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Peroxiredoxin 6 suppresses ferroptosis in lung endothelial cells

Julia Maria Torres-Velardel,
Kaitlin N. Allen?,

Andrea Salvador-Pascual,
Roberto G. Leija,

Diamond Luong,

Diana Daniela Moreno-Santillan,
David C. Ensminger?,

José Pablo Vazquez-Medina®
Department of Integrative Biology, University of California, Berkeley, USA

Abstract

Peroxiredoxin 6 (Prdx6) repairs peroxidized membranes by reducing oxidized phospholipids, and
by replacing oxidized sn-2 fatty acyl groups through hydrolysis/reacylation by its phospholipase
A, (aiPLA>) and lysophosphatidylcholine acyltransferase activities. Prdx6 is highly expressed in
the lung, and intact lungs and cells null for Prdx6 or with single-point mutations that inactivate
either Prdx6-peroxidase or aiPLA, activity alone exhibit decreased viability, increased lipid
peroxidation, and incomplete repair when exposed to paraquat, hyperoxia, or organic peroxides.
Ferroptosis is form of cell death driven by the accumulation of phospholipid hydroperoxides.

We studied the role of Prdx6 as a ferroptosis suppressor in the lung. We first compared the
expression Prdx6 and glutathione peroxidase 4 (GPx4) and visualized Prdx6 and GPx4 within
the lung. Lung Prdx6 mRNA levels were five times higher than GPx4 levels. Both Prdx6 and
GPx4 localized to epithelial and endothelial cells. Prdx6 knockout or knockdown sensitized lung
endothelial cells to erastin-induced ferroptosis. Cells with genetic inactivation of either aiPLA,
or Prdx6-peroxidase were more sensitive to ferroptosis than WT cells, but less sensitive than KO
cells. We then conducted RNA-seq analyses in Prdx6-depleted cells to further explore how the
loss of Prdx6 sensitizes lung endothelial cells to ferroptosis. Prdx6 KD upregulated transcriptional
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signatures associated with selenoamino acid metabolism and mitochondrial function. Accordingly,
Prdx6 deficiency blunted mitochondrial function and increased GPx4 abundance whereas GPx4
KD had the opposite effect on Prdx6. Moreover, we detected Prdx6 and GPx4 interactions in
intact cells, suggesting that both enzymes cooperate to suppress lipid peroxidation. Notably,
Prdx6-depleted cells remained sensitive to erastin-induced ferroptosis despite the compensatory
increase in GPx4. These results show that Prdx6 suppresses ferroptosis in lung endothelial cells
and that both aiPLA, and Prdx6-peroxidase contribute to this effect. These results also show that
Prdx6 supports mitochondrial function and modulates several coordinated cytoprotective pathways
in the pulmonary endothelium.
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1. Introduction

Peroxiredoxin 6 (1-cys peroxiredoxin, Prdx6) is an atypical peroxiredoxin widely expressed
throughout the body with the lungs, brain, and testes showing the highest levels [1]. In
contrast to other peroxiredoxins, Prdx6 lacks a resolving cysteine and uses glutathione
(GSH) to complete its peroxidatic reaction [2-5]. Besides its GSH peroxidase activity,
Prdx6 expresses acidic, calcium-independent phospholipase A, (aiPLA,) [6-8] and
lysophosphatidylcholine acyltransferase (Prdx6-LPCAT) activities [9] in separate catalytic
sites. The PLA,, LPCAT, and GSH peroxidase activities of Prdx6 are differentially regulated
by the subcellular distribution of the protein, substrate binding, and post-translational
modifications including hyperoxidation at cysteine 47 and phosphorylation at threonine 177
[10-16].

Free Radic Biol Med. Author manuscript; available in PMC 2024 June 14.
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Prdx6 exhibits maximal PLA, activity at acidic pH and maximal GSH peroxidase activity
at neutral pH under unstimulated conditions [12]. Hence, when localized to lysosomal-
type organelles such as lamellar bodies of type 1l pneumocytes, Prdx6 functions as a

PLA, [12]. In contrast, cytosolic Prdx6 functions mainly as a GSH peroxidase [12].
Notably, aiPLA, increases with enzyme phosphorylation and in the presence of oxidized
phospholipid substrate at neutral pH [6]. Moreover, aiPLA; and the LPCAT activities of
Prdx6 appear to represent a two-step coupled reaction without the release of the intermediate
lysophosphatidylcholine product [9]. Prdx6 binds to phospholipids with an oxidized fatty
acid in the s/+2 position at cytosolic pH [6,11,17-19]. Hence, the translocation of Prdx6 to
cell membranes under oxidant stress has several biologically relevant effects involving its
phospholipid hydroperoxide GSH peroxidase, aiPLA,, and LPCAT activities [9,13,20-22].

Oxidant stress induced by paraquat, hyperoxia or organic peroxides promotes the
translocation of Prdx6 to cell membranes [15,19,21-23]. In peroxidized membranes, Prdx6
reduces oxidized phospholipids through its phospholipid hydroperoxide GSH peroxidase
activity and replaces the oxidized sr+2 fatty acyl group through hydrolysis/reacylation by
aiPLA, and Prdx6-LPCAT [13]. Prdx6 is, therefore, a complete system for the repair of
peroxidized cell membranes [13]. Mice and lung cells lacking Prdx6 (Prdx6 KO) or carrying
a mutation that prevents Prdx6 from binding to phospholipids (Prdx6-H26A) are unable to
repair peroxidized cell membranes after exposure to hyperoxia or treatment with organic
peroxides [19-22]. Furthermore, mice with mutations that inactivate either aiPLA, (Prdx6-
D140A) or the GSH peroxidase activity of Prdx6 (Prdx6-C47S) alone show incomplete
repair of peroxidized membranes [19-22].

The unique role of Prdx6 as a suppressor of lung lipid peroxidation suggests that this
enzyme regulates ferroptosis, and evidence of such effect in cancer cell lines with silenced
Prdx6 expression is available [24], although genetic confirmation in cells with full Prdx6
depletion (KO) is still lacking. Similarly, the role of the specific activities of Prdx6

and its relevance in primary cells is unknown. Early work shows that both a PLA,

and a phospholipid hydroperoxidase activity are necessary to repair peroxidized lipids
[25-27]. Ferroptosis is a newly described form of regulated cell death driven by an
iron-dependent accumulation of phospholipid hydroperoxides [28-30]. The selenoprotein
glutathione peroxidase 4 (GPx4) suppresses ferroptosis through its ability to reduce
phospholipid hydroperoxides [31,32]. To date, no other enzymes that regulate the canonical
GSH-dependent lipid peroxidation suppression pathway during ferroptosis have been
identified [33], but alternative systems that cooperate with GPx4 to suppress the propagation
of lipid peroxidation such as FSP1 (ferroptosis suppressor protein 1) and DHODH
(dihydroorotate dehydrogenase) are well known [34-36]. Similarly, enzymes that modulate
cellular lipid composition including acyl-CoA synthetase long-chain family member 4
(ACSL4) [37-41], lysophosphatidylcholine acyltransferase 3 (LPCAT3) [37,42], and other
calcium-independent PLA,s [43-45] have been shown to regulate ferroptosis.

Here we show that Prdx6 is widely expressed in pulmonary endothelial and epithelial

cells and that Prdx6 deletion or knockdown increases erastin-induced, ferrostatin-1-sensitive
lipid peroxidation and cell death in murine and human lung endothelial cells in primary
culture. Using cells derived from animals harboring single-point mutations that inactivate

Free Radic Biol Med. Author manuscript; available in PMC 2024 June 14.
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either aiPLA, (Prdx6-D140A) or Prdx6-peroxidase (Prdx6-C47S) we also show that both
activities participate in the anti-ferroptotic effect of Prdx6. Moreover, we found that Prdx6
deficiency induces transcriptional signatures associated with mitochondrial function and
selenoamino acid metabolism and corroborated that Prdx6 depletion blunts mitochondrial
function and upregulates GPx4 expression and abundance, while GPx4 depletion has

the opposite effect. Furthermore, using in situ proximity ligation, we found that Prdx6
interacts with GPx4, suggesting that both proteins cooperate to counteract lipid peroxidation.
Hence, Prdx6 suppresses ferroptosis by limiting lipid peroxidation through both aiPLA,

and Prdx6-peroxidase and likely by supporting mitochondrial function and modulating other
cytoprotective pathways in the pulmonary endothelium.

2. Methods

2.1. Animals

The use of mice for these studies was approved by UC Berkeley’s Animal Care and Use
Committee (AUP-2022-05-15358). The generation of Prdx6 KO mice is described in Ref.
[1]. The generation of Prdx6 KI mice is described in Refs. [21,46]. Prdx6-D140A mice
harbor a single amino acid mutation at D140, one of the constituents of the Prdx6-PLA,
catalytic triad. This mutation abolishes the aiPLA, activity without affecting the peroxidase
activity. Prdx6-C47S mice lack peroxidase activity due to a single-point mutation in the
catalytic cysteine (C47) but retain aiPLA, activity. The neomycin resistance cassette that
was used in clonal selection during the generation of these mutant mice has been removed
using flanking flippase recombinase target (FRT) sites. Unaltered Prdx6 protein levels have
been previously confirmed [46]. Prdx6 KO and KI mice were generated by Dr. Aron

Fisher (University of Pennsylvania) and obtained through the Mutant Mouse Resource and
Research Center (MMRRC).

2.2. Confocal microscopy

Mouse lungs were processed as previously described [46,47]. Lung sections were stained
with Prdx6, GPx4 or SLC7A11 antibodies diluted 1:200. GPx4 and SLC7A11 antibodies
were obtained commercially (GPx4: Abcam, Cambridge, MA, catalog number: ab125066).
The SLC7AL11 antibody (Proteintech, Rosemont, IL, catalog number: 26864-1-AP) has been
previously validated by over-expression and knockdown (KD) [48,49]. Prdx6 antibodies
were a kind gift of Dr. Aron Fisher. Prdx6 antibodies are described in Refs. [10,16] and were
previously validated using Prdx6 KO lungs [46]. Sections were incubated with anti-rabbit
Alexa 594 secondary antibodies and Alexa 488-CD144 (ve-cadherin, eBioscience catalog
number: 53-1441-82) or FITC-CD326 (epCAM, eBioscience catalog number: 14-5791-8)
antibodies diluted 1:200. Sections were mounted in VECTASHIELD medium (\Vector
Laboratories, Burlingame, CA) and imaged using a Zeiss 780 laser-scanning confocal
microscope fitted with a 40X objective and Zen software.

2.3. Primary cell isolation and culture

Murine pulmonary microvascular endothelial cells (MPMVECSs) were isolated from freshly
harvested WT, Prdx6 KO and Prdx6 KI mouse lungs using magnetic beads coated with
PECAM-1 antibodies and purified by FACS as previously described [46,47]. MPMVECs

Free Radic Biol Med. Author manuscript; available in PMC 2024 June 14.
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were maintained in DMEM (Gibco, Thermo Fisher Scientific, Waltham, MA) supplemented
with FBS (Seradigm, VWR, Radnor, PA), HEPES (Gibco), and Antimycotic/Antibiotic
solution (Gibco). Primary human pulmonary microvascular endothelial cells (HPMVECS)
isolated from normal lung tissue were obtained from Cell Biologics (Chicago, IL) and
maintained in commercial growth media (Cell Biologics, catalog number: H1168).

2.4. Induction and inhibition of ferroptosis

Endothelial monolayers were treated with erastin (BioVison, Milpitas, CA, catalog number:
B1502) with or without co-treatment with ferrostatin-1 (Fer-1, BioVison, catalog number:
2230) for 24 h. Erastin-induced GSH depletion was confirmed using a commercial kit
(Promega Corporation, Madison, WI, catalog number: \V6911) following the manufacturer’s
recommendations. After treatment, cells were assayed for viability/cytotoxicity, lipid
peroxidation, gene expression and protein abundance.

2.5. Measurement of cell death and lipid peroxidation

Cell viability and cytotoxicity were measured using a commercial imaging kit (Thermo
Fisher, catalog number: R37601). Cells plated in glass-bottom dishes were treated with
drugs as described above. Staining and Hoechst solutions were added during the last 30
min of the treatment. In separate experiments, lipid peroxidation was detected using live-
cell microscopy in cells loaded with Liperfluo (10 uM, Dojindo, Rockville, MD, catalog
number; L248-10) during the last hour of the drug incubation period. Cells were imaged
using a fluorescence microscope (Zeiss Axio Observer) fitted with a 20X objective and
Zen software (Zeiss, Thornwood, NY, USA). Fluorescence intensity was quantified using
Imagel.

2.6. Extracellular flux assays

Cells seeded in Seahorse plates (Agilent, Santa Clara, CA) were washed with Seahorse assay
medium supplemented with 5.56 mM glucose, 1 mM pyruvate, and 4 mM L-glutamine, and
placed in a CO,-free incubator for 1 h. Oxygen consumption rates (OCR) were measured

in a calibrated extracellular flux analyzer (Agilent) in the presence of oligomycin (1

uM), carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP, 1 or 2 uM for human

or mouse cells respectively), and rotenone/antimycin A (0.5 uM). OCR values were
normalized to total protein measured with a Qubit fluorometer (Invitrogen, Carlsbad, CA).
Mitochondrial function was calculated according to Ref. [50].

2.7. In situ proximity ligation

Visualization of protein-protein interactions in intact cells was conducted using Duolink

Il in situ proximity ligation kits (Olink, Uppsala, Sweden) with mouse anti-Prdx6 (EMD
Millipore, Burlington, MA, catalog number: MABN1797) and rabbit anti-GPx4 antibodies
(Abcam, Cambridge, MA, catalog number: ab125066) following the procedure described
previously [46,47]. Nonspecific mouse and rabbit 1gGs were used as negative controls.
Cells were fixed with 1:1 ice-cold methanol/acetone, washed, permeabilized, treated with
blocking reagent for 1 h, and incubated overnight with primary antibodies diluted 1:100.
The Duolink I1 kit contains secondary antibodies to rabbit and mouse 1gG, each attached

Free Radic Biol Med. Author manuscript; available in PMC 2024 June 14.
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to a unique synthetic oligonucleotide; if the 2 proteins are in proximity, ligation causes

the 2 oligonucleotides to hybridize, allowing DNA replication and amplification of a red
fluorescent signal [51,52]. The resulting signal was imaged with a fluorescence microscope
(Zeiss Axio Observer) fitted with a 63X objective and Zen software.

2.8. RT-gPCR

Total RNA was extracted using Trizol (Invitrogen catalog number: 15596026). Genomic
DNA contamination was removed using a Turbo DNA-free kit (Thermo Fisher catalog
number: AM1907) and confirmed by lack of amplification using RT-PCR. RNA was
quantified with a Qubit fluorometer (Invitrogen). cDNA was synthesized using a High-
Capacity cDNA Reverse Transcription kit (Invitrogen catalog number: 4368814). RT-qPCR
was performed with DyNAmo Flash SYBR Green master mix (Thermo Fisher catalog
number; F415L) under the following conditions: 7 min at 95 °C, followed by 40 cycles of
20 s at 95 °C, and 30 s at 60 °C. Relative expression was calculated using the comparative
278ACT method with the geometric mean of gapah and 18s as house-keeping genes [53].
Primer sequences are listed in Table S1.

2.9. Gene knockdown

HPMVECs were transfected with Prdx6 siRNAs (Ambion, Austin, TX, catalog number:
4390826, s18429), GPx4 siRNAs (Ambion, catalog number: 4392429, s6112) or scrambled
non-targeting (NT) control siRNA sequences (Ambion, catalog number: 4390844) using
Lipofectamine iRNAMAX (Invitrogen, catalog number: 13778150). Gene knockdown (KD)
was confirmed by RT-gPCR and Western blot.

2.10. RNA-seq and transcriptome analyses

RNA integrity was measured with an Agilent 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA). cDNA libraries were prepared from poly(A)-captured mRNA and
sequenced to a total of 20 million reads per sample on an Illumina platform (Illumina,

San Diego, CA). Reads were mapped to the human genome using STAR aligner. Transcript
levels were quantified using RSEM. Genes differentially expressed (DE) between cells
transfected with NT and Prdx6 siRNAs, with and without erastin treatment were identified
at an FDR of 5% using DESeq2. Reactome pathways and gene ontology (GO) terms
enriched among DE genes were identified using Gene Set Enrichment Analysis (GSEA)
[54]. Functional interaction networks (FIN) and enrichment analyses were built from
enriched Reactome and KEGG pathways using Cytoscape [55,56] and WebGestalt [57].
Cis-regulatory analysis was performed using iRegulon in Cytoscape at an FDR of 5% [58].

2.11. Immunoblotting

Western blot was conducted as previously described [46]. Primary antibodies were used
at the following dilutions: Prdx6 [10,16] 1:1,500, GPx4 (Abcam, Cambridge, MA, catalog
number: ab125066) 1:3000. Membranes were incubated with IRDye 800CW secondary
antibodies (LI1-COR Biosciences, Lincoln, NE) and imaged using a two-color NIR system
(Azure c500, Azure Biosystems, Dublin, CA). Blots were stripped and re-probed with
GAPDH antibodies (Cell Signaling Technologies, Danvers, MA, catalog number: 2118)

Free Radic Biol Med. Author manuscript; available in PMC 2024 June 14.
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diluted 1:2000. Individual bands were quantified using ImageJ and normalized to GAPDH
levels.

2.12. Statistical analyses

Normality and equal variance were evaluated using Shapiro-Wilk and Levene tests.
Differences among groups were determined using t-tests or ANOVAs with Tukey’s post-hoc
correction and considered significant when p < 0.05. Statistical analyses were conducted
using GraphPad Prism v9. Data are presented as mean + SD of at least three independent
experiments.

3. Results

3.1. Prdx6 is a widely expressed lung phospholipid hydroperoxidase

We compared whole lung mRNA levels of Prdx6 and GPx4. Prdx6 expression was five
times higher than GPx4 expression (Fig. 1A). We then visualized the spatial localization of
Prdx6 and GPx4 in the lung. Prdx6 and GPx4 were expressed in both pulmonary endothelial
(Vecadherin*) and epithelial (epCAM™) cells (Fig. 1B). Our previous work shows that Prdx6
deletion reduces lung phospholipid hydroperoxide GSH peroxidase activity by 4.5-fold [46]
and that Prdx6 KO animals exhibit impaired lung lipid peroxidation repair [20]. Similarly,
early work shows that Prdx6 KO animals exhibit decreased survival rates and more severe
lung injury than WT animals exposed to hyperoxia or paraquat [59,60], whereas transgenic
animals overexpressing Prdx6 show increased resistance to lung injury in hyperoxia [61].
Together, these data suggest that Prdx6 is important to limit lipid peroxidation in the lung.

3.2. Prdx6 suppresses erastin-induced ferroptosis in lung endothelial cells

We studied the effects of erastin on lipid peroxidation and cell death in MPMVECSs. Erastin
inhibits the system xc™ cystine/glutamate antiporter subsequently decreasing intracellular
GSH [62]. Both, Prdx6 and GPx4 use GSH to reduce phospholipid hydroperoxides
[18,31,63]. System xc™ is notoriously over-expressed in cancer cells [64], but previous
reports show that it also mediates cystine uptake in cultured human umbilical vein
endothelial cells [65], although the in vivo significance of system xc™ in the pulmonary
endothelium is unknown. Hence, we first tested whether system xc™ is expressed in

the lung endothelium in vivo. Using confocal microscopy, we found that the SLC7A11
subunit of system xc™ colocalizes with vascular endothelial cadherin in the lungs of

healthy mice (Fig. 2A). We then corroborated that erastin treatment depletes GSH levels in
MPMVECs in primary culture (Fig. 2B). Consistent with this observation, erastin increased
lipid peroxidation by 12-fold (Fig. 2C); this increase was prevented by co-treatment

with the synthetic antioxidant/ferroptosis inhibitor Fer-1 [66] (Fig. 2C). Erastin-induced
lipid peroxidation was higher in MPMVEC:s isolated from Prdx6 KO mice than in cells
isolated from WT mice (Fig. 2C). Similar to WT cells, Fer-1 prevented erastin-induced
lipid peroxidation in Prdx6 KO cells (Fig. 2C). These results show that Prdx6 suppresses
erastin-induced lipid peroxidation in MPMVECs. Therefore, we then tested whether loss of
Prdx6 sensitizes MPMVECs to erastin-induced ferroptosis. Erastin induced cell death in a
dose-dependent manner in WT cells (F = 109.4, p < 0.0001, Fig. 2D). Erastin-induced cell
death was 2.6-fold higher at the 1 uM dose (Pagjust < 0.0001) and 1-fold higher at the 5 uM

Free Radic Biol Med. Author manuscript; available in PMC 2024 June 14.
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dose (Padjust = 0.0059) in Prdx6 KO compared to WT cells (Fig. 2D). Erastin-induced cell
death was prevented by treatment with Fer-1 in both WT and Prdx6 KO cells. These results
show that Prdx6 suppresses erastin-induced ferroptosis in MPMVECSs.

We next tested the individual contributions of aiPLA, and Prdx6-peroxidase to the anti-
ferroptotic effect of Prdx6 using MPMVECs isolated from Prdx6-KI mice with single point
mutations that inactivate each of those Prdx6 activities alone. Similar to WT and Prdx6

KO cells, Fer-1 suppressed ferroptosis in Prdx6-KI cells (Fig. 2D). Both Prdx6-D140A and
Prdx6-C47S cells were more sensitive to erastin than WT cells, but less sensitive than Prdx6
KO cells at the 1 uM dose, whereas no significant differences were observed between WT
and Prdx6-KI cells at the 5 pM dose (Fig. 2D). These results show that both the PLA, and
peroxidase activities of Prdx6 contribute to the anti-ferroptotic effect of Prdx6.

We silenced Prdx6 expression in primary HPMVECs to test whether the effects observed
in murine cells translate to human cells. Prdx6 KD with siRNAs decreased Prdx6 mRNA
levels by 99% (t = 29.81, p < 0.0001) and Prdx6 protein abundance by 85% (t = 13.55,

p = 0.0002, Fig. 2E). Prdx6 KD in HPMVECs increased cell death with (pagjust = 0.0016)
and without (pagjust = 0.0005) erastin treatment (Fig. 2F). These results show that Prdx6
deficiency sensitizes primary murine and human lung endothelial cells to ferroptosis.

3.3. Prdx6-deficient cells upregulate transcriptional signatures of selenoamino acid
metabolism, mitochondrial function and cellular stress

We further explored how Prdx6 deficiency sensitizes cells to ferroptosis by conducting
RNA-seq in HPMVECs with Prdx6 KD with and without erastin treatment (Fig. 3A-C).
Top differentially expressed (DE) genes in Prdx6 KD cells include known regulators of iron
metabolism and ferroptosis such as Amox1 [67,68], cybrdl [69,70], and sfxnl[71,72] (Fig.
3B). Hmox1 was also the top DE gene in cells treated with erastin but transfected with NT
siRNAs (Fig. 3A), and one of the top genes in Prdx6 KD cells treated with erastin (Fig. 3C).
Consistent with this observation, previous work shows that Prdx6 KD upregulates Amox1
[24], that Aimox1 overexpression exacerbates ferroptosis and that #moxZ KD or inhibition
attenuates ferroptosis in several cancer cell lines and vascular endothelial cells [68,73].

We then identified Reactome pathways enriched in cells transfected with NT siRNAs

and treated with erastin (Fig. 3D), and in cells with Prdx6 KD (Fig. 3E). Upregulated
pathways enriched in cells transfected with NT siRNAs and treated with erastin include

ER stress, cellular response to stress and response to heme deficiency while extracellular
matrix degradation was downregulated (Fig. 3D). Top upregulated pathways in untreated
cells with Prdx6 KD include selenoamino acid metabolism, selenocysteine synthesis,
cellular respiration and DNA damage (Fig. 3E), while relevant gene ontology (GO) terms
include extracellular matrix organization, biological oxidations, phospholipid translocation,
endothelial cell morphogenesis and transcription regulation in response to iron (Fig. 3H).

We constructed functional interaction networks (FIN) [56] using Reactome and KEGG
pathways enriched in cells with Prdx6 KD (Fig. S1A). We identified seven network
modules in the FIN. Modules 0 and 2 grouped genes related to cell cycle; module 1
grouped genes involved in translation, response to amino acid deficiency, and selenoamino

Free Radic Biol Med. Author manuscript; available in PMC 2024 June 14.
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acid metabolism, whereas modules 3, 4, 5, and 7 grouped genes involved in oxidative
phosphorylation, mitochondrial protein import, TCA cycle and respiratory electron
transport. Module 6 was associated with changes in extracellular organization (Fig. S1A).
Cis-regulatory analysis [58] identified ETV6 (ETS Variant Transcription Factor 6), ZBTB33
(transcriptional regulator Kaiso) and TP53 (cellular tumor antigen p53) as the most enriched
transcription factors (TF) in promoters of genes DE in untreated cells with Prdx6 KD (Fig.
3G-S1B). These TFs are crucial for endothelial cell development [74,75], transcriptional
regulation [76-81], cell cycle arrest [82], oxidative stress and cell death [83,84]. Moreover,
TP53 delays the onset of ferroptosis by promoting intracellular GSH conservation [85].

In cells transfected with NT siRNAs and treated with erastin (Fig. 3F), the main TF
identified in our analyses were CEBPB, which regulates TP53 and possibly GPx4 and

FSP1 [86-88], ATF3, which promotes ferroptosis by suppressing system xc™ [89], and
IRF9, which has been previously linked to ferroptosis [90]. Together, our results show that
Prdx6 deficiency alters transcriptional signatures associated with mitochondrial function,
selenoamino acid metabolism and cellular stress in addition to increasing susceptibility to
lipid peroxidation. Hence, Prdx6 regulates ferroptosis by suppressing lipid peroxidation and
likely by modulating other cytoprotective pathways.

To further explore the effects of Prdx6 deficiency on ferroptosis, we identified genes
differentially expressed (DE) in Prdx6 KD cells treated with erastin but not DE in untreated
Prdx6 KD cells or cells transfected with NT siRNAs and treated with erastin (Fig. 31).
Differential expression of gox3, gox7, g6pd, txndc12, txnrd2, ngol, and sod2 suggests that
Prdx6 deficiency influences the expression of other antioxidant genes during ferroptosis.
Similarly, differential expression of several genes involved in lipid metabolism including
plazgz, pnplaZ, pld6, atg3, c12o0rf49, and zahhcl8, underscores the role of aiPLA; in the
response to ferroptosis in lung endothelial cells. Additionally, differential expression of
cdc20, chekl, bublb, cak2, mem4, ccnel, andpkmytI suggests that Prdx6 plays a role in
cell cycle regulation during ferroptosis, which coincides with cell cycle arrest [91]. Finally,
differential expression of tnfaip1, tnfaip2, tlré, il15, smadl, cxcl2, cercam, nfkb2, ifngr2 and
ff16 suggests that Prdx6 modulates inflammatory pathways during ferroptosis. Consistent
with this observation, GSEA analyses for Reactome and KEEG pathways in genes DE
only in Prdx6 KD cells treated with erastin showed enrichment for MAPK signaling and
de-enrichment for cell cycle and cytokine and chemokine signaling (Table S2).

3.4. Prdx6 deficiency increases GPx4 expression and abundance while suppressing
mitochondrial function

Our RNA-seq analyses show that Prdx6 KD upregulates transcriptional signatures associated
with selenocysteine synthesis, selenoamino acid metabolism and mitochondrial function
(Fig. 3E-S1A). Hence, we functionally tested whether Prdx6 expression influences
mitochondrial function and abundance of the selenoprotein GPx4. Previous analyses of
co-essentiality show a positive association between GPx4 and Prdx6, suggesting functional
links between these two proteins [92]. Similarly, functional analyses using the aiPLA,
inhibitor MJ33 and the GPx4 inhibitor ML210 suggest that both activities cooperate to
repair oxidized phospholipids [93]. Hence, we used situ proximity ligation to test whether
Prdx6 interacts with GPx4 in intact cells. We found spatial associations of Prdx6 and
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GPx4 (Fig. 4A), suggesting that both enzymes cooperate to repair lipid peroxidation in
pulmonary endothelial cells. When then silenced Prdx6 and measured GPx4 expression and
abundance. Prdx6 KD promoted a compensatory increase in GPx4 expression (t = 2.991, p
=0.0403, Fig. 4B) and protein abundance (t = 3.795, p = 0.0192, Fig. 4C). To test whether
this compensatory effect occurs in GPx4-depleted cells, we silenced GPx4 expression and
measured Prdx6 abundance. GPx4 KD with siRNAs decreased GPx4 abundance by 93% (t =
16.65, p < 0.0001, Fig. 4D). Notably, no apparent decrease in cellular viability was observed
in GPx4-depleted cells under basal conditions or upon treatment with 1 uM erastin; however,
viability was 21% lower in GPx4 KD cells treated 5 UM erastin than in cells transfected
with NT siRNAs (p = 0.07; Fig. S2). GPx4 KD increased Prdx6 abundance by 67% (t =
2.809, p = 0.0403, Fig. 4D). Together, these data show that Prdx6 and GPx4 interact in intact
lung endothelial cells and that these cells compensate for the lack of Prdx6 by upregulating
GPx4 and vice versa. Remarkably, despite compensatory increases in GPx4, Prdx6-deficient
pulmonary endothelial cells remained sensitized to ferroptosis compared WT, Prdx6-KI, or
NT-transfected cells (Fig. 2D and F).

Mitochondria seem to play a role in ferroptosis [36,94], and Prdx6 deletion in HepG2
cells induces mitochondrial dysfunction [95]. Consistent with this observation, our RNA-
seq data show strong signatures of mitochondrial metabolism in cells with Prdx6 KD
(Fig. 3E-S1A). Hence, we conducted metabolic flux assays in Prdx6-deficient murine and
human lung endothelial cells to test whether Prdx6 regulates mitochondrial function in
this system. Maximal respiration (p = 0.0005), and spare respiratory capacity (p = 0.0286)
were lower in Prdx6 KO compared to WT MPMVECs (Fig. 4E). Similarly, Prdx6 KD

in HPMVECSs blunted mitochondrial function (Fig. S3). These results show that Prdx6
supports mitochondrial function in lung endothelial cells. Furthermore, these results suggest
that dysregulated mitochondrial metabolism in Prdx6-deficient cells may contribute to
ferroptosis sensitization.

4. Discussion

Excessive levels of phospholipid hydroperoxides distinguish ferroptosis from other types of
cell death [29]. Early work shows that both a PLA, and a phospholipid hydroperoxidase
activity are necessary to repair peroxidized phospholipids [25-27]. GPx4 suppresses
ferroptosis by reducing phospholipid hydroperoxides [32,96] while other proteins such as
FSP1 cooperate with GPx4 to prevent lipid peroxidation [34,35]. Notably, GPx4 deficiency
in endothelial cells has minimal effects in the presence of low vitamin E [97], suggesting
that alternative antioxidant systems regulate lipid peroxidation in these and possibly other
cell types [98]. In our previous work, we found that Prdx6 deletion decreases lung
phospholipid hydroperoxide GSH peroxidase activity by 4.5-fold [46] whereas mice null
for Prdx6 (Prdx6-KO) or with a mutation that prevents Prdx6 from biding phospholipids
(Prdx6-H26A) are unable to repair lung lipid peroxidation [20]. Here we found that Prdx6
is widely abundant within the lung, that Prdx6 deficiency sensitizes murine and human
lung endothelial cells to ferroptosis and that both the peroxidase and aiPLA; activities of
Prdx6 are important for this effect. Finally, we found that Prdx6 deficiency dysregulates
mitochondrial function and upregulates transcriptional signatures of cellular stress and
selenoamino acid metabolism, that Prdx6 interacts with GPx4, and that Prdx6 deficiency
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results in GPx4 upregulation and vice versa. Therefore, our results show that Prdx6 is a
crucial cytoprotective protein that suppresses ferroptosis in the pulmonary endothelium.

Prdx6 expresses PLA, activity [6-8,17,99] in addition to its phospholipid hydroperoxide
GSH peroxidase activity [18,20]. Both, a PLA; and a phospholipid hydroperoxidase
activity are required to repair peroxidized phospholipids [25-27]. Prdx6 KO MPMVECs
show increased lethality to treatment with organic peroxides compared to WT cells [22].
Overexpression of Prdx6 in KO cells rescues this phenotype whereas expression of mutant
Prdx6 with either peroxidase or aiPLA; alone shows a partial effect [22]. Similarly, lungs
from Prdx6 KI mice carrying single point mutations that inactivate either activity alone
[100] show incomplete lipid peroxidation repair after treatment with organic peroxides [21].
Thus, both the peroxidase and aiPLA, activities of Prdx6 are necessary to suppress lipid
peroxidation in the lung. Consistent with these observations, here we show that pulmonary
endothelial cells derived from KI mice lacking either aiPLA;, or Prdx6-peroxidase alone are
more sensitive to ferroptosis than cells derived from WT mice but less sensitive than cells
derived from full Prdx6 KO mice, further suggesting that both activities are important for the
anti-ferroptotic effect of Prdx6.

The calcium independent PLA, enzyme iPLAp protects against ferroptosis [43,44,101].
Similarly, treatment of non-small cell lung cancer cells (H1299) with an aiPLA; inhibitor
(MJ33) ameliorates ferroptosis [24], suggesting that the PLA, activity of Prdx6 (aiPLA>)

is critical to suppress ferroptosis in the lung and possibly other tissues [102,103]. CRISPR
screens identified Prdx6 as one of the top-scoring genes in Jurkat cells treated with erastin
but not in cells treated with RSL3 [72]. RSL3 induces ferroptosis by inhibiting GPx4
[32,104]. Recent evidence shows that the inhibitory effect of RSL3 on GPx4 requires the
adaptor protein 14-3-3e [105], which is also needed for the intracellular trafficking of Prdx6
[106-108]. Hence, it is possible that inhibition of GPx4 with RSL3 also targets Prdx6.
Notably, recent analyses of essentiality scores of gene knockouts across one thousand cancer
cell lines suggest that Prdx6 and GPx4 might be functionally linked [92,109]. Similarly,
functional analyses using MJ33 and the GPx4 inhibitor ML210 show that both activities are
necessary to repair peroxidized phospholipids at least in in 3T3-L1 adipocytes [93]. Here,
we found that GPx4 and Prdx6 interact in intact cells, further suggesting that both enzymes
cooperate to suppress lipid peroxidation. Although the specific structural mechanism driving
the interaction of Prdx6 with GPx4 remains to be studied, it is known that Prdx6 dimerizes
with glutathione S-transferase via disulfide bonds and that this interaction is necessary for
its peroxidase activity [4,5,110]. Hence, it is likely that Prdx6 and GPx4 cooperate to repair
peroxidized membranes, which could explain why lung endothelial cells deficient in Prdx6
compensate by upregulating GPx4 and vice versa.

Our RNA-seq data show enrichment for selenoamino metabolism and selenocysteine
synthesis in cells with depleted Prdx6 expression and our silencing experiments corroborate
that cells with Prdx6 KD increase expression of the selenoprotein GPx4. Furthermore,

our in situ proximity ligation results suggest that Prdx6 and GPx4 might be functionally
linked. Consistent with this observation, co-essentiality analyses show that Prdx6 is part

of the selenocysteine gene cluster, even though Prdx6 does not contain selenocysteine,
further suggesting a potential functional link between Prdx6 and GPx4 [92,109,111].
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A second possibility is that Prdx6 participates in selenoprotein biosynthesis by forming
selenyl sulfides with selenocysteine, effectively serving as a selenide carrier given its strong
associations with selenocysteine lyase and selenophosphate synthetase 2 [92], although
further experimental analyses are required to test this idea.

Besides its established role in regulating lipid peroxidation, Prdx6 may also help sustain
mitochondrial function [112,113]. Prdx6 KO mice show increased hepatic mitochondrial
dysfunction compared to WT controls after ischemia/reperfusion injury [114]. Similarly,
Prdx6 KO in hepatocarcinoma cells decreases oxygen consumption and alters mitochondrial
morphology [95]. Our results show that Prdx6 deficiency induces mitochondrial dysfunction
in lung endothelial cells, but it is still unclear if this effect increases sensitivity to ferroptosis.
Mitochondrial GSH is necessary for proliferation [115] and the role of a mitochondrial
phospholipid hydroperoxide GSH peroxidase activity in the suppression of cell death has
been known for over two decades [116,117]. Recent studies confirm a pivotal role of
mitochondria in the onset of ferroptosis [36,94,118-121]. Prdx6 is a constituent of the
mitochondrial proteome [122], but its role in the removal of mitochondrial phospholipid
hydroperoxides remains underexplored.

Our results show enrichment for ATF4-mediated ER stress and inflammatory signaling in
HPMVECSs treated with erastin, suggesting that these pathways are an important component
of the transcriptional response to erastin-induced ferroptosis in vascular endothelial cells.
Mitochondrial dysfunction triggers the integrated stress response, which induces ATF4
[123,124]. Pharmacological inhibition of system xc™, which is regulated by ATF4 [125], also
promotes ER stress [62]. In our experiments, we found that ATF3 is one of the main TFs
involved in the transcriptional response to erastin treatment in lung endothelial cells. ATF3
promotes ferroptosis by increasing intracellular iron and stimulating hydrogen peroxide
production while suppressing system xc~ expression [89,126]. CEBPB and IRF9, the other
two main TFs identified in our analysis, modulate inflammatory pathways and are involved
in pyroptosis [127-130]. The link between ferroptosis and pyroptosis is poorly understood
but an active area of research [131-133]. Prdx6 is a major player in the inflammatory
response of the pulmonary endothelium [134]. Thus, it is possible that in addition to
increasing susceptibility to ferroptosis, Prdx6 deficiency sensitizes lung endothelial cells to
other cell modalities. Moreover, identification of ETV6, ZBTB33, and TP53 as the main TFs
mediating the transcriptional response to Prdx6 deficiency in untreated cells further suggests
that Prdx6 modulates cell cycle progression, which also sensitizes cells to ferroptosis [91].

5. Conclusions

In summary, we found that Prdx6 modulates ferroptosis in lung endothelial cells by
suppressing lipid peroxidation, and that both aiPLA, and the peroxidase activity of Prdx6
are necessary for this effect. We also found that Prdx6 interacts with GPx4, suggesting
that both proteins cooperate to suppress lipid peroxidation. Moreover, we found that
Prdx6 deficiency increases GPx4 abundance but impairs mitochondrial function and is
associated with transcriptional signatures of selenoamino acid metabolism, cellular stress
and inflammation. Thus, Prdx6 protects lung endothelial cells against ferroptosis by
modulating several coordinated mechanisms.
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Fig. 1. Prdx6 is a widely expressed lung phospholipid hydroperoxide GSH peroxidase.
A) mRNA levels of Prdx6 and GPx4 in whole murine lungs (t = 3.137, *p = 0.034).

B) Prdx6 and C) GPx4 co-localization with vascular endothelial cadherin (CD144) and
epithelial cell adhesion molecule (CD326) in mouse lungs. Scale bar is 25 pm.
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Fig. 2. Prdx6 deficiency sensitizes lung endothelial cells to ferroptosis.
A) SLC7AL11 co-localization with vascular endothelial cadherin (CD144) in mouse lungs.

Scale bar is 25 um. B) GSH levels in MPMVECSs treated with increasing erastin
concentrations for 24 h. C) Lipid peroxidation in WT and Prdx6 KO MPMVECSs treated
with 1 pM erastin with and without 1 uM ferrostatin-1 (Fer-1, 1 uM) for 24 h. Liperfluo
(10 uM) was added in the last hour of the incubation period. Scale bar is 50 um. D)
Erastin-induced, Fer-1 dependent cell death in WT, Prdx6 KO and Prdx6 KI MPMVECs.
Cells were treated with erastin with or without Fer-1 and evaluated for cell viability and
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cytotoxicity. Different letters denote significant strain differences within each treatment. E)
Prdx6 KD in HPMVECs. F) Effect of Prdx6 KD on cell death in HPMVECs treated with
and without 1 pM erastin for 24 h. NT: non-targeting siRNA. Data are mean + SD of at least
three independent experiments. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** =p <
0.0001.
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Fig. 3. Prdx6 deficiency upregulates transcriptional signatures of selenoamino acid metabolism

and mitochondrial function.

1duosnuely Joyiny

A) Volcano plot showing differentially expressed (DE) genes in HPMVECs transfected with
NT siRNAs and treated with 1 uM erastin for 24 h. B) DE genes in cells with Prdx6 KD. C)
DE genes in cells transfected with NT or Prdx6-targeting siRNAs and treated with erastin.
D) GSEA of Reactome pathways enriched in cells transfected with NT siRNAs and treated
with erastin. E) GSEA of Reactome pathways enriched in Prdx6 KD cells. Cis-regulatory
elements analysis in F) cells transfected with NT siRNAs and treated with erastin and G)
Prdx6 KD cells. H) Gene ontology (GO) terms enriched in Prdx6 KD cells. 1) UpSet plots
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of DE genes in cells with and without Prdx6 KD and erastin treatment. NT: non-targeting
siRNAs. NES = normalized enriched score. TF = transcription factor. Data are from three
independent experiments. FDR = 5%.
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Fig. 4. Prdx6 deficiency increases expression and abundance of the selenoprotein GPx4 while

suppressing mitochondrial function.

A) Prdx6:GPx4 interactions detected using in situ proximity ligation in intact HPMVECs.
Red puncta indicate close proximity (<40 nm) of the 2 proteins. Nuclei are counterstained
with DAPI. Scale bar is 25 pm. B) Prdx6 and GPx4 mRNA levels in HPMVECs with Prdx6
KD with and without erastin treatment. C) GPx4 abundance in HPMVECs with Prdx6 KD.
D) Effect of GPx4 KD on Prdx6 abundance in HPMVECs. Data are mean + SD of at least
three independent experiments. E) Oxygen consumption rates (OCR) and mitochondrial
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function in WT and Prdx6 KO MPMVECs. Data shown are replicates from an experiment
that was repeated three times. * = p < 0.05, *** = p < 0.001, **** = p < 0.0001.

Free Radic Biol Med. Author manuscript; available in PMC 2024 June 14.



	Abstract
	Graphical Abstract
	Introduction
	Methods
	Animals
	Confocal microscopy
	Primary cell isolation and culture
	Induction and inhibition of ferroptosis
	Measurement of cell death and lipid peroxidation
	Extracellular flux assays
	In situ proximity ligation
	RT-qPCR
	Gene knockdown
	RNA-seq and transcriptome analyses
	Immunoblotting
	Statistical analyses

	Results
	Prdx6 is a widely expressed lung phospholipid hydroperoxidase
	Prdx6 suppresses erastin-induced ferroptosis in lung endothelial cells
	Prdx6-deficient cells upregulate transcriptional signatures of selenoamino acid metabolism, mitochondrial function and cellular stress
	Prdx6 deficiency increases GPx4 expression and abundance while suppressing mitochondrial function

	Discussion
	Conclusions
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.



