacity. In addition, more cell death was observed in human glioblastoma
cells after ablating TRIM7, as evidenced by the increased LDH releases
(Fig. S1F). These findings indicate that TRIM7 silence suppresses growth
and induces death of human glioblastoma cells.

3.3. TRIM7 overexpression accelerates growth and inhibits death of
human glioblastoma cells

Next, we overexpressed TRIM7 in A712 and U87MG cells, and the
efficiency was validated by IB assay (Fig. 3A). As shown in Fig. 3B, the
viability of TRIM7-overexpressing glioblastoma cells was dramatically
increased. Colony formation and BrdU cell proliferative assays further
revealed that TRIM7 overexpression facilitated survival of human glio-
blastoma cells (Fig. 3C-D). In contrast, cell death was inhibited by
TRIM7 overexpression, as evidenced by the decreased LDH releases
(Fig. 3E). In aggregate, we demonstrate that TRIM7 overexpression ac-
celerates growth and inhibits death of human glioblastoma cells.

Redox Biology 56 (2022) 102451

3.4. TRIMY silence causes intracellular iron accumulation and ferroptosis
of human glioblastoma cells

We further explored the possible type of cell death that contributed
to TRIM?7 silence-mediated glioblastoma suppression by using pharma-
cological inhibitors of different forms of cell death. As shown in Fig. 4A,
two independent ferroptosis inhibitors (Fer-1 and Lip-1) significantly
blocked the loss of glioblastoma cells after knocking down TRIM?7,
which was only slightly affected by necroptosis inhibitor (NSA) or
apoptosis inhibitor (Z-VAD). These results implied that the decreased
viability in TRIM7-silenced glioblastoma cells was mainly attributable to
the induction of ferroptosis, rather than necroptosis or apoptosis. In
addition, both Fer-1 and Lip-1 treatment significantly reduced LDH re-
leases from TRIM7-silenced cells (Fig. 4B). To further evaluate the
involvement of ferroptosis in TRIM7 knockdown-mediated glioblastoma
suppression, we measured some ferroptotic markers. Lipid peroxidation
is a key feature of ferroptosis, and the final product of lipid peroxidation
is MDA. As shown in Fig. 4C-D, the levels of LPO and MDA were
significantly increased in TRIM7-silenced glioblastoma cells. Intracel-
lular ROS, including H50, and superoxide anion, is the main factor to
induce lipid peroxidation and ferroptosis. As expected, TRIM7 knock-
down significantly elevated intracellular HoO5 and superoxide anion
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levels in A172 and U87MG cells (Fig. 4E-F). Iron contributes to the
execution of ferroptosis and can facilitate ROS generation through the
Fenton reaction. Therefore, we evaluated whether TRIMY silence altered
intracellular iron levels. As shown in Fig. 4G, the levels of ferrous iron,
an active form of intracellular iron in mediating lipid peroxidation and
ferroptosis, were significantly elevated in human glioblastoma cells with
TRIM?7 silence. LIP is a pool of redox-active iron and functions as the
direct source of the Fenton reaction. Our results suggested that TRIM7
silence also increased intracellular LIP levels in human glioblastoma
cells (Fig. 4H). Meanwhile, increased levels of lipid peroxidation and
intracellular iron were also detected in TRIM7-KO A172 cells
(Figs. S2A-D). To test whether increased iron levels were the cause of
cell loss in TRIM7-silenced cells, these cells were exposed to different
iron chelators. As shown in Figs. S3A-B, the decreased viability and
increased LDH releases in TRIM7-silenced cells were significantly
blocked by either DFO or CPX. In contrast, increasing intracellular iron
through exposure to FAC led to further increases of death in shTRIM7-
transfected cells (Figs. S3C-D). Taken together, our results reveal that
TRIM?7 silence causes intracellular iron accumulation and ferroptosis of
human glioblastoma cells.

3.5. TRIM7 overexpression reduces ferroptosis of human glioblastoma
cells

We also investigated whether TRIM7 overexpression could alleviate
erastin- or RSL3-induced ferroptosis of human glioblastoma cells.
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Consistent with previous studies, both erastin and RSL3 treatment
elevated LPO and MDA levels, indicating an increase of lipid peroxida-
tion, which, however, were significantly suppressed by TRIM7 over-
expression (Fig. 5A-B). As expected, both erastin- and RSL3-induced cell
losses were prevented in TRIM7-overexpressed human glioblastoma
cells (Fig. 5C-D). From these results, we conclude that TRIM7 over-
expression reduces ferroptosis of human glioblastoma cells.

3.6. TRIMY silence promotes NCOA4-mediated ferritinophagy and
ferroptosis of human glioblastoma cells

To determine the mechanisms underlying intracellular iron accu-
mulation by TRIM7, IB analysis was performed to detect levels of iron
regulatory proteins. Intracellular iron homeostasis is primarily regulated
by TF/TFR-mediated iron uptake and FPN1-mediated iron export;
however, we found that neither TF/TFR nor FPN1 expression was
affected by TRIM7 silence (Fig. 6A). Iron regulatory protein 2 (IRP2)
registers cytosolic iron levels and post-transcriptionally controls iron
metabolism genes expression to optimize cellular iron availability by
binding to iron-responsive elements. Yet, IB results showed no signifi-
cant alteration of IRP2 protein levels in TRIM7-silenced human glio-
blastoma cells (Fig. 6A). Ferritin is required for intracellular iron storage
and its proteolytic degradation results in rapid releases of free iron [16].
Interestingly, significant decreases of FTH1 were observed in
TRIM7-silenced A172 cells (Fig. 6A-B). And TRIM7-KO A172 cells also
exhibited lower FTH1 protein expression (Fig. 6C). NCOA4 is a cargo
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Fig. 5. TRIM7 overexpression reduces ferroptosis of human glioblastoma cells. (A) TRIM7-overexpressing or control cells were stimulated with erastin or RSL3
for 72 h, and relative LPO level was determined. (B) Quantification of MDA content. (C) Cell viability was measured using CCK-8 assay. (D) LDH releases from human
glioblastoma cells to the medium. N = 6 for each group. All values are presented as the mean + S.D., *P < 0.05 is considered statistically significant.
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receptor for the autophagic degradation of ferritin, and
NCOA4-mediated ferritinophagy contributes to ferritin degradation,
elevation of intracellular iron levels and subsequent ferroptotic cell
death [16]. As shown in Fig. 6A-C, NCOA4 protein levels were signifi-
cantly elevated by TRIM?7 silence in A172 cells. In addition, we found a
negative correlation between TRIM7 and NCOA4 mRNA levels in human
glioblastoma tissues (Fig. 6D). To investigate the role of autophagy in
mediating ferritin degradation, TRIM7-silenced A172 cells were treated
with 3-MA or CQ to suppress autophagosome assembly or the fusion of
autophagosomes and lysosomes. As shown in Fig. 6E, FTH1 protein
levels were increased when cells were treated with 3-MA or CQ. More-
over, NCOA4 knockdown also dramatically blunted FTH1 degradation
in TRIM7-silenced A172 cells (Fig. 6F). As expected, the increased level
of intracellular ferrous iron and LIP in shTRIM7-infected cells were
significantly reduced by autophagic inhibition or NCOA4 knockdown,
followed by an inhibition of lipid peroxidation (Fig. 6G-J). Consistently,
both autophagic inhibition and NCOA4 silence significantly reduced
death and facilitated survival of A172 cells with TRIM7 knockdown
(Fig. 6K-N). To imitate the clinical process of human glioblastoma and
enhance the translational value of our findings, we also evaluated the
role of TRIM7 in human GSCs and PDX models in vitro and in vivo. As

shown in Figs. S4A-C, TRIMY7 silence inhibited survival and induced
death of human GSCs. And we also found that TRIM7 knockdown
facilitated ferroptotic cell death of GSCs, as evidenced by the increased
levels of MDA, ferrous iron and LIP (Figs. S4D-F). In addition, significant
decreases of FTH1 protein were observed in TRIM7-silenced GSCs,
which were prevented by NCOA4 knockdown (Fig. S4G). NCOA4 silence
also reduced accumulations of intracellular ferrous iron and LIP, and
significantly blocked lipid peroxidation in TRIM7-silenced GSCs
(Figs. S4H-J). Accordingly, TRIM7 silence-induced elevation of LDH
releases was also attenuated by NCOA4 knockdown (Fig. S4K). In line
with the in vitro findings, we demonstrated that TRIM?7 silence signifi-
cantly suppressed the growth of human glioblastoma in subcutaneous
and intracranial PDX models, as evidenced by the decreased tumor
volume and weight (Fig. S4L-O). These results demonstrate that TRIM7
silence promotes NCOA4-mediated ferritinophagy and ferroptosis of
human glioblastoma cells.

3.7. TRIMY directly binds to and ubiquitinates NCOA4 using K48-linked
chains

We also measured how TRIM7 regulated NCOA4 level. Our data
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showed that neither deficiency nor overexpression of TRIM7 affected
NCOA4 mRNA levels in human glioblastoma cells (Figs. SSA-C). TRIM7
functions as an E3 ubiquitin ligase and mainly facilitates protein
degradation through ubiquitin-proteasome system [31]. As shown in
Fig. 7A-B, in vivo and in vitro ubiquitination assays revealed that TRIM7
stimulated NCOA4 ubiquitination. K48 and K63 are classical ubiquiti-
nated sites for E3 ubiquitin ligase, and TRIM7 has been reported to
modulate protein K48- and K63-linked ubiquitination [29,31]. To
identify the chain linkage of ubiquitinated NCOA4, we generated two
ubiquitin mutants, K48R and K63R. As shown in Fig. 7C, TRIM?7 facili-
tated efficient ubiquitination of NCOA4 using K63R ubiquitin; however,
ubiquitination was significantly reduced when K48R-mutant ubiquitin
was used. Thus, TRIM7 mainly promoted NCOA4 ubiquitination with

K48-linked ubiquitin chains. To further determine whether TRIM7
altered NCOA4 protein stability, A172 cells with or without TRIM7
overexpression were treated with CHX to inhibit protein synthesis. As
shown in Fig. 7D, TRIM7 overexpression dramatically slowed the
degradation of NCOA4. And this degradation was mainly mediated
through the ubiquitin-proteasome system (Fig. 7E). The RING finger of
E3 ubiquitin ligases is essential for ubiquitination, and we generated a
Flag-TRIM7 CA plasmid to destroy the integrity of the RING domain. As
shown in Fig. 7F-G, this Flag-TRIM7 CA mutant plasmid failed to
destabilize NCOA4 protein. In addition, we also generated a Flag-TRIM7
WA plasmid to block the interaction of the RING domain with
ubiquitin-conjugating enzymes. As expected, NCOA4 protein stability
was also unaffected by this Flag-TRIM7 WA plasmid (Fig. 7F-G). As
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shown in Fig. 7H, we found that TRIM7 directly bound to NCOA4, and
then, we generated different truncated TRIM7 plasmids to determine the
potential interaction domains. Intriguingly, the Flag-TRIM7/A\PS
mutant plasmid failed to interact with NCOA4, indicating the necessity
of its C-terminal PRY/SPRY domain in TRIM7-NCOA4 interaction
(Fig. 7H). Thus, these data imply that TRIM7 directly binds to and
ubiquitinates NCOA4 using K48-linked chains.

3.8. TRIMY7 deletion sensitizes human glioblastoma cells to TMZ therapy

TMZ-based chemotherapy is identified as a first-line treatment for
human glioblastoma; therefore, we evaluated whether TRIM7-KO A172
cells were more sensitive to TMZ treatment in vitro and in vivo. As shown
in Fig. 8A, TRIM7-KO A172 cells exhibited lower viability upon TMZ
stimulation, compared to WT A172 cells. Meanwhile, TMZ-induced
proliferation inhibition was more severe in TRIM7-KO A172 cells
(Fig. 8B). Additionally, TRIM7 ablation further promoted glioblastoma
cell death in the presence of TMZ, as evidenced by the increased LDH
releases (Fig. 8C). In line with the in vitro findings, TRIM7-KO A172 cells
also presented smaller tumor size in vivo upon TMZ treatment
(Fig. 8D-E). Besides, we also verified the role of TRIM7 in human GSCs
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and PDX models. As shown in Fig. 8F-H, TRIM7 silence further inhibited
survival and induced death of human GSCs. And TRIM7 silence also
suppressed the growth of human glioblastoma in PDX models, as evi-
denced by the decreased tumor volume and weight (Fig. 81-J). Overall,
our findings demonstrate that TRIM7 deletion sensitizes human glio-
blastoma cells to TMZ therapy.

4. Discussion

Glioblastoma is one of the primary causes of cancer-related deaths in
adults, and the majority of glioblastoma patients dies within 2 years
despite the tremendous efforts in recent years. Gene-based target ther-
apy is identified as a promising therapeutic strategy to treat various
human cancers, including the glioblastoma. Herein, TRIM7 expression
was found to be increased in human glioblastoma cells and tissues.
TRIM? silence induced, while TRIM7 overexpression suppressed intra-
cellular iron accumulation, lipid peroxidation and ferroptotic cell death
of human glioblastoma cells. Mechanistically, we demonstrated that
TRIM7 directly bound to and ubiquitinated NCOA4 using K48-linked
chains and subsequently reduced NCOA4 expression, thereby inhibit-
ing the degradation of ferritin and decreasing intracellular iron levels
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which then prevents lipid peroxidation and ferroptotic cell death of human
glioblastoma cells.

(Fig. 9). More importantly, TRIM7 deficiency could sensitize human
glioblastoma cells to TMZ treatment. These data reveal that TRIM?7 is
implicated in the regulation of intracellular iron metabolism and fer-
roptosis, and it is a promising therapeutic candidate to treat human
glioblastoma.

Intracellular iron is essential for the growth and proliferation of
various tumor cells, but it can also induce toxic lipid-based ROS gen-
eration through the Fenton reaction and facilitates ferroptotic cell death.
Changes in iron homeostasis are identified as a key metabolic hallmark
of human cancer, and iron metabolic reprogramming and dysfunction
have also been shown to occur in human glioblastoma [19,56]. TF is an
important iron-transport protein and mediates majority of the cellular
iron uptake through binding to the cell-surface TFR, and then the
TF/TFR complex is internalized by receptor-mediated endocytosis and
releases iron into the cytosol [57]. However, in the present study,
neither TF nor TFR expression was affected by TRIM7 silence in human
glioblastoma cells. FPN1, the only discovered iron export protein in
mammals, plays critical roles in pumping out intracellular iron.
Accordingly, a very recent study by Tang et al. has demonstrated
downregulating FPN1 induced significant increases of intracellular
ferrous iron levels, lipid peroxidation and ferroptosis of human lung
cancer cells [12]. It is well-accepted that intracellular iron is mainly
stored by ferritin, and that ferritin downregulation facilitates the re-
leases of free iron [58]. In addition, previous findings by Brown et al.
indicated that ferritin could also transport iron out of the cell through
the formation of ferritin-containing multivesicular bodies and exosomes
[59]. Therefore, the ferritin protein level is essential for intracellular
iron homeostasis. Autophagy performs housekeeping roles through
controlling the degradation and recycling of some cytoplasmic proteins
[60-62]. Ferritinophagy is a kind of selective autophagy responsible for
the degradation of intracellular ferritin, which is mainly mediated by the
cargo receptor, NCOA4 [16,63,64]. Using quantitative proteomics,
Mancias et al. found that NCOA4 was highly enriched in autophago-
somes, and that both FTH1 and ferritin light polypeptide 1 served as the
substrates for NCOA4-mediated ferritinophagy [16]. As expected,
emerging studies have demonstrated an indispensable role of
NCOA4-associated ferritinophagy in intracellular iron homeostasis and
cell ferroptosis in different cell types, including human glioblastoma
cells. Zhang et al. recently reported that NCOA4 elevation led to
degradation of ferritin and releases of ferrous iron, and that NCOA4
silence significantly decreased ferrous iron levels and ferroptosis in
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human glioblastoma cells [17]. Herein, we found that NCOA4 expres-
sion was upregulated, while FTH1 expression was downregulated in
TRIM7-silenced human glioblastoma cells. And NCOA4 knockdown or
autophagic  inhibitors could significantly suppress TRIM7
silence-induced cell ferroptosis. In addition, iron chelators also inhibited
ferroptosis in human glioblastoma cells by TRIM7 deficiency, indicating
the central role of iron dysfunction in TRIM7-regulated ferroptosis.

Ubiquitination is an important post-translational modification of
proteins and participates in a broad range of biological processes
through promoting protein degradation. Protein ubiquitination mainly
involves an E1 ubiquitin-activating enzyme, an E2 ubiquitin-
conjugating enzyme and a substrate-specific E3 ubiquitin ligase
[65-67]. TRIMs are a family of E3 ubiquitin ligases and stimulate pro-
tein degradation through ubiquitin-proteasome system [68,69]. TRIM7
is a member of TRIMs family and functions as an E3 ubiquitin ligase
because of the presence of a RING domain [28]. Herein, we also found
that the RING finger in TRIM7 was required for its ubiquitination of
NCOA4, and that destroying the integrity of its RING domain blocked
TRIM7-mediated degradation of NCOA4. In addition, we observed that
TRIM7 directly bound to NCOA4 through its C-terminal PRY/SPRY
domain.

In summary, we for the first time demonstrate that TRIM7 modulates
NCOA4-mediated ferritinophagy and ferroptosis in glioblastoma cells,
and our findings provide a novel insight into the progression and
treatment for human glioblastoma.
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