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FXN targeting induces cell death
in ovarian cancer stem-like cells
through PRDX3-Mediated oxidative stress

Shanshan Xu,1 Yuwan Liu,2 Shizhou Yang,1 Weidong Fei,3 Jiale Qin,4 Weiguo Lu,1,5 and Junfen Xu1,5,6,*
SUMMARY

Ovarian cancer stem cells (OCSCs) significantly impact the prognosis, chemoresistance, and treatment
outcomes in OC. While ferroptosis has been proven effective against OCSCs, the intricate relationship
between ferroptosis and OCSCs remains incompletely understood. Here, we enriched ovarian cancer
stem-like cells (OCSLCs) through mammosphere culture, as an OCSC model. OCSLCs displayed height-
ened ferroptosis susceptibility, correlating with elevated FXN levels compared to non-stem OC cells.
FXN has recently emerged as a potential regulator in ferroptosis. FXN knockdown diminished stem-
ness marker nanog, sphere-forming ability, increased reactive oxygen species (ROS) generation, and
attenuated OCSLCs viability. FXN overexpression exacerbated ferroptosis resistance and reduced
RSL3-induced cell death. FXN knockdown impeded OCSLC xenograft tumor growth and exacerbated
the degeneration of peroxiredoxin 3 (PRDX3), a mitochondrial antioxidant protein participates in
oxidative stress. Thus, elevated FXN in OCSLCs suppresses ROS accumulation, fostering ferroptosis
resistance, and regulates the antioxidant protein PRDX3. FXN emerges as a potential therapeutic
target for OC.

INTRODUCTION

Ovarian cancer stands as one of themost formidable challenges in the realmof female reproductive systemcancers, projecting approximately

19,710 new cases and 13,270 deaths expected in the United States in 2023.1,2 Although initial responses to standard treatment, including de-

bulking surgery and platinum-based chemotherapy with or without targetedmaintenance therapy,3 are promising, the recurrence of chemo-

resistant phenotype in about 80% of ovarian cancer patients poses a significant hurdle.4 Consequently, the 5-year overall survival (OS) rate

languishes at only 30%.5 The pervasive issue of drug resistance in ovarian cancer underscores the urgency for innovative therapeutic

approaches.6

Recently, increasing evidence has shown that ovarian cancer chemoresistance is mainly due to oxidative stress and ferroptosis resistance.7

Ferroptosis, a non-apoptotic cell deathmechanism reliant on intracellular iron and characterized by the accumulation of lipid reactive oxygen

species (ROS), has demonstrated heightened efficacy in inducing ovarian cancer cells death. Sonia Fantone et al. reported that SLC7A11

expression was increased in ovarian cancer tissues in which it could inhibit ferroptosis and favor cancer cell chemoresistance, suggesting a

possible therapeutic target.8 Notably, accumulating evidence suggests that cancer stem cells (CSCs), aminute subset within tumors endowed

with self-renewal, tumor-initiating capabilities, and chemoresistance, exhibit greater susceptibility to ferroptosis compared to non-CSCs in

various cancers, including breast and esophageal cancer.9,10 Despite promising research on targeting CSCs to enhance cancer treatment

efficacy,4,11 challenges persist as the underlying mechanisms remain elusive, and optimal treatments targeting CSCs are yet to be realized.12

Recent data demonstrate that ferroptosis inducers could specifically target CSCs,13 offering a fresh perspective in the battle against ovarian

cancer. This discovery underscores the potential of ferroptosis in achieving complete tumor eradication and overcoming chemotherapy resis-

tance.9 Several agents, such as erastin, frizzled-7, superparamagnetic iron oxide nanoparticles, and stearoyl-coenzymeAdesaturase 1 (SCD1),

have shown promise in specifically targeting ovarian cancer stem cells (OCSCs) through ferroptosis induction.14–16 However, challenges

persist as themechanisms governing ferroptosis inOCSCs are not fully understood, and the treatments developed are not yet optimal. There-

fore, the exploration of ferroptosis induction as a strategy to combat OCSCs and improve the clinical outcome is gaining considerable

attention.
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Frataxin (FXN, codedby FXNgene: LRG_339), a highly conservedmitochondrial protein primarily involved inmitochondrial iron-sulfur clus-

ters biosynthesis and cellular iron homeostasis, has recently emerged as a potential player in ferroptosis.17 FXNdeficiency could contribute to

mitochondrial iron accumulation,17,18 increased ROS production, and lipid peroxidation,19,20 all characteristic features of ferroptosis. Jing Du

had certified FXN as a negative regulator of ferroptosis,21 with its deficiency significantly increasing susceptibility to ferroptosis.20 Interest-

ingly, FXN deficiency has been associated with decreased expression of ferroptosis negative regulators, including glutathione peroxidase

4 (GPX4) and NFE2 like bZIP transcription factor 2 (NRF2).20,22 Moreover, a recent finding proposes FXN as a key regulator of ferroptosis in

fibrosarcoma, suggesting its potential as a therapeutic target.21 However, the specific role of FXN in ferroptosis withinOCSCs remains unclear.

In previous studies, we successfully enriched OCSCs in mammosphere culture, denoted as spheroids or ovarian cancer stem-like cells

(OCSLCs). These OCSLCs exhibited phenotypic characteristics of OCSCs, showing high expression of stemmarker Nanog and sphere-form-

ing ability.23,24 Building upon this foundation, OCSLCs were employed as a model for OCSCs in the current study. Here, we unveil that FXN is

highly expressed in ovarian cancer, correlating with poor progress. Furthermore, FXN is upregulated in OCSLCs compared to parental cells.

Importantly, depletion of FXN induces ferroptosis in OCSLCs through active oxygen species (ROS) accumulation, leading to the inhibition of

self-renewal and cell viability. Subsequent investigations reveal that FXN inhibition disrupts intracellular redox homeostasis by enhancing the

degeneration of peroxiredoxin 3 (PRDX3). Collectively, FXN deficiency emerges as a promising candidate for ovarian cancer treatment, ex-

erting its effects through ferroptosis induction via the targeting of PRDX3.
RESULTS

FXN predicts poor progression in ovarian cancer

In a recent study, Mohammad Ghazizadeh reported elevated frataxin expression in cisplatin-resistant A2780 cells (A2780CR) compared to

parental A2780 cells,25 a finding validated through western blot analysis in our study (Figure 1A). The heightened expression of FXN in

A2780CR prompted an investigation into its association with ovarian cancer progression and poor prognosis, especially considering the

urgency in addressing cisplatin resistance, a crucial factor in ovarian cancer treatment. Our analysis revealed an increased level of FXNprotein

in ovarian cancer tissues compared to normal ovarian epithelium tissues (Figure 1B). Further examination of FXN mRNA expression using

http://kmplot.com based on 614 ovarian cancer patients, in which 188 patients with high FXN expression demonstrating poor progres-

sion-free survival (PFS) (Figure 1C).

To establish the clinical relevance of FXN in ovarian cancer, immunohistological (IHC) analysis of FXN protein expression was performed in

178 ovarian cancer tissues comprising patient samples and investigated the correlation between FXN expression and clinical parameters. The

IHC results showed a significant association between elevated FXN levels and advanced Federation International of Gynecology andObstet-

rics (FIGO) stage, higher tumor grade, and increased serum CA125 (Table 1). Moreover, FXN staining was significantly higher in high-stage

ovarian cancers relative to low-stage patients (Figure 1D). Importantly, patients with high FXN IHC scores were associated with poor PFS and

OS (Figure 1E). These findings suggest that FXN could be a potential therapeutic target for ovarian cancer.
FXN regulates cells viability and cancer stem-like cell characteristics via oxidative stress-mediated ferroptosis

To gain insight intomechanisms of FXN in ovarian cancer, we analyzed the gene effect score for FXN in ovarian cancer cell lines usingDepMap

(Figure S1A), selecting Skov3 and Ovcar5 cell lines for further investigation. Compared to normal human ovarian surface epithelial (HOSE)

cells, there was an increase in the level of FXNproteins in Skov3 andOvcar5 spheroids (Figure S1B). In addition, western blot analysis revealed

elevated levels of both FXN and stemness marker Nanog in OCSLC spheroids compared to parental cells (Figure 2A). Notably, OCSLCs ex-

hibited increased susceptibility to ferroptosis, as evidenced by higher cell death upon exposure to the ferroptosis-inducers RSL3 or erastin

(Figure 2B). Given the established link between FXN and cellular iron homeostasis, ROS production, and ferroptosis,18,19,26 we explored the

potential connection in ovarian cancer stem-like cells. Our data indicated that FXN expression attenuated with the increase of ferroptosis-

inducer RSL3, a covalent inhibitor of the GPX4 enzymatic activity (Figure 2C), suggesting a possible link between FXN and ferroptosis in

OCSLCs.

To explore the functional roles of FXN, we utilized FXN siRNAs with two independent sequences and performed experiments in mammo-

sphere culture. The cells depleted of FXN exhibited a significant decrease in the stem cell related-marker Nanog compared to the control

cells (Figure 2D). Moreover, we observed a concurrent reduction in sphere-forming ability upon FXN knockdown (Figure 2E). Consistent

with these findings, FXN deficiency negatively impacted cell viability, as evidenced by cell viability assay results (Figure 2F). Considering

recent study reported that FXN deficiency is accompanied by higher levels of p53.27,28 In line with these, we verified P53 was negatively linked

with FXNexpression (Figure S1C). Given that an elevated production of ROS is a distinctive hallmark of ferroptosis, our investigations revealed

an increase in lipid ROS levels in Skov3 andOvcar5OCSLCs upon FXNdepletion, as assessed by lipid ROS assay (Figure 2G). Additionally, we

noted an upregulation of transferrin receptor (TFR1), an iron-responsive element encoding protein, in conjunction with FXN deficiency

(Figure 2H). Conversely, we generated pooled FXN-overexpression cells, confirming their efficiency through mRNA and protein analyses

(Figure 3A). These cells exhibited enhanced cell viability (Figure 3B) and decreased cell death (Figure 3C), accompanied with lower level

of ROS (Figure 3D) and TFR1 protein expression (Figure 3E) compared to OCSLCs containing an empty vector. In addition, FXN overexpres-

sion exacerbated resistance to ferroptosis, reducing cell death induced by RSL3 using cell viability assay and calcein-AM/propidium iodide

(PI) staining assay (Figures 3F and 3G). Collectively, these findings suggest that inhibiting FXN could reduce cell viability and cancer stem-like

cell properties, potentially through oxidative stress-mediated ferroptosis.
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Figure 1. FXN predicts poor progression in ovarian cancer

(A) Immunoblot (IB) showing the expression of FXN in cisplatin-resistant A2780 cells and the parental A2780 cells (mean G S.E., n = 3, biologically independent

experiments).

(B) IB showing the levels of FXN in OC tissues and the normal ovarian tissues (N = normal, C = cancer).

(C) Kaplan–Meier plots of progression-free survival for OC samples (n = 614) from the KM Ploter database on Affymetrix id 230234_at.

(D and E) Immunohistochemical staining was performed using specific primary anti-FXN antibody in ovarian cancer tissues. Representative images and boxplots

of histoscore of FXN in low stage and high stage ovarian cancer tissue is shown (D). Scale bars, 400 mm. (low stage, n = 39; high stage, n = 139). Kaplan-Meier

survival analysis of patients with FXN low (n = 90) and FXN high (n = 88) expression in ovarian cancer are shown (E).

See also Figure S1 and Table S1.
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PRDX3 is a downstream target of FXN in ovarian cancer stem-like cells

In view of the exact mechanism accounting for FXN involved in ferroptosis regulation requires further evaluation, liquid chromatography-

tandem mass spectrometry (LC-MS/MS) analysis on Ovcar5 spheroids with either control or FXN knockdown were performed. Gene com-

parison of differentially expressed proteins (|log2 FC|>1.2, p < 0.05; Figure 4A; Table S1) of the siFXN and negative control samples re-

vealed 104 proteins associated with various biological processes. Gene ontology (GO) analysis of these differentially expressed genes

indicated a significant downregulation of proteins involved in the hydrogen peroxide catabolic process upon FXN depletion (Figure 4B).

Immunoblotting analysis confirmed the downregulation of PRDX3, a key protein in the hydrogen peroxide catabolic process and a marker

for ferroptosis,29 in both Skov3 and Ovar5 cell lines (Figure 4C). PRDX3, a thioredoxin-dependent peroxide reductase family of mitochon-

drial antioxidant protein, play a crucial role in the response to oxidative stress, catalyzing the reduction of both hydrogen peroxide and
iScience 27, 110506, August 16, 2024 3



Table 1. Association of FXN expression with clinicopathological characteristics in ovarian cancer patients (n = 178)

Variable All cases,N(%)

FXN expression

p valueLow High

Age(years) 0.513

&50 70(39.3) 35 35

>50 108(60.7) 55 53

FIGO stage 0.001**

I/II 39(21.9) 29 10

III/IV 139(78.1) 61 78

Tumor grade 0.011*

I/II 60(33.7) 38 22

III 118(66.3) 52 66

Ascitic fluid volume(ml) 0.067

<500 106(59.6) 59 47

R500 72(40.4) 31 41

Serum CA125(U/ml) 0.035*

<500 86(48.3) 50 36

R500 92(51.7) 40 52

c2 test, **p < 0.01, *p < 0.05.

See also Table S2.
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alkyl peroxides to water.30 So far, many studies have revealed the inner link between PRDX3 and ferroptosis. For instance, it was reported

that PRDX3 could cause cells resistance to ferroptosis (Cui et al.),29 participate in aminolevulinic acid mediated ferroptotic cell death

(Lynch et al.),31 and regulate ferroptosis associated with ROS production via GPX4/SLC7A11 pathway (Wang et al.).32 For these consider-

ations, PRDX3 downregulation following FXN deficiency could be a desirable occurrence since it could also suggest increased ROS in

ovarian cancer stem-like cells following FXN silencing. To assess whether PRDX3 is an effective target of FXN, we established cell lines

harboring silenced PRDX3 siRNA gene expression and analyzed the viability of cancer stem-like cells and ROS level. Interestingly, we

observed a significant increase in cell death in siPRDX3-transfected cells compared to controls, corresponding to a dramatical ascension

in ROS levels (Figures 4D–4F), indicating that PRDX3 knockdown enhances cell death via oxidative stress. We further investigated whether

FXN silencing induced cell death and ROS production could be attributed to PRDX3. OCSLCs with FXN depletion were cultured either

alone or in combination with a PRDX3 overexpressing plasmid, and cell viability along with lipid ROS levels was assessed. The results

demonstrated that FXN silencing-induced cell death and ROS accumulation could be rescued by PRDX3 overexpression (Figures 4G–

4I), providing additional support for the hypothesis that ferroptosis induced by FXN inhibition may occur through PRDX3-mediated oxida-

tive stress.

FXN stabilizes PRDX3 by inhibiting its proteasome degradation

Next, we examined whether FXN regulates the mRNA or protein levels of PRDX3. The levels of PRDX3 were assessed through qPCR anal-

ysis and western blot. The results showed that silencing FXN led to a decrease in PRDX3 protein levels without affecting PRDX3 mRNA

levels (Figure 5A). Additionally, we explored whether FXN influenced the stability of PRDX3 protein. Cycloheximide, a protein synthesis

inhibitor, was employed to assess the impact of FXN on PRDX3 stability. Cells transfected with FXN siRNAs were treated with 50 mg/mL

CHX for various durations to block protein synthesis. The degradation rates of existing PRDX3 protein were measured by western blot.

The results indicated that FXN depletion exacerbated PRDX3 degradation compared to the control group (Figure 5B). To further estab-

lish the relationship between PRDX3 degradation and FXN, we treated cells with MG132, a proteasome inhibitor, or chloroquine, a lyso-

somal acidification inhibitor. The results showed that treatment with MG132, but not chloroquine, led to an accumulation of PRDX3 pro-

tein (Figure 5C). This suggests that the proteasome pathway may be required for PRDX3 reduction caused by FXN deletion. This finding is

consistent with the report by Huang et al., who proposed the involvement of the ubiquitin-proteasome pathway in modulating PRDX3

stability.33

FXN deficiency markedly impeded tumor growth in an ovarian tumor xenograft mouse model

To assess the in vivo tumor-initiating potential, Skov3 cells were transduced with short hairpin RNAs targeting FXN or scramble sequences,

and cultured for anchorage-independent growth. After 7 days, spheroid cells (1*10^6) were injected into the axillary region of BALB/c-nu

mice. Tumor development was monitored in the control group seven days post-injection, with subsequent measurements of tumor diameter
4 iScience 27, 110506, August 16, 2024



Figure 2. FXN knockdown inhibits cells viability and cancer stem-like cell characteristics via oxidative stress-mediated ferroptosis

(A) IB showing the expression of FXN and stem-cell marker Nanog in parent and spheroid cells (mean G S.E., n = 3, biologically independent experiments).

(B) CCK8 assay analyzed the cell viability between parent and spheroids treated with Erastin or RSL3 in skov3 and Ovcar5 cell lines, respectively (n = 3).

(C) IB showing the levels of FXN in Skov3 and Ovcar5 spheroids treated with RSL3 for 24 h (Skov3 with 0, 0.2mm, and 0.4mm, Ovcar5 with 0, 10mm, and 20mm,

respectively) (mean G S.E., n = 3, biologically independent experiments).
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Figure 2. Continued

(D–H) FXN knockdown (KD) spheroids were generated by siRNA system. IB illustrating the levels of indicated proteins in Ctrl and FXN-depleting spheroids (D).

(mean G S.E., n = 3, biologically independent experiments). Quantifications of tumorsphere numbers (1000 cells/well) formed by Ctrl or FXN KD spheroids (2E,

right) (meanG S.E., n= 3, biologically independent experiments). Representative images of tumorspheres are shown (2E, left). Scale bar, 100 mm.Cell growth was

assessed in Ctrl and FXN deficiency spheroids, respectively (n = 3) (F). The lipid ROS levels, as indicated by DCFDA fluorescence, were measured by flow

cytometry in FXN KD and Ctrl spheroids (G) (MeanG S.E., n = 3, biologically independent experiments). Immunoblot illustrating the levels of TFR1 protein in the

indicated spheroids (H) (Mean G S.E., n = 3, biologically independent experiments). Statistical significance was assessed by paired t test. *p < 0.05, **p < 0.01,

***p < 0.001.

See also Figure S1.
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every 7 days. Remarkably, no tumors were observed in the FXN downregulated group even after four weeks. The figure illustrates a significant

reduction in the tumor-initiating capacity of FXN deficient cells in mice compared to the control group (Figure 5D). These findings strongly

indicate that FXN knockdown suppresses tumor-initiating capacity.

DISCUSSION

The last few decades have witnessed exceptional breakthroughs in cancer therapy. Unfortunately, although many new therapeutic strategies

have been developed to battle cancer, such as target therapy,34 immunotherapy,35,36 drug resistance, there is remaining the main limitation

for achieving cures in cancer patients. Onemajor cause is the existence of CSCs, a small subset of cells within tumors,36 have been identified in

various cancer types and pose challenges for effective treatment strategies.11,37–39 Despite efforts to target CSCs through various ap-

proaches, including disrupting redox homeostasis and modulating signaling pathways,40 optimal treatments are yet to be realized. Ferrop-

tosis, a form of regulated cell death, has emerged as a potential avenue for eradicatingCSCs in different cancer types.41 Previous studies have

shown sensitivity of OCSCs to ferroptosis inducers like erastin.42 Based on 3D spheroids model already widely adopted in our laboratory, we

contribute to this understanding by demonstrating that FXN, a mitochondrial protein upregulated in OCSLCs, plays a role in modulating fer-

roptosis. Mechanistically, FXN deficiency promotes PRDX3 degradation, increases ROS levels, and accelerates ferroptosis and cell death in

OCSLCs (Figure 5E).

FXN is known for its role in cellular iron homeostasis, involving mitochondrial iron import, storage, and ferritinophagy. The literature has

linked FXN deficiency to increased oxidative stress and iron accumulation, resembling hallmarks of ferroptosis.43 For instance, Campanella

and collaborators found that the overexpression of mitochondrial ferritin (FTMt), responsible for iron import from the cytosol into the mito-

chondrion, decreases ROS production and partially recover mitochondrial enzyme activities in FXN-deficient patients.44 Despite evidence

linking FXN to ferroptosis, especially in cancers, remains elusive only Du reported that FXN promoted cell viability in fibrosarcoma, modu-

lating iron homeostasis, and lipid peroxidation.21 Therefore, our study is the first to reveal the functional role of FXN in modulating ovarian

cancer stem-like cells viability via ferroptosis. We demonstrated that FXN downregulation reduces spheroids viability and self-renewal, in-

creases ROS generation and TFR1 protein expression, and enhances RSL3-induced cell death. Intriguingly, TFR1, an iron-responsive element

encoding protein, critical role in iron starvation response to keep iron homeostasis, and activated by iron deficiency.45 As shown in several

studies, in iron-deficient cells, TFR1mRNAwas upregulated as observed in FXN knockout mice cardiac tissues.18 Du et al. also demonstrated

that FXN knockdown upregulates TFR1, contributing to iron starvation response and ferroptosis in fibrosarcoma,21 aligning with our findings.

Taken together, we speculate that FXN deficiency disrupts iron homeostasis, triggering iron starvation response, ROS accumulation, and pro-

moting ferroptosis in ovarian cancer stem-like cells.

ROS production is essential for ferroptosis-mediated cell death.46 In our study, mass spectrometry analysis in Ovcar5 cells following

FXN depletion revealed 104 proteins altering, with FXN tightly associated with the hydrogen peroxide catabolic process, where PRDX3

is a key protein. PRDX3, an antioxidant enzyme, protects cells from oxidative damage induced by ROS accumulation, implicated in

various cellular signaling pathways and disease pathogenesis.47 Increased mitochondrial ROS generation and disturbance of PRDX3

production can lead to oxidative stress, hypoxic microenvironments, apoptosis induction,48 mitochondrial dysfunction,49 and ferropto-

sis.29 Studies have shown elevated PRDX3 expression in ovarian cancer tissues compared to normal tissues, predicting poor PFS andOS

for ovarian cancer patients.50 However, the previous studies are only in the preliminary stage of exploring the role of PRDX3 in ovarian

cancer, and the deeper molecular mechanism remains unclear. We explored the relationship between ROS generation and PRDX3,

finding that PRDX3 knockdown increased ROS accumulation and cell death. Importantly, overexpressing PRDX3 rescued ROS induction

and cell viability caused by FXN deletion in spheroids, suggesting PRDX3 involvement in triggering ferroptosis induced by FXN knock-

down via ROS generation.

In fact, we tried to gain deeper insights into the FXN-PRDX3 relationship. Here, we observed that PRDX3 mRNA did not significantly

change following FXN downregulation, but PRDX3 protein expression changed, suggesting FXNmay stabilize PRDX3 protein levels through

post-translational modification. To explore the FXNpathway affecting PRDX3 expression, we treated cells with CHX. Result showed increased

PRDX3 protein degradation in FXN-depletion cells. Importantly, MG132 treatment in FXN-depleted cells reduced PRDX3 degradation, sug-

gesting FXN may protect PRDX3 from proteasome-dependent degradation, consistent with previous findings that PHB decreases PRDX3

ubiquitination and inhibits the protein degeneration in glioma stem-like cells.33

In conclusion, The FXN expression level was elevated in ovarian cancer andOCSLCs. FXN played a vital role by modulating PRDX3 degra-

dation in ROS generation and ferroptosis. Therefore, the present study demonstrated that in ovarian cancer, FXN could be utilized as ther-

apeutic target and potential diagnostic.
6 iScience 27, 110506, August 16, 2024



Figure 3. FXN overexpression promotes cells viability and suppresses ROS generation

(A) Quantitative real-time PCR (real-time qPCR) analysis and IB were used to verify the efficiency of FXN-overexpression in spheroids (mean G S.E., n = 3,

biologically independent experiments).

(B) Cell growth was performed in Ctrl and FXN-overexpression spheroids (mean G S.E., n = 3, biologically independent experiments).

(C) Calcein-AM/PI staining was performed in Ctrl and FXN-overexpression spheroids (scale bar, 200 mm) (Mean G S.E., n = 3, biologically independent

experiments).

(D) The lipid ROS levels were measured by flow cytometry in in Ctrl and FXN-overexpression spheroids (mean G S.E, n = 3, biologically independent

experiments).

(E) Immunoblot illustrating the levels of TFR1 protein in the indicated spheroids (Mean G S.E., n = 3, biologically independent experiments).

(F andG) Ctrl or FXN-overexpression spheroids were treated with DMSOor RSL3 for 48 h (Skov3 with 0.2mm,Ovcar5 with 10mm, respectively). Cell viability analysis

is shown (F) (mean G S.E., n = 3, biologically independent experiments). Calcein-AM/PI staining analysis is exhibited (G) (mean G S.E., n = 3, biologically

independent experiments). Statistical was assessed by unpaired t test. *p < 0.05, **p < 0.01, ***p < 0.001.
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Limitations of the study

Ovarian cancer spheroids have been described since 2005 and have been displayed to be tumorigenic in vivo models that mimic the CSC

phenotype.51 This makes ovarian cancer spheroids useful tools for looking at the CSC population in ovarian cancer. However, spheroids

are enriched for OCSCs, they are not exclusively, which is a limitation of this study.
iScience 27, 110506, August 16, 2024 7



Figure 4. PRDX3 is a downstream target of FXN in ovarian cancer stem-like cells

(A) The heatmap shows relative expression levels of proteins downregulated or upregulated in the indicated cells (p < 0.05, FC > 1.2). It includes, respectively, 50

and 54 proteins downregulated and upregulated in FXN knockdown compared to control spheroids. Raw data were log2 transformed. A relative color scheme

used the minimum and maximum values in each row to convert values to colors. Detailed information of listed in Table S1.

(B) Gene ontology (GO) terms from LC-MS/MS analysis of downregulated protein sets (top) and upregulated protein sets (bottom) in FXN KD compared to

control spheroids.

(C) Immunoblot illustrating the levels of PRDX3 protein in the spheroids (mean G S.E., n = 3, biologically independent experiments).
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Figure 4. Continued

(D and E) PRDX3 knockdown (KD) spheroids were generated by siRNA system. Cell growth was assessed in Ctrl and PRDX3 KD spheroids (D) (Mean G S.E.,

n = 3, biologically independent experiments). Calcein-AM/PI staining was performed in Ctrl and PRDX3 knockdown spheroids (E) (scale bar: 200 mm, Mean G

S.E., n = 3, biologically independent experiments). The lipid ROS levels, as indicated by DCFDA fluorescence, were measured by flow cytometry in PRDX3 KD

and Ctrl spheroids (F) (Mean G S.E., n = 3, biologically independent experiments).

(G–I) Ctrl or FXN KD spheroids were co-cultured with/without PRDX3 plasmid. Cell growth was analysis by cell viability (G) (Mean G S.E., n = 3, biologically

independent experiments). Calcein-AM/PI staining was performed by cell death (H) (mean G S.E., n = 3, biologically independent experiments). The lipid

ROS level of spheroids was detected by DCFDA fluorescence (I) (Mean G S.E., n = 3, biologically independent experiments). Statistical was assessed by

unpaired t test. *p < 0.05, **p < 0.01, ***p < 0.001, ns means no significance.

See also Table S1.
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Figure 5. FXN stabilizes PRDX3 by inhibiting its proteasome degradation

(A) Real-time qPCR analysis of mRNA levels of indicated genes in Ctrl and FXN KD spheroids (mean G S.E., n = 3, biologically independent experiments).

(B) IB showing the CHX (50 mg/mL) chase analysis of PRDX3 protein degradation at indicated time points in spheroids with or without FXNKD (meanG S.E., n= 3,

biologically independent experiments).

(C) IB showing the levels of PRDX3 and FXN in FXN KD spheroids treated with MG132 (5 mM) or CQ (5 mM) for 12 h (meanG S.E., n = 3, biologically independent

experiments).
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Figure 5. Continued

(D) Skov3 cells were transfected with Ctrl or shRNA-FXN for 48 h, maintained in spheroid culture conditions for 7 days, and then spheroids were collected and

trypsin digested into single cells. After counting, 13106 live cells were injected subcutaneously into BALB/c Nude mice (n = 5 in each group). All mice were

sacrificed at week 4 and subcutaneous tumors are shown (left upper panel). The tumor incidence was evaluated (right upper panel). Tumor volumewas calculated

(middle panel) and diameters were measured at a regular interval of 1 week for up to 4 weeks (bottom right panel). The level of significance is indicated by

**p < 0.01, ***p < 0.001, ns means no significance.

(E) Model of FXN-PRDX3 regulation axis. In OCSLCs, Loss of FXN increases PRDX3 degradation, elevates ROS levels, and subsequently induces OCSLCs death.
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Rabbit anti-PRDX3 Abclonal Cat #A2398; RRID: AB_2863001

Rabbit anti-Nanog Abcam Cat #109250; RRID: AB_10863442

Rabbit anti-TFR1 Abclonal Cat #A5865; RRID: AB_2766615

Mouse anti-P53 Abclonal Cat #A10610; RRID: AB_2758147

Mouse anti-Tubulin Proteintech Cat #66031-1-Ig; RRID:AB_11042766

Goat anti-mouse IgG (H+L) Thermo Fisher Scientific Cat #31430;

RRID:AB_228307

Goat anti-rabbit IgG (H+L) Thermo Fisher Scientific Cat #31460; RRID:

AB_228341

Bacterial and virus strains

Lentivirus-expressing GV112 - shCtrl This paper N/A

Lentivirus-expressing GV112 - sh-FXN2 This paper N/A

Biological samples

Formed tumors in BALB/c Nude mice This paper N/A

Ovarian cancer tissue This paper N/A

Paraffin-embedded ovarian cancer specimens This paper N/A

Chemicals, peptides, and recombinant proteins

TRIzol reagent Thermo Fisher Scientific Cat# 15596018

RIPA buffer Thermo Fisher Scientific Cat# 89900

Proteinase inhibitor cocktail Thermo Fisher Scientific Cat# 7843

Puromycin Thermo Fisher Scientific Cat# A1113803

Erastin MCE Cat# HY-15763

RSL3 MCE Cat# HY-100218A

CM-H2DCFDA Sigma-Aldrich Cat #287810

CCK reagent Dojindo Cat #CK04

Critical commercial assays

PrimeScript� RT reagent Kit with gDNA Eraser kit Takara Cat# RR047A

SYBR� Premix Ex Taq� II (Tli RNaseH Plus) Takara Cat# RR820A

SuperSignal� West Pico Chemiluminescent Substrate Thermo Fisher Scientific Cat# 34578

Calcein-AM/PI kit Yeasen Cat# 40747ES76

Deposited data

Proteomics This study iPROX: IPX0007691000

Experimental models: Cell lines

Skov3 ATCC Cat# HTB-77

Ovcar5 Lab stock N/A

Experimental models: Organisms/strains

BALB/c Nude mice Hangsi biological N/A

(Continued on next page)

iScience 27, 110506, August 16, 2024 13



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

shRNA targeting sequence: shFXN2: GAACCTATGTGATCAACAA This paper N/A

SiRNA targeting sequences, see Table S3 This paper N/A

Primers used for qRT-PCR, see Table S4 This paper N/A

Primers used for plasmid construction, see Table S4 This paper N/A

Recombinant DNA

LT-Flag vector This paper N/A

LT-Flag FXN This paper N/A

Software and algorithms

GraphPad Prism 8.0 GraphPad https://www.graphpad.com/

FlowJo X software Ashland https://www.flowjo.com/

Image Lab 5.2 BIO-RAD https://www.bio-rad.com/zh-cn/product/

image-lab-software?ID=KRE6P5E8Z

ImageJ software National Institutes of Health https://ImageJ.en.softonic.com/mac

Other

Lipofectamine� RNAiMAX Thermo Fisher Scientific Cat# 13778150

Opti-MEMTM I medium Thermo Fisher Scientific Cat# 31985088

DMEM/F12 medium BI Cat# 06-1170-87-1A

B27 additive Life Technologies Cat# 17504044

Insulin Sigma-Aldrich Cat# 91077C

Human EGF Recombinant Protein Thermo Fisher Scientific Cat# AF-100-15-1MG

Human FGF-basic (FGF-2/bFGF) Thermo Fisher Scientific Cat# AF-100-18B-1MG
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Junfen Xu (xjfzu@

zju.edu.cn).
Materials availability

This study did not generate new unique reagents. All the cell lines used in this manuscript will be made available upon request.
Data and code availability

� Date: The novel proteomic data generated in this paper were deposited in the Integrated Proteome Resources (iPROX), an integrated

proteome resources center in China, and are publicly available as of the date of publication. Accession number is listed in the key re-

sources table.

� Code: This paper does not report original code.
� All other requests: Any additional information required to reanalyze the data reported will be shared by the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Ethics approval and consent to participate

All animal treatments were performed in accordance with Animal Research Reporting In Vivo Experiments (ARRIVE) guidelines and were

approved by the ethics committee of Women’s Hospital of Zhejiang University School of Medicine (approval no. AE 20230002). For IHC stain-

ing, 178 tumor samples were obtained from ovarian cancer patients who underwent tumor resection surgery in theWomen’s Hospital of Zhe-

jiang University School of Medicine from January 2002 to December 2009. The clinical features of these patients are summarized in Table S2.

This study was approved by the ethics committee ofWomen’s Hospital of Zhejiang University School of Medicine (approval no.IRB-20240049-

R). All patients in this study provided their informed consent.
14 iScience 27, 110506, August 16, 2024

mailto:xjfzu@zju.edu.cn
mailto:xjfzu@zju.edu.cn
https://www.graphpad.com/
https://www.flowjo.com/
https://www.bio-rad.com/zh-cn/product/image-lab-software?ID=KRE6P5E8Z
https://www.bio-rad.com/zh-cn/product/image-lab-software?ID=KRE6P5E8Z
https://ImageJ.en.softonic.com/mac


ll
OPEN ACCESS

iScience
Article
Cell lines

Skov3 cells were grown in Dulbecco’s Modified Eagle Medium (#C12430500BT, Gibco, Waltham, MA, USA), while Ovcar5 cells were main-

tained in RPMI 1640 medium (#C22400500BT, Gibco, Waltham, MA, USA), supplemented with 10% fetal bovine serum (#16140071, Gibco,

Waltham, MA, USA) and 100 units/ml penicillin, cultured in a 37�C incubator with 5% CO2 and detached using trypsin/EDTA solution.

Mice

A total of ten female 4-6-week-old BALB/c nude mice (14-16g, Strain NO. SM-014) were purchased from the Chinese Academy of Medical

Sciences (Beijing, China). The mice were housed under specific-pathogen-free conditions at (18-23�C) and humidity (40-60%) with free access

to standard sterile food and water and a 12-h light/dark cycle.

METHOD DETAILS

Cell transfection

Human FXN genes were inserted in pcDNA3.1 (+) vector and the empty vector was used as the negative control. The short-hairpin RNAs

(shRNAs) for FXN were cloned into hU6-MCSCMV-puromycin lentivirus expression vectors between the AgeI and EcoRI sites. Control and

On-target siRNApools for FXN and PRDX3, were purchased fromGenepharma (Shanghai, China). Targets used for silencing gene expression

are listed inTableS3.Cellswere seeded ingrowthmediaat 23105 cells per 6-well plate thedayprior to transfection.Thencellswere transfected

with 50 nM siRNAor 2 mg vector DNA, using Lipofectamine 3000 transfection reagents following themanufacturer’s instruction (ThermoFisher,

Waltham, MA, USA). Primers used for plasmid construction of FXN based on pcDNA3.1 vector (Sigma-Aldrich) are listed in Table S4.

RNA extraction and qPCR

Total RNA was extracted by an RNA extraction kit (TaKaRa, Dalian, China), and reverse-transcribed into cDNA through reverse transcription

cDNA kit (TAKAR, Dalian, China). Then the PCR reactions were performed in biosystems 7900HT fast real-time PCR system (Life Technologies,

Carlsbad, California, USA) with SYBR� Premix Ex Taq� (TaKaRa, Dalian, China). Finally, the relative mRNA expression was calculated using

the 2-DDCt method and normalized to GAPDH expression. Primers used for qRT-PCR are listed in Table S4.

Western blot

Cells were collected and lysed with radioimmunoprecipitation assay (RIPA) buffer supplemented with cocktail. Protein concentrations loaded

and separated on a 12% sodiumdodecyl sulfate polyacrylamide gel and electrotransferred onto 0.22-mmpolyvinylidene fluoride (PVDF)mem-

branes. The membranes were blocked with TBST buffer (20 mM Trisbuffered saline and 0.5% Tween 20) containing 5% bovine serum albumin

for 1 hour at room temperature followed by corresponding primary antibodies overnight at 4�C. After washing with TBST buffer thrice, sec-

ondary antibodies were used at 1:10000 dilutions for 1 h at room temperature. Protein detection was performed using an enhanced chem-

iluminescence (ECL) kit (ThermoFisher, Waltham, MA, USA) and photographed by an Image quant LAS400 mini (GE Healthcare, Munich,

Germany).

Immunohistochemistry

With the permission of the patients and the ethical committee of theWomen’s Hospital, School ofMedicine, ZhejiangUniversity, 178 formalin-

fixed and paraffin-embedded ovarian cancer specimenswere immunostainedwith FXN antibody (#14147-1-AP). Following by visualized using

3,30-diaminobenzidine chromogen (Zhongshan Golden Bridge). Briefly, presence or absence of FXN staining was scored by five microscope

fields, each has been assessed both the intensity of the staining and the percentage of positively stained cells. For the intensity, a score of 1–4

(corresponding to negative, weak, moderate, or strong staining) was recorded (Figure S1D) and the percentage of positively stained cells at

each intensity, a score of 1-4 (according to 0�25%, 25�50%, 50�75%, 75�100%) was estimated. The score for each microscopic field was

obtained by multiplying the two parts of score. Finally, adding the scores of the five microscopic fields. The sum from 1 to 42 was assigned

as ‘‘low expression’’, from 43 to 80 was assigned as ‘‘high expression. In addition, since 20 patients failed to re-contact, only the remaining 158

patients were used for the calculation of progression-free survival (PFS) and overall survival. See also Table S2.

The Kaplan–Meier plotter

The Kaplan-Meier plotter (http://kmplot.com/analysis/) was used to investigate the correlation between FXN mRNA levels and PFS of 1436

ovarian cancer patients on Affymetrix id 230234_at. To explore the prognostic significance of a particular gene, the ovarian cancer samples

were divided into ‘‘low’’ and ‘‘high’’ expression. Subsequently, FXN was put into the database to acquire PFS Kaplan-Meier plotter. Hazard

ratio (HR), 95%, log rank P and confidence intervals (95% CI) were calculated and presented on the webpage (http://kmplot.com/analysis/

index.php?p=service).

Mammosphere culture and sphere-forming analysis

This experiment was referred to the previous work (Xu et al., 2018). Briefly, 53 104 cells per ultra-low attachment 6-well were cultured in serum-

free medium (SFM) composed of Dulbecco’s modified Eagle’s medium (DMEM)/F12 (BI, Kibbutz Beit-Haemek, Israel), 10mL/mL B27 additive
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(Life Technologies,Carlsbad, California, USA), 1mg/mL insulin (Sigma-Aldrich,Burlington, MA, USA),10ng/mL basic fibroblast growth factor

and 20ng/mL epidermal growth factor (Pepro-Tech, Rocky Hill, USA) ,andmaintained at 37�C in 5%CO2 for 7 days. Freshmediumwas added

after every two or three days.
Sphere-forming analysis

Skov3 or Ovcar5 cells were seeded in growth media at 23105 cells per 6-well plate, next day cells were transfected with control and on-target

siRNA pools of FXN for 24h. then we collected cells and seeded 400 cells/well. into ultra-low attachment 96-well culture plates (Corning, New

York, USA) and cultured with SFM for 7 days. After then, spheroids > 50 mm were observed and counted under the microscope.
Cell viability assay

Spheroids were collected and trypsin digested into single cells. After counting, 33103 or 53103 live cells were seeded into 96-well culture

plates treated with compounds or transfected with over-expression plasmid/ siRNA as indicated in legends. Subsequently, CCK reagent

(#CK04, Dojindo, Kyushu Island, Japan) was added to each well, followed by incubation for 2 hours at 37�C in 5% CO2. Absorbance at

450 nm was measured using a microplate reader (Thermo VARIOSKAN FLASH, Waltham, MA, USA).
Calcein-AM and PI fluorescence staining assay

The number of living and dead cells was counted using the Calcein-AM/PI double staining (#40747ES76, Yeasen, China) test for cell death.

Briefly, cells were seeded in 6-well ultra-low attachment (53 104/ well) with serum-freemedium for 7 days. Then spheroids were collected and

trypsin digested into single cells. After counting, cells were seeded in 12-well at 53 104 cells per well 37�C and 5%CO2. After 24 h, cells were

treated with compounds or transfected with over-expression plasmid/siRNA as indicated in legends. After another 48 h, cells were incubated

for 30 min at 37�C in the dark with Calcein-AM test solution (2mM) and PI test solution (4.5 mM). Then photographed by a fluorescence micro-

scope (DM4000B, Lecia) and calculated the ratio of dying cells to total cells using mage J.
Total lipid ROS assay

Spheroids were collected and trypsin digested into single cells. After counting, 23105 cells per 6-well plate, next day cells were transfected

with control and on-target siRNApools of FXN for 24h or treated as indicated in legends for the times indicated. Cells collected and remained

in the dark with CM-H2DCFDA (10mM) for 30 min at 37�C followed by trypsinization and three wash with 1X PBS (Gibco) and measured by a

flow cytometry (BD FACSVerse, BD Biosciences, San Jose, CA, USA) in combination with FlowJo X software (FlowJo LLC, Ashland, OR, USA).
Proteomic analysis

Ovcar5 spheroids cells were collected and trypsin digested into single cells, then seeded into 10cm culture dish and transfectedwith sirFXNor

siNC. transfected with sirFXN or siNC (three biological replicates in each group) were underwent proteomics analyses via LC-MS/MS. 50 mg of

protein from each sample were adjusted to 300 ml 8M urea on ice, followed by alkylation for 20 min with 10 mM iodoacetamide in the dark.

Proteins were digested to peptides with trypsin (PromegaMadison,Wisconsin, USA) overnight at 37�C. The following day, the peptides were

desalted on C18 cartridges (Sigma, Burlington, MA, USA) and centrifuged for 1 min at 55 g, followed by resuspending in 200 ml 0.1% trifluoro-

acetic acid. LC-MS/MS analysis was performed on a Finnigan LTQ VELOSMS (ThermoFisher, Waltham, MA, USA). The proteomics statistical

analyses were performed using DeCyder differential analysis software (GE Healthcare, Munich, Germany).
Tumor xenograft

Ten female BALB/c Nude mice were randomly divided into two groups (n = 5 per group). Skov3 spheroids (13106) transfected with short-

hairpin RNA or negative control were injected subcutaneously into the right flank of mice. Administration was performed every 7days for

28 days. Tumor growth was measured through calipers, and tumor weight and volumes were in record. Tumor volumes were calculated ac-

cording to the formula 0.5 3 length 3 width2.
QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as meansG standard error of mean (S.E.). Analysis of significances was done using c2 test or, alternately, unpaired Stu-

dent’s t test, two-sided. Significance levels (P values) are indicated in legends of each figure, showing *, p < 0.05; **, p < 0.01; ***, p < 0.001;

****, p < 0.0001; n.s., non-significant. All results of in vitro experiments were collected from at least 3 independent biological replicates.
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