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MMP9 drives ferroptosis by regulating
GPX4 and iron signaling

Flobater I. Gawargi1 and Paras K. Mishra1,2,*
SUMMARY

Ferroptosis, defined by the suppression of glutathione peroxidase-4 (GPX4) and iron overload, is a distinc-
tive form of regulated cell death. Our in-depth research identifiesmatrixmetalloproteinase-9 (MMP9) as a
critical modulator of ferroptosis through its influence on GPX4 and iron homeostasis. Employing an inno-
vativeMMP9 constructwithout collagenase activity, we reveal that activeMMP9 interactswith GPX4 and
glutathione reductase, reducing GPX4 expression and activity. Furthermore, MMP9 suppresses key tran-
scription factors (SP1, CREB1, NRF2, FOXO3, and ATF4), alongside GPX1 and ferroptosis suppressor
protein-1 (FSP1), thereby disrupting the cellular redox balance. MMP9 regulates iron metabolism by
modulating iron import, storage, and export via a network of protein interactions. LC-MS/MS has identi-
fied 83 proteins that interact with MMP9 at subcellular levels, implicating them in ferroptosis regulation.
Integrated pathway analysis (IPA) highlights MMP9’s extensive influence on ferroptosis pathways, under-
scoring its potential as a therapeutic target in conditions with altered redox homeostasis and iron meta-
bolism.

INTRODUCTION

Ferroptosis is an iron-driven process of cell death, distinctively marked by lipid peroxidation, and increasingly recognized for its relevance to a

myriad of disease processes.1,2 It plays a significant role in the development of human heart failure.3 The regulation of ferroptosis involves

a complex interplay of molecular pathways that are still being unraveled.4 At the core of this regulation is glutathione peroxidase-4

(GPX4), a vital enzyme that acts as a gatekeeper against oxidative damage by reducing lipid hydroperoxides.4,5 Its activity is supported by

a tightly regulated glutathione cycle, which depends on the import of cysteine through system xc� and is sustained by the action of gluta-

thione reductase (GSR).6,7 The expression and activity of GPX4 are further fine-tuned at the transcriptional level by an array of nuclear factors,

including specificity protein 1 (SP1), cAMP response element-binding protein (CREB), forkhead box O3 (FOXO3), activating transcription fac-

tor 4 (ATF4), and nuclear factor erythroid 2–related factor 2 (NRF2), which together modulate its transcriptional response to oxidative

stress.7–12 Complementarily, glutathione peroxidase-1 (GPX1), another selenoenzyme, contributes to the cellular antioxidant defense by

reducing hydrogen peroxide and soluble lipid hydroperoxides.13 In addition to the GPX4-centric mechanisms, the ferroptosis suppressor

protein-1 (FSP1) has been identified as an alternative, GPX4-independent defender, contributing to the reduction of lipid peroxides and

thus serving as another layer of protection against ferroptosis.14 Despite these advances, a comprehensive understanding of how these

GPX4-dependent and independent pathways are integrated and regulated to control ferroptosis remains an elusive yet critical aspect of

this cell death modality.

Ferrous iron (Fe2+) catalyzes ferroptosis by transforming lipid hydroperoxides into peroxides, leading to cellular membrane damage and

cell death.4 Heme metabolism, driven by heme oxygenase-1 (HMOX1), and iron uptake via the transferrin receptor (TFR) both escalate Fe2+

levels, thereby promoting ferroptosis.4,15 On the other hand, the export of iron via ferroportin-1 (FPN-1) and its sequestration into ferritin,

which consists of heavy and light chains, serve to reduce Fe2+ levels.16,17 Specifically, the downregulation of ferritin light chain and the activity

of poly(rC)-binding protein 1 (PCBP1), which facilitates iron storage, enhance ferroptosis.18,19 NRF2 opposes this process by both reducing

Fe2+ and upregulating GPX4.12,20,21 Additionally, mitochondrial sequestration of iron via mitoferrin-1 (MFRN1) and storage in mitochondrial

ferritin (FTMT) also diminishes cytosolic Fe2+ levels, impeding ferroptosis.22,23 Nonetheless, the intricate regulation of iron homeostasis,

particularly the upregulation mechanisms of Fe2+ in ferroptosis, is not fully understood.

Matrix metalloproteinase-9 (MMP9), a collagenase known for its role in disease pathogenesis, stands out as a promising target for clinical

therapies.24 Although its activation by phorbol 12-myristate 13-acetate (PMA) and extracellular functions are well characterized, its intracel-

lular roles, especially in non-collagenase activities, are not fully understood.25–28 Emerging studies point to MMP9’s influence on epigenetic

control, autophagy, and cell death through promoting oxidative and inflammatory responses.29,30 Sparse research into its non-collagenase

functions reveals effects on key signaling pathways including ERK and PTEN and potential modulation of SOD3.31,32 Despite the link between
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ferroptosis and oxidative stress, MMP9’s specific role in this cell death process is yet to be elucidated. In this study, we examined MMP9’s

subcellular dynamics and elucidated MMP9’s pivotal role in the ferroptosis pathway, revealing how it orchestrates a complex network of pro-

tein interactions that regulate both GPX4 and Fe2+, thereby shedding light on its potential as a therapeutic target in the modulation of this

iron-dependent cell death mechanism.
RESULTS

Subcellular localization of MMP9 and effect of MMP9 expression versus collagenase activity on cell death

As MMP9 is a secretory protein, we evaluated whether MMP9 is present inside the cell by determining its subcellular localization. MMP9 is

latent in the normal cells and is mostly upregulated and activated in pathological conditions.33 However, pathological condition instigates

multiple cellular signaling pathways that creates difficulty in delineating MMP9-induced specific cellular signaling pathways. Therefore, we

used a normal cell model instead of a diseased one to investigate MMP9-induced cellular signaling by overexpressing and activating

MMP9. To eliminate the possibility that altered subcellular localization of MMP9 might result from modifications in its secretory signals,

we employed a full-length MMP9 construct (Figure S1). A plasmid-based transfection method was utilized to achieve overexpression of

the full-lengthMMP9 in our cellular models as previously reported.34 To avoid transfection-efficiency-related issues, we used transfection-effi-

cient HEK293 cells.35 We overexpressed MMP9 using a plasmid vector (referred to as MMP9), followed by stimulation with phorbol

12-myristate 13-acetate (PMA) to activate the overexpressed enzyme (denoted as MMP9+PMA). Cells that were neither transfected nor

treated served as the control group (CT).

To determine the intracellular/subcellular localization of MMP9, we performed cell fractionation and isolated cytosolic, mitochondrial, and

nuclear fraction. Immunoblot analysis of subcellular fractions revealed the presence of MMP9 in the cytoplasm, mitochondria, and nucleus, as

evidenced by colocalization with the cytosolic marker GAPDH, the mitochondrial marker ATP5A, and the nuclear marker histone H3, respec-

tively (Figure 1A). The expression of GAPDH varies in the cell fractions, with high expression in the cytosolic fraction, low expression in mito-

chondrial fraction, and no expression in the nuclear fraction (Figures S2A–S2C). MMP9 expression was elevated in the cytosolic fractions of

both MMP9 and MMP9+PMA groups (Figure 1A). Remarkably, PMA treatment resulted in an increase of MMP9 levels in both the mitochon-

drial and nuclear fractions, with the nuclear fraction of the MMP9+PMA group displaying a 3-fold enhancement in MMP9 levels compared to

theMMP9 group (Figure 1A). These data not only confirm the subcellular distribution of MMP9 but also indicate that PMA treatment results in

a differential enhancement of MMP9 across various cellular compartments.

To distinguish between the expression and enzymatic activity effects of MMP9, we engineered a mutant form of MMP9 with a mutation in

the active site. This mutation preserved the overall structure of the protein, analogous to the wild-type MMP9, as confirmed by structural an-

alyses (Figures S3A and S3B; Videos S1). The enzymatic activity of the mutant MMP9 was assessed using in-gel gelatin zymography, which

revealed a complete loss of collagenase activity, aligning it with the basal activity levels of control (CT) cells (Figure 1B). In contrast, MMP9

activity was substantially elevated in the MMP9+PMA group, serving as a positive control, thus confirming the increase in MMP9 activity

upon overexpression (Figure 1B). Unexpectedly, treatment with a commercial MMP9 inhibitor (iMMP9) did not attenuate the activity in

MMP9 group (Figure 1B), suggesting potential transient inhibition by iMMP9. Consequently, the iMMP9 treatment group was omitted

from subsequent experiments.

In the context of ferroptosis, our study probed the role of MMP9 in initiating this process. To this end, we quantified cytotoxicity—a pre-

cursor to cell death—in cells overexpressing active (MMP9group) and a catalytically inactivemutant formofMMP9 (MUTgroup). Although the

MUT cells exhibited heightened MMP9 expression levels, their enzymatic activity was absent, as evidenced by Figures 1B and 1C. We

included cells transfected with a scrambled plasmid (SC group) and non-transfected cells (NC group) as controls, which, as illustrated in Fig-

ure 1D, showed similar cytotoxicity profiles, thereby discounting the transfection procedure as a source of cytotoxic stress. Intriguingly, the

MMP9groupdisplayed increased cytotoxicity, whereas theMUTgroup showeda reductionwhen compared against the SCgroup (Figure 1D).

This disparity underscores the notion that MMP9’s enzymatic activity is a key driver of cytotoxicity. Furthermore, our findings reveal a nuanced

interplay where MMP9’s expression and its enzymatic function independently modulate cellular cytotoxicity, collectively influencing the pro-

gression to cell death.
MMP9 regulates GPX4 expression and activity

To determine the specific role of MMP9 in ferroptosis, we determined GPX4 expression and activity. GPX4 is a major antioxidant for lipid

hydroperoxides, and reduced GPX4 is a key marker of ferroptosis.4,5 We performed immunoblotting of GPX4 on proteins obtained from

the three experimental groups: control (CT), MMP9, and mutant (MUT). Overexpression of MMP9 downregulated GPX4, whereas the lack

of MMP9 activity prevented MMP9-mediated downregulation of GPX4 (Figure 2A). This result showed that MMP9 negatively regulates

GPX4, and the activity of MMP9 is essential for GPX4 inhibition.

To explore howMMP9 downregulates GPX4, we assessed the protein-protein interaction betweenMMP9 andGPX4 using coimmunopre-

cipitation (co-IP). Our observations revealed that MMP9 immunoprecipitated proteins exhibit GPX4 expression in both MMP9 and MUT

groups (Figure 2B). This finding indicates that MMP9 binds to GPX4, leading to a reduction in its levels. Given the presence of GPX4 in

both cytosolic and mitochondrial fractions, it suggests that MMP9 can interact with GPX4 in both cell compartments (Figures 1A, S4A,

and S4B). The co-IP results confirm MMP9’s binding to GPX4 (Figure 2B), demonstrating that the activity of MMP9 is essential for the down-

regulation of GPX4 (Figure 1A).
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Figure 1. Validation and characterization of MMP9 expression and activity in HEK293 cells

(A) Subcellular distribution of MMP9: immunoblot analysis demonstrates MMP9’s presence in cytosolic, mitochondrial, and nuclear fractions, indicating its

ubiquitous distribution within the cell.

(B) Immunoblot analysis demonstrating the cellular expression levels of MMP9. There is a marked increase in MMP9 expression in cells overexpressing the active

form of MMP9 and the collagenase activity mutant (MUT) MMP9, compared to control cells.

(C) Functional assessment of MMP9 enzymatic activity: in-gel gelatin zymography reveals the absence of proteolytic activity in the control (CT) andmutantMMP9,

whereas the presence of white bands in MMP9 overexpressing and PMA-treated (MMP9+PMA) cells confirms an increase in MMP9 activity, which is not inhibited

by the MMP9 inhibitor treatment (iMMP9) in MMP9-overexpressing cells. One-way ANOVA followed by Tukey’s post hoc test was performed for statistical

analysis from A to C, with each point representing an individual sample (n = 3–6).

(D) MMP9’s impact on cell death: quantitative analysis of cytotoxicity by lactate dehydrogenase (LDH) assay reveals that increased MMP9 activity augments,

whereas the lack of MMP9 activity (MUT) diminishes cytotoxicity. Data are presented as mean +/- standard deviation. Two-way ANOVA followed by Tukey’s

post hoc test was used for statistical analysis, with each point representing an individual sample (n = 9–14). **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Figure 2. MMP9 modulation of GPX4 and glutathione-based redox systems

(A) GPX4 expression analysis: western blots reveal MMP9 overexpression leads to GPX4 downregulation, implicating MMP9 as a repressor of GPX4. In contrast,

mutant MMP9 (MUT) does not exhibit this inhibitory effect.

(B) MMP9-GPX4 binding dynamics: coimmunoprecipitation demonstrates MMP9’s interaction with GPX4, which is diminished in the MUT condition.
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Figure 2. Continued

(C) GPX4 activity assessment: GSH/GSSG ratios indicate MMP9 overexpression diminishes GPX4 activity, whereas MUT expression enhances it.

(D and E) GSSG andGSHquantification: elevatedGSSGand unalteredGSH are observed withMMP9 overexpression, withMUT cells showing the increasedGSH.

(F) GSR protein expression: western blot analysis reveals MMP9-mediated GSR reduction, critical for GSH regeneration from GSSG.

(G) MMP9-GSR interaction: coimmunoprecipitation confirms MMP9’s affinity for GSR, reduced in the MUT variant.

(H) GPX1 expression impact: western blotting indicates MMP9 activity suppresses GPX1, a key player in cellular redox homeostasis. One-way ANOVA with

Tukey’s post hoc tests were applied for statistical validation from (A) to (H), with individual data points representing separate samples (n = 3–6). Data are

presented as mean +/- standard deviation.

(I and J) Computational binding affinity predictions: in silico analyses predict strong binding affinities betweenMMP9-GSR (DG=�16.6 kcal/mol, Kd = 7.1E-13M)

and MMP9-GPX4 (DG = �13.8 kcal/mol, Kd = 7.1E-11 M), indicating potential regulatory interactions.

(K and L)MMP9 complex formation analysis: (1) ClusPro evaluations detail the stability ofMMP9’s interactions with GSR andGPX4, with weighted scores denoting

complex robustness. (2) PRODIGY assessments elucidate the molecular interactions and potential functional implications of MMP9 with these complexes.

(M) Proximity ligation assay (PLA) visualization: confocal microscopy images (scale bar = 20 mm) exhibit red dots, marking the proximal interactions between

MMP9 and GSR/GPX4 proteins. Negative control for PLA: control experiments, devoid of target proteins, confirm PLA specificity, as indicated by the

absence of red signals, thereby ensuring the detected MMP9-related interactions are specific and reliable. *p < 0.05; **p < 0.01; ***p < 0.001;

****p < 0.0001; ns = not significant.
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Todetermine howMMP9 regulatesGPX4 activity, wemeasured the ratio of GSH toGSSG,where decreasedGSH/GSSG ratio (depletion of

GSH) suggests downregulated GPX4 activity. The glutathione (GSH) to glutathione disulfide (GSSG) ratio is a well-established and commonly

employed indicator of GPX4 activity, as recommended in ferroptosis evaluation guidelines.5,36,37 Typically, this ratio approximates 100:1 in

most cells, although it can fluctuate across different models and in human patients.38,39 Active MMP9 decreased while mutant MMP9 upre-

gulatedGPX4 activity (Figure 2C). The level of GSH/GSSGalignswith previous studies using the same kit.37,40 The level of GSSGwas increased

in theMMP9-overexpressing cells, whereasGSHwas increased in themutantMMP9-expressing cells (Figures 2D and 2E). This finding demon-

strated that expression and activity ofMMP9 have opposite effects onGPX4 activity. Thus,MMP9 has a pivotal role in controllingGPX4 activity

where active MMP9 downregulates while inactive MMP9 upregulates GPX4 activity.

ReducedGSH/GSSGratioorGSHdepletioncouldbeeitherdue to impairedconversionofGSSG intoGSH (aquick replenishmentmechanism

ofGSH tomaintainGPX4activity) or due to reducedbiosynthesis ofGSHby cysteine,which is imported through systemxc� (mostly observed in a

disease condition). As our experiments were conducted in normal (not diseased) cells, we measured the levels of GSR that reduces GSSG into

GSH, replenishing GSH for sustained GPX4 activity.4 GSR level was only decreased by the active MMP9 (Figure 2F), demonstrating that MMP9

activity is critical for downregulating GSR and inhibiting GPX4 activity. To ascertain MMP9’s interaction with GSR, we conducted co-IP with

MMP9-immunoprecipitated proteins. Our findings confirmedMMP9’s binding to GSR (Figure 2G). This evidence points to MMP9 directly inter-

acting with GSR to diminish its levels, with diminishedMMP9 activity correlating to decreased binding efficiency, thereby preserving GSR levels.

GSR is also utilized by GPX1 to reduce hydrogen peroxide and soluble lipid hydroperoxide to maintain cellular redox level (Figure S5).13

Immunoblotting showed that activity of MMP9 is critical for downregulating GPX1 (Figure 2H). Thus, MMP9 activity has pivotal roles in down-

regulating both GPX1 and GPX4 (Figures 2A and 2H) and their activities via GSR (Figure 2F) to disrupt cellular redox balance. These findings

underscore MMP9’s broader impact on cellular redox homeostasis through both GPX1 and GPX4 regulation.

As GSR replenishes GSH, which is at the crossroad of activity for both GPX4 and GPX1, we investigated the mechanism by whichMMP9 reg-

ulatesGSR. To investigate protein-protein interaction betweenGSR andMMP9, weperformed in silico analysis using protein structures obtained

from the Research Collaboratory for Structural Bioinformatics (RCSB) Protein Data Bank (PDB). We performed molecular docking of the protein

structuresofMMP9 (PDB:1L6J) andGSR (PDB: 3GRS)using theClusPro2.0and theAutoDock software anddeterminedpredictedprotein-protein

binding affinity by the PRODIGY (Figures 2I and S3C). Similarly, we dockedMMP9withGPX4 (PDB: 6ELW) (Figure 2J).We selected themost ener-

getically favorable orientations ofMMP9 to its binding partner usingClusPro for docking. Subsequently, weutilizedPRODIGYanalysis to validate

the docking results, measuring the protein-protein complex’s binding affinity by calculating the binding free energy (DG) and the dissociation

constant (Kd). The low values of DG and Kd showed high binding affinity of MMP9 with GSR as well as with GPX4 (Figure 2L).34,41 Furthermore,

the Pymol and the ChimeraX programs were used to visualize and analyze the molecular interaction between MMP9 and GSR and between

MMP9 andGPX4 (Figures 2I and 2J).We also substantiated the prediction betweenMMP9 andGSRbymeticulously examining the bond lengths

within the protein complex. Our analysis revealed that the intermolecular distances betweenMMP9 andGSR are within the range of 5.0 Å, indic-

ative of strong noncovalent interactions typically observed in stable protein-protein complexes (Figures S6A and S6B; Video S2). These protein-

protein interaction analyses along with the co-IP support that MMP9 directly binds to GSR and GPX4.

To determine interactions of MMP9 with GSR and GPX4 proteins within the cell, we performed proximal ligation assay (PLA), which visu-

alizes proteins within the proximity of 40 nm.42 We used non-transfected control cells and MMP9 plasmid-transfected cells and probed with

either 6x-histidine tag (6x) or MMP9 with GSR antibody or no antibody (negative experimental control) (Figures S7A; Video S3 and S7C; Video

S5). The presence of red dots in 6x and MMP9 with GSR antibody supports proximity of MMP9 with GSR (Figure 2M). Similarly, MMP9 and

GPX4 proteins are in close proximity (Figure 2M). These results demonstrate a protein-protein interaction mechanism for MMP9-mediated

regulation of GSR and GPX4.

The co-IP, protein-protein interaction, and PLA results collectively affirm MMP9’s direct interaction with GPX4 and GSR. The observation

that active MMP9 downregulates both GPX4 and GSR, with the mutant form of MMP9 showing no effect on these proteins, suggests that

active MMP9 may facilitate their downregulation through proteolytic degradation. Furthermore, these insights unveil a mechanism by which

MMP9 influences cellular redox balance, specifically through the modulation of GPX1, GPX4, and GSR, to regulate ferroptosis effectively.
iScience 27, 110622, September 20, 2024 5
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Figure 3. MMP9-driven regulatory network affecting GPX4 transcriptional control

(A) Regulatory schematic of GPX4 transcription: depiction of GPX4 regulation by five transcription factors: specificity protein-1 (SP1), cAMP response element-

binding protein (CREB), and nuclear factor erythroid 2-related factor 2 (NRF2) directly influence GPX4 transcription. Forkhead box O3 (FOXO3) and activating

transcription factor 4 (ATF4) modulate system xc� component solute carrier family 7 member 11 (SLC7A11), indirectly affecting GPX4 transcription.

(B and C) SP1 and CREB expression: western blot analyses show that MMP9 decreases SP1 and CREB levels, an effect observed with both active and inactive

MMP9 variants.

(D) NRF2 expression: western blot results indicate that MMP9’s enzymatic activity is crucial for downregulating NRF2.

(E and F) ATF4 and FOXO3 regulation: western blots demonstrate that MMP9 downregulates ATF4 and FOXO3, key regulators of SLC7A11, independent of its

enzymatic activity. Data are presented as mean +/- standard deviation.

(G) MMP9’s subcellular protein interactions: proteomic analysis via LC-MS/MS of MMP9-immunoprecipitated proteins identifies sixteen subcellular proteins that

interact with MMP9, revealing a broad network through which MMP9 potentially modulates GPX4 expression.

(H) Visualization of transcription factor interactions: proximity ligation assay (PLA) displays interactions (red puncta) between MMP9 and the transcription factors

CREB, SP1, and FOXO3, highlighting the molecular interplay influenced by MMP9. Scale bar = 10 mm. *p < 0.05; **p < 0.01; ****p < 0.0001.
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MMP9 downregulates GPX4 expression by controlling GPX4 transcription and subcellular localization

As the expression of GPX4 is downregulated by active MMP9, we sought to determine if MMP9 regulates GPX4 transcription. We measured

the expression of the three key regulators of GPX4 transcription—nuclear factor SP1, CREB, and NRF2—and two nuclear factors that modu-

late GPX4 activity by controlling SLC7A11 (system xc�)—FOXO3 and ATF4 (Figure 3A). Both overexpressing and mutant MMP9 downregu-

lated SP1 andCREB, suggesting that upregulatedMMP9, independent of its activity, suppresses SP1 andCREB (Figures 3B and 3C). However,

activity of MMP9 was crucial for downregulating NRF2 (Figure 3D). Notably, inactive MMP9 was unable to downregulate NRF2 (Figure 3D),

suggesting that activity and not the expression of MMP9 is important for downregulating NRF2. The levels of ATF4 and FOXO3 were dramat-

ically downregulated in both MMP9-overexpressing and mutant MMP9 groups (Figures 3E and 3F). This suggests a strong negative effect of

MMP9, independent of its activity, on these two transcription factors.

GivenGPX4’spresenceacross various subcellular locales, wenext exploredMMP9’s influenceon subcellularGPX4 localization (Figures S4A

and S4B).43 To determine how MMP9 regulates subcellular GPX4, we used a rigorous method where MMP9 was immunoprecipitated and all

proteins bound to MMP9 were assessed by LC-MS/MS proteomic analysis. We identified nine cytosolic, four nuclear, one secreted, and two

mitochondrial proteins that directly bind toMMP9 (Figure 3G). Thus,MMP9 regulatesGPX4bydirectly binding to subcellularGPX4 andalsoby

downregulatingproteins that regulateGPX4 transcription and function. To validate ifMMP9 is in proximity to proteins that regulateGPX4 tran-

scription,weperformedPLAonGPX4 transcription regulatoryproteins.Weobserved thatMMP9was inproximitywithCREB, SP1, andFOXO3,

demonstrated by the presence of red puncta (Figures 3H and S7B; Video S4). Although our protein identification experiment did not
6 iScience 27, 110622, September 20, 2024
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Figure 4. MMP9 impairs iron homeostasis

MMP9 upregulates redox-active ferrous iron (Fe2+) by increasing iron metabolism and iron import and downregulating iron storage and export in HEK293 cells.

(A) Calorimetric measurement of Fe2+ in untreated control (CT), MMP9 overexpressing (MMP9), and mutant (loss of collagenase activity) MMP9-expressing cells.

Activity of MMP9 is essential for upregulation of Fe2+.

(B) Western blotting of heme oxygenase-1 (HMOX1) enzyme that metabolizes heme to increase the levels of Fe2+.

(C) Western blotting of transferrin receptor (TFR) showing activity of MMP9 is essential for the upregulation of TFR, which imports iron.

(D) Coimmunoprecipitation showing MMP9 binds to TFR Interaction.

(E) Western blotting of ferritin light chain (FLC) shows that active MMP9 downregulates FLC impairing iron storage.

(F) Western blotting of poly(rC)-binding protein 1 (PCBP1), a key protein in iron trafficking to storage sites, shows that MMP9 overexpression, irrespective of

activity, downregulates PCBP1 to impair iron storage into ferritin.

(G) Western blotting of ferroportin-1 (FTN1) shows that increased levels of MMP9 downregulates FTN1 to impair iron export. Regulation of FTN1 is not

dependent on MMP9 activity.

(H and I)Western blotting of mitoferrin-1 (MFRN1) that imports iron intomitochondria andmitochondrial ferritin (FTMT) that stores iron inmitochondria show that

MMP9 overexpression, irrespective of activity, downregulates both MFRN1 and FTMT. Decreased levels of MFRN1 and FTMT suggest increased retention of

cytosolic Fe2+. From (A)–(I), data are presented as mean +/- standard deviation. One-way ANOVA followed by Tukey test was performed for statistical

analysis. Each point represents one sample. n = 3–6.

(J) LC-MS/MS analysis of proteins immunoprecipitated with MMP9 reveals additional 10 subcellular proteins that bind to MMP9, suggesting a complex network

by which MMP9 modulates iron homeostasis.

(K) Proximity ligation assays (PLAs) showing MMP9’s interactions with TFR and FTN1. The presence of red puncta validates proximity of these proteins and

suggests potential protein-protein interaction. Scale bar = 10 mm. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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demonstrate a direct interaction betweenMMP9 andGPX4 transcription factors, a plausible hypothesis for MMP9’s modulation of these tran-

scription factors could involve its indirect regulation. This regulation might occur either at the transcriptional level or through modulation of

protein regulators associatedwith these transcription factors. Taken together, these findings illustrate thatMMP9orchestrates a sophisticated

regulatory network to modulate GPX4, exerting its influence via transcription factors and an array of other regulatory proteins.

We also measured FSP-1 that suppresses ferroptosis through a GPX4-independent mechanism.14,44 MMP9 overexpression, independent

of its activity, downregulated FSP-1 (Figure S8A). Collectively, these findings illuminate MMP9’s multifaceted role in inducing ferroptosis not

only by downregulating GPX4 but also by engaging GPX4-independent mechanisms.

MMP9 upregulates redox-active iron by impairing iron homeostasis

In the context of ferroptosis, redox-active ferrous iron (Fe2+) serves as a crucial catalyst.4 To determine the role of MMP9 in regulating cellular

Fe2+ levels, we performed colorimetric assay to measure Fe2+ levels in cells overexpressing active (MMP9) and mutant MMP9 (MUT). Our re-

sults revealed that overexpression of activeMMP9 elevated intracellular Fe2+ levels, whereas the enzymatically inactiveMMP9did not provoke

such an increase (Figure 4A). This suggests that MMP9’s enzymatic activity is instrumental in the upregulation of Fe2+.

The levels of Fe2+ are increased by heme oxygenase-1 (HMOX1) enzyme, and knockdown of HMOX1mitigates ferroptosis.15,45 Therefore,

we measured the levels of HMOX1 in the same groups. HMOX1 was upregulated only in the active MMP9 overexpressing group (Figure 4B).
iScience 27, 110622, September 20, 2024 7
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Thus, activity of MMP9 is essential for upregulating HMOX1 and Fe2+ levels. Impaired iron homeostasis may also upregulate Fe2+. Thus, we

investigated iron homeostasis by determining cellular iron import, iron storage, and export in the MMP9 overexpressing and mutant cells.

We determined iron import by measuring the levels of TFR. Active MMP9 increased TFR levels by 3-fold; however, mutant MMP9 has no

effect on TFR levels (Figure 4C), suggesting that activity of MMP9 (and not the expression) is important for upregulating TFR.

To investigateMMP9’s interaction with the TFR, we conducted co-IP across three groups: CT,MMP9 overexpression, andMUT.Our results

confirmedMMP9’s binding to TFR (Figure 4D). On further analysis on how PMA affects this interaction, we performed co-IP of TFR withMMP9

in the CT, MMP9, and MMP9+PMA groups. Both the MMP9 and MMP9+PMA groups demonstrated MMP9’s binding to TFR, with the

MMP9+PMA group showing a notably higher binding affinity than the MMP9 group (Figure S8B). This enhanced binding affinity suggests

that PMA may contribute to the stabilization and subsequent upregulation of TFR.

The intracellular Fe2+ concentration is modulated by storage in ferritin, with the ferritin light chain (FLC) playing an inhibitory role in fer-

roptosis.18 We measured FLC levels and found that active MMP9 downregulated FLC, whereas the inactive MMP9 (MUT) did not (Figure 4E),

underscoring the necessity of MMP9’s activity in this regulatory process. Furthermore, the cytoplasmic iron chaperone PCBP1 facilitates Fe2+

sequestration into ferritin.19,46 Our data showed that both MMP9 overexpression and its mutant form suppressed PCBP1 levels (Figure 4F),

suggesting a role for MMP9 in impeding Fe2+ storage, independent of its activity. Additionally, we observed a decrease in ferritin heavy chain

(FHC) levels induced by active MMP9 but not by MUT (Figure S8C).

The Fe2+ level is also decreased by iron export through ferroportin-1 (FPN-1).4 Therefore, we measured the levels of FPN-1 in the same

experimental group. Both active and mutant MMP9 downregulated FPN-1 (Figure 4G), demonstrating that increased levels of MMP9, inde-

pendent of its activity, suppresses FPN-1 to impair cellular iron export. Altogether these findings demonstrated that MMP9 has a key role in

upregulating cellular Fe2+ levels by increasing iron metabolism and import and decreasing iron storage and export.

Increased iron levels lead to lipid peroxidation in ferroptosis.4 To assess lipid peroxidation, wemeasuredmalondialdehyde (MDA) levels, a

key indicator of lipid peroxidation. Our findings show that MMP9 upregulates MDA, showing that MMP9 contributes to the induction of fer-

roptosis (Figure S9).

Altogether these findings demonstrated that MMP9 has a key role in upregulating cellular Fe2+ levels by increasing iron metabolism and

import and decreasing iron storage and export. Additionally, MMP9 promotes lipid peroxide accumulation, reinforcing its role in driving

ferroptosis.

MMP9 regulates mitochondrial iron regulatory proteins

Intracellular Fe2+ concentrations, particularly within mitochondria, can be disrupted by the dysregulation of mitochondrial iron transport via

mitoferrin-1 (MFRN1) and their storage inmitochondria in the form of mitochondrial ferritin (FTMT).22,23 To elucidateMMP9’s impact on these

pathways, we quantified the levels of MFRN1 and FTMT across our experimental groups. We observed that MMP9 in both its active and

mutant forms led to a suppression of MFRN1 and FTMT (Figures 4H and 4I), indicating that MMP9 modulates mitochondrial iron import

and storage irrespective of its enzymatic activity. The pronounced decrease in FTMT levels particularly points to a significant role for

MMP9 in curtailing mitochondrial iron sequestration.

To further unravel MMP9’s role in subcellular iron regulation, we usedMMP9 immunoprecipitated proteins for LC-MS/MS proteomic anal-

ysis. Our proteomic analysis revealed multiple proteins that interact with MMP9 involved in iron signaling. We mapped these proteins based

on their subcellular localization. We identified one protein in cytosolic, membrane, and endosome, four proteins in mitochondria, and three

proteins in nucleus that bind to MMP9 to regulate iron homeostasis (Figure 4J). These interactions suggest MMP9’s extensive role in orches-

trating the regulation of iron distribution within the cell.

Validation of MMP9 interactions with iron-regulating proteins

To validate whether the MMP9 regulates iron homeostasis proteins, we performed PLA of MMP9 with iron importer TFR and iron exporter

FPN1-1. We observed the red puncta in MMP9-treated TFR and FPN-1 (Figure 4K), demonstrating proximity of MMP9 with both TFR and

FPN-1. The binding of MMP9 leads to either stabilization of protein, as occurred with TFR (Figures 4C and 4K), or degradation of protein,

as occurred with FPN-1 (Figures 4G and 4K).

Altogether, these findings demonstrated that MMP9 regulates iron homeostasis through a direct protein-protein interaction, and binding

of MMP9 with different iron homeostasis proteins may result in their upregulation or downregulation, plausibly through MMP9-induced sta-

bilizing and proteolytic degradation, respectively.

Identification of MMP9 subcellular binding partners to regulate ferroptosis

MMP9 regulates proteins in different subcellular organelles. To determine the subcellular roles of MMP9, we performed LC-MS/MS prote-

omic analysis on proteins immunoprecipitated with MMP9. We identified 83 subcellular proteins that bind with MMP9 (Table S1). The roles

of these proteins in ferroptosis regulation are presented in Table 1. We havemapped these proteins based on their subcellular localization to

further understand the dynamic function of MMP9 and the function of these proteins (Figure 5A). These novel MMP9-bound subcellular pro-

teins are critical for comprehensive understanding of MMP9’s intracellular regulatory roles. Furthermore, they are promising targets to un-

cover MMP9-mediated regulation of cellular mechanisms, including cell death via ferroptosis.

We developed a mutant MMP9 to demonstrate that MMP9 expression and activity have differential effects on cell cytotoxicity and ferrop-

tosis regulatory pathways. We identified 83 subcellular proteins that bind with MMP9 (Figure 5A). Further studies on these proteins will reveal
8 iScience 27, 110622, September 20, 2024



Table 1. LC-MS/MS derived MMP9 binding partners and their functions in ferroptosis

Protein names Gene names Function in ferroptosis PMID

D-3-phosphoglycerate dehydrogenase/

Phosphoglycerate dehydrogenase

PHGDH PHGDH impedes ferroptosis and fosters

malignant progression through the

upregulation of SLC7A11 in bladder cancer,

indicating its role in cancer cell survival.

Shen et al.47

Membrane-associated progesterone

receptor component 1

PGRMC1 The overexpression of PGRMC1 diminishes

free iron levels and inhibits ferroptosis by

binding intracellular iron; conversely, inhibiting

PGRMC1 heightens the susceptibility of breast

cancer cells to ferroptosis inducers.

Zhao et al.48

Sulfhydryl oxidase 1 QSOX1 QSOX1 sensitizes hepatocellular carcinoma

cells to oxidative stress and augments the

ferroptotic effects of sorafenib by

downregulating NRF2, offering a potential

therapeutic target.

Sun et al.49

Protein arginine N-methyltransferase 5 PRMT5 PRMT5 influences iron metabolism and

engenders resistance to agents that induce

ferroptosis, underscoring its role in cellular

defence mechanisms.

Wang et al.50

Histone-lysine N-methyltransferase

SETD1A

SETD1A Through H3K4me3 methylation, SETD1A

elevates the expression of lncRNA HOXC-AS3,

which in turn stabilizes EP300 to attenuate

ferroptosis in non-small cell lung cancer cells.

Shi et al.51

Transcription factor YY2 YY2 YY2 provokes ferroptosis in cancer cells and

deters tumor growth by repressing SLC7A11

transcription, thus reducing glutathione

synthesis and altering redox homeostasis.

Li et al.52

Prohibitin-2 PHB2 PHB2 contributes to the regulation of

ferroptosis through amechanism that is distinct

from known signaling pathways. It achieves this

regulation by modulating the expression of

ferritin and ferritinophagy, which in turn

influences the levels of ferritin and

consequently the iron content within cells.

Yang et al.53

Sorting nexin-3 SNX3 SNX3 promotes ferroptosis by facilitating the

recycling of the transferrin receptor, thereby

disrupting iron homeostasis and augmenting

iron accumulation, which can exacerbate

cardiomyopathy induced by doxorubicin.

Lu et al.54

Bromodomain-containing protein 4 BRD4 BRD4 plays a protective role in defending

DLBCL (diffuse large B-cell lymphoma) cells

against ferroptosis by positively influencing the

expression of FSP1 (ferroptosis suppressor

protein 1).

Schmitt et al.55

DnaJ homolog subfamily B member 6 DNAJB6 In esophageal squamous adenocarcinoma,

DNAJB6 overexpression accelerates

glutathione degradation, downregulates

GPX4, enhances lipid peroxidation, and

promotes ferroptosis, demonstrating its

contribution to the susceptibility of cancer cells

to this form of cell death.

Jiang et al.56
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Table 1. Continued

Protein names Gene names Function in ferroptosis PMID

Vacuolar-protein-sorting-

associated protein 4B

VPS4B The ATPase activity of VPS4B, which

dismantles the ESCRT-III complex post-

membrane scission, is implicated in the iron

dependency of cancer cells, making them

more prone to ferroptosis

Hassannia et al.57

Isocitrate dehydrogenase (NADP) IDH1 Mutations in IDH1 attenuate GPX4 protein

levels and deplete glutathione, thus promoting

ferroptosis by reducing the cell’s capacity to

counteract lipid peroxidation.

Wang et al.58

Apoptosis-inducing factor 1 AIFM1 Mitochondrial oxidative damage leads to the

release of AIFM1, which promotes ferroptosis

by translocating to the nucleus. Additionally,

the STING1-MFN1/2 pathway initiates

ferroptosis by promoting mitochondrial fusion,

resulting in increased ROS production.

Chen et al.59

Cystatin-SN; cystatin-S CST1; CST4 CST1 hinders the ubiquitination of GPX4 by

engaging OTUB1, which enhances GPX4

stability and decreases intracellular reactive

oxygen species, consequently inhibiting

ferroptosis and facilitating metastasis in gastric

cancer.

Li et al.60

Lactotransferrin LTF Lactotransferrin (LTF) acts as a facilitator of

ferroptosis by enhancing the uptake of iron.

Tang et al.61

Catalase CAT Catalase upregulation has been associated

with increased resistance to ferroptosis in

specific cell types and offers cardioprotective

effects against oxidative stress by mitigating

ferroptosis.

Zhang et al.62

Glyceraldehyde-3-phosphate

dehydrogenase

GAPDH Lowered expression of GAPDH in tumors

decelerates the glycolytic pathway, disrupting

the energy metabolism of the tumor and

consequently intensifying tumor cell death

triggered by ferroptosis.

Ouyang et al.63

Cellular tumor antigen p53 TP53 This protein acts as a guard against cancer,

commonly mutated in various cancers,

including lung cancer. It is a key regulator of

both programmed cell death and a specific

type called ferroptosis, where iron plays a role.

TP53 works to halt lung cancer growth by

triggering this iron-dependent cell death

process.

Jiang et al.64

Protein S100-A8; Protein S100-A8,

N-terminally processed

S100A8 S100A8 is involved in controlling autophagy-

dependent ferroptosis in microglia following

experimental subarachnoid hemorrhage.

Tao et al.65

Keratin, type I cytoskeletal 18 KRT18 Keratin 18 is implicated in regulating both

apoptosis (a form of programmed cell death)

and ferroptosis, especially after cells are

exposed to low oxygen pressure

environments. It may act through a specific cell

signaling pathway known as JNK.

Cui et al.66
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Table 1. Continued

Protein names Gene names Function in ferroptosis PMID

Cyclin-dependent kinase 1 CDK1 CDK1 directly phosphorylates and

ubiquitinates the ACSL4 protein, leading to the

degradation of ACSL4. This process inhibits

ferroptosis and enhances resistance to

oxaliplatin.

Zeng et al.67

Alpha-enolase ENO1 ENO1 suppresses ferroptosis in cancer cells by

facilitating the degradation of iron regulatory

protein 1 (IRP1) mRNA.

Zhang et al.68

Fumarate hydratase FH An enzyme in the energy-producing cycle of

cells, its genetic mutation is linked to a

hereditary cancer syndrome and causes cell

death via ferroptosis when inactivated.

Liu et al.22

4F2 cell-surface antigen heavy

chain/Solute carrier family

3 member 2

SLC3A2 It appears that SLC3A2 hinders ferroptosis, in

part, through a pathway that involves mTOR,

which is a central regulator of cell growth and

survival.

Wu et al.69

Vimentin VIM Required for the rapid expansion and spread of

lung cancer, it also protects these cells from

dying via ferroptosis.

Berr et al.70

Glutathione S-transferase P/Glutathione

S-transferase Pi 1

GSTP1 GSTP1 facilitates the conversion of intracellular

reactive oxygen species and hydroxyl radicals

by catalyzing their reaction with glutathione,

thus preventing the oxidation of

polyunsaturated fatty acids on the cell

membrane and combating ferroptosis.

Tan et al.71

Dihydrolipoyl dehydrogenase, mitochondrial DLD Stimulated by a metabolic intermediate called

aKG, this enzyme helps increase local iron

levels and produce molecules that promote

ferroptosis, especially under conditions where

cells are deprived of an amino acid called

cystine.

Tang et al.61

Poly [ADP-ribose] polymerase 1 PARP1 Inhibition of PARP promotes ferroptosis by

suppressing the expression of SLC7A11 and

works in synergy with ferroptosis-inducing

agents in ovarian cancer cases with intact BRCA

function.

Hong et al.72

Thioredoxin TXN Thioredoxin-1 mitigates MPP+/MPTP-induced

ferroptosis by elevating the levels of

glutathione peroxidase 4 (GPX4).

Bai et al.73

Creatine kinase B-type CKB Creatine kinase B inhibits ferroptosis by

phosphorylating GPX4.

Wu et al.74

Protein disulfide-isomerase A4 PDIA4 PDIA4 counteracts ferroptosis by modulating

the ER stress regulatory pathway involving

PERK/ATF4 and the downstream protein

SLC7A11.

Kang et al.75

Prolyl 4-hydroxylase subunit alpha-1 P4HA1 P4HA1 activates HMGCS1, which in turn

promotes ferroptosis resistance and disease

progression in nasopharyngeal carcinoma.

Zhou et al.76

Methylenetetrahydrofolate dehydrogenase

(NADP+ dependent) 2,

methenyltetrahydrofolate cyclohydrolase

MTHFD2 The knockdown of MTHFD2 in ferroptosis led

to increased intracellular ROS, lipid

peroxidation, reduced GSH levels, and down-

regulation of SLC7A11, GPX4, and NRF2

expressions.

Zhang et al.77
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Table 1. Continued

Protein names Gene names Function in ferroptosis PMID

Macrophage migration inhibitory factor MIF Inhibits ferroptosis of macrophages, functional

inhibitors cause downregulation in GPX4, and

recombinant factor of MIF restores the

expression of GPX4

Cai et al.78

Heterogeneous nuclear ribonucleoprotein L HNRNPL HnRNPL suppresses ferroptosis in castration-

resistant prostate cancer (CRPC) cells

mediated by Jurkat T cells by involving the

YY1/PD-L1 pathway.

Dang et al.79

Glutathione S-transferase Mu 5; Glutathione

S-transferase Mu 2; Glutathione S-transferase

Mu 3

GSTM5; GSTM2;

GSTM3

Involved in glutathione metabolism Zhang et al.80

Voltage-dependent anion-selective channel

protein 1

VDAC1 The activation of VDAC, which facilitates the

passage of the majority of metabolites into the

mitochondria, leads to an enhancement in

mitochondrial metabolism and the generation

of reactive oxygen species (ROS). Calcium ions

(Ca2+) enter the mitochondria via VDAC,

thereby playing a role in the generation of

ROS.

Wu et al.81

Ubiquitin-like modifier-activating enzyme 1 UBA1 Blocking UBA1 hampers the growth,

movement, and infiltration abilities of

hepatocellular carcinoma (HCC) cells.

Additionally, when UBA1 is inhibited, there is

an increase in both iron levels and

malondialdehyde (MDA) concentrations.

Wang et al.82

Transcriptional repressor protein Yin Yang 1 YY1 YY1 decreases the levels of SIRT1 by

obstructing its transcription, leading to the

induction of ferroptosis in synoviocytes

induced by LPS

Zhan et al.83

Polypyrimidine tract-binding protein 1 PTBP1 PTBP1 is involved in ferroptosis in liver cancer

via regulating NCOA4 translation, which is a

regulator of ferritinophagy.

Yang et al.84

Mitogen-activated protein kinase 1 MAPK1 The MAPK pathway is significantly involved in

ferroptosis, with previous research suggesting

that lipid ROS activates the p38 MAPK

pathway, contributing to ferroptosis, and

studies also confirmed that the activation of the

MAPK/ERK pathway is necessary for erastin-

induced ferroptosis in PDAC cells.

Song et al.85

Peroxiredoxin-6 PRDX6 Reducing the levels of PRDX6 through

knockdown greatly intensifies the

accumulation of lipid peroxides (LOOH) and

the resulting ferroptotic cell death when

exposed to ferroptosis-inducing agents across

different cancer cell lines. Conversely,

augmenting PRDX6 levels through

overexpression mitigates the generation of

LOOH and the subsequent cell death triggered

by erastin-induced ferroptosis.

Lu et al.86
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Table 1. Continued

Protein names Gene names Function in ferroptosis PMID

S-adenosylmethionine synthase isoform type-

2/methionine adenosyltransferase 2A

MAT2A MAT2A facilitates the synthesis of

S-adenosylmethionine (SAM), which, in turn,

elevates ACSL3 expression by enhancing

trimethylation of lysine-4 on histone H3

(H3K4me3) within the promoter region. This

ultimately leads to the development of

resistance against ferroptosis.

Ma et al.87

Peroxiredoxin-2 PRDX2 PRDX2 is responsible for mediating the

inhibitory effects of ISO (Isocitrate) treatment

on ferroptosis by reducing oxidative stress,

preventing iron overload, and decreasing lipid

peroxidation.

Chen et al.88

Cyclin-dependent kinase inhibitor 2A CDKN2A CDKN2A serves as a crucial controller of lipid

composition and safeguards against the initial

stages of ferroptosis in glioblastoma

multiforme (GBM) by modifying the acyl tail

composition and redirecting fatty acids into

triacylglycerols (TAGs) stored within lipid

droplets.

Minam et al.89

Voltage-dependent anion-selective channel

protein 2

VDAC2 The suppression of VDAC2 or VDAC3 has a

substantial inhibitory effect on ferroptotic

processes triggered by erastin. This inhibition

encompasses reduced production of lipid-

derived reactive oxygen species (ROS),

diminished iron accumulation, depletion of

glutathione (GSH), and decreased generation

of glutathione disulfide (GSSG).

Yang et al.90

Isocitrate dehydrogenase IDH2 IDH2 plays a role in modulating the assembly

of the matrix domain of complex I (CI) and,

consequently, the entire oxidative

phosphorylation (OXPHOS) system, while also

regulating ferroptosis, the mitochondrial

unfolded protein response, and OXPHOS

assembly in Drosophila.

Murari et al.91

Fatty acid synthase FASN The upregulation of HIF1a by PRDX4 leads to

its increased nuclear translocation, stabilizes its

protein structure, and inhibits ubiquitin-

induced degradation, ultimately resulting in

the upregulation of SLC7A11 expression.

FASN binds to HIF1a and antagonizes

SLC7A11-mediated ferroptosis resulting in

sorafenib resistance.

Li et al.92

T-complex protein 1 subunit gamma CCT3 CT3 plays a role in promoting the proliferation

and growth of lung cancer cells by inhibiting

ferroptosis and activating the EGFR and AKT

pathways.

Wang et al.93
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Table 1. Continued

Protein names Gene names Function in ferroptosis PMID

Ras-related protein Rab-7a RAB7A RAB7A belongs to the RAS oncogene family

and acts as a cargo receptor essential for the

process of lipophagy. Lipophagy is responsible

for the specific identification and degradation

of lipid droplets, which in turn leads to

increased production of free fatty acids, the

promotion of lipid peroxidation, and the

initiation of ferroptosis.

Chen et al.94

26S proteasome non-ATPase regulatory

subunit 4

PSMD4 PSMD4, which functions as a receptor for

ubiquitin in the proteasome, plays a crucial role

in facilitating the degradation of GPX4, leading

to the initiation of ferroptosis. Therefore,

hindering the PSMD4-dependent degradation

of GPX4 effectively prevents trypsin-enhanced

ferroptosis in acinar cells.

Liu et al.95

Transitional endoplasmic reticulum ATPase/

Valosin-containing protein

VCP The repositioning of VCP (valosin-containing

protein) restricts mitochondrial function,

prevents the depletion of glutathione (GSH),

and hinders ferroptosis in PC3 prostate cancer

cells when subjected to starvation conditions.

Ogor et al.96

Myelin proteolipid protein/Proteolipid protein 1 PLP1 PLP1 displays significant characteristics

associated with ferroptosis, including

increased levels of lipid peroxidation, elevated

production of reactive oxygen species (ROS),

disrupted iron metabolism, and heightened

sensitivity to free iron.

Nobuta et al.97

40S ribosomal protein S7 RPS7 Promotes ferroptosis in cisplatin-treated

BUMPT cells.

Zhang et al.98

High density lipoprotein-binding protein HDLBP HDLBP inhibits the ferroptosis vulnerability of

HCC by stabilizing LncFAL. Splicing of LncFAL

is increased by YTHDF2 in a m6A-dependent

manner in HCC. LncFAL inhibits FSP1

polyubiquitination by disrupting the FSP1-

TRIM69 interaction. FSP1 blockade is essential

for the induction of ferroptosis in HCC.

Yuan et al.99

Mitochondrial 2-oxoglutarate/malate carrier

protein/Solute Carrier Family 25 member 11

SLC25A11 Regulates mitoGSH for GPX4 function and

stability.

Ta et al.100

Single-stranded DNA-binding protein SSBP1 SSBP1 interacts with p53 and promotes the

phosphorylation of p53 at the S15 position,

which in turn leads to an increased

accumulation of nuclear p53 in glomerular

podocytes undergoing ferroptosis when

exposed to high fructose stimulation.

Wu et al.101

Proteolipid protein 2 PLP2 Involved in lipid accumulation Guo et al.102

Peroxiredoxin-1 PRDX1 PRDX1 is essential for regulating the reaction

of CEnCs to substances that induce lipid

peroxidation.

Lovatt et al.103

Peroxiredoxin-4 PRDX4 Suppresses ferroptosis through antioxidant

effects

Luo et al.104

(Continued on next page)

ll
OPEN ACCESS

14 iScience 27, 110622, September 20, 2024

iScience
Article



Table 1. Continued

Protein names Gene names Function in ferroptosis PMID

Ras GTPase-activating protein-

binding protein 1

G3BP1 Ras GTPase-activating protein-binding protein

1 (G3BP1) is located within lysosomes, where it

plays a crucial role in orchestrating lysophagy

primarily through the G3BP1/TSC2 complex.

When the G3BP1/TSC2 complex malfunctions,

it leads to an acceleration of lysosomal damage

and promotes ferroptosis in NP (nucleus

pulposus) cells.

Li et al.105

Sequestosome-1 SQSTM1 P62/SQSTM1 has the ability to suppress

ferroptosis by activating the NRF2 signaling

pathway.

Yuan et al.106

Poly(rC)-binding protein 1 PCBP1 PCBP1 represses ferritinophagy-mediated

ferroptosis

Lee et al.107

Poly(rC)-binding protein 2; Poly(rC)-binding

protein 3

PCBP2; PCBP3 PCBP2 delivers Fe2+ to ferritin, resulting in the

suppression of ferroptosis

Frey et al.108

ELAV-like protein 1 ELAVL1 The introduction of ELAVL1 siRNA resulted in

resistance to ferroptosis, while the ELAVL1

plasmid promoted the occurrence of typical

ferroptotic events. Intriguingly, elevated levels

of ELAVL1 expression also seemed to enhance

the generation of autophagosomes and the

overall macroautophagic/autophagic flux,

which constituted the underlying mechanism

responsible for the enhanced ferroptosis

induced by ELAVL1.

Zhang et al.109

Coiled-coil domain-containing protein 6 CCDC6 The depletion of CCDC6 is linked to increased

expression levels of xCT, which in turn results in

heightened tolerance to oxidative stress and

resistance to ferroptosis in testis germ cells.

Morra et al.110

RNA demethylase/alkB homolog 5 ALKBH5 ALKBH5 plays a role in promoting ferroptosis in

hypopharyngeal squamous cell carcinoma by

suppressing the expression of Nrf2 through a

mechanism that depends on m6A-IGF2BP2.

Specifically, ALKBH5 demethylates m6A sites

located in the 30-UTR of Nrf2 mRNA, leading to

its reduced expression and ultimately

contributing to ferroptosis in this context.

Chen et al.111

Protein LYRIC/Metadherin MTDH MTDH (Metadherin) amplifies the capacity of

breast cancer cells to utilize intracellular

glutamate to sustain respiratory chain activity.

This process has been shown to be a crucial

metabolic mechanism that promotes

ferroptosis in these cells.

Li et al.112

Protein FAM98A FAM98A FAM98A, a microtubule-associated protein,

participates in cell proliferation and migration.

Elevated levels of FAM98A expression have

the potential to impede ferroptosis and

enhance resistance of colorectal cancer (CRC)

cells to the effects of 5-fluorouracil (5-FU).

He et al.113

Putative RNA-binding protein 15B RBM15B The suppression of RBM15 leads to an increase

in ferroptosis by influencing the TGF-b/Smad2

pathway in lung cancer.

Feng et al.114

(Continued on next page)

ll
OPEN ACCESS

iScience 27, 110622, September 20, 2024 15

iScience
Article



Table 1. Continued

Protein names Gene names Function in ferroptosis PMID

Protein NDRG1 NDRG1 The hub gene NDRG1, which is associated with

the response to TACE (transarterial

chemoembolization), appears to function as a

protector against ferroptosis, contributing to

the development of tumorigenesis and

metastasis in hepatocellular carcinoma (HCC).

Tang et al.115

Heat shock protein 105 kDa/Heat shock

protein family H

HSPH1 HSF1 appears to have a crucial role in

protecting cardiomyocytes against ferroptosis

induced by palmitic acid (PA). It does so by

preserving cellular iron balance and ensuring

the expression of GPX4, which is essential in

mitigating ferroptosis.

Wang et al.116

Transcription factor GATA-6 GATA6 GATA6, in the context of cerebral ischemia-

reperfusion injury, acts to suppress neuronal

autophagy and ferroptosis. It accomplishes this

through a mechanism that relies on the miR-

193b/ATG7 axis, which plays a critical role in

mediating its effects.

Fan et al.117

FAS-associated factor 2 FAF2 The molecule Fas-associated factor family

member 2 (FAF2), which plays a role in the

regulation of lipid droplet (LD) formation and

maintenance, is observed to be

downregulated in orlistat-induced ferroptosis

in A549 and H1299 lung cancer cells.

Zhou et al.118

E3 ubiquitin-protein ligase NEDD4-like NEDD4L A regulator of GPX4 stability Cheng et al.119

Putative RNA-binding protein 15 RBM15 The suppression of RBM15 leads to an increase

in ferroptosis by modulating the TGF-b/Smad2

pathway in lung cancer.

Feng et al.114

Protein deglycase DJ-1 PARK7 Park7, also known as DJ-1, counteracts iron

overload by controlling the transcription of the

iron regulatory protein family and

simultaneously preventing excessive iron

uptake by mitochondria.

Pan et al.120

Aconitate hydratase/ACO2 aconitase 2 ACO2 The presence of ACO2 (Aconitase 2) was

observed to play a role in the regulation of

cellular iron levels. Specifically, elevated

expression of ACO2 led to an increase in the

translation factors known as iron response

element binding protein 1 (IREB1), which are

involved in the control of iron metabolism.

Mirhadi et al.121

Egl nine homolog 1/Hypoxia-inducible factor

prolyl hydroxylase 2

EGLN1 The combination of EGLN1 and c-Myc induces

the expression of a lymphoid-specific helicase

that, in turn, hinders ferroptosis by altering the

expression of genes involved in lipid

metabolism.

Jiang et al.122

Sideroflexin-1 SFXN1 SFXN1, which is a multi-spanning

transmembrane protein situated in the inner

mitochondrial membrane, has a critical

function in facilitating the transport of iron into

the mitochondria.

Sun et al.123
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Table 1. Continued

Protein names Gene names Function in ferroptosis PMID

MICOS complex subunit MIC19/Coiled-coil-

helix-coiled-coil-helix domain containing 3

CHCHD3 CHCHD3 functions in ferroptosis by enhancing

mitochondrial function and contributing to the

elevation of mitochondrial reactive oxygen

species (ROS) levels during the process.

Xue et al.124

CDGSH iron-sulfur domain-containing

protein 1

CISD1 CISD1 prevents ferroptosis by shielding

mitochondria from lipid peroxidation.

Yuan et al.125

Vacuolar protein sorting-associated protein 4A VPS4A Dysregulation or deficiency of VPS4 can affect

various cellular death processes, including

pyroptosis and ferroptosis. Additionally,

dysfunctional VPS4 can reduce the ability to

repair membrane damage, increasing the

likelihood of ferroptosis in cancer cells.

Huang et al.126
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the comprehensivemolecular mechanisms regulated by subcellular MMP9.We have uncovered keymechanisms by which intracellular MMP9

downregulates GPX4 expression and activity and upregulates Fe2+ to induce ferroptosis (Figure 5B).

To explore the role of MMP9 in the regulation of ferroptosis, we conducted a series of integrated pathway analyses (IPAs). These analyses

were designed to dissect the molecular consequences of MMP9 modulation on the complex network of ferroptosis signaling. Using compu-

tational IPA, we examined the activation effects of MMP9 on ferroptosis. The activation of MMP9 was found to have widespread implications

on the regulatory landscape of ferroptosis, affecting both direct and indirectmodulators of this cell death pathway. The upregulation of active

MMP9 resulted in the engagement of multiple signaling molecules that have been previously implicated in the initiation and progression of

ferroptosis, suggesting that MMP9 acts as an upstream effector in this intricate cellular cascade (Figure 6A). Conversely, the inhibitory effects

of MMP9 on ferroptosis signaling were also assessed. The suppression of MMP9 function delineated an alternate set of molecular interac-

tions, which seemingly counteracted the pro-ferroptotic signals (Figure 6B). This portion of the analysis provided insights into how MMP9

inhibition could potentially stabilize cellularmechanisms that deter ferroptosis, highlighting a complex interplaywhereMMP9 serves as a bidi-

rectional modulator of this specialized form of cell death.

The results of our IPA offer a roadmap for future investigations into the nuanced roles ofMMP9within the ferroptosis pathway. By pinpoint-

ing specificmolecules and interactions influencedbyMMP9 activity, this study lays the groundwork for further exploration into the therapeutic

potential ofMMP9modulation. By delineating the activation and inhibition spectra ofMMP9within ferroptosis signaling, we open avenues for

understanding how ferroptosis can be precisely controlled by MMP9.

DISCUSSION

Although ferroptosis has important role in many diseases, its molecular mechanisms remain unclear.2 Our study sheds light on this by iden-

tifying MMP9 as a novel inducer of ferroptosis. We have delineated the mechanisms by which MMP9 suppresses GPX4 and elevates Fe2+

levels, key factors in ferroptosis induction.4,5 MMP9 downregulates GPX4 by directly interacting with GPX4 protein and by modulating five

transcription regulators: SP1, CREB1, NRF2, ATF4, and FOXO3. Furthermore, MMP9 suppresses the activity of GPX4 by decreasing the levels

of GSR potentially through a protein-protein interaction. This action of MMP9 represents a multifaceted regulatory approach, encompassing

both the downregulation of GPX4 expression and the suppression of its activity, thereby influencing a broad spectrum of intracellular GPX4

signaling pathways. We show the presence of subcellular MMP9 and identified at least 83 intracellular proteins that bind to MMP9 and regu-

late ferroptosis pathways. The computational IPA with MMP9 activation as well as MMP9 inhibition show how MMP9 potentially modulates

ferroptosis signaling pathways. Thus, MMP9 has a pivotal role in the regulation of ferroptosis.

MMP9 also regulates GPX4-independent mechanisms to impair cellular redox balance to promote ferroptosis. MMP9 suppresses GPX1,

which reduces oxidative radicals to maintain cellular redox balance. By reducing GSR, MMP9 also downregulates GPX1 activity. MMP9 also

inhibits FSP-1, which is a newly discovered suppressor of ferroptosis. Thus, MMP9 inhibits GPX4-dependent and GPX4-independent mech-

anisms to induce ferroptosis.

MMP9 induces ferroptosis by increasing the levels of Fe2+. It upregulates HMOX1 to release iron from heme. It also deranges iron homeo-

stasis by upregulating iron import and downregulating iron storage and export, which results in upregulation of Fe2+. Besides ferroptosis, iron

plays a crucial role inmany cellular functions.127 Thus,MMP9’s regulation of iron homeostasis is critical for several cellular function. In addition,

loss of MMP9 is demonstrated to improve cell viability by suppressing oxidative stress and inflammation.29 MMP9 also increases the accumu-

lation of lipid peroxides, supporting its role in ferroptosis. Altogether, these findings demonstrate that MMP9 has pivotal roles in intracellular

redox balance, iron homeostasis, and cell death via ferroptosis.

MMP9 being a secretary protein is least studied for the intracellular functions. The presence of MMP9 in subcellular locations like mito-

chondria128,129 and the nucleus130 has been established, along with its role in epigenetic regulation and autophagy, underscoring its intra-

cellular functions.30 Except few reports on intracellular functions of MMP9,30,34 the intracellular and subcellular functions of MMP9 are un-

known. We validated the subcellular localization of MMP9 and revealed 83 subcellular proteins that bind to MMP9. In addition to nucleus
iScience 27, 110622, September 20, 2024 17



Figure 5. MMP9’s regulatory network in ferroptosis pathways

(A) Discovery of MMP9-associated proteins: LC-MS/MS analysis of MMP9-immunoprecipitated proteins has identified 83 novel proteins within various subcellular

compartments, indicating MMP9’s broad scope of influence. Cytoscape visualization quantifies the interactions, shedding light on MMP9’s extensive subcellular

reach.

(B) MMP9’s central role in ferroptosis signaling: integrating data from preceding figures, a schematic underscores MMP9 as a pivotal regulator in the ferroptosis

signaling cascade. Detailed are MMP9’s interactions with principal iron regulatory proteins including transferrin receptor 1 (TFR), ferroportin-1 (FPN1), and ferritin

light chain (FLC), which are integral to iron homeostasis. Additionally, the diagram delineates MMP9’s impact on GPX4, both through direct binding and indirect

transcriptional control via SP1, NRF2, CREB1, as well as FOXO3 and ATF4, leading to downstream modulation of system xc� (through SLC7A11) and affecting

glutathione-based antioxidant systems. These pathways highlight MMP9’s ability to modulate ferroptosis through dual pathways of iron regulation and lipid

peroxidedetoxification.MMP9’sbroad regulatory influenceasdepictedunderscores its therapeuticpotential in conditions characterizedbydysregulated ferroptosis.
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and cytoplasm, the presence of MMP9 binding proteins in endoplasmic reticulum (ER), endosomes, vesicle, membrane, and mitochondria

suggest that MMP9 has multifarious regulatory role in subcellular functions. Our findings provide a platform for future studies to determine

the comprehensive roles of MMP9 in intracellular signaling mechanisms.

We used a unique approach to identify the specific binding partners of subcellularMMP9, where we usedMMP9 immunoprecipitated pro-

teins for LC-MS/MS proteomic analysis. This approach rules out any non-MMP9 binding protein, which is common in proteomic analysis of

cells. The Cytoscape/String analysis of MMP9 binding proteins in subcellular compartments are valuable to determining the effect of subcel-

lular MMP9 in different disease conditions and diagnosing the cause for MMP9-mediated diseases.

There is limited knowledge on non-enzymatic functions of MMP9. We developed a collagenase mutant MMP9, which is structurally similar

to normal MMP9. Transfection of this mutant MMP9 increases the expression but not the collagenase activity of MMP9.We also used gain-of-

MMP9 function by overexpressing and activating MMP9. This loss- and gain-of-function of MMP9 studies provide an excellent approach to

delineate the cellular effects of expression versus activity of MMP9.

MMP9 has been a promising therapeutic target for cancer.131 Recent studies raise hopes for MMP9 inhibitors; however, a deeper under-

standing of MMP9-regulated mechanisms is warranted.132 In cardiac diseases, MMP9 induces pathogenesis and is associated with human

heart failure, and ablation of MMP9 has cardioprotective effects.3,133–135 Our findings provide a comprehensive list of novel subcellular pro-

teins regulated by MMP9, which will elucidate the intracellular regulatory roles of MMP9 and help developing therapeutic targets for MMP9-

induced cardiac diseases.

We used human embryonic kidney 293 (HEK293) cells and cultured them in a serum-freemedium.HEK293 is transfection-efficient cells with

biotherapeutic value.35 Thus, it will be easy to utilize our findings for translational studies. We did not use a disease model, which may have

confounding effects in signaling pathways. Thus, the effects observed in the signaling pathways and molecules are purely due to change in

MMP9 expression and activity.

In summary, we reveal a role of subcellular MMP9 in regulation of redox balance and iron homeostasis to induce ferroptosis signaling. Our

newly identified subcellular MMP9-regulated proteins will move the field of MMP9 biology forward to understand the cellular functions of

MMP9, understand the subcellular changes in MMP9 in a disease condition, and potentially develop novel therapeutic targets.

Limitations of the study

Our research, while contributing valuable insights, is subject to certain limitations. The mechanisms underlying MMP9’s subcellular

localization and secretion present complex pathways that require further elucidation, particularly regarding how MMP9’s secretory

signals are modified during its subcellular journey. Our observations noted distinct MMP9 expression levels in mitochondrial and nu-

clear fractions between PMA-treated MMP9-overexpressing cells and solely MMP9-overexpressing cells, with no observed disparity in
18 iScience 27, 110622, September 20, 2024



Figure 6. MMP9’s dualistic modulation of the ferroptosis signaling network

A detailed computational integrated pathway analysis (IPA) elucidatingMMP9’s involvement in ferroptosis regulation. Through the IPA, we identify the following:

(A) Activation dynamics: the illustration captures the cascade of events triggered by MMP9 activation, underscoring its stimulatory effects on various ferroptosis

signaling molecules and pathways. The depiction serves to map the enhancement or regulation of ferroptosis by MMP9, offering a pathway-centric view of its

promotive actions.

(B) Inhibitory dynamics: the analysis shifts focus to the suppression landscape, dissecting the effects of MMP9 inhibition. This part details the intricate impact on

ferroptosis circuitry and the consequent therapeutic angles, emphasizing MMP9 as a manipulable node within this cell death paradigm. By bifurcating MMP9’s

influence on ferroptosis into activation and inhibition, the analysis furnishes a comprehensive perspective of its ambivalent regulatory capacity. These insights

cement MMP9’s stature as a strategic molecular target for therapeutic strategies aimed at diseases implicated in ferroptotic processes.
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the cytosolic fraction. This could be due to PMA’s influence on MMP9 expression via the nuclear factor kB (NF-kB)-dependent

pathway.26 Additionally, intracellular MMP9 may influence epigenetic landscapes through DNA methylation,30 indicating a significant

nuclear role for MMP9. The extent to which these processes elevate nuclear MMP9 expression in PMA-treated cells warrants addi-

tional investigation.

While our findings indicate that MMP9 suppresses the transcription factors SP1, NRF2, CREB, ATF4, and FOXO3, pivotal for GPX4 regu-

lation, the specific mechanism behind this effect is yet to be fully understood. PLA results lend support to the hypothesis that MMP9 closely

interacts with these transcription factors, hinting at a significantmodulatory role essential for controllingGPX4 expression. These insights lay a

foundational basis for future investigations into MMP9’s regulatory influence over these key transcription factors.

Our LC-MS/MS analysis post-immunoprecipitation did not reveal direct protein-protein interactions betweenMMP9 and the transcription

factors that govern GPX4. This could be due to technical limitations of LC-MS/MS or due to indirect effects of MMP9 on these transcription

factors. Further, our IPA (Figure 6) unveils a spectrum of pathways, both direct and indirect, that MMP9 could modulate. These insights un-

derscore a critical avenue for future research to dissect the nuanced roles of MMP9 in regulatingGPX4, employingmore refined or alternative

methodologies to elucidate the precise nature of these regulatory interactions.

Autophagy plays a pivotal role in ferroptosis, particularly through ferritinophagy enhancing ferrous iron levels, and reactive oxygen species

(ROS) are crucial for lipid peroxidation in ferroptosis.4 GivenMMP9’s involvement in both autophagy and ROS regulation,29,30 further research

is necessary to understand MMP9’s influence on these processes in ferroptosis control.

Our current findings are based on in vitro studies, highlighting the need for in vivo validation to elucidate MMP9’s roles across different

cellular and tissue contexts. Future work involving MMP9 knockout and transgenic animal models will provide deeper insights into MMP9’s

tissue-specific functions.

Lastly, our research utilized healthy cell models to isolate MMP9 signaling effects on ferroptosis from pathology-specific influences. How-

ever, to enhance clinical relevance, forthcoming studies should incorporate disease models where ferroptosis is implicated, ensuring the

broader applicability of our findings.
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

MMP9 (N-terminal) Polyclonal antibody Proteintech Cat#10375-2-AP; RRID: AB_10897178

Anti-Sp1 Antibody Millipore Cat#07-645; RRID: AB_310773

CREB1 Polyclonal antibody Proteintech Cat#12208-1-AP; RRID: AB_2245417

NRF2, NFE2L2 Polyclonal antibody Proteintech Cat#16396-1-AP; RRID: AB_2782956

ATF4 Polyclonal antibody Proteintech Cat#10835-1-AP; RRID: AB_2058600

FOXO3A Polyclonal antibody Proteintech Cat#10849-1-AP; RRID: AB_2247214

Recombinant Anti-Glutathione Peroxidase 4

antibody

Abcam Cat#ab125066; RRID: AB_10973901

GSR Polyclonal antibody Proteintech Cat#18257-1-AP; RRID: AB_10598162

GPX1 Polyclonal antibody Proteintech Cat#29329-1-AP; RRID: AB_2918283

HO-1/HMOX1 Polyclonal antibody Proteintech Cat#10701-1-AP; RRID: AB_2118685

Transferrin Receptor Monoclonal Antibody ThermoFisher Cat#13-6800; RRID: AB_86623

Anti-Ferritin Light Chain antibody Abcam Cat#ab69090; RRID: AB_1523609

PCBP1 Polyclonal Antibody ThermoFisher Cat#PA5-86055; RRID: AB_2802856

SLC40A1/FPN1 Polyclonal antibody Proteintech Cat#26601-1-AP; RRID: AB_2880571

MFN1 Polyclonal antibody Proteintech Cat#13798-1-AP; RRID: AB_2266318

FTMT Polyclonal Antibody ThermoFisher Cat#PA5-30906; RRID: AB_2548380

Anti-rabbit IgG, HRP-linked Antibody Cell Signaling Cat#7074; RRID: AB_2099233

Anti-mouse IgG, HRP-linked Antibody Cell Signaling Cat#7076; RRID: AB_330924

Malondialdehyde Monoclonal Antibody ThermoFisher Cat#MA5-27559; RRID: AB_2735264

Chemicals, peptides, and recombinant proteins

Phorbol 12-myristate 13-acetate (PMA), PKC

activator

Abcam Cat#ab120297

Critical commercial assays

Subcellular Protein Fractionation Kit for

Cultured Cells

ThermoFisher Cat#78840

Cell Fractionation Kit Abcam Cat#ab109719

GSH/GSSG Ratio Detection Assay Kit II

(Fluorometric - Green)

Abcam Cat#ab205811

Cell Ferrous Iron Colorimetric Assay Kit Elabscience Cat#E-BC-K881-M

CyQUANT� LDH Cytotoxicity Assay ThermoFisher Cat#C20300

Duolink� In Situ PLA� Probe Anti-Rabbit

MINUS

Millipore Cat#DUO92005-100RXN

Duolink� In Situ PLA� Probe Anti-Mouse PLUS Millipore Cat#DUO92001-100RXN

Duolink� In Situ Red Starter Kit Mouse/Rabbit Millipore Cat#DUO92101-1KT

Experimental models: Cell lines

Human HEK293 cells ATCC Cat#CRL-1573

Oligonucleotides

Plasmids Vector Builder https://www.vectorbuilder.com

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Fiji Fiji https://fiji.sc

ImageJ National Institutes of Health (NIH) https://imagej.nih.gov/ij/

Zeiss Confocal Microscopy Zeiss https://www.zeiss.com/microscopy/int/home.

html

GraphPad Prism 10 GraphPad Software https://www.graphpad.com/scientific-

software/prism/

IPA (Ingenuity Pathway Analysis) QIAGEN https://digitalinsights.qiagen.com/products-

overview/discovery-insights-portfolio/analysis-

and-visualization/qiagen-ipa/

PyMOL Schrödinger https://pymol.org/2/

ChimeraX University of California, San Francisco (UCSF) https://www.cgl.ucsf.edu/chimerax/

AutoDock Scripps Research http://autodock.scripps.edu/

ClusPro Boston University https://cluspro.org/

PRODIGY HADDOCK https://nestor.science.uu.nl/prodigy/

Cytoscape Cytoscape Consortium https://cytoscape.org/

BioRender BioRender https://biorender.com/

Image Lab Bio-Rad https://www.bio-rad.com/en-us/product/

image-lab-software?ID=KRE6P5E8Z

Other

Mass Spectrometry Protein Identification Creative Proteomics https://www.creative-proteomics.com
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RESOURCE AVAILABILITY

Lead contact

Further information and request for resources and reagents should be directed to andwill be fulfilled by the lead contact, Paras KumarMishra

(paraskumar.mishra@unmc.edu).
Materials availability

This study did not generate new unique reagents.
Data and code availability

Data: All data reported will be shared by the lead contact upon request.

Code: This paper does not report original code.

Additional information required to analyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell line

Human embryonic Kidney- 293 (HEK293) cells were procured from the American Type Culture Collection (ATCC) with number CRL-1573.
METHOD DETAILS

Cell culture

HEK293 cells were maintained in a complete growth medium consisting of Dulbecco’s Modified Eagle Medium (DMEM) supplemented with

10% fetal bovine serum (FBS). Cells were used up to 10 passages and cell health was monitored daily. For transfection, cells were seeded in

complete culture media and allowed to reach approximately 70-80% confluency. Transfection was performed using a polymer reagent

(PolyJet) according to the manufacturer’s instructions. Briefly, the polymer reagent and DNA constructs were mixed in Plain DMEMmedium

and incubated for a specified period to allow complex formation. The transfection mixture was then added dropwise to the cells and media

was changed 5 h post transfection. Transfection efficiency was evaluated 24 h post transfection.
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Following the transfection, the cells were treated with either PMA or an MMP9 inhibitor. PMA was added to a final concentration of 10 ng/

mL and incubated for 24 h. The MMP9 inhibitor, at a concentration of 5 mM, was added to the cells 5 h post transfection. Both PMA and the

MMP9 inhibitor were prepared as stock solutions in suitable solvents and diluted in the growthmedium to achieve the desired concentrations.

After the treatment, the cells were further incubated for 24 h to allow the desired cellular response. The experimental conditions were

replicated in independent wells to ensure reliable results. Subsequently, the cells were harvested in RIPA buffer with protease and phospha-

tase inhibitor cocktail for downstream analysis, except for zymography.
Cell fractionation

In our study, cellular fractionation was carried out using the Abcam Cell Fractionation Kit - Standard (ab109719), following the manufacturer’s

provided protocol. Briefly, cells were harvested and subjected to a series of differential centrifugations and extractions, as prescribed by the

kit instructions. This process involved the use of a proprietary buffer system to ensure the selective and sequential extraction of proteins from

different cellular compartments. The integrity and purity of each fraction were assessed byWestern blotting, usingmarker proteins specific to

each cellular compartment and another marker that is not specific to the fractionation to assess the fraction purity.
Cytotoxicity assay

For assessing cell cytotoxicity, we employed the CyQUANT� LDH Cytotoxicity Assay (Thermo Fisher Scientific, C20300), in accordance with

the manufacturer’s instructions. This assay is designed to measure lactate dehydrogenase (LDH) activity released into the culture medium

from damaged cells, serving as an indicator of cellular membrane integrity and cytotoxicity. Briefly, after transfection and treatment with lysis

buffer (Maximum LDH control), supernatants were transferred to a different 96-well plates. The plates were then incubated 37�C for 45 mi-

nutes, protected from light, to allow the development of the colorimetric reaction. The optical density wasmeasured at 490 and 680 nm using

a microplate reader. The percentage of cytotoxicity was calculated by comparing the LDH release from treated cells to that from maximum

LDH release controls, which were lysed with the provided lysis solution, enabling us to quantify the cytotoxic effects of the compounds on the

cells, following the manufacturer’s instructions.
Western blotting

Western blotting was performed following a previously established lab protocol.136 Briefly, HEK293 cells were lysed using RIPA lysis buffer

containing protease inhibitors and protein concentration was determined by BCA assay. Proteins were loaded in SDS-PAGE gel and trans-

ferred to nitrocellulose membrane using a wet transfer system. The membrane was then blocked with a 5% non-fat milk and incubated with

primary antibody (1:1000 dilution) overnight at 4�C. The membrane was washed and then incubated with secondary antibody conjugated to

horseradish peroxidase (1:2000 dilution) at room temperature for 2 h. After washing, protein bandswere observed under a Bio-RadChemiDoc

imaging system. The protein bands were quantified using the Image Lab analysis software, and total Protein was used for normalization.
Co-immunoprecipitation

For Co-immunoprecipitation (co-IP), 2 mg of protein was incubated with magnetic Dynabeads (Thermo Fisher Scientific) following the man-

ufacturer’s instructions. An additional 25 g of total protein was loaded onto a separate gel and stainedwith Coomassie blue for normalization.

BioRad ChemiDoc instrument and its software was used to capture the image and analyze the bands. Experiments using co-IP were conduct-

ed with positive and negative controls in triplicate.
Proximal ligation assay (PLA)

Millipore Sigma’s Duolink� In Situ Red Starter Kit Mouse/Rabbit was used for the Proximal Ligation Assay. We cultured 5 X 10^5 cells in 50 ml

medium in a m-Slide 15-well-3D glass bottom, which was purchased from Ibidi. After fixing the cells for 15 minutes at the room temperature

with 4% paraformaldehyde, they were rinsed three times with phosphate buffered Saline (PBS). The cells were then stained with 5g/mlWheat

GermAgglutinin (WGA) in PBS and incubated for 5minutes at room temperature in the dark. To permeabilize the cells, they were subjected to

50 ml of ice-cold 100 percent methanol for 30 minutes at -20�C, followed by three washing in PBS. The PLA was performed following manu-

facturer’s instructions. Imageswere captured using a Zeiss 710 Confocal Laser Scanningmicroscope equippedwith a 63x oil lens and available

at the University of Nebraska Medical Center core facilities.
In-silico protein-protein interaction

We obtained the protein structures from the RCSB PDB. To examine protein-protein or protein-ligand interactions, molecular docking was

done using a combination of the ClusPro 2.0 website and the AutoDock program. Using UCSF ChimeraX and Pymol programs, the protein

models were subjected to intensive analysis, allowing for a thorough evaluation of the docking conformations and probable binding loca-

tions. To measure protein binding affinity, Prodigy webserver was used in the analysis.
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Ingenuity pathway analysis (IPA)

To predictMMP9’s activity in the ferroptosis pathway using IPAQiagen software, we employed themolecular activity predictor (MAP) feature,

focusing on analyzing its activation and inhibition impact on the ferroptosis pathway. This step provided insights into MMP9’s activation and

inhibition state and its effects on downstream molecules, enabling a targeted analysis of its role within the pathway.
Confocal microscopy

In our investigation of protein-protein interactions via Proximity Ligation Assays (PLA), confocal microscopy imaging was performed at the

University of NebraskaMedical Center (UNMC) Core Facility. Following the PLA protocol using Duolink� PLA probes (Sigma-Aldrich) on pre-

pared cell samples, imaging was conducted using a high-resolution confocal microscope equipped with a 63x zoom lens. This setup allowed

for precise visualization of the interactions at a molecular level, with the advanced imaging software of the facility used to finely tune param-

eters for optimal signal clarity and minimal background interference.
MMP9 and mutant MMP9 expression vectors

The plasmid was synthesized using Vector builder services. The coding sequence for MMP9 and the mutant collagenase site of MMP9 pro-

teins were inserted downstream of the CMV promoter, which was selected to achieve optimal expression in the target host system. To facil-

itate protein detection and localization studies, we incorporated the coding sequence for the EGFR/RFP fusion protein into both plasmids. To

prevent any potential disruption to the structure and function of MMP9 protein, we selected a separate promoter for the EGFR/RFP protein

that would not interfere with the expression or folding of MMP9.
Liquid chromatography with tandem mass spectrometry (LC-MS/MS) analysis

In this study, protein identification was performed following the protocol provided by Creative Proteomics. Initially, 1 mg of proteins were

used for co-immunoprecipitation (co-IP). Post co-IP, samples underwent SDS-PAGE and subsequent in-gel digestion with trypsin. The di-

gested proteins were then identified using a nano LC-MS/MS platform.

The key reagents, including DL-dithiothreitol (DTT), iodoacetamide (IAA), formic acid (FA), and acetonitrile (ACN), were sourced from

Sigma and Promega, with ultrapure water prepared using aMillipore system. Themass spectrometry analysis was conducted on aQ Exactive

HF mass spectrometer (Thermo Fisher Scientific, USA) coupled with an Ultimate 3000 nano UHPLC system.

The SDS-PAGE process involved running the gel at specified voltages and staining with silver. The in-gel digestion comprised multiple

steps, including washing, dehydration, reduction, and alkylation of the gel slices, followed by overnight trypsin digestion. The peptides

were extracted, lyophilized, and resuspended in 0.1% formic acid for LC-MS/MS analysis.

Nano LC utilized a trapping and analytical column from PepMap C18, with a detailed LC gradient and flow rate. The mass spectrometry

settings included a full scan range of 300-1,650 m/z and a Top 20 MS/MS scan with specific resolution, gain control, injection time, and colli-

sion energy parameters.

Finally, data analysis was performed using Maxquant software against a human protein database, with specific parameters for protein

modifications, enzyme specificity, cleavage, and ion mass tolerance. The comprehensive protein and peptide identification details were re-

corded in supplemental excel sheets (Table S1).
QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as the mean G standard error of the mean (SEM). To assess the statistical differences between groups, we employed

either one-way or two-way analysis of variance (ANOVA), complemented by post-hoc tests for detailed comparisons. A P-value of less

than 0.05 was considered statistically significant (* indicates P < 0.05, ** indicates P < 0.01, *** indicates P < 0.001, and **** indicates

P < 0.0001). All statistical analyses were conducted using Prism 10.0 software. Details of each experiment and statistical analysis are included

in the Figure Legends.
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