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IRP1 mediated ferroptosis reverses temozolomide

resistance in glioblastoma via affecting

LCN2/FPN1 signaling axis depended on NFKB2

Yufei Lan,” Tao Yang," Qu Yue,' Zhao Wang," Xiangyang Zhong," Xin Luo," Boming Zuo," Manging Zhang,’

Tianci Zeng," Boyang Liu,"?* and Hongbo Guo'23*

SUMMARY

The prognosis of glioblastoma (GBM) patients is poor, and temozolomide (TMZ)
resistance has become an important obstacle to its treatment effect. A growing
number of researches have revealed the special characteristics of iron meta-
bolism in GBM chemosensitivity. Iron regulatory protein 1 (IRP1) is an important
protein for maintaining intracellular iron homeostasis. IRP1 has been indicated to
have additional vital roles beyond its conventional metabolic activity, but the un-
derlying mechanisms and biological consequences remain elusive. Here, we un-
precedentedly demonstrated that amplifying IRP1 signals can reverse TMZ resis-
tance and suppress tumor growth in vivo via inhibiting NFKB2 in the noncanonical
NF-kB signaling pathway. In addition, we identified that NFKB2 affected TMZ
sensitivity of GBM by modulating the expression of LCN2 and FPN1. Taken
together, this study established a role for the IRP1/NFKB2 pathway in regulating
LCN2/FPN1 signaling axis among the progression of TMZ resistance, suggesting
a potential innovative GBM therapeutic strategy.

INTRODUCTION

Glioma is the most common primary tumor in the brain, which is characterized by rapid malignant progress,
insensitivity to radiotherapy and chemotherapy, high recurrence and mortality, and poor prognosis.’ Gli-
omas have traditionally been classified into low-grade versus malignant, high-grade tumors on the basis of
cellular density, nuclear atypia, mitotic index and presence of necrosis, defining pathological grades |
through IV.> Among these, grade IV glioma, or glioblastoma multiforme (GBM), remains one of the dead-
liest cancers, with the 5-year survival rate less than 6%.“° At present, the first-line orphan chemotherapy
drug for clinical treatment of GBM is temozolomide (TMZ), but it is found that some patients are not sen-
sitive to TMZ, and the sensitive patients can develop drug resistance after treatment, significantly limiting
the clinical efficacy of TMZ.” Therefore, it is urgent to identify effective new targets for chemotherapy in
GBM. GBM cells have altered the expression of many iron metabolism-related proteins and iron-related
enzyme activities compared with normal cells.® These changes generally contribute to the relatively high
availability of iron in GBM cells and promote the function of iron-dependent proteins involved in many
physiological processes, such as tumorigenesis, progression, and metastasis.”'® Targeting iron-related
proteins or increasing intracellular iron levels is considered a viable strategy for the treatment of cancer.'’
Understanding the molecular mechanisms involved in this process in GBM will help to exploit the applica-
tion of ferroptosis for reversing the clinical TMZ resistance of glioma.

Ferroptosis is a new type of programmed cell death, which is driven by iron-dependent phospholipid per-
oxidation. The typical feature is the inactivation of the intracellular reducing system and excessive accumu-
lation of reactive oxygen species (ROS), which leads to the rupture of the cell membrane. Under the elec-
tron microscope, the crista of mitochondria decreased or disappeared and the outer membrane thickened
and ruptured. Although the physiological function of ferroptosis has not been clearly defined, the ability of
ROS to accumulate in excess of glutathione (GSH) has been shown to induce ferroptosis.'*'® The occur-
rence and execution of iron death mainly depend on the interaction of iron metabolism, lipid metabolism,
and cysteine,'* but the sensitivity of iron death is also regulated by some other key molecules and related
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involves with many proteins and multiple pathways and, intriguingly, has been correlated with cancer ther-
apy resistance, and inducing ferroptosis has been demonstrated to reverse drug resistance.'® However, its
role in the TMZ resistance of GBM and the specific mechanism is not fully clear, targeted trigger ferroptosis
can collaborative treatment of malignant tumor death, enhance chemotherapy sensitivity, is expected to
be a new strategy for tumor therapy.

In normal cells, intracellular iron homeostasis is tightly regulated at the level of uptake, storage, export, and
even the microenvironment. Dysregulation of iron homeostasis leads to altered cell fate and promotes can-
cer."” Many types of cancer have alterations in iron metabolism that lead to elevated intracellular iron
levels, which contribute to malignant cell growth and disease progression. Cells take up iron-transferrin
through transferrin receptor-mediated endocytosis and store iron mainly in cytoplasmic ferritin. Two iron
regulatory proteins (IRP1 and IRP2) act as cytoplasmic iron sensors. Iron regulatory protein 1 (IRP1, also
known as ACO1), regulates the expression of ferritin and transferrin at the post-transcriptional level to
maintain intracellular iron homeostasis.'® In addition, IRP1 can also bind to iron-sulfur clusters to affect
cellular iron homeostasis and regulate ferroptosis. However, IRP2 is principally thought to be regulated
at the protein level via E3 ubiquitin ligase FBXL5-mediated degradation.'” When cellular iron content is
low, IRPs stabilize transferrin receptor mRNA, thereby increasing the number of transferrin receptors for
iron uptake. Iron-deficient IRPs also inhibit translation of ferritin mRNA, resulting in a net release of iron
from ferritin.?® So far, there has been a particular paucity of research in the area of IRP1's role in the occur-
rence and development of tumors.

In the progression of GBM, many pathways play corresponding roles, especially NF-kB, Wnt, and PI3K/AKT/
mTOR pathways.”’ Among the signaling pathways active in GBM, the nuclear factor-kB (NF-kB) response
plays an important role in promoting tumor pathobiology and response to therapy, especially for the TMZ
resistance.’’ Ferroportin 1 (FPN1, also known as solute carrier family 40 member 1, SLC40A1) is the only
discovered mammalian iron efflux transporter in the plasma membrane and it mediates iron releases from
cells. FPN1 deficiency results in intracellular iron overload and lipid peroxidation, thereby inducing ferropto-
sis.”> The latest research showed that targeting FPN1 could induce ferroptosis in human glioblastoma cells,?*
which indicates the potential role of FPN1 in TMZ resistance. Lipocalin 2 (LCN2) is a secreted glycoprotein and
may regulate iron homeostasis.'® A recent study showed that overexpressed LCN2 was correlated with
5-fluorouracil resistance in colon cancer. Targeting LCN2 overcame 5-fluorouracil resistance by increasing
intracellular iron levels, which in turn led to tumor cell ferroptosis.”® Researchers also found that neoadjuvant
chemotherapy treatment leads to LCN2 upregulation in residual human breast tumors, which correlates with
worse overall survival.” FPN1 and LCN2 can transport ferrous iron and ferric iron out of cells respectively, re-
sulting in the intracellular iron level changes to a certain extent.”’

In this study, we seek to identify the specific function and mechanism of IRP1 in TMZ resistance. Unprecedent-
edly, we found that IRP1 showed low expression in TMZ resistant cells to maintain iron homeostasis in GBM
cells, protect cancer cells from ferroptosis and reduce chemotherapy sensitivity. Furthermore, we uncovered
that IRP1 mediated TMZ resistance by affecting NFKB2 expression level in the non-canonical NF-kB pathway,
which in turn affected the downstream LCN2/FPN1. This knowledge will aid in the development of potential
therapeutic strategies to ameliorate the decreased efficacy of GBM due to TMZ resistance.

RESULTS

Reduced IRP1 expression mediates resistance to ferroptosis in TMZ-resistant glioblastoma
cells

We used parental cells and Temozolomide-resistant (TR) cells which have different sensitivities to TMZ to
explore the molecular mechanisms underlying the different sensitivity of parental and resistant cells to fer-
roptosis (Figure STA). The alteration of ferrous iron plays a key role in ferroptosis, and the level of ferrous
iron can reflect the degree of ferroptosis upon erastin treatment (Figure S1B). Ferroptosis is characterized
by lipid peroxidation, and the final product of lipid peroxidation is malondialdehyde (MDA)."® Thus, we
examined whether erastin could led to changes in MDA levels of parental and TR cells. MDA levels were
significantly increased in parental cells compared to the control groups, showed that TR cells were less sen-
sitive to ferroptosis (Figure S1C). In response to ferroptosis, there were corresponding changes in GSH and
Glutathione oxidized (GSSG) levels, both of which results proved that the TR cells were less sensitive to fer-
roptosis compared with the parental group (Figures S1D and S1E). These results showed that TMZ-resistant
cells were less sensitive to ferroptosis.
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Figure 1. Reduced IRP1 expression mediates resistance to ferroptosis in TMZ-resistant glioblastoma cells

(A) Images from transmission electron microscopy showing morphology of mitochondria in U87, U87TR, U251, U251TR cells after TMZ treatment for 24 h.
Scale bar, 200 nm (down).

(B) Representative confocal images of U87, U87TR, U251 and U251TR cells stained with the PGSK (green) probe to assess intracellular iron levels. Scale bar,
100 pm.

(C) Representative confocal images of the cells stained with the JC-1 probe (Aggregates, red; Monomers, green) to assess mitochondrial membrane
potential. Scale bar, 100 pm.

(D) Representative confocal images of U87, U87TR, U251 and U251TR cells stained with the TMRE (red) dye to assess mitochondrial membrane potential.
Scale bar, 100 pm.

(E) Representative confocal images of the cells stained with the MitoSOX Red reagent (red) to assess mitochondrial ROS levels. Scale bar, 100 pm.

(F) Representative confocal images of the cells treated with erastin (10 uM) for 24 h stained with the DCF-DA (green) dye to assess cellular ROS. Scale bar,
100 pm.

(G) Lipid peroxidation level in parental and TR cells was influenced by erastin (10 uM) 24 h assessed by DCF-DA using flow cytometry immunolabelling.
(H) Western blot analysis of IRP1 and IRP2 protein levels in parental and TR cells.

(1) gRT-PCR to detect IRPT mRNA levels in parental and TR cells.

(J) Kaplan-Meier survival analysis of patient overall survival data based on high versus low expression of IRP1 from the TCGA dataset.

In order to observe the difference of internal substructure changes between parental cells and TR cells
upon TMZ treatment, we applied transmission electron microscopy to detect. The images showed that
mitochondrial cristas were decreased or disappeared, mitochondrial outer membrane was thickening
and the ruptures were more remarkable in parental cells than in drug-resistant cell lines after TMZ treat-
ment (Figure TA).

Since iron levels are the first to be affected during ferroptosis, the PGSK iron probe was used to detect the
difference in intracellular iron levels between parental and TR cells after TMZ treatment. In cells undergoing
ferroptosis, the green fluorescence of PGSK will be weakened, and as shown in confocal images, parental
cells are more susceptible to ferroptosis after TMZ treatment (Figure 1B). It was also confirmed by the
change of ferroptosis marker PTGS2 mRNA level (Figure S1F).

After TMZ treated, ferroptosis inhibitor, apoptosis inhibitor, and necrosis inhibitor were used respectively,
and the results demonstrated that ferroptosis inhibitor reversed the TMZ-induced cell death significantly,
proving that ferroptosis plays a vital role in TMZ-induced GBM cell death (Figure S1G).

Increased intracellular iron can induce ferroptosis, and a hallmark of ferroptosis is morphological changes
in mitochondria. JC-1 dye aggregates at high concentrations and emits red fluorescence in normal mito-
chondria, while it presents as a low concentration of green fluorescent monomers under depolarization.
Therefore, we applied the ratio of red to green fluorescence among the JC-1 dye in cells to demonstrate
possible changes in mitochondrial membrane potential (Figure 1C). We clearly found that the decrease of
mitochondrial membrane potential in parental cells compared with TR cells, and the results reflected the
parental cells were more sensitivity to ferroptosis.

Mitochondria are the main energy source in cells and play important roles in processes of ferroptosis, and
the mitochondrial membrane potential is a key indicator of its function and cell survival. The dissipation of
mitochondrial membrane potential is established as an early indicator for ferroptosis. Therefore, we used
TMRE (tetramethylrhodamine, ethyl ester), a cell membrane permeable cationic dye, to measure the
changes in mitochondrial membrane potential upon TMZ treatment in parental or TR cells (Figure 1D).
The results indicated that TR cells were less susceptible to ferroptosis.

Mitochondrial superoxide, a byproduct of oxidative phosphorylation, could be used to detect the degree
of mitochondrial oxidative phosphorylation in producing ROS. MitoSOX Red is a live-cell permeant re-
agent and it can be rapidly and selectively targeted to the mitochondria. Once MitoSOX Red reagent en-
ters into the mitochondria, it will be oxidized by superoxide and exhibits red fluorescence. Confocal images
showed that parental cells were more prone to superoxide production after erastin treatment for 24 h, indi-
cating that they were more sensitive to ferroptosis than TR cells (Figure 1E).

Intracellular ROS can oxidize non-fluorescent DCFH to generate fluorescent DCF, so the level of intracellular
ROS can be known via detecting the fluorescence of DCF. Both the confocal images and flow cytometry re-
sults showed that parental cells could significantly increase the lipid peroxidation level as compared to TR
cells (Figures 1F and 1G). The statistical result of the DCF-DA positive ratio was also shown on the right.
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Figure 2. Overexpressed IRP1 increases TMZ chemotherapy sensitivity by enhancing ferroptosis, lipid peroxidation and free iron accumulation
(A) The cell survival rate was measured after TMZ treatment in U87TR-NC, U87TR-IVIRP1, U251TR-NC and U251TR-IVIRP1 groups. Data are represented as the
mean + SD (n = 6).

(B) Representative confocal images of the TR and TR-IVIRP1 groups stained with the PGSK (green) probe to assess intracellular iron levels. Scale bar, 100 pm.
(C) Representative confocal images of the TR and TR-IVIRP1 groups stained with the JC-1 probe (Aggregates, red; Monomers, green) to assess mitochondrial
membrane potential. Scale bar, 100 um.

(D) Representative confocal images of the TR and TR-IVIRP1 groups stained with the TMRE (red) dye to assess mitochondrial membrane potential. Scale bar, 100 um.
(E) Representative confocal images of the TR and TR-IVIRP1 groups stained with the MitoSOX Red reagent (red) to assess mitochondrial ROS levels. Scale
bar, 100 um.

(F) Representative confocal images of the cells treated with erastin (10 uM) for 24 h stained with the DCF-DA (green) dye to assess cellular ROS. Scale bar,
100 pm.

(G) Lipid peroxidation level in TR and TR-IVIRP1 groups was influenced by erastin (10 pM) 24 h assessed by DCF-DA using flow cytometry immunolabelling.

Considering that the most critical factor for the occurrence of ferroptosis is the change of iron, and the most
direct regulator on the level of iron is the intracellular iron homeostasis regulatory proteins IRP1 and IRP2.
We applied western blot and gRT-PCR assay to measure the levels of IRP1 or IRP2 in parental and TR cells
(Figures THand 11; Figure STH). The results showed that the expression level of IRP1 was significantly down-
regulated in TR cells, while the expression level of IRP2 was not significantly changed. Moreover, the gRT-
PCR and western blot analysis demonstrated that IRP1 protein level was also down-regulated in human gli-
oma cells U87, U251, LN229, A172, U118, T98, N9 and N33 compared to normal human astrocytes (NHA) in
culture (Figures S11-S1K), which also reflected that IRP1 may be related to the progression of glioma.

Furthermore, the TCGA database analysis showed that down-regulation of IRP1 was more unfavorable to
the survival prognosis of glioma (Figure 1J), while IRP2 had no significant effect on the survival prognosis of
glioma (Figure S1L). We therefore focused on IRP1, which was also evident in our data. In addition, immu-
nofluorescence staining showed that IRP1 was mainly localized within the cytoplasm of the parental and TR
cells, and its expression in TR cells was significantly down regulated (Figure STM).

Taken together, these results indicated that reduced IRP1 expression might have an important role in TMZ
resistance and served as a novel prognostic marker.

IRP1 is involved in the regulation of ferroptosis, which is associated with chemotherapy
sensitivity

In order to investigate whether IRP1 inhibition mediates the resistance of TR cells to ferroptosis. Firstly, we
overexpressed IRP1 in TR cells and observed the changes of their sensitivity to ferroptosis. Western blot
and gRT-PCR results showed that the overexpression was successful in U87TR-IVIRP1 and U251TR-IvIRP1
groups (Figures S2A and S2B). We found that the ICsy value of TMZ was significantly decreased in TR-
IVIRP1 groups compared to TR groups, which proved that IRP1 was indeed involved in the change of
TMZ resistance in GBM cells (Figure 2A). The relative level of ferrous iron was also increased, indicating
that intracellular ferrous iron was upregulated with overexpression of IRP1 (Figure S2C).

We also found that after TMZ treatment, in TR and TR-IVIRP1 cells stained with PGSK probe, the green fluo-
rescence of TR cells overexpressed IRP1 was significantly reduced (Figure 2B), which also reflected that
overexpression of IRP1 could reverse the TMZ resistance to a certain extent in TR cells. Moreover, the
amount of MDA increased, which indicated that IRP1 overexpression cells had significantly higher lipid
oxidation levels and more oxidative damage (Figure S2D). The GSH and GSSG levels also proved that
the IRP1 overexpression cells were more sensitive to ferroptosis (Figures S2E and S2F).

We further detected the situation of changes on mitochondrial membrane potential in TR and TR-IvIRP1
cells through JC-1 and TMRE assay after inducing ferroptosis (Figures 2C and 2D). The results indicated
that overexpression of IRP1 reversed the innate insensitivity of TR cells to ferroptosis. Confocal images
showed that IRP1 overexpression cells were more prone to superoxide production, suggesting that they
were more sensitive to ferroptosis than TR cells (Figure 2E). Finally, both the confocal images and flow cy-
tometry results showed that IRP1 overexpression cells could significantly increase the ROS level than TR
cells (Figures 2F and 2G). The statistical result of the DCF-DA positive ratio was also shown on the right.

In summary, these results suggest that overexpression of IRP1 increased TMZ chemotherapy sensitivity by
enhancing ferroptosis, lipid peroxidation and free iron accumulation.
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Figure 3. Knockout of IRP1 reduced chemotherapy sensitivity by inhibiting ferroptosis, lipid peroxidation, and free iron accumulation

(A) The cell survival rate was measured after TMZ treatment in U87NC, U87KO, U251NC and U251KO groups. Data are represented as the mean + SD (n = 6).
(B) Representative confocal images of the NC and KO groups stained with the PGSK (green) probe to assess intracellular iron levels. Scale bar, 100 um.
(C) Representative confocal images of the NC and KO cells stained with the JC-1 probe (Aggregates, red; Monomers, green) to assess mitochondrial
membrane potential. Scale bar, 100 um.

(D) Representative confocal images of the NC and KO cells stained with the TMRE (red) dye to assess mitochondrial membrane potential. Scale bar, 100 pm.
(E) Representative confocal images of the NC and KO groups stained with the MitoSOX Red reagent (red) to assess mitochondrial ROS levels. Scale bar,
100 pm.

(F) Representative confocal images of the sgRNA-IRP1#1 transfected group and the sgRNA-IRP1#1 non-transfected group treated with erastin (10 uM) for
24 h stained with the DCF-DA (green) dye to assess cellular ROS. Scale bar, 100 um.

(G) Lipid peroxidation level in the sgRNA-IRP1#1 transfected group and the sgRNA-IRP1#1 non-transfected group assessed by DCF-DA using flow cytometry
immunolabelling.

IRP1 knockout affects the regulation of ferroptosis, which is associated with chemotherapy
sensitivity

The mRNA and protein levels of IRP1 were markedly decreased on gRT-PCR and western blot in U87 and
U251 cells transfected with three independent IRP1 cas?-sgRNAs (Figures S3A and S3B). We found that the
ICsp value of TMZ was significantly increased in IRP1-KO groups compared to NC groups (Figure 3A; Fig-
ure S3C), which also demonstrated that IRP1 could play an inhibiting role in the process of TMZ resistance in
GBM cells. And, as we expect, the level of ferrous iron was also decreased in sg-IRP1# transfected cells dur-
ing the induction of ferroptosis (Figure S3D).

The PGSK probe staining showed that the cells transfected with sgRNA-IRP1#1 were less to develop
changes in iron level after TMZ treatment, which also indicated that knockout of IRP1 could confer TMZ
resistance (Figure 3B). Moreover, corresponding changes in MDA levels were also observed. sg-IRP1#
transfected cells were less susceptible to erastin-induced lipid peroxidation and oxidative damage (Fig-
ure S3E). Obviously, IRP1 knockout also altered the levels of GSH and GSSG upon ferroptosis induction,
the GSH level decreased significantly in sg-IRP1# transfected cells compared with control cells, and the
GSSG level increased significantly compared with control cells (Figures S3F and S3G).

The decrease of mitochondrial membrane potential also proved that the mitochondrial membrane poten-
tial of sgRNA-IRP1#1 transfected group was less prone to decrease and it maintained their normal mito-
chondrial function under either TMZ treatment or ferroptosis inducer treatment (Figures 3C and 3D). We
further demonstrated that the degree of superoxide production by mitochondria decreased significantly
in the sgRNA-IRP1#1 transfected group with the same stimulation (Figure 3E). The confocal images of
DCF-DA showed that sgRNA-IRP1#1 transfected group were less susceptible to the influence of generating
ROS by ferroptosis inducer. The flow cytometry results and its statistical results were consistent with the
confocal results (Figures 3F and 3G).

In conclusion, the knockout of IRP1 can promote the sensitivity to TMZ chemotherapy in GBM cells, which
indicates IRP1 may serve as a potential target gene for improving TMZ sensitivity.

Knockout of IRP1 activates the noncanonical NF-kB pathway through NFKB2

To determine whether downregulated IRP1 confers TMZ resistance in GBM cells as a potential mechanism,
RNA sequencing analysis was performed to predict possible target genes and enriched pathways. After
knocking out IRP1, the RNA-seq results revealed that NFKB1 and NFKB2 were highly expressed, especially
NFKB2 (Figures 4A and 4B), and it was predicted to be the highly possible downstream target gene of IRP1
in GBM cells. Moreover, the pathway enrichment analysis by KEGG revealed that the NF-kB pathway was
activated extremely (Figure 4C). As one of the five subunits of the mammalian NF-kB family, NFKB2 mainly
participates in and regulates noncanonical NF-kB pathway. Western Blot showed that for the canonical NF-
kB signaling pathway, the effect of IRP1 KO on it was not obvious (Figure 4D). However, knockout of IRP1
activated the noncanonical NF-kB signaling pathway and significantly increased the expression levels of
downstream target genes, such as NFKB2, RelB, IKKe, and Phospho-IKKa (Figure 4E). As expected, the
Western Blot results of parental and TR cells also showed the same trend (Figures S4A and $4B). TCGA
database analysis showed that glioma patients with high NFKB2 expression level had a worse prognosis,
while NFKB1 had no significant effect on the survival prognosis of glioma patients (Figure S4C). We there-
fore focused on NFKB2 and the noncanonical NF-kB pathway it regulates.
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Figure 4. Knockout of IRP1 activates the noncanonical NF-kB pathway through NFKB2

(A) Clustering heatmap of mRNA from the NC and KO cells on the basis of differential expression analysis. Control group: n = 3; IRP1 KO group: n = 3.
(B) Volcano plot displays differential genes expression in U87KO cells. Up (red), down (blue).

(C) KEGG pathway analysis of upregulated genes. Tops of enriched pathway are shown.
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Figure 4. Continued

(D) Western blot to detect major protein levels in the canonical NF-kB pathway in U87NC, U87KO, U251NC and U251KO cells.

(E) Western blot to detect major protein levels in the noncanonical NF-kB pathway in U87NC, U87KO, U25TNC and U251KO cells.
(F) gRT-PCR to detect the NFKB1T mRNA levels in UB7NC, U87KO, U251NC and U251KO cells.

(G) gRT-PCR to detect the NFKB2 mRNA levels in U87NC, U87KO, U25TNC and U251KO cells.

(H) IF confocal images of IRP1 (green), NFKB2 (red), and nuclei (blue). Scale bar, 20 pm.

Moreover, compared with NFKB1, NFKB2 mRNA expression level was correspondingly higher in both KO
cells and TR cells compared to NC cells and parental cells (Figures 4F and 4G; Figures S4D and S4E). Immu-
nofluorescence confocal was used to identify the intracellular localization of IRP1 and NFKB2, and the
expression level of NFKB2 in IRP1 KO cells was significantly higher than that in NC cells (Figure 4H).

All in all, these results suggest that downregulated IRP1 promotes chemotherapy resistance through
NFKB2-mediated the noncanonical NF-kB signaling pathway activation, not the canonical one.

Knockdown of NFKB2 enhanced ferroptosis sensitivity and reversed TMZ resistance

To determine whether NFKB2 expression is involved in regulating the sensitivity to TMZ, we transfected
shRNA targeted NFKB2 into IRP1-KO cells (Figures S5A and S5B). The ICsq values of TMZ in NFKB2-tar-
geted cells were calculated, and the results showed that NFKB2 knockdown indeed increased the sensi-
tivity to TMZ in GBM cells (Figure 5A). The PGSK confocal images also showed that cells with IRP1 knockout
and NFKB2 knockdown at the same time were more susceptible to iron level changes after TMZ treatment
compared with only IRP1 knockout cells (Figure 5B). After treated with ferroptosis inducer, the intracellular
ferrous iron levels in NFKB2-targeted cells were significantly higher than that in the control groups in IRP1-
KO cells (Figure S5C), and the MDA levels of NFKB2 knockdown groups, the metabolite of lipid peroxida-
tion, also showed an upward trend (Figure S5D). Knocking down NFKB2 resulted in a more significant
decrease in GSH level and a more significant increase in GSSG level, both of which indicated that
NFKB2 knockdown enhanced sensitivity to ferroptosis (Figures SS5E and S5F).

The results of JC-1 images and TMRE images demonstrated that knocking down NFKB2 in IRP1 knockout
cells could indeed reverse the feature that KO cells were not susceptible to mitochondrial membrane po-
tential decline with TMZ treatment or ferroptosis inducer treatment, which further confirmed that NFKB2
was a downstream target gene of IRP1 (Figures 5C and 5D), and knockdown of NFKB2 enhanced the sensi-
tivity to ferroptosis and even reversed TMZ resistance. Moreover, the MitoSOX confocal images also indi-
cated that mitochondria in IRP1-KO cells with NFKB2 knockdown were more susceptible to ferroptosis
induced superoxide production than in IRP1-KO cells without NFKB2 knockdown (Figure 5E). DCF-DA
confocal images showed that targeting NFKB2 made cells more susceptible to ferroptosis inducers to pro-
duce ROS (Figure 5F). The flow cytometry results and its statistical results were consistent with the above
results (Figure 5G).

Collectively, these data reveal a previously unappreciated link between IRP1 and NFKB2, and lay a founda-
tion for further exploration of the TMZ resistance mechanism of the combination of the two genes.

High expression of NFKB2 activates LCN2/FPN1 to mediate ferroptosis resistance in GBM
cells

To further explore the mechanism of IRP1-mediated NFKB2 regulation in TMZ resistance, we considered
whether the end of the regulatory axis was related to cellular iron ion transport. By analyzing the survival
prognosis of glioma in TCGA database, we found two iron transport-related proteins, LCN2 and FPN1,
which were significantly related to the prognosis of glioma. The prognosis of glioma patients with high
expression of LCN2 and FPN1 is poor (Figure S6A). As a result, we focused on these two independent
poor prognostic markers.

To determine whether LCN2 and FPN1 play an essential role in mediating ferroptosis resistance and act as
downstream targeted genes of NFKB2, we firstly performed western blot and qRT-PCR assay on the IRP1-
KO groups. The results showed that the expression levels of LCN2 and FPN1 were significantly increased in
the cells transfected with sgRNA-IRP1#1 virus particle (Figures 6A-6C). And then, we also detected on the
TR groups, as expected, the expression levels of both LCN2 and FPN1 were significantly increased in TR
cells (Figures S6B-SéD).
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Figure 5. Knockdown of NFKB2 enhanced ferroptosis sensitivity and reversed TMZ resistance

(A) The cell survival rate was measured after TMZ treatment in U87KO-NC, U87KO-shNFKB2, U251KO-NC and U251KO-shNFKB2 groups. Data are
represented as the mean + SD (n = 6).

(B) Representative confocal images of the IRP1-KO-NC and IRP1-KO-shNFKB2 groups stained with the PGSK (green) probe to assess intracellular iron levels.
Scale bar, 100 pm.

(C) Representative confocal images of the IRP1-KO-NC and IRP1-KO-shNFKB2 groups stained with the JC-1 probe (Aggregates, red; Monomers, green) to
assess mitochondrial membrane potential. Scale bar, 100 um.

(D) Representative confocal images of the IRP1-KO-NC and IRP1-KO-shNFKB2 groups stained with the TMRE (red) dye to assess mitochondrial membrane
potential. Scale bar, 100 pm.

(E) Representative confocal images of the IRP1-KO-NC and IRP1-KO-shNFKB2 groups stained with the MitoSOX Red reagent (red) to assess mitochondrial
ROS levels. Scale bar, 100 um.

(F) Representative confocal images of the shRNA-NFKB2 transfected group and the shRNA-NFKB2 non-transfected group treated with erastin (10 uM) for
24 h stained with the DCF-DA (green) dye to assess cellular ROS. Scale bar, 100 um.

(G) Lipid peroxidation level in the shRNA-NFKB2 transfected group and the shRNA-NFKB2 non-transfected group assessed by DCF-DA using flow cytometry
immunolabelling.

Cells overexpressed NFKB2 were obtained from parental GBM cells transfected with Iv-NFKB2 virus parti-
cle (Figures S6E and S6F). The results of western blot and qRT-PCR demonstrated that the expression levels
of LCN2 and FPN1 were increased correspondingly with overexpression of NFKB2 (Figures 6D—6F). And we
used chromatin immunoprecipitation (ChIP) assay to confirm that NFKB2 was capable of binding to the
promoter regions of LCN2 and FPN1 in the U87 cells (Figure 6G). In addition, the changes of ferrous
iron, MDA and DCF levels in NFKB2 overexpressed cells were detected to evaluate the effect of NFKB2
on intracellular iron level and lipid peroxidation level (Figures 6H-6J).

To determine whether NFKB2 acts as an upstream gene for activating LCN2 and FPN1, we performed a
series of verification experiments in IRP1-KO cells with NFKB2 knockdown. The results of western blot
and gRT-PCR demonstrated that knocking down NFKB2 could decrease the expression level of LCN2
and FPN1 in IRP1-KO cells (Figures 6K-6M) Due to the iron transport function of LCN2 and FPN1, the
change of their expression will further lead to the decrease or increase of intracellular iron level. Corre-
spondingly to the change in LCN2 and FPN1 expression, the levels of Ferrous iron, MDA and DCF were
partly rescued in IRP1-KO cells with NFKB2 knockdown (Figures 6N-6P).

These results confirmed our hypothesis that LCN2 and FPN1 were indeed the downstream targeted genes
of the IRP1/NFKB2 axis in regulating ferroptosis sensitivity and TMZ resistance in GBM cells.

Overexpressed IRP1 enhances ferroptosis-based TMZ antitumor therapy in vivo

To further investigate the role of IRP1 on the efficacy of TMZ in vivo, an orthotopic GBM mice model was
generated by intracranially injecting the two groups of cells separately into mice brains. Then, mice were
intraperitoneally injected with DMSO or TMZ (5 mg/kg/day) at the frequency of 5 days on and 2 days off for
2 weeks (Figure 7A).

The bioluminescence imaging and changes in mice body weight indicated that those tumors established
with U87TR-IVIRP1 cells were more sensitive to TMZ treatment when compared to U87TR group
(Figures 7B-7D). Kaplan-Meier survival curves showed that the median survival time of the mice was
34 days in the U87TR group, 42 days in the U87TR + TMZ group, and 35 days in the U87TR-IVIRP1 group,
while the U87TR-IVIRP1+TMZ group extended the median survival time to 55 days (Figure 7E).

In addition, H&E staining confirmed that the tumor volume of the U87TR-IVIRP1+TMZ group was signifi-
cantly smaller than that of the U87TR + TMZ group (Figure 7F). Ki67 staining also indicated that the percent-
age of proliferating cells in the U87TR-IVIRP1+TMZ group was lower than that in the U87TR + TMZ group
(Figure 7G). We also examined ferrous iron and MDA levels in orthotopic tumors of xenograft model, and
the results showed that ferrous iron and MDA levels in the U87TR-IVIRP1+TMZ group were significantly
higher compared to those in other groups, which also confirmed that U87TR-IVIRP1 cells were more sensi-
tive to TMZ-induced changes in iron levels and lipid peroxidation (Figures 7H and 71).

Together, these results strongly revealed that IRP1 enhanced TMZ antitumor therapy based on ferroptosis
in vivo and that IRP1 could be a potential therapy target for overcoming chemoresistance.
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Figure 6. High expression of NFKB2 activates LCN2/FPN1 to mediate ferroptosis resistance in GBM cells
(A) Western Blot analysis detected the expression of LCN2 and FPN1 in IRP1-NC and IRP1-KO cells.

(B and C) gqRT-PCR detected the expression of LCN2 and FPN1 in IRP1-NC and IRP1-KO cells.

(D) Western Blot analysis to detect NFKB2 protein levels in parental cells transfected with Iv-NFKB2.

(E and F) gRT-PCR detected the expression of LCN2 and FPN1 in NC and IVNFKB2 cells.

(G) ChlP assay of the enrichment of NFKB2 in the LCN2 and FPN1 promoter region normalized to IgG in U87 cells.
(H) Ferrous iron levels detected after overexpression of NFKB2 in parental cells.

(1) MDA levels detected after overexpression of NFKB2 in parental cells.

(J) DCF levels detected after overexpression of NFKB2 in parental cells.

(K) Western Blot analysis detected the expression of LCN2 and FPN1 in IRP1-KO-NC and IRP1-KO-shNFKB2 cells.
(L and M) gRT-PCR detected the expression of LCN2 and FPN1 in IRP1-KO-NC and IRP1-KO-shNFKB2 cells.

(N) Ferrous iron levels detected after knockdown of NFKB2 in IRP1-KO cells.

(O) MDA levels detected after knockdown of NFKB2 in IRP1-KO cells.

(P) DCF levels detected after knockdown of NFKB2 in IRP1-KO cells.

DISCUSSION

TMZ administration significantly prolongs the median survival time, but almost all GBM patients eventually
develop TMZ resistance during the course of the treatment.” Previous studies have shown TMZ resistance
as a multifactorial process that occurs by a variety of cell mechanisms. Activation of DNA repair pathways
is the principal mechanism for this phenomenon that detaches TMZ-induced O-6-methylguanine adducts
and restores genomic integrity.”® Current understanding in the domain of oncology reveals several other
novel mechanisms of resistance, such as the involvement of miRNAs, drug efflux transporters, gap junction’s
activity, the advent of glioma stem cells as well as appearance of cell autophagy.”” Substantial evidences have
been obtained over the past decades that changes in iron uptake and iron management are essential features
of tumor cells. Alterations in iron metabolism are now recognized as a key metabolic “hallmark” of cancer.”
Reprogramming of iron metabolism and dysfunction of iron homeostasis have also been found in GBM.*

Ferroptosis, a form of non-apoptotic cell death, has attracted much attention in recent years as a potential
anti-tumor strategy to overcome apoptotic resistance. More and more studies have begun to explore new
ways to treat gliomas through lipid peroxidation and oxidative stress in the ferroptosis mechanism.?'*
Emerging evidences suggested that some oncogenic pathways are associated with ferroptosis, making
cancer cells highly susceptible to death, and ferroptosis has recently been identified as a natural tumor sup-
pressor mechanism; like inactivation of apoptosis, its inactivation contributes to tumor development.*
Recent studies have found that the metabolic plasticity of tumor cells plays an important role in the persis-
tence, dedifferentiation, and expansion of tumor cells. In some cases, the metabolic reprogramming has
been associated with acquired sensitivity to ferroptosis, thus opening up new opportunities to treat tumors
that are resistant to chemotherapy. However, it remains unclear what metabolic determinants are critical
for treatment resistance and evasion of immune surveillance.®” Due to the paucity of research in ferroptosis
and TMZ resistance, we aimed to investigate the molecular mechanisms of ferroptosis in TMZ resistance, in
order to find a new regulatory axis that can reverse TMZ sensitivity.

In our study, we focused on IRP1, a well-known iron regulatory protein, cause it is an important element in the
regulation of iron homeostasis in animal cells.*® Previous investigators found that overexpressed IRP1 was asso-
ciated with a pronounced tumor suppressor phenotype and provided a direct regulatory link between the IRE/
IRP system and cancer.® By analyzing the survival prognosis of glioma patients in TCGA database, we found
that glioma patients with high expression of IRP1 had better survival prognosis (Figure 1J). We also found that
IRP1 was down-regulated in TMZ-resistant GBM cells (Figure 1), which revealed that IRP1 expression was asso-
ciated with TMZ resistance. Our in vitro experiments confirmed that the alteration of IRP1 expression could
affect the TMZ sensitivity of GBM cells. To further explore the downstream mechanism of IRP1 in regulating
TMZ resistance, RNA-seq was performed in U87 cells with IRP1 knockout. Based on sequencing results, the
downstream target gene NFKB2 and the noncanonical NF-kB regulatory pathway were identified. Activation
of the noncanonical NF-kB pathway involves different signaling molecules and leads to the predominant acti-
vation of the p52/RelB dimer, which based on processing of p100, the NFKB2 precursor protein.”” Of note, the
research on the key gene NFKB2 in the non-classical pathway and TMZ resistance in glioma does not exist,
therefore, our study is a groundbreaking work. Our results confirmed that FPN1 and LCN2 could act as down-
stream targeted gene of the IRP1/NFKB2 regulatory axis to affect ferroptosis sensitivity and TMZ resistance in
GBM cells. Furthermore, our in vivo experiments also fully demonstrated that overexpressed IRP1 could
reverse TMZ resistance, significantly enhance the therapeutic efficacy of TMZ.
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Figure 7. Overexpressed IRP1 enhances ferroptosis-based TMZ antitumor therapy in vivo
A) Schematic illustration of the GBM orthotopic xenograft model.
B) Bioluminescence images of tumor growth after tumor implantation. n = 6 for each group.

C) Tumor growth curves by quantification of bioluminescent imaging signal intensities. Data were represented as the mean + SD (n
)

(
(
(
(D) Mice body weight curves started with the generation of xenograft model. Data were represented as the mean £ SD (n = 6).
(E) Kaplan-Meier survival curve of nude mice. Data are represented as the mean + SD (n = 6).

(F) Representative images of H&E staining showing tumor volume in the nude mice.

(G) IHC staining for Kié7 in brain tumor samples. Scale bar, 50 um.

(H) Relative level of Ferrous iron in brain tumor samples.

(1) Relative level of MDA in brain tumor samples.

In summary, our study demonstrated that IRP1 could confer TMZ resistance to GBM cells by attenuating fer-
roptosis (Figure 8). These results highlight the new mechanism of TMZ resistance and provide a novel strategy
to overcome the acquired TMZ resistance in GBM patients via upregulating IRP1 expression. Importantly, we
unprecedentedly demonstrated that IRP1 can act as a tumor suppressor to predict clinical prognosis of GBM
patients. In addition, we identified the novel IRP1-NFKB2-LCN2/FPN1 signaling axis which is critical for regu-
lating ferroptosis and cell survival. Our results shed light on the importance of the mechanisms counteracting
ferroptosis in chemotherapeutic progression and provide an innovative treatment strategy for GBM patients.

Limitations of the study

While we demonstrated a critical role of IRP1 in mediating TMZ resistance via the noncanonical NF-kB
signaling pathway, it is also worth identifying the molecular mechanism by which NFKB2 regulates LCN2
and FPN1 expression. Moreover, the intracranial tumor formation mouse was used to verify the IRP1/
LCN2/FPNT1 signaling axis, if PDX or organoid model can be used, it will be more convinced. Moreover,
the clinical data we used comes from public databases, and it is better to add clinical samples collected
by ourselves for verification in our future studies.
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Antibodies
Rabbit anti-ACO1 Abcam Cat# ab236773

Mouse anti-IRP2

Rabbit anti-LCN2

Rabbit anti-FPN1

Rabbit anti-B-actin

Rabbit anti-NF-kB p65

Rabbit anti-P-NF-kB p65

Rabbit anti-RelB

Rabbit anti-c-Rel

Rabbit anti-NF-kB1 p105/50

Rabbit anti-NF-kB2 p100/52

Mouse anti-IKKa

Rabbit anti-IKKB

Rabbit anti-Phospho-IKKa/B

Mouse anti-lkBo

Rabbit anti-Phospho-lkB-a
Anti-rabbit IgG, HRP-linked Antibody
Anti-mouse IgG, HRP-linked Antibody

Santa Cruz Biotechnology
Proteintech

Proteintech

Proteintech

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology

Cat# sc33682; RRID: AB_2126703
Cat# 26991-1-AP; RRID: AB_2880715
Cat# 26601-1-AP; RRID: AB_2880571
Cat# 66009-1-lg; RRID: AB_2782959
Cat# 8242; RRID: AB_10859369
Cat# 3033; RRID: AB_331284

Cat# 10544; RRID: AB_2797727
Cat# 12707; RRID: AB_2721030
Cat# 13586; RRID: AB_2665516
Cat# 4882; RRID: AB_10695537
Cat# 11930; RRID: AB_2687618
Cat# 8943; RRID: AB_11024092
Cat# 2697; RRID: AB_2079382

Cat# 4814; RRID: AB_390781

Cat# 2859; RRID: AB_561111

Cat# 7074; RRID: AB_2099233

Cat# 7076; RRID: AB_330924

Rabbit Anti-RNA polymerase Il Antibody Abcam Cat# ab264350

Bacterial and virus strains

IRP1 Lentivirus GeneChem N/A

NFKB2 Lentivirus GeneChem N/A

Chemicals, peptides, and recombinant proteins

DMEM/F12, 1:1 Gibco Cat# 11330500BT

DMEM Gibco Cat# 11995500BT

Bovine serum albumin Sigma-Aldrich Cat# V900933; CAS: 9048-46-8
Difco Skim Milk BD biosciences Cat# BD-232100
polyvinylidene fluoride membrane (0.45um) Sigma-Aldrich Cat# IPVH00010; CAS: 24937-79-9
fetal bovine serum (FBS) Gibco Cat# 10270-106

DAPI

Phalloidin

DMSO

T™Z

ECL detection system
TRIzol reagent
CCK-8 assay

Triton X-100

Phen Green SK

IVISbrite D-Luciferin Potassium

Salt Bioluminescent Substrate

Cell Signaling Technology
Cell Signaling Technology
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Thermo Fisher

Dojindo

Sigma-Aldrich

Thermo Fisher

PerkinElmer

Cat# 4083

Cat# 13054

Cat# D2650; CAS: 67-68-5
Cat# T2577; CAS: 85622-93-1
Cat# WBKLS0500

Cat# 15596026

Cat# CKO4

Cat# X100; CAS: 9036-19-5
Cat# P14313

Cat# 122799
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Critical commercial assays

Whole Cell Lysis Assay KeyGEN BioTECH KGP2100

bicinchoninic acid (BCA) assay kit Beyotime P0012

PrimeScript™ RT Master Mix TAKARA RRO36A

TB GREEN Premix Ex Taq TAKARA RR420A

Lipid Peroxidation MDA Assay Kit Beyotime S0131

GSH and GSSG Assay Kit Beyotime S0053

Iron Assay Kit Sigma-Aldrich MAKO025

JC-1 Assay Kit Beyotime C2006

TMRE Assay Kit Cell Signaling Technology Cat# 13296

MitoSOX Red fluorescence assay Thermo Fisher M36008

ROS Detection Kit KeyGEN BioTECH KGTO10-1

EZ-Magna ChIP Assay Kit Sigma-Aldrich 17-10086

Deposited data

Raw and analyzed data TCGA https://cancergenome.nih.gov
RNA-seq data This paper GSA-Human: HRA004814

Experimental models: Cell lines

NHA Tianjin Medical University General Hospital N/A

us7 Cell bank of Chinese Academy of Sciences TCHu138
U251 Cell bank of Chinese Academy of Sciences TCHu58
LN229 Cell bank of Chinese Academy of Sciences TCHu244
A172 Cell bank of Chinese Academy of Sciences TCHu171
U118 Cell bank of Chinese Academy of Sciences TCHu216
T98 Tianjin Medical University General Hospital N/A

N9 Tianjin Medical University General Hospital N/A

N33 Tianjin Medical University General Hospital N/A
U87TR Guo Laboratory™® N/A
U251TR Guo Laboratory*® N/A
Experimental models: Organisms/strains

Mouse: BALB/c nude Southern Medical University N/A
Oligonucleotides

Primers for gRT-PCR, see Table S2 This paper N/A
Primers for ChlIP, see Table S3 This paper N/A
CRISPR sgRNA targeting sequence: GeneChem N/A

IRP1 #1: ATG ACA CGA GCA GGC TTA AA

CRISPR sgRNA targeting sequence: GeneChem N/A

IRP1 #2: AGA AGA ACT CTG ATC GAA AA

CRISPR sgRNA targeting sequence: GeneChem N/A

IRP1 #3: TGA TCT ATT ACA AGA TCA GC

shRNA targeting sequence: NFKB2 #1: GeneChem N/A
GCT GCT AAATGC TGC TCA GAA

shRNA targeting sequence: NFKB2 #2: GeneChem N/A
CCT GTAACA GTG TTT CTG CAA

shRNA targeting sequence: NFKB2 #3: GeneChem N/A

GCC CAATTT AAC AAC CTG GGT
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Software and algorithms

ImageJ NIH https://imagej.nih.gov/ij/

GEPIA 2 Zhang's Lab http://gepia2.cancer-pku.cn

FlowJo v10.8.1 BD Biosciences https://www.flowjo.com/

Living Image 4.5.2 Caliper LifeScience https://www.perkinelmer.com.cn/
GraphPad Prism 8 GraphPad https://www.graphpad.com/
NIS-Elements Nikon https://www.microscope.healthcare.nikon.com/
Leica Application Suite X Leica https://www.leica-microsystems.com.cn/
RESOURCE AVAILABILITY

Lead contact
Requests for further information should be directed to Hongbo Guo (guohongbo?11@126.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The raw sequence data reported in this paper have been deposited in the Genome Sequence Archive in
National Genomics Data Center, China National Center for Bioinformation/Beijing Institute of Genomics,
Chinese Academy of Sciences (GSA-Human: HRA004814) that are publicly accessible at https://ngdc.cncb.
ac.cn/gsa-human.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead
contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture

Patient-derived GBM cells (N9 and N33), NHA and T98 acquired from Tianjin Medical University General
Hospital were cultured in Dulbecco’s Modified Eagle's Medium (DMEM/F12, 1:1; Gibco, C11330500BT)
supplemented with 1% Penicillin-Streptomycin and 10% fetal bovine serum (FBS, Gibco, 10270-106). The
human cell lines U87, U251, LN229, A172 and U118 were purchased from Cell bank of Chinese Academy
of Sciences (Shanghai, China), and it was authenticated and tested for mycoplasma contamination. The
TMZ-resistant lines, U87TR and U251TR, were established and maintained in our Iaboratory.38 The cells
were routinely cultured in DMEM (Gibco, C11995500BT) containing 1% Penicillin-Streptomycin and 10%
FBS. To maintain the TMZ-resistant phenotype, U87TR and U251TR were alternately cultured in TMZ-
free medium and medium containing TMZ (200 pg/mL). TMZ was obtained from Sigma-Aldrich (T2577,
San Francisco, CA, USA) and dissolved in dimethyl sulfoxide (DMSO, Sigma-Aldrich, D2650, USA) at a final
concentration of 50 pg/mL. All the cells were incubated at 37°C in 5% CO;,

In vivo anti-tumor activity

Four-to five-week-old female BALB/c nude mice were obtained from the Laboratory Animal Center, South-
ern Medical University. To study the role of IRP1 in TMZ resistance, the mice were randomly divided into
four groups (n = 6 per group) (U87TR, U87TR+TMZ, U87TR-IVIRP1, U87TR-IVIRP1+TMZ). To establish the
GBM models, IRP1 overexpress or control U87TR cells (5 x 10° cells per mice in 3 pL PBS) transfected
with luciferase lentivirus were injected into the mice brain under the guidance of a stereotactic instrument
at coordinates relative to bregma: 2.0 mm posterior, 2.0 mm lateral, and 3.0 mm ventral. For TMZ treatment
groups, mice injected cells for 14 days were treated with TMZ (at a dose of 5 mg/kg) at the frequency of
5 days on and 2 days off for 2 weeks. Bodyweights were monitored regularly. In addition, survival of
mice was monitored during the tumor progression and overall survival curves were generated using the
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Kaplan-Meier method. Bioluminescence imaging was performed to detect intracranial tumor growth on
days 7, 14, 21 and 28 by the IVIS Spectrum imaging system. On day 28, the mice were sacrificed, and their
brain tissues were excised, fixed in 4% PFA, and embedded in paraffin for Hematoxylin and Eosin (H&E) and
immunohistochemical (IHC) staining. All animal work was approved by the Animal Experiment Ethics Com-
mittee of Zhujiang Hospital in accordance with the Institutional Animal Care and Use Committee Guide-
lines (approval number LAEC-2021-162).

METHOD DETAILS

CRISPR/Cas9 system and sequencing

The CRISPR/Cas? gene-editing system (GeneChem, Shanghai, China) was used to generate the LV-Cas?9-
sgRNA-IRP1 stable cell lines. Lentiviral vectors (LVs) harbouring Cas? and sgRNA were constructed for
transfection of the U87 and U251 cells. According to the manufacturer’s protocol, the LVs harbouring
Cas9 were transfected into the cells using polybrene (GeneChem, Shanghai, China) to isolate the stable
cell lines. In addition, three different sgRNAs were designed according to the three different target sites
in the IRP1 gene and packaged into the LVs to form LV-sgRNA-IRP1. Sequencing was performed using
the Sanger method (GeneChem, Shanghai, China) to confirm the sequence of the three sgRNAs. The se-
qguences of the sgRNAs were as follows: #1 ATG ACA CGA GCAGGC TTA AA; #2 AGA AGAACT CTG ATC
GAA AA; and #3 TGA TCT ATT ACA AGA TCA GC. The three LV-sgRNA-IRP1s were transfected into the
U87 and U251 cells to eventually generate the LV-Cas9-sgRNA-IRP1 stable cell lines, and 48 h following
LV transfection, subsequent experiments were performed.

Cell transfection

IRP1 and NFKB2 lentiviral vectors were transduced to U87TR, U251TR and U87, U251 according to the man-
ufacturer’s instructions (GeneChem, Shanghai, China) to generate stable overexpression cells. Short
Hairpin RNAs (shRNAs) targeting NFKB2 was synthesized by GeneChem (Shanghai, China). Sequences
of shRNAs were as follows: #1 GCT GCT AAA TGC TGC TCA GAA; #2 CCT GTA ACA GTG TTT CTG
CAA; #3 GCC CAATTT AAC AAC CTG GGT. The positive transfected cells were selected by puromycin
for two weeks at 2.5 ng/mL. The transfection efficiency was confirmed by Western Blot and qRT-PCR.

Western Blot analysis

Proteins were extracted from cells with Whole Cell Lysis Assay (KeyGEN BioTECH, KGP2100, Jiangsu,
China) on ice and quantified with bicinchoninic acid (BCA) assay kit (Beyotime, P0012, Beijing, China). Pro-
tein lysates were separated by SDS-polyacrylamide gel electrophoresis and then transferred onto polyvi-
nylidene fluoride (PVDF) membranes (Millipore, IPVH00010, USA). The membranes were incubated with
primary antibodies overnight, followed by incubation with horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies (Cell Signaling Technology, MA, USA) for 1 h. Immunoreacted bands were visualized via
ImageQuant LAS500 chemiluminescence (General Electric, Boston, USA) through ECL detection system
(Millipore, WBKLS0500, USA). Finally, the protein expression was analyzed by the software of ImageJ (Na-
tional institution of Health, USA), and B-actin was used as loading control. The primary antibodies were
listed in Table S1.

RNA extraction and quantitative RT-PCR

TRIzol reagent (Invitrogen, 15596026, USA) was used to extract the total RNA from cultured cells, and cDNA
was synthesized using PrimeScript RT Master Mix (Takara Bio, RRO36A, Shiga, Japan) according to manu-
facturer’s instructions. Quantitative real-time PCR was performed using TB GREEN Premix Ex Taq (Takara
Bio, RR420A, Shiga, Japan) on an ABI StepOne Plus real-time instrument (Thermo Fisher Scientific, Wal-
tham, MA) and the results were normalized to the GAPDH. AACt method was used for quantification anal-
ysis with at least 3 independent experiments. The prime sequences were listed in Table S2.

Cell viability assay

Cells (5 x 10° per well) were seeded into 96-well plates and cultured for 24 h. The media was then replaced
with fresh media containing different formulations. The viability of treated cells was determined using the
CCK-8 assay (Dojindo, CK04, Kumamoto, Japan) following the manufacturer’s instructions after incubation
at 37°C for 2 h. The values of optical density (OD) 450 nm were detected using a microplate reader (BioTek,
Winooski, VT).
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Immunofluorescence and confocal imaging

Cells cultured and fixed on confocal dishes were fixed with 4% paraformaldehyde and permeabilized with
0.5% Triton X-100 (Sigma-Aldrich, X100, USA) in PBS for 15 min followed by blocking with 5% bovine serum
albumin (BSA). The primary antibodies were incubated overnight at 4°C followed by corresponding sec-
ondary antibody incubation for 1 h at room temperature. Nuclear counterstaining was conducted with
DAPI (Cell Signaling Technology, #4083, USA). Cells were stained with phalloidin (dilution 1:200; Cell
Signaling Technology, #13054, USA) to highlight actin. Confocal images of the cells were captured using
laser confocal microscope (Nikon, Japan).

Measurement of MDA

Malondialdehyde (MDA) levels in cells and tumors were measured using Lipid Peroxidation MDA Assay Kit
(Beyotime, S0131, China) in accordance with the manufacturer’s instructions. In brief, cells or tumors were
homogenized and centrifuged to separate the supernatant. Thiobarbituric Acid (TBA) solution was then
added to the supernatant and reacted in an acidic and high-temperature environment for 15 min. After
the reaction, the supernatant was obtained by centrifugation, and the absorbance was evaluated at
532 nm using a microplate reader (BioTek, Winooski, VT).

Measurement of GSH/GSSG

The intracellular concentration of total reduced glutathione (GSH) and oxidized glutathione disulfide
(GSSG) was measured using a GSH and GSSG Assay Kit (Beyotime, S0053, China) according to the manu-
facturer's protocol. A standard curve could be plotted according to the determination of A412 with micro-
plate reader (BioTek, Winooski, VT). Then, use the specific formula to calculated reduced GSH
concentration.

Transmission electron microscopy (TEM)

For TEM, cells were fixed with 2.5% glutaraldehyde, followed by 1% osmium tetroxide treatment for 1-2 h,
and dehydration in graded ethanol, finally embedding the samples in epoxy resin. 100 nm ultra-thin slices
were sectioned, stained with 2% uranyl acetate and lead citrate, and finally imaged with the Tecnai G2 Spirit
microscope.

Iron assay

According to the Iron Assay Kit (Sigma Aldrich, MAK025, USA), cells were added to iron assay buffer on ice
and centrifuged at 16,000 g for 10 min at 4°C to obtain the supernatant. 50 plL of the supernatant was incu-
bated with 50 pL of assay buffer in a 96 multi-well microplate for 30 min at 25°C. Samples were incubated
with 100 pL of the iron probe for 60 min at 25°C while protected from light. The absorbance at 593 nm was
measured using a microplate reader (BioTek, Winooski, VT). The final iron concentration was calculated by
the corresponding formula. The chelatable intracellular iron pool was determined by using the fluorescent
probe Phen Green SK (Invitrogen, P14313, USA). Cells were cultured on confocal dishes and loaded with
20 uM Phen green SK for 30 min in PBS. The cells were then washed with PBS and imaged using a laser
confocal microscope (Leica, Germany). The experiments were performed in triplicate.

Mitochondrial membrane potential assay

Mitochondrial membrane potential was detected using the JC-1 Assay Kit (Beyotime, C2006, China) and
the TMRE Assay Kit (Cell Signaling Technology, #13296, MA, USA). According to the manufacturer’s pro-
tocols, Cells fixed on confocal dishes were stained with JC-1 working solution and TMRE Labeling Solution
respectively for 20 min at 37°C in an incubator and analyzed using laser confocal microscope (Leica, Ger-
many). Assays were performed in triplicate, and fluorescence intensities were calculated using ImageJ
software.

Mitochondrial and intracellular reactive oxygen species

Mitochondrial ROS levels were measured by the MitoSOX Red fluorescence assay (Life Technologies,
M36008, USA). Cells were incubated in 5 pM MitoSOX reagent in PBS containing 5% FBS at 37°C for
10 min, protected from light and analyzed using a laser confocal microscopy (Nikon, Japan). Intracellular
ROS were measured by a ROS Detection Kit (KeyGEN BioTECH, KGT010-1, Jiangsu, China). According
to the protocol, a serum-free culture solution was used to prepare a DCFH-DA solution with a final concen-
tration of 10 uM. The cells collected were suspended in the DCFH-DA solution and incubated at 37°C for
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20 min. The solution was mixed by inversion every 3-5 min so that the probe would fully contact the cells.
The cells were washed three times with serum-free cell culture medium to fully remove the DCFH-DA, which
did not enter the cells. The ROS levels were analyzed using flow cytometry (Sony, Japan) and laser confocal
microscope (Leica, Germany), respectively.

RNA-seq analysis

Total RNA was extracted from U87-IRP1-NC and U87-IRP1-KO using TRIzol Reagent (Invitrogen, 15596026,
USA) following the manufacturer’s instructions and assessed for the RIN number to inspect RNA integrity by
an Agilent 4200 TapeStation. Sequencing libraries were generated following the manufacturer’s recom-
mendations, and index codes were added to attribute sequences to each sample. RNA was sequenced
by HaploX (Jiangxi, China) on the lllumina PE150 platform. Paired-end clean reads were aligned to the hu-
man genome hg19 using HISA T2 v2.1.0, which is a highly efficient system for aligning reads from RNA
sequencing experiments. Differential expression analysis of two groups was performed using the DESeq
R package (1.18.1). Unsupervised clustering was performed using cluster and tree views and visualized us-
ing heat maps. KEGG enrichment analysis and visualization of differentially expressed genes was imple-
mented by the clusterProfiler R package, which is a simple-to-use tool to analyze high-throughput data ob-
tained from transcriptomics or proteomics. Genes with adjusted p value less than 0.05 were considered
significantly enriched by differential expressed genes.

Chromatin immunoprecipitation (ChlIP) assay

ChlIP assay was executed using the EZ-Magna ChlIP Assay Kit (Millipore, 17-10086). Briefly, 2 x 107 U87 cells
were cross-linked with 1% formaldehyde for 10 min at room temperature, and neutralized with 10X glycine
for 5 min atroom temperature. Subsequently, samples were sonicated in lysis buffer to obtain 200-1,000 bp
DNA fragments and the extraction of ChIP DNA was performed as per the kit's protocol. And we used the
antibody NF-kB2 (Cell Signaling Technology, 1:50 dilution). The primer sequences specific to the promoter
region of LCN2 and FPN1 are listed in Table S3.

H&E and immunohistochemical staining

Sections (4-5um) were cut from paraffin-embedded tissue samples, dewaxed, and hydrated, and antigen
retrieval was performed in citrate at 95°C for 30 min. Sections were incubated with primary antibody against
Ki67 (ZSGB-BIO, ZM-0167, dilution 1: 100) at 4°C overnight and subsequently HRP-conjugated secondary
antibody for 1 h at room temperature. Visualization was performed using the substrate Diaminobenzidine
(DAB), and sections were stained with hematoxylin and eosin. Digital images were acquired under a scan-
ner (3DHISTECH, Hungary). Quantitative analysis was evaluated by Image J.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis and graphing were performed using GraphPad Prism 8 (GraphPad Software, San Diego,
CA, USA). All data were presented by mean =+ standard deviation (SD). The Student’s t-test was used to
compare experimental groups and control groups. For multiple experimental groups, one-way or two-
way ANOVA was used. Levene statistic was used to evaluate the variance homogeneity of the data.
Kaplan-Meier survival curves were compared using the log-rank test to assess survival differences between
groups. All the experiments were repeated at least three times with triplicates unless stated otherwise. Sig-
nificance was defined as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, #p < 0.05, ##p < 0.01,
#Hp < 0.001, #HH#p < 0.0001, ns = not significant.
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