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MEF2C silencing downregulates NF2 and E-cadherin
and enhances Erastin-induced ferroptosis in
meningioma
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Abstract

Background. Ferroptosis, a programmed cell death characterized by lipid peroxidation, is implicated in various diseases in-
cluding cancer. Although cell density-dependent E-cadherin and Merlin/Neurofibromin (NF2) loss can modulate ferroptosis,
the role of ferroptosis and its potential link to NF2 status and E-cadherin expression in meningioma remain unknown.
Methods. Relationship between ferroptosis modulators expression and NF2 mutational status was examined in
35 meningiomas (10 NF2 loss and 25 NF2 wild type). The impact of NF2 and E-cadherin on ferroptosis were exam-
ined by lactate dehydrogenase (LDH) release, lipid peroxidation, and western blot assays in IOMM-Lee, CH157,
and patient-derived meningioma cell models. Luciferase reporter and chromatin immunoprecipitation assays
were used to assess the ability of MEF2C (myocyte enhancer factor 2C) to drive expression of NF2 and CDH1
(E-cadherin). Therapeutic efficacy of Erastin-induced ferroptosis was tested in xenograft mouse models.

Results. Meningioma cells with NF2 inactivation were susceptible to Erastin-induced ferroptosis. Meningioma
cells grown at higher density increased expression of E-cadherin, which suppressed Erastin-induced ferroptosis.
Maintaining NF2 and E-cadherin inhibited ferroptosis-related lipid peroxidation and meningioma cell death.
MEF2C was found to drive the expression of both NF2 and E-cadherin. MEF2C silencing enhanced Erastin-induced
ferroptotic meningioma cell death and lipid peroxidation levels in vitro, which was limited by forced expression of
MEF2C targets, NF2 and E-cadherin. In vivo, anti-meningioma effect of Erastin was augmented by MEF2C knock-
down and was counteracted by NF2 or E-cadherin.

Conclusions. NF2 loss and low E-cadherin create susceptibility to ferroptosis in meningioma. MEF2C could be a
new molecular target in ferroptosis-inducing therapies for meningioma.

Key Points
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Importance of the Study

Identification of aberrant genetic alterations driving
tumor progression, and discovery of novel molecular
therapeutic targets are essential to improve the man-
agement of aggressive meningiomas. Ferroptosis is a
cell death process that can be affected by NF2 and cell
density. However, the role of ferroptosis in meningioma
biology and therapy remains largely unknown. Here,
we show for the first time that meningiomas with NF2
inactivation and diminished E-cadherin expression are
more prone to ferroptosis. We identify the transcription

Meningioma is the most common primary neoplasms in
the central nervous system (CNS) (CBTRUS 2020)," which
is classified into 3 histological grades and 15 subtypes ac-
cording to the 2016 WHO CNS tumor grading criterion.?
About 80% of the meningiomas are benign accompanied by
a lower histological grade and usually have satisfying out-
comes. However, a subset of higher-grade tumors manifests
a more aggressive biological behavior and is more prone to
relapse.>® Due to the lack of effective chemotherapeutic or
targeted therapies, patients with aggressive meningiomas,
especially with WHO grade lll tumors, currently carry an ex-
tremely poor prognosis. Therefore, identification of aberrant
genetic alterations driving meningioma progression, and
discovery of novel molecular therapeutic targets are sig-
nificant unmet clinical needs for aggressive meningioma
patients.

Ferroptosis is a programmed cell death process char-
acterized by aberrant, iron-dependent accumulation
of lipid peroxidation. Ferroptosis was first described in
2012 as an unusual form of cell death induced by Erastin,
a small molecule that inhibits the cellular import of cys-
teine, leading to glutathione depletion and inactivation
of the phospholipid peroxidase glutathione peroxidase 4
(GPX4).87 On the other hand, acyl-CoA synthetase long-
chain family member 4 (ACSL4) is essential in ferroptosis
execution and mediates ferroptosis sensitivity by
shaping the cellular lipid composition.8 Thus, GPX4 and
ACSL4 are the 2 well-known key proteins involved in
the induction of ferroptosis. Exploiting ferroptosis is a
new promising approach to inhibit tumor growth or kill
therapy-resistant cancers.®

Heterozygous deletion and loss-of-function mutations
of the Merlin-encoding gene NF2, which is located at the
22912.2 locus, are detected with high frequency in spo-
radic high-grade meningiomas. Inactivating mutation in
NF2 is associated with a worse prognosis in meningioma
patients.’® Altered NF2, however, is not directly actionable,
and extensive efforts have been made to identify vulner-
abilities linked to NF2-mutant meningiomas." Previously,
studies identified NF2 as a regulator of ferroptosis.'?
Moreover, cell density-dependent ferroptosis has been
observed in several different cancer cell lines.'? Being se-
creted on the surface of cell membranes, E-cadherin is
upregulated as the cell density increases, participating in

factor MEF2C as a driver of transcription of both NF2
and CDH1 (E-cadherin) in meningioma and demon-
strate that MEF2C silencing augments ferroptosis-
mediated inhibition of meningioma growth in vitro and
in vivo. Our study highlights ferroptosis as a novel
therapeutic vulnerability in the major subset of menin-
gioma carrying NF2 inactivation. Qur work also sup-
ports the development of MEF2C inhibitors that could
maximize ferroptosis-inducing therapies in aggressive
meningioma.

the lipid peroxidase pathway in a cell density-dependent
manner.?

The aim of this study was to evaluate the potential
role of ferroptosis in meningioma. We found that NF2
loss sensitized meningioma cells to Erastin-induced
ferroptosis, and that E-cadherin alleviated ferroptosis-
induced cell death. We further discovered that the tran-
scription factor, myocyte enhancer factor 2C (MEF2C)
regulated both NF2 and E-cadherin, and limited
ferroptosis. Given our findings and the importance of
ferroptosis-related lipid metabolism in CNS tumors,'*®
investigating the impact of ferroptosis on meningioma
growth should increase understanding of the biology of
meningioma progression and might provide new thera-
peutic opportunities.

Materials and Methods
Tumor Samples

A number of 35 meningiomas surgically treated in 2018
were enrolled in the study (Supplementary Table 1). See
the Supplementary Methods for ethics statement and
details.

RT-PCR and Sanger Sequencing

Quantitative RT-PCR was
manufacturer’s instructions.
Methods for details.

performed following the
See the Supplementary

Cell Culture and Treatment

The source and culture of CH157-MN, I0OMM-Lee, and
patient-derived PM3 meningioma cells were described in
the Supplementary Methods for details.

Western Blotting

Proteins were isolated from cells using a KGP2100 kit
(KeyGene, Biotech), and levels of relative proteins were
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detected according to the manufacturer’s instructions. See
the Supplementary Methods for details.

Immunohistochemistry (IHC) Assay

The detailed protocol was described in our previous
studies.® See the Supplementary Methods for details.

Immunofluorescence Staining

E-cadherin and tumor-associated epithelial membrane an-
tigen (EMA) expressions were detected by immunofluo-
rescence staining. See the Supplementary Methods for
details.

Lentivirus Transduction of Cells

Vectors expressing NF2 (pLV-Ef1a-NF2-Puro), MEF2C (pLV-
Ef1a-MEF2C-Puro), E-cadherin (pLV-Ef1a-E-cadherin-Puro),
and control plasmid (pLV-Ef1a-Puro) were obtained from
Genepharma (Shanghai, China). See the Supplementary
Methods for details.

Dual-Luciferase Reporter Assay

Luciferase vectors driven by promoter sequences con-
taining mutated putative MEF2C binding sites were gen-
erated. NF2 and E-cadherin transcriptional activity was
measured by dual-luciferase reporter assay following
the manufacturer’s instructions. See the Supplementary
Methods for details.

Chromatin Immunoprecipitation (ChIP) Assay

ChlIP assays were performed using the ChIP assay kit
(Millipore), following the manufacturer’s instructions
and as described previously."” See the Supplementary
Methods for details.

Lipid Peroxidation Assay

Lipid peroxidation levels were tested by the reagent
BODIPY 581/591 C11 (D3861, Invitrogen), MDA Assay Kit
(ab118970, Abcam), and 12/15-HETE ELISA kits (ab133034/
ab133035, Abcam). See the Supplementary Methods for
details.

Cytotoxicity Assay

Cytotoxicity was quantified by measuring released LDH ac-
tivity using the Cytotoxicity Detection Kit (LDH) (Beyotime
Biotech, China). See the Supplementary Methods for details.

Xenograft Mouse Model and Drug Administration

Animal experiments were approved by the Animal
Management Rule of the Chinese Ministry of Health

(documentation 55, 2001) and were in accordance with
the approved guidelines and the experimental protocol
of Nanjing Medical University. See the Supplementary
Methods for details.

Mitochondrial Morphology Assays

Transmission electron microscope (TEM) was used to as-
sess mitochondrial morphology. See the Supplementary
Methods for details.

Ethics Statement

The studies involving human participants were reviewed
and approved by The Research Ethics Committee of
Nanjing Medical University. The patients/participants pro-
vided their written informed consent to participate in this
study.The animal study was reviewed and approved by the
Animal Ethical and Welfare Committee of Nanjing Medical
University, and the protocol has been reviewed and ap-
proved by the Animal Ethical and Welfare Committee,
and the protocol has been reviewed and approved by the
Animal Ethical and Welfare Committee.

Statistical Analysis

Data were analyzed with GraphPad 8.0 software and
reported as the mean =+ standard deviation. An un-
paired t test or 1-way analysis of variance (ANOVA) plus
Tukey’s test was applied in western blot, fluorescence,
immunohistochemical quantification, weight of tumor,
and weight of mice in each time point. For the diameter of
subcutaneous tumor within continued periods, data of the
whole group were analyzed using 2-way ANOVA with re-
peated measures followed by Tukey post hoc test for com-
parisons between groups. Significant differences were set
at P<.05.

Results

Meningioma With NF2 Inactivation Showed High
ACSIL4 and Low GPX4 Expression

A total of 35 patients with primary meningiomas were in-
cluded in this study. Clinical information of the cohort is
listed in Supplementary Table 1. NF2 mutation was de-
tected using the Sanger sequencing method. The protein
expression level of NF2-encoded protein Merlin was fur-
ther determined by IHC. To investigate the relationship
between NF2 and ferroptosis in meningioma, we used
quantitative RT-PCR analysis and demonstrated a signifi-
cant negative correlation between NF2 and ACSL4 mRNA
expression levels, and a positive correlation between NF2
and GPX4 mRNA (Figure 1A-D). Twelve samples (6 NF2
wild type and 6 NF2 mutant) were further analyzed for
NF2, GPX4, and ACSL4 protein expression using western
blot. The correlation analysis revealed that lower GPX4
and higher ACSL4 expression were significantly more
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prevalent in the NF2 mutation group (Figure 1E-H).To fur-
ther confirm the relationship between GPX4, ACSL4, and
NF2, these 12 human meningiomas with or without intact
NF2 were assessed for GPX4 and ACSL4 protein expres-
sion using IHC, revealing that meningiomas with lower or
negative NF2 expression correlated with lower GPX4 and
higher ACSL4 protein expression (Figure 11-L). Together,
differential expression of ferroptosis modulators GPX4
and ACSL4 suggested that meningioma with inactivated
NF2 might be more prone to ferroptosis.

NF2 Inhibition Promoted Ferroptosis-Related
Cytotoxicity and Lipid Peroxidation

To explore the effect of NF2 on ferroptosis, we used 2 me-
ningioma cell lines, CH157 (NF2 mutant) and IOMM-Lee
(NF2 intact),"® as well as the primary meningioma cells
PM3 (Supplementary Figure 1A). CH157 and IOMM-Lee
cells have a high number of copy number alterations,
consistent with the genetic profiles of human malignant
meningioma.'® Regarding genetic alterations relevant to
meningioma, both cell lines have TERT promoter muta-
tion C228T, while CH157 has loss of chromosome 22 and
IOMM-Lee has loss of chromosome 9p21.3 that harbors
CDNK2A."® Sanger sequencing of PM3 cells identified
c.731delA frame-shift mutation in NF2 (Supplementary
Figure 1B). Erastin, the specific ferroptosis inducer, was
used to trigger ferroptosis in the 3 types of meningioma
cells. All meningioma cells responded to ferroptosis, since
with the increasing concentration of Erastin, LDH release
was induced in the 3 cell lines. However, LDH release was
more easily induced from CH157 and PM3 at lower con-
centrations of Erastin (Supplementary Figure 2A and B).
In contrast, higher concentrations of Erastin were needed
to cause significantly increased LDH release from IOMM-
Lee cells (Supplementary Figure 2C). Based on these re-
sults, we selected Erastin at the concentration of 6 uM, with
which significant LDH release was induced in CH157 and
PM3 but not in IOMM-Lee cells, in the following experi-
ments. The differing NF2 status in IOMM-Lee, CH157, and
PM3 made these cells suitable to explore the relationship
between NF2 and ferroptosis.

We first tested the effect of NF2 on ferroptosis in CH157
and PM3 using Erastin and the specific ferroptosis inhib-
itor, Ferrostain-1 (Fer-1). 6 uM Erastin enhanced ACSL4 ex-
pression and reduced GPX4 in CH157 and PM3, which was
alleviated by Fer-1. However, exogenous overexpression of
wild-type NF2 abrogated the changes induced by Erastin
and Fer-1 (Figure 2A-D; Supplementary Figure 3A-D).
Increased lipid peroxidation measured by malonaldehyde
(MDA) and level of LDH were found in CH157 and PM3
cells treated with Erastin, which was limited by Fer-
1. However, no changes were observed in CH157 and
PM3 overexpressing wild-type NF2 (Figure 2E and F;
Supplementary Figure 3E and F). The effect of NF2 on
ferroptosis was also tested in IOMM-Lee with intact NF2.
We generated NF2 knockdown using 2 independent shRNA
sequences in IOMM-Lee cells (Supplementary Figure 4A
and B). 6 uM Erastin did not significantly change ACSL4 and
GPX4 expression in shCtrl IOMM-Lee cells. However, when
NF2 was silenced, Erastin induced ACSL4 upregulation

and GPX4 downregulation, which were alleviated by Fer-1
(Figure 2G-J). Similarly, increased MDA and LDH were sig-
nificantly triggered by Erastin in NF2-knockdown I0OMM-
Lee cells, but not in shCtrl cells (Figure 2K and L). Together,
these results suggest that loss of NF2 might sensitize me-
ningioma to ferroptosis-induced cytotoxicity.

E-Cadherin Induced Cell Density-Dependent
Inhibition of Ferroptosis

We next sought other factors than NF2 that influence cell
fates after exposure to Erastin. We found distinct charac-
teristics in cell growth of the 3 cell lines; IOMM-Lee cells
showed the tendency to form locally high-density clus-
ters while CH157 and PM3 cells showed dispersed dis-
tribution. A previous study reporting that cell density
affects ferroptosis in mesothelioma cells,'> prompted us
to examine whether cell density had a similar influence in
meningioma.

The level of lipid peroxidation (reactive oxygen spe-
cies [ROS]) assayed by C11-BODIPY (581/591) gradually
declined with the increasing cell density of CH157, IOMM-
Lee, and PM3 cells (Figure 3A and B; Supplementary
Figure 5A and B), suggesting that ferroptosis induced
by Erastin was dependent on cell density. Generally, cell
density and cell-cell adhesion modulated the expres-
sion of E-cadherin that mediates interactions between
cells.>"® Western blot assay showed that the expression
of E-cadherin was upregulated as meningioma cell den-
sity increased (Figure 3C and D; Supplementary Figure
5C and D). Immunofluorescence assays showed similar
results (Figure 3E-G; Supplementary Figure 5E and F).To
ask whether E-cadherin inhibited lipid peroxidation and
ferroptosis when cell density was high, we downregulated
E-cadherin in IOMM-Lee cells (Supplementary Figure 6A
and B). In shCtrl IOMM-Lee cells grown at high density,
Erastin up to 11 uM was not cytotoxic (Figure 3H), with no
change in ACSL4 and GPX4 levels after Erastin treatment.
However, in IOMM-Lee cells expressing shE-cadherin,
Erastin induced ACSL4 and lowered GPX4, which was in-
hibited by Fer-1 (Figure 3I-L). Similarly, Erastin promoted
lipid peroxidation and cytotoxicity in shE-cadherin-
transfected cells, but not in shCtrl cells, cultured at high
density, which was alleviated by Fer-1 (Figure 3M and N).
In order to eliminate the effect of NF2, we also tested the
relationship between E-cadherin and ferroptosis in NF2-
knockdown IOMM-Lee cells and PM3 cells at high den-
sity. shNF2 IOMM-Lee cells were more sensitive than the
parental cells and the maximum nontoxic concentration
with high density was 2 uM (Supplementary Figure 7A).
Low dose (2 puM) Erastin stimulation of shNF2 IOMM-
Lee did not significantly change ACSL4 and GPX4 levels.
However, upregulated ACSL4 and downregulated GPX4
were found after additional E-cadherin knockdown, which
was blocked by Fer-1 (Supplementary Figure 7B-E).
Furthermore, levels of LDH and MDA were increased
in NF2/E-cadherin double knockdown cells even when
2 pM Erastin was used (Supplementary Figure 7F and
G). Similar results were obtained with PM3 at high den-
sity. 6 pM Erastin was the maximum nontoxic concentra-
tion (Supplementary Figure 8A) and did not change the
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Fig. 1 The expression of NF2, ACSL4, and GPX4 in human meningioma tissues. (A-D) Quantitative RT-PCR analysis of human meningioma
(n = 35) was displayed. (A) A correlation of NF2 and GPX4 mRNA expression (r* = 0.3374). (B) A correlation of NF2 and ACSL4 mRNA expression
(r?=0.3454). (C and D) Lower GPX4 was more prevalent in the NF2 loss group, while lower ACSL4 was more prevalent in the NF2 intact group. (E)
Western blotting analysis of GPX4, ACSL4, and NF2 protein expression in human meningiomas. GAPDH was used as a control. (F-H) Densitometry
quantification of NF2, GPX4, and ACSL4 protein by ImageJ. n =6. () Representative IHC photos of NF2, GPX4, and ACSL4 protein expression. (J—-L)
IHC image quantification NF2, GPX4, and ACSL4 by Imaged. n = 6. **P< .01 and ***P<.001. Error bars represent SD. Abbreviations: ACSL4, acyl-
CoA synthetase long-chain family member 4; GPX4, glutathione peroxidase 4 (GPX4); IHC, inmunohistochemistry; NF2, neurofibromatosis type 2;
RT-PCR, reverse transcription polymerase chain reaction.
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Fig.2 NF2loss sensitized meningioma cells to Erastin-induced ferroptosis. CH157 (A—F) and IOMM-Lee (G-L) cells transduced with control (Vector)
and NF2 expression/silencing lentivirus vector (Lv-NF2/sh-NF2) were stimulated with 6 uM Erastin for 24 hours to trigger ferroptosis. Fer-1 (3 uM for
24 hours) was used to inhibit ferroptosis. (A-D) Western blot assays and densitometry quantification for NF2, ACSL4, and GPX4. n = 3 experiments.
GAPDH was used as a control. (E) Lipid peroxidation tested by MDA assays. n = 5 experiments. (F) Cytotoxicity tested by LDH assays. n = 5 experi-
ments. (G—J) Western blot assays and densitometry quantification for NF2, ACSL4, and GPX4. n = 3 experiments. (K) Lipid peroxidation tested by
MDA assays. n =5 experiments. (L) Cytotoxicity tested by LDH assays. n = 5 experiments. *P< .05, **P< .01, and *** P< .001. Error bars represent SD.
Abbreviations: ACSL4, acyl-CoA synthetase long-chain family member 4; GPX4, glutathione peroxidase 4; NF2, neurofibromatosis type 2.
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Fig. 3 Cell density-related E-cadherin upregulation had anti-ferroptosis effects. (A and B) 9 uM Erastin for 24 hours was used to trigger
ferroptosis in CH157 and IOMM-Lee cells at low, normal, and high density, respectively. (I-N) IOMM-Lee cells at a high density were stimulated
by 11 uM Erastin for 24 hours. Fer-1 (3 uM for 24 hours) was used to inhibit ferroptosis. (A and B) Lipid peroxidation was detected by C11-BODIPY
(581/591) in CH157 and IOMM-Lee cells. Mean fluorescence intensity was analyzed by Image J. n = 5 experiments. Scale bar is 50 um. (C and D)
E-cadherin protein expression tested by western blot. n = 3 experiments. (E-G) Immunofluorescence assay for E-cadherin. n = 5 experiments.
Scale bar is 50 pm. (H) Cytotoxicity tested by LDH assays. n = 4 experiments. (I-L) Western blot and densitometry quantification for E-cadherin,
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Cytotoxicity tested by LDH assays. n =5 experiments. *P< .05, **P< .01, and ***P<.001. Error bars represent SD. Abbreviations: ACSL4, acyl-CoA
synthetase long-chain family member 4; GPX4, glutathione peroxidase 4.
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level of ACSL4 and GPX4 (Supplementary Figure 8B-E).
Knockdown of E-cadherin induced a significant increase
of ACSL4 but a decrease of GPX4. Levels of MDA and LDH
were also enhanced when 6 pM Erastin was exposed to
PM3 cells at high density (Supplementary Figure 8F and
G). Therefore, deficient E-cadherin promoted the sensi-
tivity to ferroptosis in meningioma cells independent of
the effect of NF2.

MEF2C Promoted Both NF2 and E-Cadherin
Transcription

Our results showed that NF2 and E-cadherin both lim-
ited meningioma cells’ sensitivity to Erastin-induced
ferroptosis. We speculated whether NF2 and E-cadherin
(CDH1) genes were regulated by the same transcription
factor. We searched potential transcription factors regu-
lating expression of both NF2 and CDH1 in the JASPAR
2020. Based on relative scores shown, we screened out
the top 10 transcription factors (Supplementary Table
4), and only MEF2C emerged as the transcription factor
common for NF2 and CDH1 (Figure 4A). MEF2C was a
member of the family of transcription factors MEF2 and
was initially described in embryogenesis regulating
tissue-specific genes. It was also expressed in many
types of adult cells, including neuronal and endothelial
cells?? and associated with tumor progression.?" We here
studied whether MEF2C regulated transcription of NF2
and CDH1in meningioma.

In IOMM-Lee cells, dual-luciferase reporter assay indi-
cated MEF2C overexpression promoted the transcription
of NF2 and E-cadherin (Figure 4B and C). MEF2C also in-
creased the protein expressions of NF2 and E-cadherin
(Figure 4D and E). Moreover, ChlP assay demonstrated
that MEF2C can directly bind to the specific region of the
NF2 and E-cadherin promoters in IOMM-Lee (Figure 4F).
We also conducted dual-luciferase reporter assays using
constructs driven by promoter sequences containing mu-
tations in the putative binding sites (Figure 4G). Mutations
in sequence 1 of the NF2 promoter and those in sequences
1 and 2 of the CDH1 promoter diminished the promoter
activity (Figure 4G), providing results consistent with the
ChlIP assay. Together, these findings indicate that MEF2C is
a common transcription factor driving expressions of both
NF2 and E-cadherin genes.

Next, we tested the expression of MEF2C in human me-
ningioma tissues. The levels of MEF2C protein declined as
the malignancy grade increased (Supplementary Figure
9A). A significant negative correlation between MEF2C
and ACSL4 protein expression levels and a positive cor-
relation between MEF2C and GPX4 protein were found
(Supplementary Figure 9B and C). These data suggest loss
of MEF2C to be a clinically applicable biomarker of menin-
gioma vulnerability to ferroptosis.

MEF2C Inhibited Ferroptosis by Upregulating
NF2 and E-Cadherin

We next examined the potential role of MEF2C in
ferroptosis. MEF2C was silenced efficiently by shMEF2C

sequences (Supplementary Figure 10A and B). TUNEL
assay revealed that 6 pM Erastin had little effect in IOMM-
Lee cells, but profoundly induced cell death in MEF2C-
knockdown cells, which was not reversed by Z-VAD-FMK,
a specific inhibitor of caspase-mediated apoptosis
(Supplementary Figure 11A and B). In CH157 and PM3 cells,
overexpression of MEF2C reduced the fraction of TUNEL-
positive cells post-Erastin exposure, while Z-VAD-FMK
did not (Supplementary Figure 11D, E, G, and H). In addi-
tion, Erastin treatment of IOMM-Lee (MEF2C-knockdown),
CH157, or PM3 cells did not induce cleaved caspase-3 de-
spite its cytotoxic effects (Supplementary Figure 11C, F, and
1).These results indicate that caspase-dependent apoptosis
does not play a significant role in Erastin-induced menin-
gioma death that is accompanied by TUNEL positivity.

In NF2-mutant CH157 cells, MEF2C overexpression
inhibited Erastin (6 pM)-triggered ferroptotic ACSL4
increase and GPX4 decrease, which was counteracted
by E-cadherin knockdown (Figure 5A-E; Supplementary
Figure 12A-E). The enhanced lipid peroxidation and cy-
totoxicity in response to Erastin were mitigated by
MEF2C overexpression. E-cadherin knockdown re-
covered the levels of MDA and LDH diminished by MEF2C
overexpression (Figure 5F and G; Supplementary Figure
12F and G).

Next, we studied the relationship between MEF2C and
NF2 or E-cadherin in NF2 wild-type IOMM-Lee. shRNA
knockdown of MEF2C caused an increase of ACSL4 and
a decrease of GPX4 when 6 pM Erastin was used, which
was alleviated by forced expression of NF2 or E-cadherin
(Figure 5H-M). Previous studies showed that NF2-YAP
signaling was involved in the induction of ferroptosis in
cancer.’? We found a marked decrease of P-YAP (S-127) in
Erastin-treated, MEF2C-silenced I0MM-Lee cells, which
was reversed by overexpression of NF2 or E-cadherin, con-
necting YAP activity to ferroptosis (Figure 5H and N). 6 pM
Erastin did not simulate lipid peroxidation and cytotoxicity
in cells with intact MEF2C, but both were observed when
MEF2C was silenced (Figure 50 and P). These Erastin-
induced increases of MDA and LDH in MEF2C depleted
IOMM-Lee cells were blocked when NF2 or E-cadherin
was overexpressed. Therefore, MEF2C mediated the anti-
ferroptotic effect via upregulating NF2 and E-cadherin.

MEF2C Silencing Enhanced Ferroptosis-
Mediated Inhibition of Meningioma Growth
In Vivo

Our results showed that silencing of MEF2C can sensi-
tize meningioma cells to ferroptosis, by downregulating
NF2 and E-cadherin. We next performed in vivo studies
to assess the therapeutic effects of Erastin and MEF2C
knockdown (Supplementary Figure 13A). Subcutaneous
transplantation of IOMM-Lee cells in nude mice led to
the establishment of visible tumors at about 10 days after
transplantation. Treatment with Erastin slowed tumor
growth rate, and tumor inhibition was more prominent
when Erastin was combined with MEF2C-knockdown.
NF2 or E-cadherin overexpression restored the growth of
Erastin-treated shMEF2C 1# IOMM-Lee, to the degree of
Erastin-treated parental IOMM-Lee tumors (Figure 6A).
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Fig. 5 Silencing of MEF2C promoted ferroptosis by downregulating NF2 and E-cadherin. CH157 (A-G) and IOMM-Lee (H-P) cells were stimu-
lated by 6 pM Erastin for 24 hours to trigger ferroptosis. (A—E) Western blot and densitometry quantification for MEF2C (B), E-cadherin (C), ACSL4
(D), and GPX4 (E). GAPDH was used as a control. (F) Lipid peroxidation tested by MDA assays. n = 3 experiments. (G) Cytotoxicity tested by
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Fig. 6 Erastin and MEF2C silencing inhibited meningioma growth in vivo. Starting on day 5, Erastin was given to treat subcutaneous and
orthotopic meningiomas. (A) Diameter of subcutaneous I0MM-Lee tumors was measured. Erastin was given at 15 mg/kg, i.p., twice every other
day. n =7 mice/group. (B) Image of subcutaneous tumors. (C) Tumor weight. (D and E) Tumor formation was assessed using bioluminescence im-
aging on days 10, 18, and 26 days after implantation. (F and G) IHC assay for Ki-67. Scale bar is 50 pm. n = 3/group. (H and I) TUNEL assay. Scale bar
is 100 um. n = 3/group. (J) Kaplan-Meier analysis of animal survival. n = 7 mice/group. (K) Weight of mice during the experiment. n = 7 mice/group.
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At 35 days after transplantation, meningiomas were har-
vested and weighed (Figure 6B and C), confirming the
findings of tumor growth measurement. MDA analysis
of tumors showed that Erastin administration increased
the level of lipid peroxidation, which was further ele-
vated by MEF2C knockdown. Overexpression of NF2 or
E-cadherin inhibited this upregulation (Supplementary
Figure 14A). MEF2C knockdown also promoted in-
creased 12-HETE (12-hydroxyeicosatetraenoic acid) and
15-HETE (15-hydroxyeicosatetraenoic acid), the 2 metab-
olites produced during lipid peroxidation.?? Elevated NF2
or E-cadherin reduced the production of 12-HETE and
15-HETE (Supplementary Figure 14B and C). Overall, there
was a slow decline of weight loss but was no difference be-
tween groups at the 35th day (Supplementary Figure 14D).
Since ferroptosis can be accompanied by mitochondrial in-
jury,?® we tested the morphology of mitochondria in trans-
planted meningioma tumors using TEM (Supplementary
Figure 14E). Mitochondrial shrinking, outer mitochondrial
membrane (OMM) ruptures and the formation of light
vacuoles, likely related to the characteristic mitochondria
collapse caused by ferroptosis,®® were found in the Erastin
group and Erastin + shMEF2C 1# group. Overexpression of
NF2 or E-cadherin alleviated these changes of mitochon-
drial morphology.

We next studied the orthotopic meningioma model of
IOMM:-Lee-Fluc. In vivo bioluminescence imaging of tumor
volume showed that Erastin treatment reduced the size of
intracranial tumors. Intracranial meningiomas with MEF2C
knockdown responded better to Erastin, which were re-
versed by overexpression of NF2 and E-cadherin (Figure
6D and E). Erastin inhibited the proliferation of IOMM-Lee
cells (labeled by Ki-67) in vivo, which was further inhib-
ited in the sh-MEF2C plus Erastin group. Overexpression
of NF2 or E-cadherin abrogated the effect of MEF2C knock-
down on inhibiting proliferation (Figure 6F and G). TUNEL
assays revealed that Erastin induced cell death in IOMM-
Lee meningioma cells in vivo. MEF2C knockdown intensi-
fied Erastin-induced meningioma cell death, however, NF2
or E-cadherin upregulation limited this effect (Figure 6H
and ). Importantly, Erastin administration extended sur-
vival time in this orthotopic meningioma xenograft model,
which was further increased when Erastin was combined
with MEF2C knockdown. NF2 or E-cadherin overexpression
inhibited the effect of MEF2C knockdown and reduced the
survival time (Figure 6J). Orthotopic meningioma develop-
ment significantly decreased mouse weight, which was al-
leviated by Erastin administration (Figure 6K).

Discussion

In this study, we examined ferroptosis-related molecular
mechanisms in meningioma, with the goal of identifying
possible molecular targets for meningioma therapies. NF2
is the most commonly mutated gene in meningioma as up
to 60% of sporadic meningioma cases exhibit inactivation
of NF2 by somatic mutation, epigenetic inactivation, or al-
lelic loss of chr22q.?* We demonstrate that meningioma
cells with absent or lower level of NF2 are more suscep-
tible to ferroptosis. We also found that Erastin-induced

ferroptosis was dependent on the cell density. E-cadherin-
related high cell density and cell-cell connections had
anti-ferroptotic effects. E-cadherin knockdown triggered
cell death when exposed to Erastin regardless of the cell
density, which was consistent with prior reports with other
cancer types.'? Interestingly, previous studies indicated
that tumor-suppressive effects of NF2 were in part medi-
ated indirectly through its membrane organization of pro-
teins (ie, CD44, epidermal growth factor receptor, layilin)
and cell-to-cell adhesion.?526

Notably, we found that NF2 and E-cadherin gene tran-
scription was both regulated by the same transcription
factor, MEF2C. MEF2C increased NF2 and E-cadherin and
limited Erastin-induced ferroptosis in meningioma, sug-
gesting MEF2C as the transcription factor determining the
meningioma fate in response to Erastin. Our work revealed
that inhibition of MEF2C sensitized meningioma to Erastin-
triggered ferroptosis, and nominated MEF2C as a poten-
tial molecular target in ferroptosis-related meningioma
therapy. A member of the MEF2 family of transcription fac-
tors, MEF2C plays an important role in the development
of organs such as the heart?’ and the nervous system.?®
The function of MEF2C in cancer is context-dependent as
it can act as an oncogene inT-cell acute lymphoblastic leu-
kemia?® and promote chemoresistance in hepatic cancer
cells®® or serve as a tumor suppressor in soft tissue sar-
coma.?' Our finding that MEF2C positively regulates NF2
and E-cadherin expression supports the notion that MEF2C
inhibits ferroptosis in meningioma. To the best of our
knowledge, the current work is the first to mechanistically
connect MEF2C to ferroptosis.

Recently, cancer therapy strategies exploiting
ferroptosis have been emerging. Several clinical drugs
have been found to be able to induce ferroptosis in cancer
cells. Erastin-induced ferroptosis in mouse tumor xeno-
grafts by depleting glutathione and inactivating GPX4.”
Sorafenib, an inhibitor of oncogenic kinases, induced
ferroptosis in hepatocellular carcinoma cells.32 Anti-
inflammatory drug Sulfasalazine inhibited the gluta-
mate transporter xCT and induced ferroptotic cell death
in glioma cells.3® Antimalarial drug Artemisinin spe-
cifically induced ROS- and lysosomal iron-dependent
cell death in pancreatic ductal adenocarcinoma cells.3*
Other small molecule inducers of ferroptosis include
siramesine (a lysosome disrupting agent), lapatinib (a
tyrosine kinase inhibitor),3® BAY 87-2243, a potent inhib-
itor of NADH-coenzyme Q oxidoreductase (complex I),%¢
and 1,2-dioxolane (FINO,),*” and have a potential clin-
ical utility as ferroptosis-based cancer therapeutics.3®
Clinically, Erastin analog PRLX93936 has been in a phase
1/2 clinical trial for multiple myeloma (NCT01695590).

The dose of Erastin (15 mg/kg, i.p., twice every other
day) we used herein was lower compared with prior pub-
lished studies that used 20 mg/kg, i.p., twice every other
day in gastric cancer,®® 20 mg/kg i.v. twice daily every other
day for HelLa-derived subcutaneous tumor,* and 50 mg/
kg to treat subcutaneous lung cancer xenografts tumors.
The significant anti-tumor effects and the lack of adverse
events of the lower dose Erastin in both flank and intra-
cranial models provided experimental evidence that induc-
tion of ferroptosis is a suitable anti-meningioma strategy.
Furthermore, inhibition of MEF2C elevated the sensitivity



http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab114#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab114#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab114#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab114#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab114#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab114#supplementary-data

Bao et al. MEF2C silencing promotes ferroptosis in meningioma

of meningioma to Erastin-induced ferroptosis, resulting in
profound tumor inhibition and greater survival extension.
Given the emergence of a variety of ferroptosis inducers, it
is of interest to screen those clinical candidates for efficacy
and safety in preclinical models of NF2-mutant menin-
gioma. Development of selective inhibitors of MEF2C will
open up a potential to expand the application of ferroptosis
inducers to a broader spectrum of meningioma.

In summary, Erastin-induced ferroptosis represents a
promising molecular strategy to target meningiomas.
Ferroptosis induction is particularly efficacious for tumors
with NF2 loss, which is clinically important given the role of
NF2 loss in tumor progression and relapse. Our discovery
that MEF2C-mediated upregulation of NF2 and E-cadherin
impairs meningioma sensitivity to ferroptosis identifies
MEF2C as a potential therapeutic target to enhance menin-
gioma in response to ferroptosis-inducing therapy.

Supplementary Material

Supplementary material is available at Neuro-Oncology
online.
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