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USP7 upregulated by TGF-b1 promotes
ferroptosis via inhibiting LATS1-YAP axis
in sepsis-induced acute lung injury

Hong Lv,1,4 Jing Yu,1,4 Xingjia Qian,1 Jun Shu,1 QiuhongQian,1 Luhong Shen,1 Dongfang Shi,1 Zhengzheng Tao,1

Guiqin Fan,1,2 Bufeng Zhuang,3,* and Bing Lu1,5,*
SUMMARY

Our work aimed to investigate the interactive roles of transforming growth factor b1 (TGF-b1), ubiquitin-
specific-processing protease 7 (USP7), and Yes-associated protein (YAP) in ferroptosis during sepsis-sec-
ondary acute lung injury (ALI). Our study demonstrated that ferroptosis was aggravated by TGF-b1 in
both cellular and animal models of acute lung injury. Additionally, YAP upregulated glutathione peroxi-
dase 4 (GPX4) and SLC7A11 by regulating the binding of TEAD4 to GPX4/SLC7A11 promoters. Further-
more, large tumor suppressor kinase 1 (LATS1) knockdown resulted in YAP expression stimulation, while
USP7 downregulated YAP via deubiquitinating and stabilizing LATS1/2. YAP overexpression or USP7/
LATS1 silencing reduced ferroptosis process, which regulated YAP through a feedback loop. However,
TGF-b1 annulled the repression of ferroptosis by YAP overexpression or LATS1/USP7 knockdown. By
elucidating the molecular interactions between TGF-b1, USP7, LATS1/2, and YAP, we identified a new
regulatory axis of ferroptosis in sepsis-secondary ALI. Our study sheds light on the pathophysiology of
ferroptosis and proposes a potential therapeutic approach for sepsis-induced ALI.

INTRODUCTION

Sepsismay arise when the body’s innate immune systemmalfunctions and reacts excessively to a bacterial or viral infection.1 If sepsis worsens,

it can cause complications such as kidney failure, organ death, and permanent lung damage. Sepsis-induced acute lung injury (ALI) is a per-

ilous pulmonary inflammation that is typically marked by diffuse alveolar edema that can rapidly lead to fatal respiratory failure.2 Worldwide,

20% of people die from sepsis,3 with sepsis-induced ALI being the leading cause of sepsis-related deaths.4 Despite considerable efforts and

numerous clinical interventions aimed at improving patient outcomes over the past few decades, sepsis and its secondary ALI remain critical

health issues due to their poor prognosis.5

Ferroptosis is a newly discovered regulated cell death process that differs from apoptosis and autophagy, and is characterized by iron-

driven lipid peroxidation. When the metabolism of cellular reactive oxygen species (ROS) is out of homeostatic balance and excess lipid per-

oxides accumulate to a lethal level, ferroptotic cell death is triggered.6 The acyl-CoA synthetase long-chain family member 4 (ACSL4) plays an

essential role in the execution of ferroptosis among the enzymes that regulate fatty acid mentalism. The removal of ACSL4 led to a significant

reduction in ferroptosis among acute kidney injury mice.7 It was recently reported that ferroptosis is present during progression of ALI

induced by intestinal ischemia reperfusion (IIR)8 or lipopolysaccharide (LPS).9 It is noteworthy that both aforementioned studies demonstrated

that treatment with ferrostatin-1 (Fer-1), the ferroptosis inhibitor, significantly ameliorated LPS- or IIR-induced ALI in cellular and animal

models. However, the precise physiological role of ferroptosis in the pathogenesis of ALI pathogenesis is still obscure and has not yet

been investigated or reported.

The Hippo-pathway effector YAP (Yes-associated protein) functions as the phosphorylation substrate of large tumor suppressor kinase

(LATS) 1/2 and has become a prominent determinant of ferroptosis.10 Following nuclear translocation, the N-terminal domain of YAP forms

a structural complex with the C-terminal domain of the nuclear constitutive TEA domain transcription factor (TEAD4).11 TEAD4 acquires its full

transcriptional activity, regulating both cell proliferation and survival.12 It has been discovered that in hepatocellular carcinoma, YAP boosts

SLC7A11 expression by binding with TAZ to the ATF4 transcription factor, granting resistance to sorafenib-induced ferroptosis through a

TEAD-dependent mechanism.13 Conversely, YAP promotes ferroptosis by upregulating SKP2 in multiple cancer cell lines.14 It has been
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reported that the activation of Hippo-YAP can protect against endotoxemic ALI.15 However, it remains unknown whether and how YAP is

involved in the ferroptosis during sepsis-induced ALI progression.

Glutathione peroxidase 4 (GPX4) is crucial in maintaining lipid homeostasis and degrading toxic lipid hydroperoxides, utilizing reduced

glutathione (GSH) as electron donors.16 GPX4 deactivation causes the abnormal accumulation of lipid peroxides, resulting in ferroptotic cell

death in cardiomyocytes,17 cancer,18 and IIR-induced ALI.8 Another crucial regulator of ferroptosis is the cystine/glutamate antiporter

SLC7A11. Cellular deficiency of SLC7A11 drives ferroptosis by blocking cysteine uptake and GSH biosynthesis is eventually inhibited.19

Consequently, SLC7A11/GPX4 axis is considered as an effective ferroptosis-suppressingmechanism. In this investigation, we performed bio-

informatic analysis of JASPAR database and identified potential binding sites between the promoters of GPX4/SLC7A11 and TEAD4. We hy-

pothesized that the expression of GPX4 and SLC7A11 could be modulated by TEAD4. On the other hand, we computed that LATS1 under-

went deubiquitination by the ubiquitin-specific-processing protease 7 (USP7), and we anticipated that stabilization of LATS1 consequently

resulted in the degradation of YAP. Su et al. previously showed that elevated USP7 expression in ALI mice exacerbated inflammatory re-

sponses via stabilization of Tip60.20 Intriguingly, USP7 was shown to accelerate ferroptosis in the rat heart and kidney after ischemia/reperfu-

sion.21,22 Transforming growth factor b1 (TGF-b1) is a pleiotropic cytokine that regulates cell growth, differentiation, and immune responses.

Excessive TGF-b1 activity has been reported to contribute to the development of pulmonary fibrosis in ALI.23 However, its direct connection

to ferroptosis in ALI has not been extensively investigated. No investigation or observation has been made on the crosstalk among TGF-b1,

USP7, LATS1, YAP, and SLC7A11/GPX4 axis regarding ferroptosis in ALI.

The present study utilized bioinformatics methods and in vitro and in vivo experimental assays to investigate the regulatory mechanism of

TGF-b1-USP7-YAP-GPX4/SLC7A11 in ferroptosis during the occurrence and progression of sepsis-secondary ALI. Our work identified that

USP7 was regulated by TGF-b1 and mediated YAP degradation, which led to GPX4/SLC7A11 downregulation and exacerbated ferroptosis

in an ALI model induced by LPS or cecal ligation and puncture (CLP). These outcomes offer potential for advancing the discovery of innovative

treatment for sepsis-caused ALI.
RESULTS

TGF-b1 aggravated lung damage symptoms in septic animal model and increased ferroptosis-induced mouse mortality

TGF-b1 is a cytokine with anti-inflammatory properties, although its overexpression has been observed in patients with sepsis-induced lung

injury.24 However, its clinical significance ismultifaceted and an excessive TGF-b1 activity can contribute to exacerbated lung damageby stim-

ulating ROS-induced stress.25 To explore the pathological and physiological roles of TGF-b1 in sepsis-induced ALI, we have established a

septic mouse model by performing CLP procedures. A mouse survival curve was then produced using the Kaplan-Meier approach. As illus-

trated in Figure 1A, the survival rate of mice significantly decreased upon CLP operation in comparison to the sham group. Nevertheless, the

CLP-shortened life span was efficiently rescued by Fer-1 treatment (CLP + Fer-1), which inhibited ferroptosis process in the mice. Mice sub-

jected to CLP along with administration of iron (CLP + Fe) or TGF-b1-treatment (CLP + TGF-b1) demonstrated the lowest survival rates among

all experimental groups, indicating that TGF-b1 exacerbates ferroptosis. The rescue effect of Fer-1 was also observed in the CLP+TGF-

b1+Fer-1 group. Our findings indicate that survival rate was increased in the CLP+TGF-b1+Fer-1 group compared to the CLP + TGF-b1

group. Consistent with our findings on survival rates, H&E staining revealed marked pulmonary injury in mice subjected to CLP compared

to sham-operated mice (Figure 1B). Mice treated with TGF-b1 underwent the most severe lung injury, with injury scores only marginally lower

than those in the CLP + Fe group (Figure 1C). The CLP+TGF-b1+Fer-1 group exhibited lower lung injury than the CLP + TGF-b1 group (Fig-

ure 1C). We also estimated the lung water accumulation by calculating the wet/dry lung ratio. CLP-operated mice obtained a significantly

higher wet/dry lung ratio than the sham group, suggesting that ferroptosis-related excess pulmonary extravascular liquid was elevated by

CLP operation (Figure 1D). Both the CLP + Fe and CLP + TGF-b1 groups exhibited the highest wet/dry lung ratios. However, the CLP+

TGF-b1+Fer-1 group showed a decreased value compared to the CLP + TGF-b1 group (Figure 1D). Accumulation of lipid peroxide end-prod-

uct malondialdehyde (MDA) is directly correlated with ferroptosis sensitivity. In contrast, GSH shields cells from ferroptosis by reducing ROS.

Additionally, depletion of GSH was shown to trigger cellular ferroptosis.26 Thus, we next evaluated the MDA and GSH levels in animal lung

tissue pulp samples. Indeed, we observed a significant increase inMDA level within the lung tissue ofmice undergoingCLP surgery compared

to the sham group. Moreover, MDA levels were more elevated in the CLP-mice who received TGF-b1, but decreased in the CLP+TGF-

b1+Fer-1 group (Figure 1E). Conversely, we recorded significantly reduced GSH levels in the lung tissue of the CLP-mice, in comparison

to the sham group (Figure 1F). This decrease in GSH depletion aligns with erastin inducing cell death through oxidative stress, following

ROS production stimulation.18 CLP and TGF-b1 treatment resulted in similar GSH levels in lung tissue as the CLP + Fe group, but levels

increased in the CLP+TGF-b1+Fer-1 group. Lipid ROS content among specific groups was then measured (Figure 1G). Both the CLP + Fe

and CLP + TGF-b1 groups demonstrated the higher lipid ROS content, compared with CLP group. However, the decreased lipid ROS in

CLP+TGF-b1+Fer-1 group was shown compared to the CLP + TGF-b1 group (Figure 1G). To understand the molecular mechanisms under-

lying the TGF-b1-induced ferroptosis, we examined the protein expression of USP7, LATS1/2, YAP, SLC7A11, GPX4, andACSL4 inmouse lung

tissue samples. As illustrated by our western blot analysis results, we detected significantly lowermolecular levels of YAP, SLC7A11, andGPX4

in mice that underwent CLP surgery compared to sham-operated mice (Figure 1H). Fer-1 treatment rescued protein expression, but it was

considerably reduced in both CLP + TGF-b1 and CLP + Fe groups. Notably, the CLP+TGF-b1+Fer-1 group showed lower expression than

the CLP + TGF-b1 group. In contrast, the expression of USP7, LATS1, LATS2, and ACSL4 was increased by the CLP operation and Fe and

TGF-b1 treatment, but decreased with Fer-1 administration (Figure 1H). These data aforementioned firstly confirmed that we have efficiently
2 iScience 27, 109667, June 21, 2024



Figure 1. TGF-b1 aggravated the lung damage symptoms in septic mice and increased ferroptosis-induced mouse mortality

Acute lung injury was induced by performing acute lung injury operation.

(A) Survival rate of CLPmice, CLP group treatedwith Fe, Ferrostatin-1 (Fer-1), or TGF-b1 and the sham-operated control groupwere observed every 12 h after CLP

or sham surgery.

(B) Mouse lung samples were collected and histopathological changes were examined by H&E staining (Scale bar, 100 mm).

(C) Lung injury scores were compared among sham group, CLP group, and CLP group treated with Fe, Fer-1, or TGF-b1.

(D) Mouse lung weight was measured and the wet-to-dry ratio was calculated in each group.

(E) The lipid peroxide MDA and (F) GSH expression levels were detected by in each group.

(G) Lipid ROS content was detected in each group.

(H) Western blot analysis was performed to evaluate the expression of USP7, LATS1/2, YAP, GPX4, SLC7A11, and ACSL4. Data were presented as mean G

standard deviation (S.D). N = 6, *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA test for A, C–H.
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established an animal model with sepsis-induced ALI symptoms. Additionally, our findings presented the primary in vivo empirical substan-

tiation that TGF-b1 escalates sepsis-induced lung injuries and aggravated ferroptosis in mice.

TGF-b1 promoted in vitro ferroptosis in LPS plus erastin-induced septic cells

We next employed an LPS plus erastin-induced cellular sepsis model to further examine the function of TGF-b1 during ferroptosis. Erastin, a

cell-permeable ferroptosis activator, induces cellular lipid ROS accumulation by regulating ACSL4.27 To establish an in vitro septic model,

MLE-12 cells were stimulated with LPS (5 mg/mL) for 24 h (Figure S1), and further MTT assay results indicate that cell death was triggered

by gradually increasing concentrations of erastin, while the mortality rate of LPS-treated cells was considerably higher than that of the control
iScience 27, 109667, June 21, 2024 3
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Figure 2. TGF-b1 promoted ferroptosis in cellular sepsis model

In vitro septic model was generated by stimulating the MLE-12 cells using LPS for 24 h when increasing concentration of erastin was added.

(A) Cell vitality was assessed by MTT assay.

(B) The lipid peroxide MDA expression level was compared between LPS-treated cells and the control.

(C) Cellular Fe2+ and (D) GSH change was measured.

(E) Protein expression levels of USP7, LATS1/2, YAP, GPX4, SLC7A11, and ACSL4 in LPS-treated cells and the control were detected by western blot.

(F) Cells were treated with LPS + Erastin + Fer-1, Erastin + Fer-1, LPS + Erastin + TGF-b1, Erastin + LPS, or Erastin alone and cellular death was examined by MTT

assay.

(G) The lipid peroxide MDA expression level, (H) cellular Fe2+, (I) lipid ROS content, and (J) GSH changes were compared among the groups above.

(K) Western blot analysis was conducted to detect the expression of USP7, LATS1/2, YAP, GPX4, SLC7A11, and ACSL4. The experiment was repeated

independently at least three times, and data were presented as mean G standard deviation (S.D).*p < 0.05, **p < 0.01, ***p < 0.001 by Student’s t test for

A–E, and by one-way ANOVA test for F–K.
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group (Figure 2A). Subsequently, we compared the cellular MDA and Fe2+ levels after specific treatments. We detected significantly elevated

MDA and Fe2+ concentrations in the LPS-stimulated MLE-12 cells compared to control cells (Figures 2B and 2C). In contrast, GSH level was

decreased by LPS treatment when the cellular erastin concentration was increased (Figure 2D). This finding is consistent with the results of a

previous study.18 Additionally, we examined the protein expression of USP7, LATS1/2, YAP, SLC7A11, GPX4, and ACSL4 in MLE-12 cells. Our

western blot results indicate that protein expression of YAP, SLC7A11, andGPX4 is markedly reduced in LPS-stimulated cells when compared

to control cells (Figure 2E). In contrast, LPS led to an upregulation of USP7, LATS1/2, andACSL4 expression. These data indicate the successful

establishment of an in vitro sepsis model, whereby ferroptosis in MLE-12 cells was exacerbated upon LPS treatment and the increased con-

centration of erastin.

In order to explore the molecular function of TGF-b1 in our in vitro sepsis model, we supplemented LPS plus erastin-stimulated cells with

recombinant TGF-b1, reaching a final concentration of 5 ng/mL. As illustrated by theMTT assay results, the addition of Fer-1 largely mitigated

erastin-induced ferroptosis, whereas it was heightened under LPS stimulation (Figure 2F). We observed the highest death rate in the MLE-12

cells treated with LPS, erastin, and TGF-b1 (LPS + erastin + TGF-b1 group). In consistence with the MTT assay results, the upregulation effect

of erastin on cellular MDA (Figure 2G), Fe2+ levels (Figure 2H), and lipid ROS (Figure 2I) was enhanced by LPS treatment but almost completely

eliminatedbyFer-1. Interestingly, wedetectedsignificantly higherMDA,Fe2+ concentrations, and lipidROS inMLE-12 cells treatedwith erastin,

LPS, and TGF-b1, than in those treated with only erastin and LPS. However, the LPS + erastin + TGF-b1 cell group exhibited an extremely low

GSH level compared to all the other five groups of cells (Figure 2J). Additionally, we profiled USP7, LATS1/2, YAP, GPX4, SLC7A11, and ACSL4

expression.As shown inourwesternblot results, theexpressionof YAP, SLC7A11, andGPX4wasdecreasedbyerastin and furtherdiminishedby

LPS treatment. Theprotein expressionwaspartially restored throughFer-1 interventionbut entirely abolishedamong thecells subjected toLPS,

erastin, and TGF-b1 (Figure 2K). In contrast, the expression of USP7, LATS1/2, and ACSL4 increased following erastin and LPS treatment. The

highest USP7, LATS1/2, and ACSL4 expression was observed in LPS + erastin + TGF-b1 cells. Our results affirm the establishment of in vitro

sepsismodel and furthermanifest thepromotional effect of TGF-b1 on ferroptosis progression inMLE-12 cells challengedwith LPSplus erastin.

YAP overexpression upregulated GPX4 and attenuated cellular ferroptosis, while TGF-b1 suppressed YAP expression and

antagonized YAP-induced ferroptosis-inhibition

To investigate the molecular mechanism underlying the inhibitory effect of TGF-b1 on ferroptosis, we first transfected MLE-12 cells with re-

combinant pcDNA3.1 vector carrying YAP gene and verified transfection efficiency by detecting YAP expression through western blot (Fig-

ure 3A). SLC7A11 and GPX4 expression was largely enhanced in the YAP-transfected MLE-12 cells. Then, we transfected the YAP-encoding

pcDNA3.1 vectors into LPS-challenged MLE-12 cells. Our MTT assay results highlighted that YAP overexpression significantly enhanced

viability in both LPS-challenged cells and those treated with LPS and TGF-b1 (Figure 3B) compared to the control groups. In accordance

with our MTT results, the levels of MDA (Figure 3C) and Fe2+ (Figure 3D) as the indicative of ferroptosis, which were upregulated by LPS alone

and further enhanced by LPS in combination with TGF-b1, were markedly reduced upon YAP overexpression. Conversely, the GSH level in

cells treated with LPS or LPS plus TGF-b1 was rescued by YAP transfection (Figure 3E). We observed that cells treated with LPS and YAP

had lower lipid ROS levels compared to those treated by LPS and empty vectors. Furthermore, the group treated with LPS+TGF-b1+YAP

showed a significantly decreased lipid ROS level compared to the LPS+TGF-b1 and LPS+TGF-b1+empty vector groups (Figure 3F). In addi-

tion, we compared the protein expression of YAP,GPX4, SLC7A11, andACSL4 in different cells (Figure 3G). Compared to the control cells, the

expression of YAP, GPX4, and SLC7A11 was significantly decreased in LPS-stimulated cells, and this effect was further eliminated upon TGF-

b1 treatment. However, the inhibitory effect of LPS and TGF-b1 on the expression of YAP, SLC7A11, andGPX4was counteracted by YAP over-

expression. However, the ACSL4 level was upregulated in LPS-stimulated cells and further enhanced by TGF-b1 treatment, which could be

resisted by YAP overexpression (Figure 3G). Our findings are consistent with a prior investigation, which demonstrated a negative reciprocal

regulation between YAP and ferroptosis in gastrointestinal cancer cell lines.28 These presented results suggest that TGF-b1 promoted ferrop-

tosis progression by inhibiting YAP, whose overexpression attenuated LPS-induced ferroptosis through upregulating SLC7A11 and GPX4.

LATS1 knockdown inhibited ferroptosis, and TGF-b1 hindered LATS1-knockdown-induced ferroptosis inhibition

We tested our hypothesis that TGF-b1 induces ferroptosis through its effects on YAP by transfecting MLE-12 cells with si-LATS1 for silencing.

Western blot analysis revealed enhanced protein levels of YAP, GPX4, and SLC7A11, while LATS1 and ACSL4 were reduced upon LATS1
iScience 27, 109667, June 21, 2024 5



Figure 3. Overexpression of YAP enhanced GPX4/SLC7A11 expression in LPS-stimulated cells and inhibited in vitro ferroptosis, while the inhibitory

effect was counteracted by TGF-b1 treatment

MLE-12 cells were treated with LPS for 24 h, followed by pcDNA3.1-YAP transfection (YAP).

(A) Expression changes of YAP, GPX4, and SLC7A11 upon YAP overexpression were examined by western blot analysis.

(B) MTT assay was conducted to evaluate the cell vitality in the indicated groups.

(C) The lipid peroxide MDA expression level was compared among the cells treated with LPS alone, LPS+ YAP, LPS + TGF-b1, LPS + TGF-b1 + Vector, or LPS +

TGF-b1 + YAP transfection.
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Figure 3. Continued

(D) Cellular Fe2+ and (E) GSH changes were measured in the cells above.

(F) Lipid ROS content was measured in the cells above.

(G) Protein expression of YAP, GPX4, SLC7A11, and ACSL4 was compared among the indicated groups. The experiment was repeated independently at least

three times, and data were presented asmeanG standard deviation (S.D).*p< 0.05, **p< 0.01, ***p< 0.001 by Student’s t test for A, and by one-way ANOVA test

for B–G.
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knockdown (Figure 4A). Through our MTT assay, we noticed that the suppression of LATS1 effectively restored cellular viability which was

decreased by LPS and further impaired by TGF-b1 (Figure 4B). In accord with our MTT results, MDA (Figure 4C) and Fe2+ (Figure 4D) concen-

trations were largely reduced after LATS1 silencing. By contrast, GSH concentration in cells treated by LPS or LPS plus TGF-b1 was rescued by

LATS1 knockdown (Figure 4E).We observeddecreased levels of lipid ROS in cells treatedwith LPS and si-LATS1 than in those treatedwith LPS

and empty vectors. Furthermore, the group of cells treated with LPS+TGF-b1 + si-LATS1 showed significantly reduced levels of lipid ROS than

the LPS+TGF-b1+si-NC group (Figure 4F). Meanwhile, we measured expression changes of LATS1, YAP, GPX4, SLC7A11, and ACSL4

under the specific conditions (Figure 4G). Compared to the control cells, LATS1 and ACSL4 expression increased in LPS-challenged cells

whereas the expression of YAP, GPX4, and SLC7A11 decreased. Adding TGF-b1 intensified the effects. In contrast, LATS1 knockdown

enhanced protein expression of YAP, GPX4, and SLC7A11, decreased the ACSL4 level, nullified the inhibition of LPS and TGF-b1 on YAP,

GPX4, and SLC7A11, and abrogated the promotion effect of LPS and TGF-b1 onACSL4. These results suggest that LATS1 knockdown inhibits

ferroptosis through upregulation of GPX4 and SLC7A11 and downregulation of ACSL4; however, the effects were reversed by TGF-b1.

USP7 knockdown promoted YAP-mediated ferroptosis suppression, while TGF-b1 upregulated USP7 and stimulated USP7-

induced ferroptosis

Our bioinformatics (ubibrowser_v3, http://ubibrowser.bio-it.cn/ubibrowser_v3/) analysis showed that LATS1/2 was deubiquitinated by the

USP7 and predicted that USP7 could stabilize LATS1/2 (Figure 5A).We investigated whether USP7onis involved in TGF-b1 induced ferroptosis

from the perspective of LATS1/2 stability by transfectingMLE-12 cells with USP7-specific siRNA for knockdown.Western blot analysis showed

that USP7 expression was efficiently silenced by si-USP7 (Figure 5B). Additionally, USP7 knockdown notably upregulated the expression levels

of YAP, GPX4, and SLC7A11. However, LATS1/2 andACSL4 expressionwere inhibited (Figure 5B).We next employedMTT assay to assess the

cell viability. As illustrated in Figure 5C, USP7 knockdowneffectively reduced cell death rates in LPS-challenged cells as well as in those treated

with LPS and TGF-b1 (Figure 5C). MDA (Figure 5D) and Fe2+ (Figure 5E) levels, which serve as the indicative of ferroptosis, were found to be

elevated in LPS-challenged cells and further promoted by TGF-b1, and were concordantly decreased when USP7 was silenced. On the other

hand, USP7 knockdown effectively restored levels of GSH, which were reduced by LPS and TGF-b1 treatment (Figure 5F). Next, we detected

lower lipid ROS levels in cells treated with LPS and si-USP7 than in those treated by LPS and empty vectors. Furthermore, cells treated with

LPS+TGF-b1 + si-USP7 showed lower levels of lipid ROS than the LPS+TGF-b1+si-NC group (Figure 5G). We further analyzed the changes in

expression of USP7, LATS1/2, YAP, GPX4, SLC7A11, and ACSL4 under the specified conditions (Figure 5H). Compared to the control group,

the expression of YAP, SLC7A11, andGPX4 was downregulated in LPS-challenged cells which were further reduced by TGF-b1. The inhibitory

effect was counteracted by si-USP7 transfection. By contrast, we observed enhanced expression of USP7, LATS1/2, and ACSL4 in LPS and

TGF-b1-challengedMLE-12 cells, which was effectively inhibited following si-USP7 transfection (Figure 5H). These results collectively demon-

strate that TGF-b1 upregulates USP7, whose knockdown mitigates the progression of ferroptosis.

YAP facilitated the expression of GPX4/SLC7A11 through its regulation of the association between their promoters and

TEAD4

In order to scrutinize the connection between YAP and SLC7A11, as well as GPX4, we transfected MLE-12 cells with si-YAP to induce knock-

down and gauged the expression of SLC7A11 and GPX4 by conducting a western blot. The protein levels of YAP, SLC7A11, and GPX4 were

significantly suppressed after the si-YAP transfection (Figure 6A). Next, we accessed JASPAR database and calculated the binding profiles

between TEAD4 and GPX4. The predicted sequences of TEAD4 that bind to the GPX4 promoter are AGGCTCTGTCCA (BS1, from �1880

to �1869) and CTGAGTCAC (BS2, from �1264 to �1256), as depicted in Figure 6B. The luciferase activity of GPX4 was dose dependently

enhanced after transfection with YAP-overexpressed plasmids (Figure 6C). Notably, the increase in luciferase activity of GPX4 caused by

YAP-mediated overexpression was nullified by the mutation of both BS1 and BS2, but not affected by the mutation of BS1 or BS2 alone (Fig-

ure 6D). The interactions were further experimentally investigated with chromatin immunoprecipitation (ChIP) assay (Figure 6E), indicating

that YAP promotes TEAD4 binding to BS1 and BS2 of GPX4 promoter. Subsequently, we established in vitro sepsis-induced ALI model by

stimulating MLE-12 cells with LPS. The luciferase reporter assay detected a decreased association between TEAD4 and the GPX4 promoter

(Figure 6F). However, YAP overexpression largely rescued the binding of TEAD4 on the GPX4 promoter in LPS-treated cells.

We also computed the binding profiles between TEAD4 and SLC7A11. It was predicted that the TEAD4 binding sequences targeting the

SLC7A11 promoter were CAGATAAGG (BS1, from �1612 to �1604) and AGAGTAAACA (BS2, from �1068 to �1259), as depicted in Fig-

ure 6G. Additionally, the luciferase activity of SLC7A11 was enhanced in a dose-dependent manner following transfection with YAP-overex-

pressed plasmids (Figure 6H). Moreover, when MLE-12 cells were transfected with YAP-expressing pcDNA 3.1 vector, luciferase activity of

both SLC7A11-WT and the constructs carrying BS1 mutation significantly increased. However, the luciferase activity of SLC7A11-MUT2 car-

rying BS2 mutation alone, and the SLC7A11-MUT1&2 construct carrying both BS1 and BS2 mutations remained the same in the cells
iScience 27, 109667, June 21, 2024 7
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Figure 4. LATS1 knockdown upregulated GPX4 and SLC7A11 via YAP and repressed in vitro ferroptosis

MLE-12 cells were treated with LPS for 24 h, followed by si-LATS1 transfection.

(A) Protein expression of LATS1, YAP, GPX4, SLC7A11, and ACSL4 upon LATS1 knockdown was examined by western blot analysis.

(B) MTT assay was performed to evaluate the cell vitality in the MLE-12 cells which were treated with LPS alone, LPS + si-LATS1, LPS + TGF-b1, or LPS + TGF-b1 +

si-LATS1.

(C) Indicated cells were treated with 10 mM erastin for 24 h and the lipid peroxide MDA expression level was compared among the indicated cells above.

(D) Cellular Fe2+ and (E) GSH changes were detected upon the specific treatments.

(F) Lipid ROS content was assessed in cellular models.

(G) Protein expression of LATS1, YAP, GPX4, SLC7A11, and ACSL4 in the cells above were measured by western blot analysis. The experiment was repeated

independently at least three times, and data were presented as mean G standard deviation (S.D).*p < 0.05, **p < 0.01, ***p < 0.001 by Student’s t test for A,

and by one-way ANOVA test for B–G.
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Figure 5. USP7 knockdown stimulated YAP expression and repressed in vitro ferroptosis

(A) LATS1/2 was deubiquitinated by USP7 through Ubibrowser database.

(B) MLE-12 cells were transfected with si-USP7 or si-NC, and protein expression of USP7, LATS1/2, YAP, GPX4, SLC7A11, and ACSL4 was analyzed by western

blot.

(C) LPS-treated MLE-12 cells were transfected with si-USP7, si-NC, TGF-b1+ si-NC, or TGF-b1+ si-USP7, and cell vitality was assessed by MTT assay.
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Figure 5. Continued

(D) The lipid peroxide MDA expression level was compared among the indicated cells above.

(E) Cellular Fe2+ and (F) GSH changes were measured upon the specific treatments.

(G) Lipid ROS content was detected in cellular models.

(H) Protein expression of USP7, LATS1/2, YAP, GPX4, SLC7A11, and ACSL44 in the cells above were detected by western blot analysis. The experiment was

repeated independently at least three times, and data were presented as mean G standard deviation (S.D).*p < 0.05, **p < 0.01, ***p < 0.001 by Student’s t

test for B, and by one-way ANOVA test for B–H.
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transfected with oe-YAP or an empty vector (Figure 6I). This was further illustrated in ChIP results (Figure 6J), indicating that YAP promotes

TEAD4 binding to BS2 of the SLC7A11 promoter. Moreover, we performed luciferase reporter assay and detected a decreased association

between TEAD4 and SLC7A11 promoter in our in vitro sepsis-induced ALI model, while MLE-12 cells were stimulated with LPS (Figure 6K).

Nonetheless, YAP overexpression successfully reinstated the interaction between TEAD4 and the SLC7A11 promoter in LPS-treated cells.

Combining bioinformatics computational approaches with in vitro assays, we identified the specific intermolecular interaction between

TEAD4 and GPX4/SLC7A11 promoters. YAP upregulated expression of GPX4 and SLC7A11 by modulating the association between

TEAD4 and GPX4/SLC7A11 promoters.

USP7 degraded YAP by deubiquitinating and stabilizing LATS1

We performed co-immunoprecipitation pull-down assay and evaluated the physiological interaction between USP7 and LATS1 by using

LATS1- and USP7-specific antibodies. Based on the findings presented in Figure 7A, we identified an entire LATS1-USP7 complex. Following

this, we exposedUSP7-silencedMLE-12 cells toMG132 and found that LATS1 expression repressed by si-USP7was largely rescuedbyMG132

(Figure 7B).We then introducedCHX to theMLE-12 cells with USP7 knockdown andmonitored changes in USP7, YAP, and LATS1 expression.

Western blot assay showed that USP7-knockdown attenuated YAP degradation process, which was induced by CHX treatment, and acceler-

ated LATS1 degradation rate (Figure 7C). Furthermore, we demonstrated that the ubiquitination process was accelerated following USP7

knockdown (Figure 7D). In addition, cellular death rate was assayed using the MTT method under the specific conditions. USP7 knockdown

significantly restored the impaired cell viability by LPS stimulation, while this rescuing effect was prevented by YAP silencing (Figure 7E). In

accord with the MTT results aforementioned, concentrations of the ferroptosis indicators MDA (Figure 7F) and Fe2+ (Figure 7G), which were

elevated in LPS-challenged cells, were significantly downregulated when USP7 was silenced. In contrast, the concentration of GSH was

restored upon USP7 knockdown (Figure 7H). The positive effects of USP7 knockdown were reversed when si-YAP was used to silence YAP

expression. We observed an increase in lipid ROS levels in cells treated with LPS+si-USP7+si-YAP compared to those treated by LPS+si-

USP7 (Figure 7I). Moreover, we found that the cellular expression of YAP, GPX4, and SLC7A11, which was decreased by LPS treatment, expe-

rienced recovery upon USP7 knockdown but largely eliminated after YAP expression was silenced (Figure 7J). However, USP7, LATS1/2, and

ACSL4 expression, which had been enhanced by LPS, was reduced by USP7 knockdown and remained unaffected by simultaneous silencing

of YAP. These results indicate that TGF-b1 suppresses YAP-mediated inhibition of ferroptosis by regulating USP7 directly. This is achieved

through its role in stabilizing LATS1/2 and degrading YAP.

DISCUSSION

Patients with sepsis-related ALI are at high risk of mortality.29 Ferroptosis, a newly discovered necrosis mechanismwas initially defined in can-

cer cells as part of key tumor suppressor pathways.30 Recently, Liu et al.9 andDong et al.8 independently observed ferroptotic cell death in IIR-

and LPS-induced ALI. TGF-b1 is recognized as a critical mediator of pulmonary edema in ALI.23 It has been recently reported to be implicated

in ferroptosis in hepatocellular carcinoma cells,31 radiation-induced lung fibrosis,32 as well as in diabetes-induced tubular injury.33 However,

the specific role of TGF-b1 in ferroptosis in ALI has not yet been reported. The present study identifies TGF-b1 as a ferroptosis inducer in both

in vitro and in vivoALI models. We also showed that although YAP expression was diminished by ferroptosis, overexpressing YAP or silencing

USP7 or LATS1 safeguarded cells from ferroptosis by stimulating cellular expression of GPX4 and SLC7A11. However, treatment with TGF-b1

reversed the protective effect. Our current study highlights that targeting the TGF-b1/USP7/LATS1/YAP axis could be considered for treating

sepsis-induced ALI. Dysregulated accumulation of inflammatory cytokines such as IL-6 and TGF-b1 has been identified as a key player in the

pathogenesis of ALI.34 For instance, Qian et al. showed that the downregulation of the anti-inflammatory factor TGF-b1 in ALI mice subjected

to CLP led to augmented inflammation processes.35 Recently, Kim et al. proposed that TGF-b1 sensitized hepatocellular carcinoma cells to a

GPX4 inhibitor, promoting ferroptosis by activating ROS generation.31 It is unclear whether and how TGF-b1 plays a role in the development

of ferroptosis duringALI progression. To investigate this, we generated a peritoneal, polymicrobial septicmurinemodel usingCLPmethod as

well as a cellular ALI model through LPS stimulation, followed by characterizing the hallmark features of ferroptosis. Upon analysis, wemade a

significant finding that TGF-b1 treatment exacerbates ALI symptoms in a mouse sepsis model and induces ferroptosis in both in vitro and

in vivo ALI models. Our results indicate that TGF-b1 promotes ferroptotic cell death in the pathogenesis of sepsis-induced ALI. Further

research is necessary to confirm these findings through clinical experiments.

The transcriptional coactivator YAP interacts with TEAD4 in the nucleus and functions as a key regulator of antioxidant responses. Sup-

pression of YAP is commonly observed in cancer cells. Cellular expression of YAP is negatively regulated by LATS1.36 Our bioinformatics anal-

ysis proposes USP7 as a stabilizer and deubiquitinating agent for LATS1/2. Although USP7 was previously reported to stabilize the transcrip-

tional coactivators Yorkie37 and TAZ,38 we demonstrated in the presented study that USP7 functioned as a negative regulator of YAP since it
10 iScience 27, 109667, June 21, 2024



Figure 6. YAP modulates the binding between TEAD4 and GPX4/SLC7A11 promoter and promotes GPX4/SLC7A11 expression

(A) MLE-12 cells were transfected with si-NC or si-YAP, and protein expression of YAP, GPX4, and SLC7A11 was detected by western blot analysis.

(B) JASPAR was accessed and the computed binding sites between TEAD4 and GPX4 were shown.

(C) MLE-12 cells were transfected with 0, 20, 50, or 100 ng of YAP-overexpression plasmid vector. Dual-luciferase reporter assay was used to analyze the relative

enrichment of TEAD4 at GPX4 promoter.

(D) Cells were transfected with 0 or 100 ng YAP and luciferase reporter assay was used to detect the intermolecular binding between TEAD4 and GPX4.

(E) The direct interaction between TEAD4 and GPX4 was further substantiated by ChIP assay.

(F) In vitro sepsis-induced ALI model was generated by stimulating MLE-12 cells with LPS. Molecular binding between TEAD4 and GPX4 was evaluated by

luciferase reporter assay when YAP was overexpressed.

(G) JASPAR was accessed and the computed binding sites between TEAD4 and SLC7A11 were shown.

(H) MLE-12 cells were transfected with 0, 20, 50, or 100 ng of YAP-overexpression plasmid vector. Dual-luciferase reporter assay was used to analyze the relative

enrichment of TEAD4 at SLC7A11 promoter.

(I) Cells were transfected with 0 or 100 ng YAP and luciferase reporter assay was used to detect the intermolecular binding between TEAD4 and SLC7A11.

(J) The direct interaction between TEAD4 and SLC7A11 was further substantiated by ChIP assay.

(K) YAP was overexpressed in MLE-12 cells induced with LPS. Luciferase reporter assay was performed to evaluate the molecular bindings between TEAD4 and

SLC7A11. The experiment was repeated independently at least three times, and data were presented as meanG standard deviation (S.D).*p < 0.05, **p < 0.01,

***p < 0.001 by Student’s t test for A, E, J, and by one-way ANOVA test for C, D, F, H, I, K.
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Figure 7. USP7 degrades YAP through deubiquitinating and stabilizing LATS1

(A) The hypothesized interaction between USP7 and LATS1 was tested by Co-IP assay.

(B) MLE-12 cells were transfected with si-USP7 and LATS1 expression was compared after MG132 treatment.

(C) MLE-12 cells were transfected with si-USP7, followed by CHX treatment. Western blot was performed to examine the degradation of LATS1 and YAP.

(D) Knockdown of USP7 deubiquitinates LATS1 in vitro.

(E) LPS-treated MLE-12 cells were transfected with LPS + si-NC, LPS + si-USP7, or LPS + si-USP7+si-YAP, and cell vitality was assessed by MTT assay.

(F) The lipid peroxide MDA expression level was compared among the indicated cells above.

(G) Cellular Fe2+ and (H) GSH changes were measured upon the specific treatments.

(I) Lipid ROS content was detected in cellular models.

(J) Protein expression of USP7, LATS1/2, YAP, GPX4, SLC7A11, and ACSL4 in the cells above was detected by western blot analysis. The experiment was repeated

independently at least three times, and data were presented as meanG standard deviation (S.D).*p < 0.05, **p < 0.01, ***p < 0.001 by Student’s t test for C, and

by one-way ANOVA test for B, E–J.
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deubiquitinates and stabilizes LATS1/2. Notably, the inhibitory effect of YAP on ferroptosis was enhanced by knockdown of USP7 or LATS1 in

our cellular ALI model. Another novel finding presented in this report is that YAP stimulated expression of GPX4 and SLC7A11 by regulating

the association of TEAD4 on GPX4/SLC7A11 promoters. It is noteworthy that TGF-b1 successfully nullified the repression of ferroptosis which

wasmediated by YAP overexpression or the knockdown of LATS1 or USP7.Our results demonstrated that TGF-b1 is an important promoter of

the ferroptosis process during ALI progression. TGF-b1 exerted its regulatory function by targeting USP7-LATS1-YAP-SLC7A11/GPX4 anti-

oxidant response pathway. Although targeting TGF-b1 may be considered for the treatment of sepsis-induced lung injury, careful balance is

required as both excessive inhibition and stimulation of TGF-b1 may have detrimental effects. Earlier research has demonstrated that both

YAP and TAZ act as transcriptional coactivators in the regulation of ferroptosis.39 Nonetheless, we have yet to conduct the necessary studies in

the future to determine whether the aforementioned model is valid for TAZ, the paralog of YAP.

The research has aided in unraveling important information toward comprehending the pathogenesis of sepsis-secondary ALI pathogen-

esis. By elucidating the significant function of TGF-b1 in regulating ferroptosis and identifying themolecular interactionmechanisms involving

TGF-b1, USP7, LATS1/2, YAP, GPX4, and SLC7A11, our findings could assist in developing innovative therapeutic approaches for the treat-

ment of ALI.

Limitations of the study

Limitations of study are mainly reflected in the following aspects. Firstly, we did not knock down LATS2 to investigate the impact of USP7/

LATS2/YAP axis on ferroptosis in depth; Secondly, that TGF-b1 regulates the impact of USP7/LATS1/2/YAP axis on ferroptosis was not

validated in in vivo animal experiments; Thirdly, there is a lack of critical clinical data that cannot provide direct and effective strategies for

treatment of ALI. Thus, more efforts are needed to further compensate for the shortcomings in clinical and in vivo experiments.
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28. Delvaux, M., Hagué, P., Craciun, L., Wozniak,
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LATS1 Abcam Cat# ab85893; RRID:AB_1925171
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TGF-b1 Sigma Cat# T7039

Fe-citrate (III) Sigma Cat# 1185-57-5

Ferrostatin-1 MedChemExpress Cat# HY-100579

Lipopolysaccharides MedChemExpress Cat# HY-D1056

Erastin MedChemExpress Cat# HY-15763
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RNase A Thermo Scientific Cat# EN0531

proteinase K Thermo Scientific Cat# EO0491
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Protein A/G beads Sigma Cat# 88802

DMSO Merck Cat# D2650

MG132 CST Cat #2194

cocktail Sigma Cat #539132

Lipofectamine 2000 reagent Invitrogen Cat# 4476093001

ECL Beyotime Cat# P0018S

Critical commercial assays

MDA Assay Kit (Colorimetric) Abcam Cat# ab118970

MTT Cell Viability Assay Kit ThermoFisher Cat# V13154

GSH Detection Assay Kit Abcam Cat# ab112132

Iron Assay Kit Abcam Cat# ab83366

Dual-Luciferase Reporter Assay System Thermo Scientific� Cat# ab16186

ChIP Assay Kit Pierce Cat# 26159
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Materials availability

This study did not generate new unique reagents.

Data and code availability

� All data reported in this paper will be shared by the lead contact upon request.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Male C57BL/6J mice of the wild type, aged 6–8 weeks, were procured from Shanghai SLAC Laboratory Animal Co., Ltd. All the animal experi-

mental procedureswereperformed in accordancewith the InstitutionalAnimalCare andUseCommitteeof the TaicangTCMHospital, affiliated

with Nanjing University of ChineseMedicine and the study were approved by the Taicang TCMHospital, Affliated to Nanjing University of Chi-

nese Medicine. They were housed in an air-conditioned animal room (23�C, 55%G 5%, 12 h light–dark cycle) with free access to standard lab-

oratory chow and cleanwater. To induce acute lung injury (ALI) in the animal sepsismodel, the cecal ligation and puncture (CLP) procedure was

performed. The study comprised six groups of mice, randomly divided: CLP (n = 8), CLP + Fe (n = 8), CLP + Fer-1 (n = 8), CLP + TGF-b1 (n = 8),

CLP + TGF-b1+Fer-1 (n = 8), and sham (n = 8). The mice were anesthetized with an intraperitoneal injection of a ketamine-xylazine mixture (100

and5mg/kgbodyweight, respectively). A 1-cm longitudinal incisionwasmade in the lower abdomen, and theperitoneal cavitywas further cut to

expose the cecum. The cecumwas then ligated below the ileocecal valve and perforated with a 21- gauge needle. After removing the needle, a

small amountof feceswascarefully extruded.Finally, theexteriorizedcecumwas replacedandtheabdominal cavitywasclosedusinga sterile 4-0

surgical suture. The sham-operated group underwent a skin-incision procedure identical to that of the experimental group, but the cecum

was identified without ligation or puncture. On day 7, the ferroptosis process was promoted by intraperitoneal injection of Fe-citrate (III)/Fe

(15 mg/kg, Sigma) and inhibited by administration of ferrostatin-1 (Fer-1, 1.5 mg/kg/i.p. injection, Sigma) once per day for two weeks. Recom-

binant TGF-b1 (10 mg/kg, Invitrogen) was injected intraperitoneally twice daily for three days. The survival rate was analyzed every 12 h. All an-

imals were received 1 mL of saline for fluid resuscitation andwere euthanized 4, 8, or 24 h after the CLP operation for subsequent experimental

analysis.Histopathological changes in lungsampleswereexaminedusingH&Estaining.TheexpressionofUSP7,LATS1/2, YAP,GPX4,SLC7A11,

and ACSL4 was evaluated using Western blot analysis. The Wet/Dry ratio of lung weight was measured as an index of pulmonary edema. The

right lower lungswere dissected from eachmouse group 24 h after theCLP operation andweighed immediately aswet weight. The lung tissues

were then dehydrated in an oven at 70�C for 48 h, and the dry weight was measured to calculate the Wet/Dry ratio.

METHOD DETAILS

Cell culture and LPS-Stimulation

Mouse lung epithelial cells MLE-12 (CVCL_3751), a mouse lung epithelial cell line, were obtained from the ATCC (CRL-2110). Cells were

revived, cultured in Ham’s F-12K (Kaighn’s) Medium (Thermo Fisher Scientific, WalthamMA) containing 10% fetal bovine serum (FBS, Gibco,

CA, USA), 1% penicillin (Invitrogen, CA, USA) and streptomycin (Invitrogen, CA, USA), and maintained at 37�C (5% CO2). To establish an

in vitro septic model, MLE-12 cells were stimulated with LPS (5 mg/mL) for 24 h (Figure S1). Ferroptosis was induced by incubating the

MLE-12 cells with increasing concentrations of erastin (0, 2.5, 5, 10, 20, 40 mM, MCE, HY-15763) for 24 h. 5 mM ferrostatin-1 (Fer-1, MCE,

HY-100579) was added to inhibit the cellular ferroptosis. Biological effect of TGF-b1 during ferroptosis was tested by adding recombinant

human TGF-b1 (Sigma-Aldrich, T7039) to the cells to a final concentration of 5 ng/mL.

Mouse sepsis model

Wild type male C57BL/6J mice (male, 6–8 weeks old, n = 6 per group) were purchased from Shanghai SLAC Laboratory Animal Co., Ltd and

housed in an air-conditioned animal room (23�C, 55% G 5%, 12 h light–dark cycle) with free access to standard laboratory chow and clean

water. All the animal experimental procedures were approved by the Taicang TCMHospital, Affliated to Nanjing University of Chinese Med-

icine and performed in accordance with the Institutional Animal Care and Use Committee of the Taicang TCM Hospital, Affliated to Nanjing

University of Chinese Medicine. Cecal ligation and puncture (CLP) procedure was performed to induce acute lung injury (ALI) in the animal

sepsis model. Mice were randomly divided to six groups throughout the study: CLP (n= 8), CLP + Fe (n = 8), CLP + Fer-1 (n = 8), CLP + TGF-b1

(n = 8), CLP + TGF-b1+Fer-1 (n = 8), and sham (n = 8). Briefly, mice were anesthetized with intraperitoneal injection of ketamine-xylazine

mixture (100 and 5 mg/kg body weight, respectively), and 1-cm longitudinal incision was made at the lower abdomen and the cecum was

exposed by further cutting the incision into the peritoneal cavity. Next, the cecum was ligated below the ileocecal valve and perforated

with a 21- Gauge needle. After the needle was removed, a small amount of feces was carefully extruded. Finally, the exteriorized cecum

was placed back and the abdominal cavity was closed using a sterile 4-0 surgical suture. Sham-operated group underwent skin-incision pro-

cedure identically and the cecum was identified without ligation or puncture. At day 7 ferroptosis process was promoted by intraperitoneal

injection of Fe-citrate (III)/Fe (15 mg/kg, Sigma) and inhibited by ferrostatin-1 administration (Fer-1, 1.5 mg/kg/i.p. injection, Sigma) once per

day for two weeks. Recombinant TGF-b1 (10 mg/kg, Invitrogen) was i.p. injected twice daily for three days. Survival rate was analyzed every

12 h. All animals were injected with 1 mL saline for fluid resuscitation and euthanized 4, 8, or 24 h post-CLP operation for subsequent exper-

imental analysis. Histopathological changes in lung samples were examined by H&E staining. Expression of USP7, LATS1/2, YAP, GPX4,

SLC7A11, and ACSL4 was evaluated by Western blot analysis. The Wet/Dry ratio of lung weight was measured as an index of pulmonary

edema. 24 h after CLP operation, right lower lungs were dissected from each mouse group and immediately weighed as wet weight.

Next, the lung tissues were dehydrated in an oven at 70�C for 48 h and dry weight was measured the Wet/Dry ratio.

Lung injury score calculation

Lung injury prediction scores were calculated by a blinded researcher using the previously described criteria, including neutrophil in the alve-

olar space, neutrophils in the interstitial space, hyaline membrane, proteinaceous debris filling the airspace and alveolar septal thickening.

The values above were summed up and final score was derived by dividing the number of fields.
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Hematoxylin and eosin (H&E) staining

Mice were sacrificed and left lungs were collected. Lung tissues were fixed with 4% paraformaldehyde for 24 h, followed by paraffin wax im-

mersion and embedding. Sampleswere then cut into 4-mmcoronal sections andmounted on positively chargedglass slides for H&E staining.

Briefly, the sections were processed three times with xylene for deparaffinization and rehydrated with decreasing concentration of ethanol.

Next, sections were incubated with hematoxylin for 3 min at room temperature and quickly rinsed with 1% acid ethanol to sharpen the eosin

staining. After washing under tap water, the sections were incubated with 0.5% eosin for 1 min and dehydrated using increasing concentra-

tions of ethanol. Finally, sections were processed three times with xylene, and one drop of Permount (VWR, South Plainfield, NJ, USA) was

dispensed to the slide before sealing with coverslips. Slides were dried overnight and images were acquired under a Leica microscope

(DMIRB, Germany).

Plasmid synthesis and cell transfection

Small interfering RNAs (siRNA) against USP7, YAP and LATS1 (si-USP7, si-YAP and si-LATS1) were designed and synthesized by GenePharma

(Shanghai, China). The sequences for si-USP7, si-YAP and si-LATS1 were provided in Table S1. Gene sequences encoding YAP as well as the

siRNAs above were subcloned into pcDNA3.1 vector respectively. MLE-12 cells were plated on a 6-well plate and grown to 80% confluency,

followed by transfection with pcDNA3.1-YAP, pcDNA3.1-si-USP7, pcDNA3.1-si-YAP or pcDNA3.1-si-LATS1 using Lipofectamine 2000 (Invi-

trogen). Cells transfected with empty vector pcDNA-NC were used as negative control. 48 h after transfection cells were harvested and

washed with PBS for subsequent experiments.

Cell viability assay (MTT assay)

Cellular apoptosis was detected by MTT method using the CyQUANT MTT Cell Viability Assay Kit (ThermoFisher, V13154) according to the

user’s guidelines. Briefly, cells were transfected on a 96-well plate and supplemented with erastin at concentration of 0, 2.5, 5, 10, 20 or

40 mM. 10 mL of 12-mM MTT stock reagent (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazoliumbromide) was added to each well and the

mixture was incubated at 37�C for 4 h. Next, 100 mL of SDS-HCL was added to each well, followed by incubation at 37�C for 10 h. Finally,

samples were well mixed by pipetting up and down, and the absorbance at 490 nm was recorded at EnSpire-Multimode Plate-Reader

(PerkinElmer).

Quantification of lipid reactive oxygen species (ROS)

Lipid ROS content in cellular and animal models were determined using BODIPY-based fluorescent probes. Precisely, samples of cells or tis-

sues were washed and incubated with C11 BODIPY 581/591 (Thermo Fisher Scientific) at a final concentration of 10 mM concentration for

30 min. Afterward, the reaction was centrifuged at 400 g and washed twice with PBS. Finally, the fluorescent signals were measured through

flow cytometry with excitation at 488 nm and 581 nm wavelengths.

Cellular glutathione (GSH) detection

Redox anddetoxification status in cells and tissue sampleswas evaluatedbymeasuring the glutathione level using Intracellular glutathione (GSH)

Detection Assay Kit (Abcam, UK), according to the manufacturer’s protocol. Briefly, 1 mL of MLE-12 cells at cell density of 13 106 cells/mL were

incubated with 5 mL of 2003 Thiol Green Dye for 20 min at 37�C. The mixture was centrifuged at 500 g for 10 min and cells were resuspended in

1 mL of new complete F-12K Medium. Finally, cells were profiled on a flow cytometer and fluorescence intensity was recorded at Ex/Em = 490/

525 nm.

Lipid peroxidation characterization by malondialdehyde (MDA) assay

Lipid peroxidation in cells and tissue samples was characterized by running an MDA assay using Lipid Peroxidation (MDA) Assay Kit (Color-

imetric) (Abcam, UK, ab118970). Briefly, 200 mL of MDA standards at 0, 4, 8, 12, 16 and 20 nM were prepared for colorimetric detection, ac-

cording to the user’s guide. 1 3 106 cells were homogenized in 300 mL of MDA lysis buffer supplemented with 3 mL of BHT. Cell debris was

removed by centrifuging the samples at 13,000 3 g for 10 min, and MDA-TBAadduct was formed by incubating the centrifuge supernatant

with 600 mL thiobarbituric acid (TBA) at 95�C for 60 min. Finally, 200 mL of the reaction mixture was transferred to a 96-well plate and absor-

bance at 532 nm at the Plate-Reader.

Colorimetric detection of cellular iron ion

Cellular ferrous (Fe2+) and ferric ion (Fe3+) that play important roles in redox hemostasis was detected by Iron Assay Kit (Abcam, UK,

ab83366). Briefly, iron standards at 0, 2, 4, 6, 8 and 10 nM were prepared by diluting the 1 mM Iron standard solution with water. 2 3

106 cells were homogenized in 250 mL ice-cold Iron Assay Buffer and cell debris was removed by centrifuging the samples at 13,000 3

g for 10 min. Next, 1–50 mL of centrifuge supernatant and 5 mL Iron Assay Buffer was added in a 96-well plate. Final volume was adjusted

to 100 mL/well using the Iron Assay Buffer, and the reaction mixture was incubated at 37�C for 30 min. Finally, 100 mL of Iron probe was

added to the wells containing the Iron Standards or cell sample and incubated at 37�C for 60 min. Absorbance at 532 nm was measured at

the Plate-Reader.
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Protein preparation and western blot

MLE-12 cells and tissue samples were homogenized in ice-cold RIPA lysis buffer supplemented with protease inhibitor cocktail (Sigma, USA).

Cell debris was removed by centrifuging at 13,0003 g for 15min 50 mg of protein homogenate was separated on a 12% SDS-PAGE and trans-

ferred to Immobilon PVDFmembrane (Sigma). GAPDHwas loaded as a positive control. Membrane was blocked with 5% non-fat milk to pre-

vent non-specific bindings. Next, primary antibodies against USP7 (1:3000 dilution, Abcam, ab109109), YAP (1:1000 dilution, Abcam,

ab205270), LATS1 (1:1000 dilution, Abcam, ab243656), LATS2 (1:1000 dilution, Abcam, ab243657), SLC7A11 (1:3000, Abcam, ab175186),

GPX4 (1:1000 dilution, Abcam, ab125066), ACSL4 (1:10000 dilution, Abcam, ab155282), or GAPDH (1:1000 dilution, Abcam, ab8245), which

were included in Table S2, were added to the membranes, and incubated at 4�C overnight. After three washes in 100 mM PBST, membranes

were incubated with goat anti-rabbit HRP secondary antibodies (1:3000 dilutions, Abcam, ab205718) for 1 h at room temperature. Protein

bands were visualized by using the ECL chemiluminescent detection system (Amersham Pharmacia Biotech, NJ).

Luciferase reporter assay

JASPAR database was accessed and putative binding sites between TEAD4 andGPX4/SLC7A11 promoters were computed. The promoter of

GPX4 wild-type (GPX4-WT) and SLC7A11 wild-type (SLC7A11-WT) that contain TEAD4 binding sequence were inserted into the luciferase

reporter vector pMIR-report. The constructs GPX4-MUT1, GPX4-MUT2, GPX4-MUT1&2, SLC7A11-MUT1, SLC7A11-MUT2 and SLC7A11-

MUT1&2 carrying the mutated TEAD4-binding sites was generated using a QuikChange site-directed mutagenesis kit (Stratagene, La Jolla,

CA, USA). MLE-12 cells were seeded on a 96-well plate and grown to 60% confluence. To detect the binding between TEAD4 andGPX4, cells

were co-transfected with 25 ng GPX4-WT Luciferase reporter, 25 ng GPX4-MUT1 Luciferase reporter, 25 ng GPX4-MUT2 Luciferase reporter,

25 ng GPX4-MUT1&2 Luciferase reporter, pcDNA-3.1-TEAD4 or the empty pcDNA-3.1 vector (EV) using Lipofectamine 2000 (Invitrogen,

USA). Cells were transfected with YAP plasmids at the concentration of 0 or 100 ng/mL and harvested 24 h after transfection. To detect

the binding between TEAD4 and SLC7A11, cells were co-transfected with 25 ng SLC7A11-WT Luciferase reporter, 25 ng SLC7A11-MUT1

Luciferase reporter, 25 ng SLC7A11-MUT2 Luciferase reporter, 25 ng SLC7A11-MUT1&2 Luciferase reporter, pcDNA-3.1-TEAD4 or the empty

pcDNA-3.1 vector (EV). Cells were transfected with YAP plasmids at the concentration of 0 or 100 ng/mL, and harvested 24 h after transfection

Reporter assays were performed usingDual-Luciferase Reporter Assay System (Promega,Madison,WI, USA), according to themanufacturer’s

instructions. Both Firefly and Renilla luciferase activities were simultaneously detected.

Chromatin immunoprecipitation (ChIP)-qPCR

Relative enrichment of TEAD4 atGPX4 and SLC7A11 promoterswere quantified byChIP-qPCRmethod. Briefly,MLE-12 cells were transfected

with YAP plasmids at the concentrations of 0, 20, 50 or 100 ng/mL. After 48 h of incubation, chromatin-protein chemical links were formed by

incubating MLE-12 cells with formaldehyde at a final concentration of 1% for 10 min. Cells were lysed in ice-cold ChIP lysis buffer and DNA

fragments of 500 bp were generated by 30 min sonication. Cell debris was removed by centrifuging at 13,0003 g for 15 min. DNA sizes were

determined by loading 10 mL of the supernatant on agarose gel andDNA concentration was estimated bymeasuring the 260 nm absorbance.

Chromatin-protein complexes were immunoprecipitated with the TEAD4-specific primary antibody (1:1000 dilution, Abcam, ab155244), or

the control IgG for 1 h at 4�C. Equal volume of Protein A and Protein G beads were mixed and non-specific DNA-binding sites were blocked

by adding single-stranded herring spermDNA to the agarose beads. Immunoprecipitated samples were incubated with 60 mL of Protein A/G

beads (Thermo Scientific, 88802) at 4�C overnight. Finally, samples above were washed with low salt and high salt wash buffer and DNA

was eluted using 120 mL elution buffer. After treatments with 2 mL of RNase A (10 mg/mL, Thermo Scientific, EN0531) and 2 mL of proteinase

K (20 mg/mL, Thermo Scientific, EO0491), DNA was purified for subsequent qRT-PCR assay.

Protein complex immunoprecipitation (Co-IP)

The physiologically relevant interaction between USP7 and LATS1 and the hypothesized complex formation was identified by Co-IP tech-

nique. Briefly, MLE-12 cells were trypsinized and washed three times with ice-cold PBS. Cells were then resuspended in ice-cold RIPA buffer

supplemented with 50 mg/mL PMSF (Sigma), 1 mg/mL aprotinin (Sigma) and 20mMDNase I (Sigma). Cell debris was removed by centrifuging

at 13,000 3 g for 15 min and supernatant was collected. 1 mg antibody against USP7 (1:3000 dilution, Abcam, ab109109) or LATS1 (1:1000

dilution, Abcam, ab243656) was added to 100 mL clarified cell lysate for overnight incubation at 4�C. Meanwhile, Protein A/G beads (Sigma)

were washed twice with PBS and 100 mL of 50% Protein A/G agarose working solution was added to 1mL sample solution. After 4 h incubation

at 4�C, the mixture was centrifuged and non-specific binding was removed by washing complex-bound beads three times with washing

buffer. Protein was eluted using 50 mL of 0.2 M glycine, pH 2.5 and neutralized using 50 mL of Tris, pH 8.0. Samples were loaded on

SDS-PAGE and checked by Western blot.

Deubiquitination detection and protein stability assay

To address the deubiquitination and stabilization of LATS1 by USP7, MLE-12 cells were transfected with si-USP7 for knockdown. Prior to deu-

biquitination analysis, cells were incubated with the protein translation inhibitor cycloheximide at final concentration of 50 mg/mL (CHX,

Merck, 66-81-9), proteasome blocker MG132 (Cell Signaling, #2194) or DMSO (Merck, D2650). Remaining ubiquitinated LATS1 was charac-

terized using anti-Ubiquitin (1:1000 dilution, Abcam, ab140601) by Western blot. Degradation level of USP7 and LATS1 was monitored on

Western Blot using antibodies against USP7 (1:3000 dilution, Abcam, ab109109) or LATS1 (1:1000 dilution, Abcam, ab243656).
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All the experiments have been repeated at least three times. Data are expressed as the meanG standard deviation (SD) and were analyzed

using the GraphPad Prism 5.0 software (GraphPad Inc., San Diego, CA, USA). Survival probability was estimated by Kaplan-Meier curve and

differences were compared among the sham, CLP, CLP + Fer, CLP + Fe and CLP + TGF-b1 groups. Statistical analysis was performed using

the Student’s t test or one-way ANOVA test. p < 0.05 was considered significant. *, p < 0.05, **, p < 0.01, ***, p < 0.001.
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