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Summary 

Summary 

Breast cancer is the second leading cause of death in women worldwide. Although 

novel therapies have greatly advanced the clinical outcome for cancer patients, 

metastatic breast cancer still remains a deadly disease due to the capacity of cancer 

cells to spread throughout the body leading to metastasis formation, particularly in the 

lung, liver, brain and bones. While molecular strategies employed by metastatic cells 

to leave the primary tumor, intravasate, and to disseminate to distant organs and grow 

into colonies are being intensively investigated, little is known about what prompts 

tumor cells to leave the primary tumor, or what kind of environmental pressure 

operates on cells bound to metastatic fate. These need to be better understood to 

enable the development of new therapeutic strategies for metastatic breast cancer 

patients. 

Epithelial-to-mesenchymal transition (EMT), a well conserved cellular program 

which is critical for embryonic development and wound healing, is known to play a 

central role in the multiple stages of metastasis formation, where cancer cells 

dedifferentiate, acquire migratory and invasive capacities by disassembling their cell-

cell and cell-matrix contacts to reach blood vessels, and spread at a distance. In 

addition to cancer-intrinsic mutations, malignant tumor progression is also critically 

influenced by a defined tumor environment, such as hypoxia and inflammation. 

Notably, hypoxic and inflammatory niches can invariably induce an EMT in cancers, 

which is coupled to the generation of toxic reactive oxygen species (ROS) and their 

clearance inside cancer cells. However, the interplay between ROS and the EMT 

program is not sufficiently understood. Therefore, I hypothesize that metastasis 

represents a strategy for cancer cells to avoid oxidative damage and to escape from 

the excess or ROS in the primary tumor. 

In the past years, I have aimed at exploring the crosstalk between ROS and an 

EMT induced by TGFβ in breast cancer cells. I observed that cells exposed to TGFβ 

displayed a decrease of ROS levels. To identify the antioxidant pathways activated 

during EMT, I investigated the effect of long-term oxidative stress, for example by 

H2O2,  on epithelial cells and found that this oxidative treatment promoted both higher 

migratory capability and tumorigenicity of epithelial cells. By RNA-sequencing 

analysis, I identified an activation of the Nrf2 transcription factor in H2O2-resistant cells, 
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as well as in TGFβ-induced mesenchymal cells. Functional experimentation 

demonstrated an activation of Nrf2 in migrating cells and pinpointed its antioxidant role 

during EMT. Notably, RNAi-mediated ablation of Nrf2 led to mesenchymal cancer cell 

death due to ferroptosis, an iron- and oxidative stress-dependent cell death, while 

differentiated epithelial cancer cells remained unaffected. Moreover, RNA sequencing 

analysis revealed that several glutathione pathway genes were specifically regulated 

by Nrf2, suggesting a role of glutathione-related pathways in mesenchymal cell 

survival. Additionally, further RNA sequencing analysis highlighted a Nrf2-signature 

correlating with poor prognosis in breast cancer patients. In the line these 

observations, I show that the inhibition of glutathione synthesis leads to mesenchymal 

cell death by ferroptosis in vitro, and decreases primary tumor growth and lung 

metastasis formation in vivo. Hence, targeting antioxidant pathways may be beneficial 

for breast cancer patients with metastatic disease.  

 

 In summary, my Ph.D. work provides novel insights into mesenchymal and 

metastatic breast cancer cell sensitivity toward ferroptosis and their addiction for 

antioxidant pathways via Nrf2-regulated glutathione synthesis and function. This novel 

understanding pinpoints the importance of antioxidant pathways in metastatic breast 

cancer and should be considered as a promising choice of novel therapy.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

“…the time has come to puzzle out, 

one protein at a time, how signals are really 

processed inside cells to create the marvelously 

functioning apparatus – the eukaryotic cell.” 

Pr. Dr. Robert A. Weinberg 
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1. General Introduction 
 
1.1. Epithelial-to-Mesenchymal Transition 
 

Epithelial-to-mesenchymal transition (EMT) is a transient and reversible process 

whereby cells dedifferentiate, lose their apical-basal polarity and cell-cell contacts, and 

acquire migratory and invasive mesenchymal phenotypes [1]. EMT and its reverse 

process, mesenchymal-to-epithelial transition (MET), reflect cell plasticity and play 

crucial roles during embryonic development during which these programs are required 

for mesoderm and neural tube formation. Moreover, EMT is known to contribute to 

wound healing after inflammation and tissue injuries [2]. However, during chronic 

inflammation and injuries, EMT also contributes to organ fibrosis and disease [3]. 

Finally, EMT is known to contribute to the metastatic process by providing cancer cells 

with high migratory and invasive capacities and EMT is also associated with therapy 

resistance affording cancer cells with stem-cell like properties [4].  

 

1.1.1. Drastic structural rearrangements during an EMT 
 

Epithelial and mesenchymal cells strongly differ in morphology, due to a gradual 

remodeling of epithelial cell architecture, and functional capabilities. Epithelial cells 

display an apical-basal polarity, strong cell-cell contacts with neighboring cells as well 

as with the extracellular matrix (ECM). Due to their strong adherence, their migratory 

potential is low. In contrast to epithelial cell functionalities, mesenchymal cells display 

a “spindle-like” morphology accompanied with increased cell migratory, invasive and 

survival capacities [5] (Fig. 1).  

 

1.1.1.1.   Loss of epithelial junctions and apical-basal polarity 
 

Epithelial cells are characterized by strong contacts with neighboring cells thanks to 

tight junctions, adherens junctions and desmosomes. Additionally, cells display  gap 

junctions to allow exchanges of molecules with adjacent cells. During an EMT, cells 

disassemble these contacts by degrading or delocalizing junction proteins. Tight 

junctions are localized close to the cell apical area and are formed by transmembrane 
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proteins interacting with the actin cytoskeleton. These junctions are composed of 

occludin and claudin proteins which create intercellular tight junction strand and 

interact with zonula occludens (ZO) proteins which are directly linked the actin 

cytoskeleton to stabilize the junction [5, 6]. During an EMT, the expression of occludin 

and claudin proteins is repressed, and ZO proteins delocalize from the membrane and 

translocate to the cytoplasm. In contrast to tight junctions, adherens junctions are 

localized more to the basal cell surface. These junctions are made of cadherin 

proteins. The epithelial cadherin E-cadherin, crucial for epithelial cell adhesion, is 

linked to the actin cytoskeleton via a complex formed by a-catenin, b-catenin and p120 

catenin proteins [7]. During EMT, E-cadherin expression is repressed, and the protein 

is delocalized from the cell membrane surface and degraded [8]. In contrast to the 

decrease of E-cadherin levels during EMT, cells start expressing the mesenchymal 

cadherin N-cadherin which plays a role in mesenchymal cell migration and invasion 

capacities. Overall, this E to N-cadherin switch represents a hallmark of EMT [7, 9, 

10]. Finally, desmosomes, which are located more basal, are composed of 

desmosomal proteins, desmoglein, desmocollin, plakoglobin and plakophilin proteins, 

which are connected to cytokeratin intermediate filaments [5] and are disrupted during 

EMT [11]. Briefly, during EMT, epithelial cells disassembly tight junctions, adherens 

junctions as well as their desmosomes [12]. As consequences of the loss of epithelial 

junctions, cells also lose their cell polarity allowing the mesenchymal cells to acquire 

a “spindle-like” morphology allowing the cells to migrate (Fig. 1).  

 

1.1.1.2.   Cytoskeleton reorganization 
 

As previously described, tight junctions and adherens junctions are connected to the 

actin skeleton in order to maintain tight contacts with adjacent cell apical surfaces. 

During EMT, this actin cytoskeleton is reorganized into contractile actin stress-fibers, 

which are induced by a small Ras homolog guanosine-5’-triphosphate hydrolase (Rho 

GTPase) named Ras homolog family member A (RhoA), allowing the mesenchymal 

cells to migrate and invade. Stress-fibers are linked to focal adhesion, which are 

organized by two other small Rho GTPase enzymes named Ras-related C3 botulinum 

toxin substrate 1 (Rac1) and cell division control protein 42 homolog (Cdc42), and 

formed by integrin complexes allowing the cells to connect with the ECM [13, 14]. 

Briefly, focal adhesions serve as traction force sites during mesenchymal cell 
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migration followed by cell contraction thanks to the contractile network made of stress-

fibers [15, 16]. Finally, as previously described, desmosomes are connected to 

cytokeratin intermediate filaments in order to maintain tight contacts with adjacent 

basal cell surfaces. During EMT, this cytokeratin intermediate filament network is 

replaced by vimentin which is crucial for mesenchymal cell migration capacity and 

“spindle-like” morphology [5, 17] (Fig. 1).  

 

1.1.1.3.   Extracellular matrix remodeling 
 

During an EMT, the drastic structural change that cell undergo is not enough in order 

to allow the mesenchymal cell to invade the surrounding tissue. Additionally, cells also 

need to remodel and degrade the surrounding ECM. This matrix is mainly composed 

of glycosaminoglycans and fibrous proteins, such as collagen, elastin, fibronectin and 

laminin proteins. The ECM is known to play a crucial roles in cell adhesion, 

proliferation, migration, differentiation and cell-cell communication [18]. Indeed, the 

Figure 1. Structural changes during an EMT. 
Epithelial cells are organized in strong and tight cell layers mediated by tight junctions, adherens 
junctions as well as desmosomes. Epithelial cells display an actin cytoskeleton, a strong adhesion 
to the ECM, an apical-basal polarity and are proliferative. During an EMT, the expression of epithelial 
markers (E-cadh, ZO proteins, claudins, occludins…) is repressed. In contrast, mesenchymal 
markers (N-cadh, vimentin, fibronectin…) are upregulated and cells reorganize the actin 
cytoskeleton into contractile actin stress-fiber network. Cells display a “spindle-like” morphology, 
invade the surrounding tissue mediated by the secretion of MMPs to degrade the ECM as well as 
mediated by focal adhesions serving as traction force sites allowing the mesenchymal cells to 
migrate.  
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strong adhesion of the epithelial cells to the ECM is mediated by integrins formed by 

a- and b-chains. During an EMT, epithelial integrins are exchanged by newly 

expressed mesenchymal integrins [19] leading to invasion in the surrounding tissue 

thanks to their connection to fibronectin [20, 21]. Additionally, mesenchymal cells are 

able to secrete fibronectin as well as matrix metalloproteinases (MMPs). Briefly, MMPs 

may play an important role during an EMT by degrading ECM components and thus, 

facilitating cell migration and invasion in the surrounding tissue [22] (Fig. 1).  

 

1.1.2. Molecular regulation of EMT 
 
A range of signaling pathways are known to mediate an EMT during embryonic 

development, wound healing as well as tumor progression in a context-dependent 

manner such as transforming growth factor 1 (TGFb)/Smad, Wnt/b-catenin, Notch, 

Hedgehog, Janus kinase (JAK)/signal transducer and activator of transcription 

(STAT), activator protein 1 (AP-1), nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-kB) and Hippo pathways [5]. Additionally, metabolic and 

mechanical stresses, hypoxia, inflammation and ECM are also known to be strong 

inducers of an EMT as well as cancer cell invasion [23-25]. Indeed, in cancer, various 

growth factors and cytokines are secreted by cancer-associated fibroblasts, such as 

TGFb, hepatocyte growth factor (HGF), epidermal growth factor (EGF), fibroblast 

growth factor (FGF), platelet-derived growth factor (PDGF) and insulin-like growth 

factor (IGF). Additionally, inflammation is also known to contribute to EMT due to the 

secretion of inflammatory cytokines such as tumor necrosis factor alpha (TNFa), 

interleukine 6 (IL6) and IL8, by immune cells [26] (Fig. 2,3,4).  

 

1.1.2.1.   Transcriptional regulation of an EMT 
 

Several transcription factors are well known to induce an EMT including Snail1, Snail2 

(also known as Slug), Zeb1, Zeb2, Twist1 and Twist2. As first transcription factor 

family, the zinc-finger binding Snail family (Snail1 and Snail2) plays a crucial function 

in EMT by playing the role of a strong transcriptional repressor for epithelial genes [27, 

28]. Indeed, Snail1 and Snail2 are able to bind Cdh1 promoter, encoding E-cadherin, 

to repress its expression during an EMT. Moreover, it has been shown that an 

accumulation of Snail1 in the nucleus correlates with a decrease of E-cadherin levels 
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and with the induction of metastatic phenotypes in breast cancer. As second 

transcription factor family, the zinc-finger E-box-binding homeobox 1 family (Zeb1 and 

Zeb2) plays a role as strong transcriptional repressor [27]. Similarly to the Snail family, 

the Zeb family can bind the Cdh1 promoter to repress its activity, as well as several 

genes encoding ZO proteins, occludins and claudins crucial for maintaining the 

epithelial phenotype. In contrast to Snail and Zeb families which are mainly acting as 

strong transcriptional repressors for epithelial genes, in particular for Cdh1 repression, 

the third family, the basic helix-loop-helix (bHLH) Twist-related protein (Twist) family 

(Twist1 and Twist2), acts as a crucial transcriptional activator for mesenchymal genes 

such as Cdh2, encoding N-cadherin, Vim, encoding Vimentin and several MMP genes. 

Briefly, while epithelial gene expression is repressed by Snail and Zeb families, Twist 

family induces mesenchymal gene expression leading to the progressive 

establishment of the mesenchymal phenotype [29]. Finally, other transcription factors 

are known to contribute to EMT, such as AP-1 [30], Yes-associated protein (YAP)/WW 

domain-containing transcription regulator protein 1 (TAZ)/TEA domain family member 

(TEAD) [31-33], Smad/high-mobility group AT-hook 2 (HMGA2) [34, 35] and b-

catenin/T-cell specific transcription factor (TCF)/lymphoid enhancer binding factor 

(LEF) transcription factors [36, 37] (Fig. 2).  

 

1.1.2.2.   Induction of an EMT via canonical TGFb/Smad and RTK signaling pathways 
 

TGFb is the most potent EMT inducer [38] and its canonical pathway is the most-well-

characterized pathway inducing EMT. Briefly, TGFb ligands 1, 2 or 3 bind cognate 

receptors (TGFbR) which leads to the recruitment and phosphorylation of the TGFbR 

type I (TGFbRI) followed by the recruitment Smad2/3 transcription factors. Associated 

with Smad4, Smad transcription factors translocate into the nucleus [39-41] and 

associate with other transcription factors such as HMGA2 to induce an EMT with 

increased expression of Snai1, Snai2, Zeb1 and Zeb2 [34, 35] (Fig. 2A). Additionally 

to the TGFb/Smad canonical signaling pathway, EMT induction can also be mediated 

mainly through the activation of the phosphoinositide 3-kinase (PI3K) and mitogen-

activated protein kinase (MAPK) machineries via TGFbR [42] or through trans-

activation of growth factor EGF or PDGF receptor tyrosine kinases (RTKs) [43, 44] 

leading to the phosphorylation and activation of Ak strain transforming (Akt) protein 
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which inhibits glycogen synthase kinase 3 beta (GSK-3b) and in turn activates EMT-

related transcription factors for EMT, such as Snail, Zeb and Twist transcription factors 

[45] (Fig. 2B). Moreover, Akt activates both mammalian target of rapamycin complex 

1 (mTORC1) and mTORC2 which contributes to motility and invasion [46, 47]. 

Interestingly, it has been also observed that TGFb activates the small GTPase RhoA 

which is implicated in the reorganization of the cytoskeleton for stress-fibers formation 

as described above and is suspected to induce Snai1 expression [48, 49]. Finally, 

other growth factors, such as FGF, HGF or IGF, can also stimulate their RTK which 

activate various signaling pathways including those mediated by pro-oncogene 

tyrosine-protein kinase Src (Src)/p38, c-Jun N-terminal kinase (Jnk) and Ras GTPase 

Snail Zeb

Cdh1
ZO proteines

Occludins
Claudins

Twist Smad3 Smad2

Smad4

TFs

Cdh2
Vim

MMP proteins
Snai1/2
Zeb1/2
Twist1/2

Smad3 Smad2

RhoA

Cytoskeleton
reorganization
Stress-fibers

TGFβ

TGFβR

EFG, PDGF,
IGF, FGF

RTK

Snai1/2
Zeb1/2
Twist1/2

Ras/Erk Jnk

Src/p38
Akt

β−catenin

GSK-3β

β−catenin

E-cadherin

Plasma membrane

Nuclear envelope

DNA

miR-200miR-34
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C
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Figure 2. Regulation of EMT transcription factors via canonical TGFb/Smad and non-
canonical MAPK signaling pathways, and on the post-transcriptional level. 
In the tumor microenvironment, several ligands are secreted by stromal cells which allow the 
epithelial cells to undergo an EMT. (A) The small cytokine TGFb is a potent inducer of an EMT via 
the activation of the canonical TGFb/Smad signaling pathway or (B) via several non-canonical 
MAPK pathways after activation of the TGFbR or by the binding of a range of growth factors to their 
respective RTK which in turn stabilize EMT transcription factors. Additionally, TGFb activates RhoA 
to remodel the cytoskeleton in stress-fibers. (C) On the post-transcriptional level, several miRNA 
families are known to be involved in EMT regulation; in a double-negative feedback loop, mirR-200 
and miR-24 families inhibit Zeb and Snail transcription factors, respectively by whom they are 
transcriptionally repressed.  
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(Ras)/extracellular signal-regulated kinase (Erk) MAPK pathways leading to the 

activation of EMT transcription factors [43, 44, 50-52] (Fig. 2). 

 

1.1.2.3.   miRNA and lncRNA regulation of an EMT 
 

Not only signaling pathways are known to be implicated in EMT regulation. 

Additionally, several micro RNAs (miRNAs) are known to be involved in EMT [53]. 

Indeed, the miR-200 family, composed by five different miRNAs, is able to inhibit Zeb1 

transcriptional activity [54-56] which represses Cdh1 expression. These miRNAs are 

also known to be implicated in a feedback loop with Zeb. In turn, Zeb directly binds 

miR-200 promoter repressing it [57, 58], leading to a reciprocal feedback loop 

regulating EMT. In the same line as the feedback loop between miR-200 and Zeb, 

miR-34 is known to inhibit Snail by whom it is transcriptionally repressed [59]. These 

double-feedback loops strongly highlight the reversibility and dynamic of EMT and 

MET. Finally, several long non-coding RNAs (lncRNAs) are known to be involved in 

EMT regulation [60] (Fig 2C).   
 
1.1.2.4.   Induction of an EMT via Wnt, Notch, Hedgehog signaling pathways 
 

Wnt signaling pathway is mediated through Frizzled, a plasma membrane receptor. In 

the absence of the pathway activation, phosphorylated b-catenin is sequestered in the 

cytosol by a complex formed of GSK-3b protein, the adenomatous polyposis coli 

(APC) protein and Axin protein. Wnt ligands binding to the Frizzled receptor leads to 

Dishevelled (Dvl) protein recruitment which disassembly the complex formed by Axin 

and APC. In turn, GSK-3b is not able to phosphorylate b-catenin anymore enabling it 

to translocate into the nucleus [61] and stabilizing Snail1 [37]. In the nucleus, b-catenin 

can bind TCF/LEF family transcription factors to induce EMT [36, 37] (Fig. 3A). Notch 

receptor is formed by an extracellular domain and intracellular domain (NICD) 

containing a motif for its nuclear translocation. When Notch receptor interacts with a 

neighboring jagged canonical Notch ligand 2 (JAG2) protein located on an adjacent 

cell surface, NICD is cleaved by g-secretase enzyme enabling its translocation into the 

nucleus [62, 63]. Once in the nucleus, NCID can directly regulate Snai1 expression 

[64, 65] and can interact with Snail2 which in turn represses Cdh1 and epithelial gene 

expression facilitating the induction of EMT [66, 67] (Fig. 3B). Finally, in the presence 



General Introduction 
 

 8 

of Hedgehog (Hh) ligand binding to patched homolog (PTCH) membrane protein, 

PTCH activates Smoothened (Smo) protein which in turn activates glioma-associated 

oncogene (Gli) transcription factor [68-70] which can induce the expression of several 

genes such as PTCH, Wnt or Snai1 inducing EMT [71, 72]. Moreover, Hh signaling is 

also known to induce TGFb secretion in the tumor microenvironment [73] and induces 

JAG2 expression resulting in Notch signaling pathway activation through the 

translocation into the nucleus of NCID [74] (Fig. 3C).  

 

 

Figure 3. Wnt, Notch and Hedgehog signaling pathway in EMT.  
(A) Wnt ligand binds and activates its Frizzled receptor which triggers Dvl recruitment to promote 
APC-Axin-GSK-3b complex disassembly. b-catenin is dephosphorylated which allow its 
translocation and accumulation in the nucleus where it binds LEF transcription factors to induce 
EMT-associated gene expression and repress E-cadherin. (B) The intercellular interaction between 
JAG2 and Notch promotes the cleavage and release of Notch ICD (NICD) by g-secretases. NCID 
can directly regulate Snai1 expression and interacts with Snail2 to repress a range of epithelial-
associated gene expression as well as can stabilize b-catenin. (C) Upon binding with PTCH, Hh 
ligand activates Smo which promotes Gli transcription factor translocation and accumulation in the 
nucleus to induce a range of EMT-associated gene expression, as well as TGFb secretion, and 
Notch signaling pathway activation through JAGGED-2 expression.  
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1.1.2.5.   Microenvironmental hypoxic and inflammatory niches; induction of an EMT 
 

In the context of the microenvironment, intra-tumor hypoxia and deregulated 

angiogenesis have been linked to cancer progression as well as to an EMT through 

several different pathways. Cellular response to hypoxia is regulated by the hypoxia-

inducible factor 1-alpha (HIF1a) transcription factor, the master regulator of the 

hypoxic response [75]. Under normoxic conditions, HIF1a is sequestered by prolyl-4-

hydroxylase (PHD) enzymes which hydroxylates HIF1a. The transcription factor is 

then ubiquitylated by the pVHL (Von Hippel-Lindau tumor suppressor)-E3 ubiquitin 

ligase and earmarked for proteasomal degradation (Fig. 4A). Under hypoxic 

conditions, HIF1a is stabilized and binds to the hypoxia-responsive elements (HREs) 

Figure 4. Hypoxia and inflammation; microenvironmental stress inducing an EMT. 
(A) Under normoxic conditions, HIF1a is sequestered by PHD, hydroxylated and sent for 
proteasomal degradation. (B) Under hypoxic conditions, HIF1a is not hydroxylated by PHD anymore 
and is released to translocate into the nucleus inducing EMT-associated Twist1 and Lox gene 
expressions and activating TGFb pathway. Moreover, TGFb/Smad pathway is activated under 
hypoxia and inhibits PHD2 enzyme leading to HIF1a accumulation. Additionally, HIF1a stabilizes 
NICD leading to Notch pathway activation which induces an EMT. (C) Under inflammatory 
conditions, immune cells secrete pro-inflammatory cytokines, such as TNFa, IL6 and IL8 which 
activate the NF-kB signaling pathway. NF-kB is sequestered by IkBa which is inhibited by IKK upon 
pathway activation after ligand bindings to their receptors. NF-kB is released and translocates into 
the nucleus where it induces several EMT-associated transcription factor genes, as well as several 
inflammatory cytokine genes to maintain an inflammatory loop. 
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of the promoters and induces the expression of its target genes, including VEGF 

(vascular endothelial growth factor) or GLUT1 (glucose transporter 1). First, HIF1a 

has been shown to have a direct role in EMT through the binding to HREs found on 

the Twist1 promoter [24] and, thus, inducing a mesenchymal-like phenotype, as well 

as on the LOX promoter known to stabilize Snail1 [76]. Second, under hypoxic 

conditions, there is an activation of TGFb signaling [76] which downregulates PHD2 

expression via the canonical TGFb/Smad signaling pathway which in turn leads to 

HIF1a translocation and accumulation in the nucleus, and subsequent EMT. Finally, 

Notch signaling is also known to play a crucial role during an EMT under hypoxic 

conditions. Indeed, HIF1a can stabilize NICD after Notch-cleavage by g-secretases 

[74]. Thus, Notch can directly regulate Snai1 expression and can directly interact with 

Snail2 to repress epithelial-associated gene expression [66, 67] (Fig. 4B).  Additionally 

to hypoxia, microenvironmental inflammation can contribute to EMT. Indeed, immune 

cells secrete inflammatory cytokines, such as TNFa, IL6 or IL8. These inflammatory 

ligands bind their respective receptor activating the nuclear factor kappa-light-chain-

enhancer of activated B cell (NF-kB) transcription factor which mainly induces the 

expression of Snai1 as well as Zeb1 and Zeb2 [51, 77-80]. Briefly, NF-kB is formed 

by two heterodimers named RELA (p65 transcription factor) and p50 proteins. During 

normal conditions, NF-kB is sequestered in the cytosol by NF-kB inhibitor alpha (IkBa) 

inhibitory protein. Upon ligand bindings, IkBa is phosphorylated by IkB kinase (IKK) 

resulting in its ubiquitination and degradation by the proteasome. This leads to the 

translocation an accumulation of NF-kB in the nucleus targeting a range of genes 

encoding for inflammatory cytokines or EMT-associated transcription factors as 

describe above [51, 77-80]. Therefore, NF-kB transcriptional activity maintains the 

inflammatory signal by a loop, with the expression of genes encoding pro-inflammatory 

cytokines such as IL6, IL8, TNFa (Fig. 4C). 

 

Taken together, a vast number of various processes contribute to EMT-

induction with the involvement of transcriptional and post-transcriptional regulations, 

crosstalk between several pathways, and microenvironmental pressures, thus 

representing the remarkable regulation and mechanism of an EMT. Yet, as described 

in the next chapter, the cellular process of EMT also needs to maintain redox signaling 

homeostasis in conjunction with EMT-associated pathways.  



General Introduction 

   11 

1.2. Crosstalk between Reactive Oxygen Species and Epithelial-to 
Mesenchymal Transition-Associated Pathways 
 

EMT is a remarkable process implicating a range of different pathways and 

mechanisms overlapping with each other. In normal aerobic cells, as well as in cancer 

cells, reactive oxygen species (ROS) are formed as byproducts derived from oxygen 

consumption in diverse metabolic processes and play crucial roles in signaling 

pathway activation as well as in cell homeostasis. Indeed, ROS have been shown to 

be required for EMT, underlining their importance for EMT-related signaling pathway 

activation. On the other hand, EMT has been also described as producing high levels 

of ROS, and stress-induced ROS have also been shown to induce an EMT (Fig. 
5,6,7). So what comes first? 

 

1.2.1. ROS types and intracellular sources 
 

ROS are defined as oxygen-containing species with high reactive properties due to 

the high capacity of oxygen (O2) to accept electrons, and engaged in the transfer of 

electrons from reactive oxygen [81], therefore responsible for the oxidation of organic 

molecules due to their high oxidation state. These are molecules derived from oxygen 

consumption in diverse metabolic processes. These free radicals can be represented 

under different forms and are produced by a range of different intracellular sources. 

As first type of ROS, superoxide anions (O2-) have a short term life, are mainly 

produced by mitochondrial electron transport chains (ETC) [82] and represent the 

consequences of electron reactions with O2 [83, 84]. Moreover, O2- can also be 

produced by NADPH oxidase (NOX) enzymes located in cell and endoplasmic 

reticulum (ER) membranes [85]. As second type of ROS, hydrogen peroxide (H2O2) is 

the product of O2- dismutation by superoxide dismutase (SOD) enzymes and lives 

longer than O2- due to less reactivity. This type of ROS is mainly produced by the 

enzyme oxidoreductin 1 (Ero1) located in the ER during protein folding processes [86]. 

O2- and H2O2 are known to be moderately reactive and are not linked to high 

intracellular damage, but play an important role in cell signaling [87]. Indeed, most of 

ROS-induced damage is mediated by their reaction with iron. Through the Fenton 

reaction, H2O2 can react with ferrous cation (Fe2+) leading to hydroxyl radical (OH•) 

production [88]. Additionally, O2- mediates OH• production by reacting with ferric cation  
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(Fe3+). Therefore, accumulation of OH• can be damaging for the cells due to their high 

reactivity with cellular molecules such as polyunsaturated fatty acids (PUFAs) located 

in the cell membrane. OH• reacts with the double bonds of PUFAs, leading to the 

formation of lipid radicals (L•) which can in turn react with PUFAs in a cascade reaction 

generating lipid peroxides (LOOH). Moreover, lipid peroxides accumulation is 

associated with an iron-dependent form of cell death named ferroptosis [89] as 

described in the next chapter (Fig. 5).  

 

 

Figure 5. Cellular sources of ROS production. 
O2- are mainly produced by mitochondria due to their ETC or by NOX enzymes. O2- can diffuse 
through mitochondrial membrane and is converted by cellular SOD1 or mitochondrial SOD2 to H2O2. 
To avoid protein and DNA damage, H2O2 is mainly detoxified by Cat, PRDX and GPX enzymes to 
water. Due the Fenton reaction, H2O2 reacts with Fe2+ leading to OH• formation. Moreover, O2- can 
also reacts with Fe3+ producing OH• as well. This accumulation of OH• represents the start of lipid 
peroxidation; first, OH• reacts with the double bounds of PUFAs forming L• which can react with O2 
to produce LOO•. In a chain reaction, LOO• react with the double bound of PUFAs leading to L• 
formation and lipid peroxides (LOOH) accumulation. And the chain reaction continues… 
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1.2.2. General mechanism of ROS signaling 
 
A range of signaling pathways need ROS to be activated [90]. This mainly involves 

the generation of O2- through the assembly and activation of NOX complexes. Upon 

growth factor binding to its receptor, PI3K is activated and mediates the activation of 

the small Rho GTPase Rac1 activation which in turn induces NOX enzyme activation 

and a burst of ROS [91, 92]. This general mechanism seems to be NOX-dependent 

[93]. NOX enzymes generate O2- which is converted to H2O2 by extracellular SOD3 or 

cellular SOD1. H2O2 is then able to diffuse through the cell membrane or via 

aquaporins (AQPs) to facilitate its entry [94, 95], and becomes the main intracellular 

source of ROS. Once in the cytoplasm, H2O2 can regulate redox-sensitive targets by 

Figure 6. ROS and reversible oxidative protein modifications, mediators of cell signaling.  
(A) Upon growth factor binding to their respective RTK, PI3K induces Rac1 activation which 
mediates NOX enzyme assembly. By reacting with  extracellular O2, NOX enzymes generate O2-. 
O2- is then dismutated to H2O2 by extracellular SOD3 and pass through cell membrane by diffusion 
or by AQPs. H2O2 turns the major intracellular ROS and can modulates cell signaling by oxidatively 
modifying residue thiol groups. (B) Reversible oxidative modifications are crucial for cell signaling. 
They include CoAlation, disulfide bound formation, nitrosylation, glutathionylation and persulfidation. 
CoA and GSH thiol groups react with cysteine thiol group leading to CoAlation and glutathionylation 
reactions respectively which generate disulfide bound. NO can also react with cysteine thiol leading 
to nitrosylation reaction. Under mild oxidative conditions, H2O2 react with cysteine thiol leading to 
SOH and sulfinic acid formation SO2H. 
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modulating specific cysteine (Cys) residues containing thiol group (SH) (Fig. 6A). The 

effects of ROS is mediated via the degree of protein oxidation; mild level of oxidation 

can lead to reversible oxidative protein modifications (CoAlation [96, 97], disulfide 

bond formation, nitrosylation, glutathionylation [98], persulfidation and mild oxidation 

forming sulfenic acid and sulfinic acid), leading to changes in protein activity and in 

signaling pathways modulation, while high oxidation levels lead to cellular damage as 

described in the next chapter (Fig. 6B).  

 
1.2.3. EMT-associated pathways inducing ROS, ROS-induced EMT-pathway 
activation; what comes first? 
 

1.2.3.1.   Nox4 and mitochondrial ROS production via TGFb pathway activation, and 
their requirement for an EMT 
 

TGFb signaling underlies a vast amount of the cellular processes during EMT, as we 

described above. During the last decade, the involvement of ROS signaling during an 

EMT has been highlighted and several studies have shown that TGFb could mediate 

mitochondrial [99, 100] and intracellular ROS generation via NOX enzyme activity 

induction. Different mechanisms by which TGFb stimulates mitochondrial ROS 

generation have been proposed, including the decrease of complex IV [101] or by 

blocking complex III activities [102]. Moreover, TGFb triggers the expression of several 

NOX enzymes including NOX1, NOX2 and NOX4, in different cell types [103-117]. Of 

all NOX members, NOX4 is the one which has been the most studied, due to its 

constitutive activity and expression in a large type of cells [103, 107], and due to its 

location in different cell compartments including, ER [111, 118-120], perinuclear space 

[121], nucleus [111, 117, 122], and mitochondria [123-125]. A large number of studies 

have shown that TGFb regulates NOX4 expression via the involvement of several 

pathways including canonical TGFb/Smad [109, 110, 126-129], PI3K [112, 128], 

MAPK [130, 131] and RhoA/Rho-associated coiled-coil-containing protein kinase 1 

(ROCK) pathways [132]. Particularly, the Smad signaling pathway functions upstream 

of NOX4, and NOX4-mediated ROS are not involved in Smad pathway activation [109, 

127]. Moreover, the Jnk signaling pathway can also mediate TGFb-induced NOX4 

expression in human breast stromal cells. Importantly, ROS generated from different 

sources, including mitochondria and NOX enzymes, can mediate a TGFb-induced 
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EMT [126]. Finally, inhibiting NOX4, mitochondria functions or the Erk/MAPK pathway 

blocks TGFb-induced ROS generation as well as EMT, suggesting an important role 

of ROS in TGFb-induced EMT (Fig. 7).  

 

1.2.3.2.   Hypoxia-induced mitochondrial ROS generation and HIF1a stabilization 
  

Mitochondrial ROS generation plays important roles in cellular redox signaling. 

Paradoxically, hypoxia is well known to trigger ROS generation and release into the 

mitochondrial intermembrane space mediating cell signaling. Indeed, ROS levels 

decrease during hypoxia in the mitochondrial matrix, while increase when cells are 

hyperoxic [133, 134]. However, during hypoxia, ROS generation from the complex III 

increases in the mitochondrial intermembrane space [135, 136]. While the specific 

mechanism has not been described yet, this increase of ROS generation is likely due 

to O2- generation by complex III in the intermembrane space despite a low 

concentration of oxygen [137]. O2- can diffuse through the membrane [138] or is 

converted to H2O2 by mitochondrial SOD2 in the intermembrane space and then 

diffuse through the mitochondrial membrane via AQPs [94]. The inhibition of PHDs by 

H2O2 subsequently leads to the stabilization of HIF1a which in turn induces the 

expression of its target genes [139-141]. These observations highlight the crucial role 

of ROS in hypoxia which may also be a part of an EMT induction (Fig. 7).  

 

1.2.3.3.   TNFa-induced ROS generation and NF-kB stabilization  
 

Although it is clear that ROS are crucial for the TNFa/NF-kB signaling pathway, a 

debate is ongoing whether mitochondrial ROS is involved in NF-kB activation or 

inactivation [142]. However, TNFa/NF-kB pathway generates ROS upon TNFa 

binding to its receptor (TNFR) leading to NF-kB activation [143]. Briefly, TNF-induced 

ROS signaling occurs from NOX1/2 complexes or from the mitochondrial respiratory 

chain. TNFa binding to its receptor activates NOX1 or NOX2 complexes depending 

on cell type through the binding of TNFR to riboflavin kinase (RFK), and p22phox 

inducing NOX1/2 activation. Activated NOX1 or NOX2 then produce O2- which is 

converted to H2O2 by extracellular SOD3. After passing through the cell membrane, 

H2O2 represents the main intracellular source of ROS which in turn directly activates 
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NF-kB or indirectly by inhibiting IKK phosphatases. This ROS-mediated phosphatase 

inhibition by NOX enzymes or by mitochondria would lead to phosphorylation of IkB, 

triggering its degradation, and enabling NF-kB translocation and accumulation in the 

nucleus [143, 144] to target pro-inflammatory and EMT-associated genes as we 

described before, as well as induce NOX2 expression leading to an inflammatory 

feedback loop (Fig. 7).  
 

Figure 7. Central role of ROS in EMT-associated pathway regulation.  
Pathway activation is mainly triggered by NOX enzyme assembly and activation. NOX enzymes 
generate O2- which is extracellularly dismutated by SOD3 to H2O2. H2O2 enters the cell and targets 
redox-sensitive protein mediating cell signaling regulation. Upon TGFb binding to its receptor, Smad 
signaling induces NOX4 expression and activation. Via activating the PI3K pathway, growth factors 
trigger Rac1 functional activity which in turn leads to NOX enzymes assembly and activation. 
Moreover, MMP3 can mediate Rac1 induction. Under hypoxic conditions, complex III from 
mitochondrial ETC generates O2- in the intermembrane space which is dismutated to H2O2 by 
cellular SOD1 or mitochondrial SOD2. H2O2 subsequently inhibits PHDs leading to HIF1a protein 
stability and its translocation to the nucleus. Under inflammatory conditions, TNFa triggers NOX1 
or NOX2 assembly and activation via TNFR binding with RFK and p22phox. NOX enzymes 
generates O2- which is dismutated to H2O2 by extracellular SOD3. H2O2 subsequently inhibits IKK 
phosphatases, thereby activating IKK and leading to NF-kB release, translocation and accumulation 
in the nucleus. 
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1.2.3.4.   MMP3-Rac1-induced ROS generation  
 

MMPs play important roles in cancer cell invasion and metastasis formation as 

described in the previous chapter. Indeed, it has been shown that MMP3 itself can 

induce an EMT with a decrease and increase of epithelial and mesenchymal markers 

respectively, accompanied by increased invasiveness of the cells [145]. Moreover, 

MMP3 stimulates the expression and activation of the small Rho GTPase Rac1, 

important for cytoskeleton structural rearrangement and focal adhesion formation via 

modulating integrin signaling, leading to ROS generation, likely due to NOX enzyme 

activation as described above. Several reports have also shown that ROS can be 

generated by the integrin-Rac pathway, resulting in tumor cell migration and invasion 

[146, 147]. Interestingly, scavenging ROS induced by Rac1 inhibits MMP3-induced 

EMT, suggesting an important role of ROS in EMT induction, cell migration and 

invasion [145] (Fig. 7).  

 

 Taken together, ROS play crucial roles in cell signaling by targeting redox 

sensitive proteins. H2O2 represents the main ROS responsible for protein oxidation. 

While low H2O2 levels (1 – 10nM) are crucial in signaling via redox signaling, higher 

levels (>100nM) cause oxidative stress which is harmful for the cells leading to cellular 

damage and cell death. As described in this chapter, several microenvironmental 

stresses in primary tumors, such as hypoxia or inflammation, induce an EMT and 

generate ROS. However, if cells are chronically or acutely exposed to oxidative stress, 

they mediate high and toxic production of ROS. Thus, normal cells as well as cancer 

cells need to defend themselves against harmful ROS effects.  

 

1.3. Fighting against Oxidative Stress 
 

As described in the previous chapter, under mild oxidative conditions, ROS play an 

important role in cell signaling, for example by reversibly modifying cysteine thiol 

groups of proteins leading to changes in protein activity and, thus, to cell signaling 

modulation. However, under excessive oxidative conditions, ROS lead to deadly cell 

damage. Therefore, under oxidative stress-conditions in the primary tumor, such as 

hypoxia and inflammation, cancer cells also need to defend themselves against the 

harmful effects of ROS.  
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1.3.1. Oxidative stress damage 
 

1.3.1.1.   Oxidative stress consequences on DNA and proteins 
 

Briefly, O2- is generated mainly by both NOX enzymes and mitochondria due to their 

ETC. Subsequent O2- dismutation is performed by SOD enzymes forming H2O2 which 

can react through the Fenton reaction with Fe2+ leading to OH• formation. On the other 

hand, O2- can react with nitric oxide (NO) and Fe3+ leading to the formation of 

peroxynitrite anions (ONOO-), followed by OH• generation. Excessive OH• and ONOO- 

can mediate harmful cellular damage. First, DNA damage is mainly due to O2- (≈80%) 

and to lesser extent to ONOO-. As an example, 8-Oxo-2’-deoxyguanosine (8OHdG) 

[148], an oxidized form of guanine, represents the main oxidative DNA-damage 

product that can produce mutations which lead to G-T or G-A transversions if not 

repaired. To avoid mutations, oxidized bases are mainly repaired the DNA base 

excision repair (BER) mechanism. Moreover, ionizing radiation (IR) [149] as well as 

chemotherapies induce OH• generation which can then react with DNA [150, 151]. 

Additionally to formation of oxidized bases, ONOO- can induce single-strand breaks 

[152]. Second, ROS can also mediate oxidative stress-related protein damage leading 

to complete loss of protein function. As described in the previous chapter, mild 

oxidation mediated by H2O2 leads to sulfenic acid (SOH) formation by reacting with 

cysteine thiol, which can subsequently react with H2O2 to finally form sulfinic acid 

(SO2H) . However, if H2O2 excessively accumulates, it can react with SO2H leading to 

an irreversible protein modification by sulfonic acid (SO3H) formation. Moreover, 

ONOO- can also be harmful for proteins; by reacting with tyrosine (Tyr) residues, this 

leads to tyrosine nitration (Tyr-NO2). Both SO3H and Tyr-NO2 represent terminal 

oxidation states resulting in the complete loss of protein function [153] (Fig. 8).  

 

1.3.1.2   Lipid peroxidation accumulation: cell death by ferroptosis 
 
One final harmful effect of excessive oxidative stress is the accumulation of lipid 

peroxidation. Briefly, through the Fenton reaction, H2O2 reacts with Fe2+ leading to 

OH• formation [88], as well as by ONOO- degradation. OH• subsequently react with 

double bonds of PUFAs from plasma membrane forming L•, which in turn react with 

O2 leading to lipid peroxide radicals (LOO•) formation, followed by LOO• reaction with 
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double bonds of PUFAs triggering newly formed LOOH and regenerating L• in a 

propagation reaction. This excessive LOOH accumulation is followed by plasma 

membrane rupture and is associated with a non-apoptotic type of cell death known as 

ferroptosis [89, 154-156]. Ferroptosis is a regulated, iron- and oxidative stress-

dependent cell death and represents the failure of glutathione-dependent antioxidant 

defenses as described later. In order to protect the plasma membrane from this deadly 

chain reaction, cells express glutathione peroxidase 4 (GPX4) enzymes to prevent 

LOOH accumulation by using reduced glutathione (GSH) to convert them in stable 

Figure 8. Free radical toxicity.  
The main sources of ROS are known as NOX enzymes as well as mitochondria. These sources first 
generate O2- which can react with NO and Fe3+ leading to ONOO- generation. ONOO- are known to 
lead to double-strand breaks in the DNA, therefore being carcinogenic, and generate nitration 
reaction on protein tyrosine residues triggering loss of protein function. Furthermore, ONOO- 
degradation forms OH• which mediate DNA base oxidation (8OHdG), therefore displaying a 
carcinogenic effect. On the other hand, O2- can be dismutated to H2O2 by SOD enzymes.  H2O2 can 
be detoxified by GPX, PRDX and Cat enzymes, and is also able to modify reversibly proteins forming 
SOH and SO2H. However, further modifications by H2O2 on SO2H lead to the irreversible protein 
modification SO3H which in turn triggers loss of protein function. Moreover, through the Fenton 
reaction, H2O2 leads to the production of OH• reacting with PUFAs of the cell membrane, mediating 
L• formation which subsequently react with O2 triggering LOO• formation. In a chain reaction 
manner, LOO• again react with PUFAs regenerating L• and forming LOOH. LOOH accumulation 
leads to the cell death by ferroptosis, caused by plasma membrane rupture, which can be prevented 
by GPX enzymes using as substrate reduced GSH to produce stable LOH. Oxidized GSSG is then 
regenerated by reduced NADPH mainly supplied by PPP/G6PD.  
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lipid alcohols (LOH) [157-159]. Ferroptosis can be induced through extrinsic or intrinsic 

pathways. The extrinsic pathways involves the inhibition of cystine/glutamate 

transporters, known as xCT/Xc-complexes, which play a crucial role in GSH synthesis 

[158-161]. The intrinsic pathway involves the blockade of GPX4 or other intracellular 

enzyme activity leading to LOOH accumulation or glutathione depletion respectively. 

Furthermore, ferroptosis can be prevented by using lipophilic antioxidants such as 

Ferrostatin-1 (Fer-1) or Liproxstatin-1 [162], or by iron chelators such as deferoxamine 

(DFO). However, the initiating enzymes of ferroptosis have not been identified yet, 

although this type of cell death does neither involve caspases (markers of apoptosis) 

nor mixed lineage kinase domain-like pseudokinase (MLKL; marker of necrosis) (Fig. 
8).  

 

1.3.2. Antioxidant machinery 
 

Cells can be exposed to a variety of oxidative stress-inducing agents and conditions. 

Indeed, ultra-violets (UV), IRs, chemotherapies, tobacco, xenobiotics, heavy metals, 

as well as inflammation and hypoxia in the primary tumor are known to induce the 

generation of high levels of free radicals. Therefore, to avoid any cellular damage 

which can lead to cell death, cells also need to constantly defend themselves against 

harmful effects of oxidative stress. To detoxify free radicals, cells developed a range 

of antioxidant strategies as follows (Fig. 8,9,10).  

 

1.3.3.1.   ROS-detoxifying enzymes 
 

 To counteract toxic and lethal oxidative stress effects, cells have developed a range 

of different antioxidants strategies for all kinds of free radicals. Here we describe the 

main ROS-detoxifying and antioxidant enzymes, as well as their cellular or 

extracellular locations. As described above, O2- is the first produced free radical which 

can be mainly generated by NOX enzymes as well as by mitochondria. To allow its 

detoxification, cells display SOD enzymes which are available in three different 

isoforms in human cells: Cu/ZnSOD (cellular SOD1) , Mn/SOD (mitochondrial SOD2) 

and EC-SOD (extracellular SOD 3) [163-166]. The catalytic reaction of SOD enzymes 

involves in the dismutation of O2- to H2O2:     2 O2- + 2 H+ è H2O2 + O2 
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Once O2- is converted to H2O2 by SOD enzymes, H2O2 is decomposed to H2O by 

catalases (Cat) [167-169] which localizes in peroxisomes as well as in the cellular 

cytosolic fraction. Catalase plays crucial roles during the adaptive cell response upon 

oxidative stress by performing the following catalytic reaction:    2 H2O2 è O2 + 2 H2O 

Additionally to catalase, cells express glutathione peroxidases (GPXs) which use 

reduced glutathione (GSH) as substrate to catalyze the reduction of H2O2 or organic 

peroxides (lipid peroxides as example) to stable organic alcohols and water [170]. 

GPX enzymes are classified into two groups depending on the presence of selenium 

in the catalytic site [171]. The group containing selenium is able to decompose H2O2 

to water via the following catalytic reaction:     H2O2 + 2 GSH è GSSG + 2 H2O 

The GPX group without selenium is only able to catalyze the following reaction on 

organic peroxides:     ROOH + 2 GSH è GSSG + ROH + H2O 

The GPX super family as well as its substrate GSH are critical to avoid cellular 

damage. GPX enzymes were identified as eight different isoforms in human cells. 

GPX1 is the most ubiquitous and abundant isoform and contains selenium. GPX4,7 

and 8 are the most conserved isoforms shared with invertebrates and protozoa and 

GPX4, as well as GSH, are crucial to avoid lipid peroxidation as described later [172, 

173]. Therefore, the interplay between SOD, Cat and GPX enzymes is critical to avoid 

toxic OH• and ONOO- generation in order to prevent cell damage (Fig. 8). Moreover, 

other antioxidant enzyme families such as peroxiredoxins (PRDXs) [174], thioredoxins 

(TRXs), thioredoxin reductases (TRXRs) or glutathione reductases (GSRs) are critical 

to keep a good coordination and synchronization between all cellular redox enzymes 

as electron donors and acceptors [175-179].  

 

1.3.3.2   Glutathione synthesis, use and recycling; crucial role in ferroptosis prevention 
 

Glutathione is the smallest peptide that we can find in the cells. It is a tripeptide 

constituted by three amino-acids (cysteine, glycine and glutamic acid) found in high 

concentration in most cells (between 0.5 and 10mM) which underlines its importance. 

Indeed, it represents the most important antioxidant in our cells and plays a crucial 

role in the protection against ROS, redox signaling, cell signaling and xenobiotic 

metabolism [180-185]. Glutathione can exist as reduced (GSH) and oxidized (GSSG) 

the latter being two reduced glutathione molecules connected by a Cys-Cys disulfide 

bridge. As described in the previous chapter, glutathione can participate in cell 
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signaling by modifying proteins through the glutathionylation reaction [98], and is 

involved in xenobiotic metabolism implicating glutathione S-transferases (GSTs) 

which catalyze glutathione conjugation to lipophilic xenobiotics to facilitate their 

excretion [186]. Moreover, GSH participates in cell protection through its reaction with 

H2O2, with organic peroxides or with free radicals. GSH can neutralize ROS by 

converting them to water or stable organic alcohol: 

2 GSH + H2O2 è GSSG + 2 H2O 
2 GSH + ROOH è GSSG + ROH + H2O 
2 GSH + 2 R• è GSSG + 2 RH 
As antioxidant defense, GSH is used as co-substrate by GPX enzymes to allow 

catalytic reactions. Therefore, its synthesis is crucial to protect the cells against 

oxidative damage and is determined by three limiting factors; the presence of the 

amino-acid cysteine [187] whose dimer precursor cystine is imported by the xCT/Xc- 

complex located at the cell membrane (encoded by Slc7a11) or its synthesis via the 

transsulfuration pathway from amino-acid methionine [188-190], the glutamate-

cysteine ligase (GCL) enzyme activity composed by two subunits named GCLC and 

GCLM, which is the rate limiting enzyme in the synthesis of GSH [191-195], and the 

recycling of GSSG into GSH when cells are exposed to oxidative stress [187]. Briefly, 

as first step of the GSH synthesis process, xCT imports cystine [188-190], a cysteine 

dimer, which is reduced into two cysteine residues by NADPH. GCL allows the 

reaction between cysteine and glutamate [196] forming g-glutamylcysteine [191-195]. 

Finally, the glutathione synthetase (GSS) performs the catalytic reaction between g-

glutamylcysteine and glycine [197, 198] to form reduced glutathione (GSH) [199]. 

Additionally, the transsulfuration pathway can also play a role in the supply of cysteine 

residues from the methionine cycle. As previously mentioned, OH• and ONOO- can 

mediate LOOH accumulation which is associated with the non-apoptotic type of cell 

death, called ferroptosis. However, cells have developed a prevention mechanism to 

avoid LOOH formation leading to plasma membrane rupture. GPX4 is one of the most 

conserved isoform from the GPX super family [170], and is bound to the cell 

membrane. Upon high stress conditions, OH• highly react with PUFAs forming L•. By 

reacting with O2, L• generate LOO• which again react with PUFAs generating newly 

formed LOOH and L• in a chain reaction. To counteract this lethal effect, GPX4 

converts LOOH to stable LOH by using GSH as substrate, oxidizing GSH to GSSG, 



General Introduction 

   23 

and thus, breaking the chain reaction and avoiding ferroptosis. In fact, GSH 

metabolism is one of the most essential antioxidative defense mechanisms in cells 

[182-185]. GSSG can be reduced back to GSH by the enzyme GSH reductase (GSR) 

using NADPH as substrate [187]. GSH recycling prevents the depletion of cellular 

thiols and play a pivotal role as antioxidant mechanism. Moreover, NADP+ also needs 

to be regenerated by the rate-controlling glucose-6-phosphate dehydrogenase 

(G6PD) of the pentose phosphate pathway (PPP) [200-202]. Overall, depleting the 

cells of glutathione via xCT antiporter or GCL inhibitions, upon Erastin (Era) or L-

buthionine sulfoximine (BSO) treatments respectively, lead to ferroptosis [89, 154, 

Figure 9. GSH homeostasis and its use by GPX4 to prevent LOOH accumulation and 
ferroptosis. 
GSH synthesis is mainly initiated by xCT antiporter with cystine uptake. Cystine residue is converted 
to two cysteine amino-acids. On the other hand, methionine cycle also plays a role in cysteine supply 
by producing homocysteine which in turn is catalyzed by CBS and CGL enzymes to cysteine. GCL 
enzyme performs the reaction between cysteine and glutamate amino-acids forming g-
glutamylcysteine. Subsequent reaction between g-glutamylcysteine and glycine by GSS enzyme 
leads to final GSH synthesis. BSO and Era can deplete cells from GSH by inhibiting GCL enzyme 
and cXT complex, respectively. High levels of OH• leads to LOOH accumulation after reacting with 
PUFAs from the plasma membrane. By using reduced GSH as substrate, GPX4 prevents LOOH 
accumulation, and thus ferroptosis, leading to stable LOH and oxidized GSSG generation. GSSG 
is reduced back to GSH by GSR enzyme using NADPH as substrate which is in turn regenerated 
through the PPP/G6PD pathway. 
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155, 157, 162, 203, 204]. Therefore, ferroptosis represents the failure of glutathione-

dependent antioxidant defense (Fig. 8,9). 

 

1.3.3.3.   Nrf2, master regulator of the antioxidant response 
 

Since more than twenty years after its discovery, the transcription factor nuclear 

erythroid 2-related factor (Nrf2/Nfe2l2) is known and still considered as the “master 

regulator of the antioxidant response”. Nrf2 is a cap’n’collar (CNC), leucine zipper 

(bZIP) transcription factor composed of seven Nrf2-Ech (Neh) domains. Nrf2 

regulation is mediated on its protein level. Under unstressed conditions, Nfr2 levels 

are low, because it is degraded by the proteasome. To perform Nrf2 regulation and 

degradation, three E3 ubiquitin ligase complexes control Nrf2 ubiquitylation, and thus, 

its proteasomal degradation; KEAP1-Cul3-Rbx1, the main regulatory complex, b-

TrCP-Skp1-Cul1-Rbx1, and Hrd1 [205]. Nrf2 controls the expression of more than 200 

genes which contain antioxidant response elements (AREs) (Nqo1, Slc7a11, Gclc, 

Gclm, PRDX, TRX…) in their promoters by forming heterodimers with small MAF 

proteins (sMAFs) [206]. Thus, Nrf2 mainly targets and controls the expression of 

genes implicated in the antioxidant defense and redox homeostasis, xenobiotic 

metabolism and excretion, iron metabolism, autophagy, proteasome, survival, 

proliferation, DNA repair and mitochondrial physiology [207, 208]. As first main 

regulatory mechanisms, the Kelch ECH-associated protein 1 (KEAP1) is the adaptor 

protein for a cullin 3 (CUL3)-containing E3 ubiquitin ligase, where its binds CUL3 

through its N-terminal domain serving as scaffold for the E3 ligase Rbx1 [209, 210]. 

Via its C-terminal domain, KEAP1 is able to bind to Nrf2 Neh2 domains [211-213]. 

Under oxidative stress conditions and as canonical pathway, electrophiles and ROS 

influence several KEAP1 cysteine sensors, in particular cysteine 151 (C151), which 

results in a change of KEAP1 conformation, and, thus, a destabilization of Nrf2-KEAP1 

interactions [214-216]. Therefore, newly synthetized Nrf2 can accumulate and 

translocate into the nucleus to bind and activate its target genes. As non-canonical 

pathway, KEAP1 can be regulated by the autophagy protein p62 [217, 218]. As 

scaffold protein, p62 competes with Nrf2 for KEAP1 binding and is able to sequester 

KEAP1 into the autophagosome [219-221]. As a result, Nrf2 is released from Keap1 

binding. The non-canonical pathway is often activated upon autophagy blockade 

which results in the accumulation of p62-KEAP1 complexes [217, 222] (Fig. 10A). As 
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second regulatory mechanism, the F-box/WD repeat-containing protein 1A (b-TrCP) 

adaptor protein can recognize redox-insensitive Neh6 domain of Nrf2 [223] which is 

phosphorylated by GSK-3b and then recognized by b-TrCP [224-226]. Via its F-box 

motif, b-TrCP is able to bind the Skp1-Cul1-Rbx1 E3 ligase complex leading to Nrf2 

ubiquitylation and its proteasomal degradation (Fig. 10B). Finally, as third known 

regulatory mechanism, the protein synoviolin ERAD-associated E3 ubiquitin-protein 

liagse Hrd1 (Hrd1), an ER membrane-associated E3 ubiquitin ligase, is able to bind 

Nrf2 Neh4-5 domains [227]. This Nrf2 regulatory mechanism has been associated to 

cirrhotic livers which are characterized by ER stress [228] (Fig. 10C). 

 

Figure 10. Nrf2 regulatory mechanisms by E3 ligases.  
(A) As a dimer, KEAP1 adaptor protein binds Nrf2 via its C-terminal Kelch domain and binds CUL3 
via its N-terminal domain. Under normal homeostasis conditions, the canonical KEAP1-Nrf2 
pathway is activated where KEAP1 binds Nrf2 which is ubiquitinylated and sent for proteasomal 
degradation. Under oxidative stress conditions, KEAP1 cysteine sensors are modified leading to a 
change of KEAP1 conformation resulting in Nrf2 release and nucleus translocation. Upon autophagy 
dysregulation, the non-canonical KEAP1-Nrf2 pathway is activated; p62 sequesters KEAP1 as 
cargo sending it for autophagosome degradation. As a result, newly synthetized Nrf2 can 
accumulate and translocate into the nucleus. (B) GSK-3b can phosphorylate Nrf2 Neh6 domain 
which is recognized by b-TrCP adaptor protein bound to Skp1-CUL1-Rbx1 E3 ligase complex. In 
turn, Nrf2 is ubiquitinylated and sent for proteasomal degradation. (C) Under ER stress, the ER 
membrane-associated E3 ligase known as Hrd1 can mediate Nrf2 proteasomal degradation.  

Plasma membrane

Nuclear envelope

DNA

B
β-TrCP-dependent

regulation

C
Hrd1-dependent

regulation

A
KEAP1-dependent

regulations

Nrf2 Nrf2 Nrf2

ARE

Nrf2 sMAF

C
ul3

Rbx1

KEAP1
KEAP1

ROS

p62

KEAP1
p62

Autophagosome

C
ul1

Rbx1

Skp1

β-
Tr

C
P

GSK-3β

ER
STRESS

Hrd1

Antioxidant defenses
Glutathione synthesis

Redox homeostasis
Xenobiotic metabolism

Iron metabolism

Antioxidant defenses
Glutathione synthesis
Redox homeostasis
Xenobiotic metabolism
Iron metabolism



General Introduction 
 

 26 

1.3.3. Complex interplay between ROS and antioxidants in cancer 
 

1.3.3.1.   Protective role of antioxidants against ROS-induced tumor initiation 
 
A range of exogenous stresses can lead to toxic ROS generation such as heavy 

metals, UVs, IRs, drugs, tobacco smoke, alcohol and xenobiotics, and are also known 

to display a carcinogenic effect. ROS are known to induce DNA damage through the 

generation of oxidized bases (8OHdG as example) and single-strand breaks as 

described previously [148]. Therefore, repair systems of oxidized bases and breaks 

can generate errors leading to mutagenesis, and thus, inducing tumor initiation [229]. 

As described along these chapters, the effect of ROS on tumor promotion is really 

complex and relies on ROS amount, duration and localization. Through ROS 

detoxification, exogenous as well as endogenous antioxidants have been shown to 

prevent carcinogenic outcome. Indeed, several glutathione S-transferases (GST) 

[230-233] as well as GPX enzymes [234, 235] have been shown to protect against 

ROS-induced tumor initiation in different models, and antioxidant treatments decrease 

cell proliferation and tumor growth. Along this line, reducing the expression of several 

antioxidant enzymes, such as SOD or PRDX enzymes, leads to increased DNA 

damage as well as to tumor incidence [236-240]. Moreover, oxidized base 

accumulation in the DNA can spontaneously promote tumor initiation upon loss of 

OGG1 repairing 8OHdG in DNA [229]. Recently, GSH has been also shown to limit 

DNA damage, and its depletion could lead to aggressive tumor malignancy with 

advanced tumor progression [241]. Exogenous antioxidants are widely used to study 

the effect of ROS production on cancer. Globally, the most used exogenous 

antioxidant is known as N-acetyl cysteine (NAC). Supporting previous studies, NAC 

treatment of mice prevents oxidized DNA and mutations [242], as well as blocks HIF1a 

stabilization [243]. Taken together, several lines of evidence pinpoint the importance 

of the endogenous antioxidant machinery in the prevention of tumor initiation.  

 

1.3.3.2.   Cancer cell reliance on ROS detoxification for tumor progression  
 

During cancer progression, cells increase metabolism of mitochondria [244], protein 

translation, and, thus, leading to increased ROS production. Furthermore, cancer cells 

are exposed to stressful conditions due to the tumor microenvironment. Notably, 
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hypoxic and inflammatory niches have been shown to induce toxic and harmful ROS 

production. Therefore, cancer cells need to rely on endogenous antioxidants such as 

GSH [241, 245-247] to maintain the redox balance and survive [248, 249]. In this line, 

therapy-resistant cancer cells are specifically sensitive to ferroptosis upon depletion 

of GSH, further highlighting their reliance on antioxidants [157, 250-252]. Additionally, 

elevated expression of several PRDX enzymes in malignant tissues suggests a better 

tumor survival, as well as accelerates tumor progression [253-255]. As described, 

NAC has been shown to limit mutagenic events as well as [242]. However, NAC-

treated patients did not show any benefit, suggesting that cancer cells rely on a 

number of antioxidants [256]. Moreover, NAC would rather promote initiation, 

progression and metastasis in cancer models [257-259]. Similarly, vitamin E is known 

to have an antitumor effect [260]. However, as it has been observed with NAC-treated 

patients, vitamin E supplementation did not cure high rates of prostate cancer patients, 

increased cancer incidence  and promoted lung tumor and melanoma growth [257, 

258, 261-263]. Furthermore, vitamin E can prevent lipid peroxidation, and, thus, 

ferroptosis [154, 157]. NADPH is known to regenerate GSH and TXN antioxidant 

systems. Additionally, NADP+ also needs to be regenerated. This process is 

performed by the rate-controlling enzyme G6PG of the PPP to generate NADPH [200-

202]. Notably, several studies highlighted the importance of NADPH generation in 

cancer [264, 265] and patients displaying a deficiency for G6PD show a lower risk for 

colorectal cancer [266]. Similarly, upregulation of G6PD is associated with EMT 

induction in hepatocellular carcinoma [267]. However, there is a lack of knowledge 

regarding the interplay between NADPH and tumorigenesis. During the past years, 

many studies have shown the “dark” side of Nrf2. While protecting our cells from 

exogenous stress-generated ROS (UVs, xenobiotics, heavy metals…), Nrf2 has been 

also shown to promote cancer progression, as well as to protect the cells against 

chemo- and radiotherapies by regulating a range of antioxidant-related pathways [198, 

268-274]. Therefore, we have to consider that Nrf2 and antioxidant defenses may be 

protective for metastatic cancer cells [257-259, 275-278] and that redox pathways may 

play different roles depending on the different stages of cancer. 

 

 Taken together, several lines of evidence suggest a role of ROS in tumor 

initiation by mediating the formation of oxidized bases formation and, thus, by 

triggering mutagenesis. Therefore, the protective role of antioxidants is crucial for the 
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prevention of preliminary carcinogenic events. However, transformed cells increase a 

number of cellular processes, including changes in metabolism and protein translation, 

which can lead to an increase in ROS generation. The role of ROS in cancer is rather 

complex and inconsistent. By decreasing ROS levels, it would be logical that 

antioxidants protect cells against oxidative damage and, thus, cancer incidence. 

However, therapies supplemented with antioxidant treatment have not shown any 

beneficial effects, they have rather indicated an increase of cancer risk and 

metastasis. This conflicting observation may be based on the unique metabolic 

activities of cancer cells that are locked in a permanent state of oxidative stress. 

Moreover, we also have to consider that ROS may exert different roles during the 

various stages of tumorigenesis from cancer initiation, primary tumor growth and 

metastatic progression. Further work is warranted to determine whether antioxidants 

pathways can be therapeutically targeted to prevent tumor initiation without “helping” 

cancer cells to survive at advanced cancer stages where cancer cell survival may rely 

on antioxidant pathways.  
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2. Aims of this Study 
 
 EMT is a process whereby primary tumor cells dedifferentiate and acquire 

migratory and invasive capabilities associated with tumor progression, metastasis and 

resistance to therapies. Moreover, we do know that the tumor microenvironment plays 

a crucial role in tumor progression. Metastasis is a process whereby genetic and 

epigenetic aberration of primary tumor cells causes high tumor cell heterogeneity and, 

together with impacts by the tumor microenvironment, eventually leads to the selection 

of metastatic clones which disseminate to distant sites. Notably, hypoxic and 

inflammatory niches can induce an EMT, which frequently is coupled to the production 

of toxic ROS. However, the interplay between ROS and EMT is poorly understood. 

Emerging lines of evidence indicate that cancer cells also need to defend themselves 

against oxidative damage in order to survive and successfully spread at a distance. 

From this, one may hypothesize that metastasis represents a strategy for cancer cells 

to avoid oxidative damage and to escape from the excess of ROS in the primary tumor, 

explaining why redox signaling pathway are often upregulated in malignancy and 

metastasis.  

 

 With my Ph.D. work, I have aimed to identify antioxidant pathways implicated 

during an EMT. To this end, I performed a long-term H2O2 treatment of breast cancer 

epithelial cells to force them to mount an antioxidant response and develop stable 

resistance to oxidative stress. Once resistant against this oxidative stress, cells were 

subjected to RNA-sequencing followed by computational analysis in order to identify 

activated antioxidant pathways and enzymes in H2O2-resistant cells.  

 

 With my Ph.D. thesis work I addressed the following specific questions: 

• To which extent are ROS required for the cellular process of EMT? 

• Does long-term oxidative stress in breast cancer epithelial cell contribute to an 

EMT and metastasis  formation? 

• What are the implicated antioxidant pathways and enzymes triggering cell 

survival during an EMT?
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3. Results 
 
Nrf2-mediated glutathione pathways protect mesenchymal, 

metastatic breast cancer cells from ferroptosis 
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3.1. Abstract 
 
Epithelial-mesenchymal transition (EMT) as well as oxidative stress and the 

generation of reactive oxygen species (ROS) are known to play a crucial role in the 

induction of tumor invasion and metastasis formation, implicating that metastatic cells 

require a strategy to overcome oxidative stress while disseminating and seeding 

metastatic lesions in distant organs. We explored the crosstalk between ROS and 

EMT in breast cancer cells and found an antioxidant response during the process of 

EMT. Gene expression analysis and functional experimentation revealed that 

mesenchymal but not epithelial breast cancer cells critically relied on the activity of the 

antioxidant transcription factor Nrf2. In mesenchymal breast cancer cells, Nrf2 induced 

the expression of genes underlying glutathione synthesis and function and caused an 

addiction to glutathione of mesenchymal breast cancer cells. The ablation of Nrf2 and 

the inhibition of glutathione synthesis led to mesenchymal cancer cell death from 

ferroptosis and to a decrease in lung metastasis formation in a xenograft 

transplantation mouse model of breast cancer. The results suggest a critical role of 

the Nrf2-mediated glutathione metabolism in the protection of metastatic breast cancer 

cells from ferroptosis. Therapeutic targeting of antioxidant pathways may thus be 

beneficial for patients with metastatic disease. 
 

3.2. Introduction 
 
The metastatic dissemination of breast cancer cells from the primary tumor to distant 

organs in the body is the predominant cause of death of breast cancer patients [279, 

280]. Epithelial-mesenchymal transition (EMT), a process critical for many stages of 

embryonic development, enables cancer cell dissociation from the primary tumor, their 

migration and invasion into the surrounding tissue and their intravasation into blood 

vessels to spread to distant sites [4, 281-284]. However, the implication of an EMT in 

the actual formation of metastatic lesions is still under debate [282, 285-287]. 

Metastasis is a process whereby genetic and epigenetic aberrations in primary 

tumor cells causes high tumor cell heterogeneity and, together with impacts by the 

tumor microenvironment, eventually leads to the selection of metastatic clones which 

disseminate to distant sites. EMT, mainly induced by factors of the tumor 

microenvironment, has been shown to play a critical role for cancer cells to 
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dedifferentiate and lose their epithelial cell-cell adhesion capabilities, to become 

migratory and leave the primary tumor, and to invade into the surrounding tissue [288-

292]. Notably, hypoxic and inflammatory niches can induce an EMT, which frequently 

is coupled to the production of toxic reactive oxygen species (ROS) [293-298]. 

However, the interplay between ROS and EMT is poorly understood.  

ROS are defined as chemical compounds containing oxygen and/or radical 

groups with high chemical reactivity which are often derived from oxygen consumption 

in metabolic processes. Their critical role in various biological processes and 

molecular pathways certainly has attracted specific attention in the etiology of a variety 

of disease [299]. One harmful effect of ROS is the oxidative degradation of lipids, also 

called lipid peroxidation. In this process, free radicals react with the double-bonds of 

polyunsaturated fatty acids (PUFAs) in membrane lipids, resulting in cell membrane 

damage, which in turn can lead to an iron- and oxidative stress-dependent cell death 

called ferroptosis [89, 154-156, 160]. One of the core regulatory components of 

combating ferroptosis is Slc7A11 (encoded by the gene Slc7A11), one component of 

the heterodimeric cystine-glutamate antiporter known as system xc- or xCT. It imports 

cystine for the synthesis of the anti-oxidant peptide glutathione (GSH). GSH then is 

used as a substrate of phospholipid-hydroxyperoxide-glutathione-peroxidase (Gpx4) 

to catalyze the detoxification of phospholipid hydroperoxides [158, 159]. Small 

pharmacological inhibitors, such as the Gpx4 inhibitor RSL3 and the xCT inhibitor 

Erastin, are widely used for the induction of ferroptosis [158-161]. 

Many cellular survival strategies and regulatory circuits exist to overcome the 

harmful impact of ROS, mainly by the activation of antioxidant pathways and 

processes. Several of these pathways are mastered by the activation of the 

transcription factor nuclear factor-erythroid 2-related factor 2 (Nrf2; encoded by 

Nfe2l2), considered as the “master regulator of the antioxidant response”. It controls 

the transcription of genes encoding for a large variety of stress-responsive and 

antioxidant enzymes and factors, including enzymes underlying the GSH synthesis 

pathway and various other antioxidant enzymes, such as NAD(P)H dehydrogenase 

(quinone 1) (encoded by Nqo1)  [300-306]. During normal cellular homeostasis, Nrf2 

is located in the cytoplasm and interacts with Kelch-like ECH-associated protein 1 

(KEAP1), an E3 ligase, leading to Nrf2 ubiquitination and, thus, to its degradation. 

However, under oxidative stress conditions, Nrf2 activation occurs via an electrophile 

reaction on two cysteine amino-acids of KEAP1, leading to a conformal change which 
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in turn results in a weaker interaction between Nrf2 and KEAP1. Additionally, ROS can 

activate several kinases which have the ability to phosphorylate Nrf2, thus weakening 

Nrf2-KEAP1 interactions. Nrf2 protein can then accumulate in the cytoplasm, 

translocate into the nucleus, and in conjunction with small Maf proteins (sMafs) bind 

target gene promoters via antioxidant response element (ARE) binding sites [300-

307]. 

The role of ROS in cancer is rather complex and inconsistent [259, 308-311]. 

By decreasing ROS levels, it would be logical that antioxidants protect cells against oxidative 

damage and thus cancer incidence. However, therapies supplemented with antioxidant 

treatment have not shown beneficial effects, they have rather indicated an increase of cancer 

risk and metastasis [259, 310, 311]. This conflicting observation may be based on the 

unique metabolic activities of cancer cells that are locked in a permanent state of 

oxidative stress [99, 311]. Moreover, we also have to consider that ROS may exert 

different roles during the various stages of tumorigenesis from cancer initiation, 

primary tumor growth and metastatic progression. Emerging evidence indicates that 

cancer cells also need to defend themselves against oxidative damage in order to 

survive the blood stream and to successfully spread to distant organs [159, 312, 313]. 

In fact, it is possible that metastatic dissemination of cancer cells represents a strategy 

to avoid oxidative damage and to escape from the excess of ROS in primary tumors. 

 Here we set out to delineate the role of ROS and antioxidant pathways 

reducing ROS during EMT and metastasis formation in breast cancer cells. We report 

that mesenchymal metastatic breast cancer cells, but not epithelial breast cancer cells, 

are sensitized toward cell death by ferroptosis via the inhibition of Nrf2-induced GSH 

pathways. Ablation of Nrf2 as well as the inhibition of glutathione synthesis, via 

targeting the xCT complex or the GSH synthesis enzyme GCL, trigger the 

accumulation of intracellular ROS which in turn leads to cell death by ferroptosis in 

vitro and to a decrease of tumor growth and metastasis formation in vivo. Hence, 

therapeutic targeting of antioxidant pathways may be beneficial for patients with 

metastatic breast cancer. 
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3.3. Results 
 

3.3.1. Full mesenchymal breast cancer cells display an antioxidant response 
 
To assess the role of ROS during EMT, we used Py2T and PyMT-1099 murine 

epithelial breast cancer cell lines, derived from mammary tumors of MMTV-PyMT 

transgenic mice.  These cells undergo a robust and reversible EMT upon treatment 

with TGFb [314, 315]. Upon 20 days of TGFb treatment, these cells reach a full EMT, 

referred to as Py2T-LT and PyMT-1099-LT (LT for long-term treatment). The cells then 

acquire a mesenchymal cell phenotype, with the loss of epithelial markers, cell-cell 

contacts and basal-apical polarity, and gain the expression of mesenchymal markers, 

the capacity to remodel the extracellular matrix (ECM), migrate and invade. As third 

cellular model, we employed MTflEcad (here referred to as LN) murine epithelial 

breast cancer cells derived from a mammary tumor of MMTV-Neu transgenic mice 

[316], carrying floxed alleles of the E-cadherin gene (Cdh1). Upon adenoviral 

expression of Cre-recombinase, these cells lost the expression of E-cadherin and 

display a stable and irreversible mesenchymal phenotype (MT∆Ecad, here referred to 

as DLN). 

It has been well described that TGFβ induces ROS production [99, 126, 317] 

and, to determine the levels of ROS in the context of TGFb-induced EMT, PyMT-1099 

breast cancer epithelial cells were treated with TGFβ over 10 days and cellular ROS 

levels were determined (Fig. 1a). ROS levels increased upon TGFβ treatment, with 

the highest levels after 4 days of TGFb treatment. After 7 days of TGFb treatment, 

cells seemed to acquire an antioxidant response by decreasing the high levels of ROS, 

with levels in mesenchymal PyMT-1099-LT comparing to the basal levels found in 

epithelial PyMT-1099 cells. In contrast, epithelial Py2T cells displayed a strong 

antioxidant response already after 24 hours of TGFβ treatment (Fig. 1b). The faster 

adaptation to TGFb-induced ROS generation is likely due the fact that these cells are 

already in stage II of EMT and do no more represent bona fide epithelial cells [314]. 

Increased levels of ROS in mesenchymal cells as compared to epithelial cells were 

also observed when comparing ∆LN cells with their LN epithelial counterpart cells (Fig. 
1c), also indicating that the reduced levels of ROS are not necessarily dependent on 

an induction of EMT by TGFb. These results suggest that a detoxification of ROS 

occurs during EMT.  
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Figure 1. Oxidative stress is decreased during EMT.  
(a-c) Quantification of ROS levels during TGFb-induced EMT in PyMT-1099 cells (a; n=3) and in 
Py2T cells (b; n=3), and in LN epithelial cells compared to ∆LN mesenchymal cells (c; n=4) Mean 
fluorescence intensity (MFI) is normalized to epithelial cell MFI for each EMT model.  
(d) ROS-induced DNA damage is decreased with EMT. Immunofluorescence staining for 8OHdG 
(red) and nuclear staining with DAPI (blue) of Py2T cells before EMT and after long-term treatment 
with TGFb and of TGFb-induced Py2T EMT model (LN epithelial and ∆LN mesenchymal cell, as 
indicated (n=2). Scale bar, 10µm. 
(e,f) Quantification of the immunofluorescence staining against 8OHdG shown in (d). Maxima 
number and intensity average of maxima per Py2T epithelial cells with Py2T-LT mesenchymal cells 
(e) and of LN epithelial cells and ∆LN mesenchymal cells (f) are shown. At least 300 cells were 
counted (n=3).  
(g) Representative scheme illustrating the decrease of ROS with the progress of EMT. 
Data are represented as mean ± SD. Statistical significance was calculated using unpaired two-
samples t-test. p-values are given in the panels.  
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To confirm the observation that during the process of EMT ROS levels are 

reduced, we performed immunofluorescence staining for 8-Oxo-2’-deoxyguanosine 

(8OHdG), an oxidized derivative of deoxyguanosine and a surrogate marker for the 

reactions between ROS and DNA. In line with the observations described above, 

Py2T-LT and ∆LN mesenchymal cancer cells displayed less 8OHdG-positive staining 

than their epithelial counterparts Py2T and LN, respectively (Fig. 1d,e,f). Taken 

together, these results suggest that during the process of EMT mesenchymal cancer 

cells increase their capacity to detoxify ROS (Fig. 1g). 

 

3.3.2. Antioxidant treatment prevents the early stages of EMT 
 

Previously, it has been reported that TGFβ-induced EMT can be prevented by the 

antioxidant N-acetyl-cysteine (NAC) [318]. We thus investigated whether ROS was 

required for EMT in our murine breast cancer cell systems. To this end, epithelial 

Py2T, PyMT-1099 and LN cells were treated with TGFβ for 72 hours with or without 

NAC. Mesenchymal Py2T-LT and PyMT-1099-LT were continuously treated with 

TGFb and NAC, while mesenchymal DLN cells were only treated with NAC (Suppl. 
Fig 1a). As expected, TGFβ addition led to an elongated cell phenotype of the 

epithelial cells, which was prevented by the addition of NAC (Fig. 2a; Suppl. Fig. 1b). 

However, treatment of the mesenchymal counterpart cells with NAC did not affect their 

elongated cell morphology. Analysis of the expression of EMT markers confirmed the 

prevention of TGFb-induced EMT by NAC in Py2T and LN cells: the expression of 

epithelial markers, such as E-cadherin (Cdh1), was maintained and the expression of 

mesenchymal markers, including N-cadherin (Cdh2), Fibronectin (Fn1) and Vimentin 

(Vim), was decreased by the treatment with NAC (Fig. 2b; Suppl. Fig. 1c-e). In 

contrast, the expression of these markers was not changed by NAC in the 

mesenchymal Py2T-LT and DLN cells. These results suggest a critical role for ROS in 

the induction yet not in the maintenance of EMT.  

 

3.3.3. Mesenchymal breast cancer cells are highly sensitive to oxidative stress 
 
To further investigate the effect of oxidative stress on epithelial vs. mesenchymal 

murine breast cancer cells, epithelial Py2T, PyMT-1099 and LN cells and 

mesenchymal Py2T-LT, PyMT-1099-LT and DLN cells were treated for 12 hours with 
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tert-Butyl-hydroperoxide (TBHP), a strong ROS inducer. This compound is more 

stable than commonly used hydroperoxide (H2O2). Surprisingly, the three 

mesenchymal cell lines displayed a decrease in cell number and thus higher sensitivity 

to TBHP treatment compared to their epithelial counterparts (Suppl. Fig. 2a-c). As we 

had observed that cells undergoing EMT reduced their ROS levels, we hypothesized 

that the mesenchymal cells may be occupied by the clearance of ROS and that 

inducing more ROS may be lethal for them. Therefore, clearance of ROS may be an 

Achilles heel of mesenchymal metastatic breast cancer cells, and the delineation of 

the molecular mechanisms underlying their clearance of ROS may reveal novel 

therapeutic targets.  

 

3.3.4. The transcription factor Nrf2 is activated in mesenchymal breast cancer 
cells 
 

To identify the antioxidant pathways implicated in the survival of breast cancer cells 

undergoing EMT, Py2T and LN epithelial breast cancer cells were treated over 4 and 

7 months with increasing concentrations of H2O2 to establish cell lines which were 

resistant against this oxidative stress (Fig. 2c). H2O2-resistant Py2T cells (C40 and 

I60) as well as H2O2-resistant LN cells (I80 and DI150) exhibited a stable elongated 

cell morphology (Suppl. Fig. 3a). Moreover, H2O2-resistant Py2T C40 and I60 and 

H2O2-resistant LN I80 and DI150 cells displayed a more migratory phenotype as 

compared to their parental epithelial cells (Fig. 2d).  

We next investigated the molecular changes underlying the resistance to H2O2 

of Py2T C40 and I60 and LN I80 and DI150 cells. Consistent with the observed 

changes to a more mesenchymal cell morphology, expression analysis of EMT 

markers by RNA sequencing, quantitative RT-PCR, immunoblotting, and 

immunofluorescence microscopy revealed that the oxidative treatment induced an 

EMT-like process in Py2T cells, but not in LN cells (Fig. 2e; Suppl. Fig. 3b-d; Suppl. 
Fig. 4).  
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Figure 2. The crosstalk between ROS and EMT.  
(a) Phase contrast microscopy images representing Py2T epithelial cells and Py2T-LT 
mesenchymal cells treated with TGFb once a day and twice a day with 5mM N-acetyl cysteine (NAC) 
for 72 hours.  
(b) Quantitative RT-PCR analysis of the expression of E-cadherin (Cdh1) N-cadherin (Cdh2), 
Fibronectin (Fn1) and Vimentin (Vim) in Py2T and Py2T-LT cells after TGFb and NAC treatment as 
described a (a). Marker gene expression was normalized to untreated Py2T epithelial cell gene 
expression (n=3).  
(c) Representative scheme illustrating the experimental setup to generate H2O2-resistant Py2T and 
LN cell lines. Py2T and LN cells were daily treated for 3 and 7 months respectively with the indicated 
concentrations of H2O2. Parental cells were passaged in parallel and named Py2T-PBS and LN-
PBS.  
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Based on the observation that resistance to oxidative stress may promote an 

EMT-like process and a migratory cell phenotype, we next assessed the tumorigenic 

and metastatic capabilities of the H2O2-resistant cells as compared to the cells induced  

to undergo an EMT by TGFb treatment or genetic ablation of E-cadherin. Py2T-LT, 

Py2T C40, Py2T I60, DLN, LN I80 and LN DI150 cells were transplanted into mammary 

fat pads of immunodeficient NSG mice. Primary tumors of H2O2-resistant Py2T C40 

and Py2T I60 cells grew as fast as primary tumors formed by Py2T-LT mesenchymal 

cells (Fig. 2f). However, Py2T C40 and Py2T I60 cells caused many lung metastases, 

while Py2T-LT failed to do so, as reported previously [314] (Fig. 2g). LN I80 and LN 

DI150 cells provoked much faster growth of primary tumors as compared to ∆LN 

mesenchymal cells, yet lung metastasis could not be observed in the short time frame 

of primary tumor growth (Fig. 2f).  
Next, we set out to identify the transcriptional regulators responsible for 

inducing oxidative stress resistance and an EMT-like process. Using the RNA 

sequencing data from H2O2-resistant Py2T C40, Py2T I60, LN I80 and LN DI150 cells, 

from epithelial LN and mesenchymal DLN cells, and from detailed time courses of 

TGFb-induced EMT in Py2T and PyMT-1099 cells, we performed a transcription factor 

activity analysis using the public ENCODE and ChEA datasets based on chromatin 

immunoprecipitation (ChIP)-sequencing. Altogether, these analyses revealed the 

potential activation of the main transcription factor implicated in antioxidant response, 

known as nuclear factor-erythroid 2-related factor 2 (Nrf2) encoded by the Nfe2l2 gene 

(Fig. 3a). Gene ontology analysis indicated that the up-regulated pathways in H2O2-

(d) H2O2-resistant cells are more migratory than their parental epithelial cells. Quantification of 
migration assays for Py2T-PBS and H2O2-resistant C40 and I60, and Py2T epithelial and Py2T-LT 
mesenchymal cells (left graph) and for LN-PBS and H2O2-resistant I80 and DI150 and LN epithelial 
and ∆LN mesenchymal cells (right graph). At least 150 cells were counted (n=3). Data are 
represented as mean ± SD. Statistical significance was calculated using unpaired two-samples t-
test. p-values are given in the panels.  
(e) Heatmap representing differentially expressed EMT marker genes in H2O2-resistant Py2T C40 
and I60 cells normalized to Py2T-PBS parental cells. Marker gene expression in Py2T-LT 
mesenchymal cells was normalized to the expression in Py2T cells.  
(f) H2O2-resistant Py2T cells are as tumorigenic as mesenchymal Py2-LT cells, while H2O2-resistant 
LN cells are more tumorigenic than mesenchymal DLN cells. Tumor cells were implanted into fat 
pads of immunodeficient NSG mice, and tumor growth for Py2T C40, I60 and LT mesenchymal cells 
(left curve), and for LN I80, DI150 and ∆LN mesenchymal cells (right curve) was quantified over 
time. n=6 mice per group.  
(g) H2O2-resistant Py2T cells are highly metastatic to the lungs, while mesenchymal Py2-LT cells 
are not at all. Histological sections of lungs of the mice implanted with breast cancer cells described 
in (f) were stained with hematoxylin and eosin to visualize metastases. Scale bar, 500µm. 
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resistant cells as well as in the EMT model systems were related to extracellular matrix 

(ECM) remodeling and cell migration pathways (Fig. 3b; Suppl. Fig. 5a). The primary 

function of Nrf2 being related to antioxidant responses, it was surprising to find that 

Nrf2 could potentially regulate several ECM remodeling-pathways. However, this 

observation is consistent with a recent study reporting that Nrf2 directly targets several 

ECM genes to reprogram fibroblasts [319]. However, how Nrf2 contributed to the 

establishment of resistance to oxidative stress in murine breast cancer cells 

undergoing EMT has remained elusive.   

 

3.3.5. Nrf2 represses ferroptosis in mesenchymal breast cancer cells 
 

To delineate the actual antioxidant role of Nrf2 in epithelial as well as in mesenchymal 

breast cancer cells, Nrf2 expression was first depleted by siRNA transfection 

(siNfe2l2) of epithelial Py2T, PyMT-1099 and LN cells and of mesenchymal Py2T-LT, 

PyMT-1099-LT and DLN cells and cell survival was scored by colony formation assays. 

In addition, after 72 hours of siRNA-mediated ablation, the cells were treated overnight 

with the chemotherapeutic drug cyclophosphamide (CPH) to increase cellular stress. 

While siRNA-mediated ablation of Nrf2 did not lead to a marked increase of cell death 

in the epithelial cells, this substantially reduced cell numbers in the mesenchymal cells, 

in parts even in the absence of any additional CPH treatment (Fig. 3c; Suppl. Fig. 
5b,c). The ablation of Nrf2 also led to a significant increase of ROS in the 

mesenchymal cell lines (Fig. 3d; Suppl. Fig. 5d,e).  
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Figure 3. Nrf2 protects mesenchymal breast cancer cells from ferroptosis.  
(a) Top enriched transcription factors (TFs) using ENCODE and ChEA datasets ChIP-seq 
enrichment analyses of the RNA sequencing data from the indicated cell lines. The common 
antioxidant TF Nrf2, encoded by the Nfe2l2 gene, is highlighted in red.  
(b) Reactome pathway analysis of potential Nrf2-regulated molecular function pathways 
upregulated in H2O2-resistqant Py2T cells (left) and in Py2T-LT mesenchymal cells (right). The 
number of differentially regulated genes defining each pathway is indicated.  
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Next, we assessed whether Nrf2-deficient mesenchymal breast cancer cells 

were dying of apoptosis. However, immunoblotting for the apoptosis marker cleaved 

caspase 3 (c-Casp3) was not increased, indicating that the cells were not dying by 

apoptosis (Fig. 3e; Suppl. Fig. 5f,g). The increase of ROS and cell death in Nrf2-

deficient mesenchymal cells raised the possibility that the cells died of ferroptosis. In 

order to answer this question, we treated siCtl and siNfe2l2-transfected epithelial 

Py2T, PyMT-1099 and LN cells and mesenchymal Py2T-LT, PyMT-1099-LT and DLN 

cells with the ferroptosis inhibitor ferrostatin (Fer-1), a compound known to prevent 

lipid peroxidation of cell membranes [157, 162], and scored cell survival by colony 

formation assays (Fig. 3f; Suppl. Fig. 6a,b). The efficiency of siRNA-mediated 

ablation of Nrf2 expression and activity was confirmed by quantitative RT-PCR of 

Nfe2l2 mRNA and of Nqo1 mRNA levels, the latter a direct transcriptional target of 

Nrf2 (Fig. 3g; Suppl. Fig. 6c,d). Indeed, the treatment with ferrostatin rescued the 

Nrf2-deficient mesenchymal cells from death, suggesting that Nrf2 protects 

mesenchymal cancer cells from ferroptosis.  

These results highlight the antioxidant role of Nrf2 during EMT, protecting the 

mesenchymal breast cancer cells against an intracellular high source of ROS and from 

ferroptotic cell death. 

 

 

(c) Ablation of Nrf2 expression reduces cell numbers in mesenchymal Py2T-LT but not in epithelial 
Py2T cells. Py2T and Py2T-LT cells were transfected twice for 48 hours with siCtl or siNfe2l2, and 
cell growth was determined by colony formation assays. Colonies were visualized (left) and 
quantified (right) by crystal violet staining. Treatment with cyclophosphamide (CPH) was used to 
increase cellular stress one day before analysis. n=3.   
(d) ROS levels increase upon Nrf2 depletion in mesenchymal but not in epithelial breast acer cells. 
ROS levels were quantified in the cells described in (c). n=3. 
(e) Nrf2-depleted mesenchymal cells do not die of apoptosis. Immunoblotting did not reveal an 
increase in cleaved Caspase 3 (c-Casp-3) in the cells treated as described in (c). Treatment with 
etoposide (Eto; 100µM) was used to induce apoptosis and to serve as positive control for c-Casp-3 
immunoblotting. n=3. 
(f) The loss of cell numbers upon Nrf2 depletion in mesenchymal Py2T-LT cells can be reverted by 
treatment with the ferroptosis inhibitor ferrostatin (Fer-1; 1µM). Epithelial Py2T cells and 
mesenchymal Py2T-LT cells were transfected twice for 48 hours with siCtl or siNfe2l2 and treated 
with Fer-1, and cell growth was determined by colony formation assays. Colonies were visualized 
(left) and quantified (right) by crystal violet staining. n=3. 
(g) siRNA-mediated ablation of Nrf2 expression also led to a loss of Nrf2 transcriptional induction of 
its target gene Nqo1. The expression of Nrf2 (Nfe2l2) and Nqo1 was determined by quantitative RT-
PCR of the samples described in (f).  
Data are represented as mean ± SD. Statistical significance was calculated using unpaired two-
samples t-test. p-values are given in the panels.  
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3.3.6. Identification of a Nrf2-regulated gene signature in breast cancer patients 
 
Next, we set out to identify the transcriptional target genes regulated by Nrf2 in 

mesenchymal breast cancer cells. To this end, PyMT-1099-LT, Py2T-LT and ∆LN cells 

transfected either with siCtl or with siNfe2l2 were subjected to RNA-sequencing (Fig. 
4a). Differential gene expression analysis highlighted a large number of genes down- 

and upregulated upon RNAi-mediated ablation of Nrf2 (267 genes in PyMT-1099 LT 

cells, 164 genes in Py2T LT cells and 1527 genes in ∆LN cells; p value < 0.05) (Fig. 
4b,c). By comparing these differentially expressed genes between the three 

mesenchymal models, we identified 28 genes, of which 4 were up-regulated and 14 

were down-regulated upon Nrf2 depletion. Since Py2T-LT cells failed to form 

metastasis upon transplantation into mice, we excluded the genes regulated by Nrf2 

in these cells and defined a signature of genes commonly regulated between 

metastatic PyMT-1099-LT and ∆LN mesenchymal cells, a list consisting of 62 up- and 

16 down-regulated genes (Suppl. Table I).  
We next tested whether this Nrf2-dependent gene signatures could predict 

clinical outcome in breast cancer patients due to relapse and metastasis (all stages 

and subtypes from The Cancer Genome Atlas [TCGA] dataset). Kaplan-Meyer 

analysis revealed that low expression levels of the genes downregulated upon Nrf2 

depletion correlated at 70% with 20-year relapse-free survival of patients, while high 

expression levels predicted a poor prognosis (p-value = 3.1e-09) (Fig. 4d). Moreover, 

high expression of the genes upregulated upon Nrf2 depletion correlated at 55% with 

20-year relapse-free survival of patients, while low expression levels predicted a poor 

prognosis (p-value = 5.3e-09) (Fig. 4e). Finally, in the advanced disease setting, the 

high expression of genes downregulated by Nrf2 depletion predicted a shorter 

metastasis-free survival of breast cancer patients (p-value = 0.0016), whereas genes 

upregulated upon Nrf2 depletion did not (Fig. 4f,g).  

In conclusion, Nrf2 appears to regulate the expression of defined gene sets in 

metastatic mesenchymal breast cancer cells, which are highly predictive of clinical 

outcome in breast cancer patients.  
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Figure 4. Metastatic mesenchymal breast cancer cells express a Nrf2-gene signature that is 
associated with a poor prognosis in breast cancer patients.  
(a) Representative scheme of the experimental design for siRNA-mediated depletion of Nrf2 
expression and subsequent RNA sequencing analysis.  
(b,c) Comparative analyses of  the genes down- (b) or upregulated (c) upon siRNA-mediated 
depletion of Nrf2 in mesenchymal PyMT-1099-LT, Py2T-LT and DLN cells (P≤0.05).  
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3.3.7. Mesenchymal breast cancer cell survival relies on glutathione synthesis 
 
We next aimed at identifying the pathways specifically regulated by Nrf2 and critical 

for overcoming ferroptosis in mesenchymal breast cancer cells. Gene ontology 

analysis revealed GSH conjugation as one of the pathways significantly regulated by 

Nrf2 (Fig. 5a; Suppl. Fig. 7a). Notably, several enzymes underlying GSH synthesis 

and metabolism were downregulated by Nrf2 depletion, including Gsta1, Gsta4, 

Gstm1, Gtsm2, Gstp1, Gtsp2, Mgst1 and Mgst2 (encoding glutathione S-transferases 

Alpha 1, -Alpha 4, -Mu 1, -Mu 2, -Pi 1, -Pi 2 and microsomal glutathione S-transferases 

1 and 2, respectively), as well as several genes directly implicated in glutathione 

synthesis, such as Slc7a11, Gclc and Gclm (encoding the xCT protein/complex, and 

the glutamate-cysteine catalytic and glutamate-cysteine modifier subunits), some of 

them well-known target genes of Nrf2 transcriptional activity [203] (Fig. 5b). 

GSH is a tripeptide constituted by three amino-acids (cysteine, glycine and 

glutamic acid) found at high concentrations in most cell types (between 0.5 and 10 

mM). It plays a crucial role in maintaining cellular redox balance by converting between  

reduced GSH and oxidized, dimeric GSSG. A range of enzymes employ reduced GSH 

as electron donor to detoxify ROS, including the selenoprotein Gpx4 (Glutathione 

peroxidase 4) [157]. This enzyme plays an important role in protecting cell membranes 

from lipid peroxidation, and thus from ferroptosis. Synthesis and metabolism of GSH 

is determined by three parameters: the presence of the amino-acid cysteine mainly 

imported by the xCT complex located at the cell membrane (encoded by Slc7a11), the 

presence and activity of the GCL enzyme which is composed of two subunits (Gclc 

and Gclm) and which is the rate limiting enzyme in the synthesis of GSH, and the 

recycling of GSSG into GSH when cells are exposed to oxidative stress (Fig. 5c).  
 

 

(d,e) A Nrf2-dependent gene signature defined correlated with breast cancer patient prognosis. 
Kaplan-Meyer analysis of relapse-free survival rates of all breast cancer patients expressing in their 
primary tumor high (quantile 4, Q4) or low (quantile 1, Q1) levels of genes down- (16 genes) (d) or 
upregulated (62 genes) (e) upon Nrf2 depletion in metastatic PyMT-1099-LT and ∆LN mesenchymal 
cells. The number of patients who progressed at each time point is shown at the bottom. p-values 
by log-rank test are shown.  
(f,g) Kaplan-Meyer analysis of relapse-free survival rates of all breast cancer patients expressing in 
their primary tumor high (quantile 4, Q4) or low (quantile 1, Q1) levels of genes down- (17 genes) 
(f) or upregulated (62 genes) (g) upon Nrf2 depletion in metastatic PyMT-1099-LT and ∆LN 
mesenchymal cells. The number of patients who progressed at each time point is shown at the 
bottom. p-values by log-rank test are shown.  
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Figure 5. Inhibition of glutathione synthesis induces ferroptosis in mesenchymal cells. 
(a) Reactome pathway analysis of genes differentially expressed upon siRNA-mediated depletion 
of Nrf2 expression in Py2T-LT mesenchymal cells. The glutathione conjugation pathway is 
highlighted in red. 
(b) List of genes which are downregulated upon depletion of Nrf2 in PyMT-1099-LT, Py2T-LT and 
∆LN mesenchymal cells (P≤0.05, highlighted in red when FDR≤0.05) and are directly involved in 
glutathione synthesis and metabolism.  
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To assess whether GSH and its synthesis pathway are required for overcoming 

ferroptotic cell death in mesenchymal breast cancer cells, epithelial Py2T, PyMT-1099 

and LN cells and mesenchymal Py2T-LT, PyMT-1099-LT and DLN cells were 

transfected with control siRNA (siCtl) and siRNAs against Slc7a11 and Gclc 

(siSlc7a11 and siGclc, respectively) and their viability was scored by colony formation 

assays (Fig. 5d; Suppl. Fig. 7b,c). The mesenchymal cells showed a significant 

reduction in cell numbers upon interference with the GSH synthesis pathway, while 

the epithelial cells remained unaffected. The reduced cell numbers in the 

mesenchymal cells could be rescued by treatment with ferrostatin (Fig. 5d; Suppl. 
Fig. 7c), indicating that mesenchymal cells lacking GSH synthesis undergo 

ferroptosis. Confirming the lack of GSH synthesis in the mesenchymal cells, the levels 

of GSH decreased, while the levels of ROS increased in the mesenchymal but also to 

some extent in the epithelial cells (Fig. 5e,f; Suppl. Fig. 7d-g). The lack of cleaved 

caspase 3 in GSH-deficient mesenchymal cells were not increased, excluding 

conventional apoptosis as a cause of cell death (Fig. 5g; Suppl. Fig. 7h,i). The 

(c) Representative scheme illustrating the main steps of glutathione (GSH) synthesis.  
(d) Ablation of Slca7a11 or Gclc expression reduces cell numbers in mesenchymal Py2T-LT but not 
in epithelial Py2T cells. Py2T and Py2T-LT cells were transfected twice for 48 hours with siCtl or 
siSlc7a11 or siGclc, and cell growth was determined by colony formation assays. Colonies were 
visualized (left) and quantified (right) by crystal violet staining. The loss of cell numbers upon 
Slc7a11 or Gclc depletion in mesenchymal Py2T-LT cells could be reverted by treatment with the 
ferroptosis inhibitor ferrostatin (Fer-1; 1µM). n=3.   
(e) Quantification of glutathione (GSH) levels in the cells treated as described in (d). As expected, 
glutathione levels were reduced upon ablation of Slc7a11 and Gclc. N=3. 
(f) ROS levels increase upon depletion of Slc7a11 or Gclc in mesenchymal but not in epithelial 
breast cancer cells. ROS levels were quantified in the cells described in (d). n=3. 
(g) Slc7a11 or Gclc-depleted mesenchymal cells do not die of apoptosis. Immunoblotting did not 
reveal an increase in cleaved Caspase 3 (c-Casp-3) in the cells treated as described in (d). 
Treatment with etoposide (Eto; 100µM) was used to induce apoptosis and to serve as positive 
control for c-Casp-3 immunoblotting. n=3. 
(h) Mesenchymal breast cancer cells are sensitive to ferroptosis induction. Epithelial Py2T cells and 
mesenchymal Py2T-LT cells were treated with increasing concentrations of the ferroptosis inducer 
BSO with and without the ferroptosis inhibitor Fer-1. Cell growth was determined by colony formation 
assays over 7 to 10 days. Colonies were visualized (left) and quantified (right) by crystal violet 
staining. n=3. 
(i) Quantification of glutathione (GSH) levels in the cells treated with BSO as described in (h). As 
expected, glutathione levels were reduced upon treatment with BSO. n=3. 
(j) ROS levels increase upon treatment with BSO in mesenchymal but not in epithelial breast cancer 
cells. ROS levels were quantified in the cells described in (h). n=3. 
(k) BSO-treated mesenchymal cells do not die of apoptosis. Immunoblotting did not reveal an 
increase in cleaved Caspase 3 (c-Casp-3) in the cells treated as described in (h). Treatment with 
etoposide (Eto; 100µM) was used to induce apoptosis and to serve as positive control for c-Casp-3 
immunoblotting. n=3. 
Data are represented as mean ± SD. Statistical significance was calculated using unpaired two-
samples t-test. p-values are given in the panels.  
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siRNA-mediated depletion of Nrf2, Slc7a11 or Gclc in epithelial Py2T cells and in 

H2O2-resistant Py2T C40 and I60 cells also revealed reduced cell numbers in the more 

mesenchymal, H2O2-resistant cells and not in the epithelial cells (Suppl. Fig. 8a-f).  
These results suggest that the repression of the GSH synthesis pathway 

sensitizes mesenchymal but not epithelial breast cancer cells to ferroptotic cell death. 

 
3.3.7. Mesenchymal breast cancer cells are sensitive to ferroptosis induction 
 
Among others, two compounds have been previously described to be effective 

inducers of ferroptosis, Erastin (Era) and L-Buthionine-Sulfoximine (BSO) [157, 204], 

in particular in chemotherapy-resistant cancer cells which are even more sensitive to 

ferroptosis induction [251, 252]. Era and BSO repress the synthesis of GSH by 

inhibiting the xCT complex and GCL activities, respectively [89, 154, 155].  

To test whether mesenchymal breast cancer cells were also more sensitive to 

direct ferroptosis induction than epithelial cells, epithelial Py2T, and Py2T-LT 

mesenchymal breast cancer cells were treated with increasing concentrations of BSO 

and Era and scored their survival by colony formation assay. As expected, the 

mesenchymal cells were more sensitive to ferroptosis induction as compared to their 

epithelial counterpart cells (Fig. 5h; Suppl. Fig. 9a). BSO and Era-induced cell death 

could be overcome by treatment with ferrostatin. BSO and Era treatments led to a 

decrease of GSH levels and to an increase of ROS levels (Fig. 5i,j; Suppl. Fig. 9b,c). 

The lack of an increase of cleaved caspase 3 indicated that these treatments did not 

induce apoptosis (Fig. 5k; Suppl. Fig. 9d). A comparable high sensitivity to BSO and 

Era-induced cell death, which was reversed by ferrostatin, was also observed in 

mesenchymal PyMT-1099-LT and DLN cells as compared to their epithelial 

counterpart cells (Suppl. Fig. 10a-f; Suppl. Fig. 11a-h). Moreover, treatment of 

epithelial Py2T cells and H2O2-resistant Py2T C40 and I60 cells with BSO or Era also 

resulted in the induction of ferroptosis in the more mesenchymal, H2O2-resistant cells 

and not in the epithelial cells, which could be reversed by treatment with ferrostatin 

(Suppl. Fig. 12a-d). The lack of an increase of cleaved caspase 3 again indicated that 

these treatments did not induce apoptosis (Suppl. Fig. 10g; Suppl. Fig. 11g,h; 
Suppl. Fig. 12e,f).  

These results suggest that mesenchymal breast cancer cells employ the GSH 

synthesis pathway to overcome ferroptotic cell death. 



Results 

   49 

3.3.8. Inhibition of GSH synthesis reduces primary tumor growth and lung 
metastasis 
 
Since EMT has often been linked to metastasis formation in breast cancer, we next 

assessed whether the inhibition of GSH synthesis could decrease metastasis 

formation of breast cancer cells in mice. To this end, highly metastatic MDA231-LM2 

human breast cancer cells expressing GFP and luciferase (LM2-GFP/Luc) were 

transplanted into the mammary fat pads of immunocompromised NSG mice. When 

tumors were palpable, the mice were simultaneously treated with BSO and with 

sulfasalazine (SSA), another inhibitor of the xCT complex [320], for 4 weeks. After 

sacrifice of the mice, tumor volumes and luciferase-mediated bioluminescence as 

surrogate for metastasis in the lungs were determined (Fig. 6a). As previously 

reported, the double treatment led to a reduction in primary tumor growth [241] (Fig. 
6b-d). Most importantly, a significant decrease in lung metastasis was observed in the 

double-treated mice as compared to placebo-treated mice (Fig. 6e,f). The results 
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Figure 6: Pharmacological interference with the glutathione synthesis pathway represses 
tumor growth and metastasis formation.   
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indicate that cancer cell survival relies on glutathione synthesis for primary tumor 

growth as well as for metastasis formation also in human breast cancer cells. 

Taken together, the results suggest the Nrf2-mediated expression of 

transporters and enzymes underlying the GSH synthesis pathway are critically 

required for protecting mesenchymal, metastatic breast cancer cells from harmful 

effects of ROS, and thus from lipid peroxidation and ferroptosis (Fig. 7). Hence, the 

therapeutic targeting of antioxidant pathways may be beneficial for patients with 

metastatic breast cancer who display a Nrf2-dependent gene signature in their primary 

tumors.  

(a) Schematic illustration of the experimental setup to test the pharmacological interference with 
glutathione synthesis in a xenograft transplantation mouse model of metastatic breast cancer. 
Human MDA-MB-231-LM2 metastatic breast cancer cells expressing GFP and firefly luciferase 
(LM2-GFP/Luc) were orthotopically transplanted into the mammary fat pads of immunodeficient 
NSG mice. Once tumors were palpable, the mice were treated with L-Buthionine-Sulfoximine (BSO) 
in the drinking water (20mM) and with Sulfasalazine (SSA) by daily intraperitoneal injection 
(120mg/kg) for three weeks.  
(b) Quantification of tumor growth over time in placebo-treated (yellow) and BSO/SSA double-
treated mice (blue). n=7 mice per group.  
(c) Macroscopic images of placebo-treated (top) and BSO/SSA double-treated (bottom) LM2-
GFP/Luc tumors at the end of treatment as described in (a). A ruler is shown as scale (bottom).  
(d) Quantification of tumor weights at the end of the treatments as described in (a).  
(e) Representative bioluminescence images of metastatic lungs from placebo-treated (left) or 
BSO/SSA double-treated (right) LM2-GFP/Luc-transplanted mice.  
(f)  Calculation of the luciferase activity in the lungs of mice as related to primary tumor mass 
(mestastatic index) of placebo-treated mice (yellow, n=11 mice) and BSO-SSA-double treated (blue, 
n=9 mice) mice. N=2 (data combined from 2 independent experiments).  
Data are represented as mean ± SD. Statistical significance was calculated using unpaired two-
samples t-test. p-values are given in the panels.  
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3.4. Discussion 

 
Oxidative stress is another hallmark of cancer cells, yet with complex implications: 

increased levels of ROS contribute to tumorigenesis, while exceedingly high levels of 

ROS are fatal. Hence, despite an aberrant Redox homeostasis of cancer cells, they 

still need to control ROS levels [159]. We here have investigated how breast cancer 

cells handle toxic ROS levels during EMT, a process known to contribute to tumor cell 

invasion, metastasis and therapy resistance. Altogether the results demonstrate that 

breast cancer cells undergoing EMT establish an antioxidant capacity via Nrf2-

mediated expression of genes involved in glutathione synthesis and function. While 

ROS appears to be required for EMT to occur, during EMT breast cancer cells need 

to reduce ROS levels: interference with glutathione synthesis in mesenchymal breast 

cancer cells induces cell death by ferroptosis and reduces tumor growth and 

metastasis formation.  

Computational analysis highlights the critical role of the transcription factor Nrf2 

during EMT, the “master regulator of the antioxidant response”, whose target genes 

also include genes involved in EMT and ECM remodeling [321]. The results pinpoint 

the antioxidant role of Nrf2 during EMT. Nrf2 ablation leads to cell death by ferroptosis, 

as highlighted by increased lipid peroxidation, a lack of conventional apoptosis 

markers, and the repression by a specific inhibitor of ferroptosis, ferrostatin (Fer-1) 

[89, 154-156, 160]. Consistent with this notion, Nrf2 target genes are predominantly 

known to encode for a range of antioxidant enzymes. Consistent with this knowledge, 

we show that several glutathione-related genes are specifically regulated by Nrf2. This 

underlines the mesenchymal cell addiction for glutathione. To allow the synthesis of 

glutathione by the GCL and other enzymes, cells need to import cystine by the xCT 

complex. Our results show that the siRNA-mediated ablation or the pharmacological 

Schematic representation of the crucial role of the “master regulator for the antioxidant response” 
Nrf2 in regulating a range of genes underlying glutathione (GSH) synthesis and metabolism in 
mesenchymal breast cancer cells. Nrf2-induced antioxidant enzymes use reduced GSH to detoxify 
ROS and to prevent their harmful effects on polyunsaturated fatty acids (PUFAs) of the cell 
membranes. To initiate the synthesis of GSH, the xCT complex imports cystine, of which cysteine 
is linked by the GCL enzyme to glutamic acid to generate (g-glutamylcysteine) which is then linked 
by glutathione synthetase to glycine to generate reduced GSH. GSH then is used by antioxidant 
enzymes to reduce ROS, resulting into oxidized GSSG. Inhibition of GSH synthesis, through 
treatment with BSO and SSA or Era, through ROS accumulation, synergistically induces lipid 
peroxidation of the cell membranes, leading to ferroptotic cell death of mesenchymal cells in vitro 
and reduced tumor size and lung metastasis formation in vivo.  
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inhibition of xCT and GCL enzymes lead to death of mesenchymal, metastatic breast 

cancer cells by ferroptosis in vitro and to a repression of metastasis formation in vivo. 

This is consistent with several recent studies which have reported that therapy-

resistant cancer cell survival relies on glutathione synthesis and that its inhibition has 

resulted into ferroptotic cell death [89, 154-156, 204, 251, 252]. 

However, a large number of other transcription factors have also been reported 

to regulate antioxidant responses in cancer cells, including HIF1a, AP-1, HSF1 and 

NF-kB, and anti-oxidant pathways, different and independent of glutathione, may also 

overcome ferroptosis of cancer cells, including the upregulated expression of 

additional antioxidant enzymes, glycolytic metabolic shifts, and the activation of the 

pentose phosphate shunt to increase the generation of antioxidant NADPH/H+ [158]. 

Moreover, a number of questions remain open: for example, it is not known how ROS 

is increased in cells initiating EMT and mechanistically how it is required for the 

process of EMT. It will be of interest to identify this/these sources of ROS in order to 

develop new therapeutic strategies for cancer patients.  

Our work has important implications for understanding metastatic breast cancer 

and for devising novel therapeutic strategies. Indeed, our study highlights the 

glutathione antioxidant pathway as an Achilles heel of metastatic breast cancer cells 

and thus as a potential therapeutic target in patients with metastatic disease. Previous 

works has suggested to employ chemotherapy supplemented with curcumin, a Nrf2 

activator and therefore an antioxidant, which helps to prevent carcinogenesis and 

sensitizes cancer cells to chemotherapy [322]. Here, our study shows that 

mesenchymal, metastatic breast cancer cells rely on Nrf2-mediated antioxidant 

capacities to survive and that a Nrf2 related-gene signature correlates with patient 

prognosis. Hence, it is conceivable that breast cancer patients exhibiting Nrf2-based 

gene signatures in their tumors may qualify for therapies which target glutathione 

synthesis and function. 

 
3.5. Materials and Methods 
 
siRNAs, primers and antibodies 

Sequences of siRNAs and primers used in this study are listed in Suppl. Table II and 

in Suppl. Table III respectively. Additional information on antibodies is provided in 

Suppl. Table IV and Suppl. Table V.  
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Cell culture and generation of H2O2 cell lines 

Murine breast epithelial cell lines Py2MT-1099, Py2T, and MTflEcad (LN) and murine 

breast mesenchymal cell line MT∆Ecad (∆LN) were cultured in Dulbecco’s Modified 

Eagle’s Medium (DMEM) (Sigma-Aldrich, D5671) supplemented with 10% fetal bovine 

serum (FBS) (Sigma-Aldrich, F7524), 2mM glutamine (Sigma-Aldrich, G7513), 100U 

penicillin and 0.1mg/mL streptomycin (Sigma-Aldrich, P4333). To obtain breast 

mesenchymal cell lines PyMT-1099-LT and Py2T-LT, cell medium was supplemented 

with 2ng/ml TGFb1 (R&D Systems, 240-B) for at least 20 days. To generate H2O2-

resistant murine breast cell lines, Py2T and LN epithelial cells were daily treated with 

H2O2 at 40µM for 3 months and 80µM for 7 months (Sigma-Aldrich, H1009) to obtain 

Py2T C40 and LN I80 cells, respectively. When Py2T C40 and LN I80 cells turned 

resistant, cells were treated daily with 60µM and 150µM H2O2 to generate Py2T I60 

and LN DI150, respectively. Parental cells were passaged in parallel and treated with 

Dulbecco’s Phosphate Buffered Saline (PBS) (Sigma-Aldrich, D8537) to obtain 

parental cell lines Py2T PBS and LN PBS. All cell lines were grown at 37 ºC, 5% CO2, 

95% humidity. 

 

Treatments of cultured cells 

N-acetyl-L-cysteine (NAC) (Sigma-Aldrich, A9165) with TGFb1 was added at the 

concentrations indicated in the figures. Cells were analyzed 72 hours later. For tert-

Butyl hydroperoxide (TBHP) (Sigma-Aldrich, 458139) treatment, cells were treated 

two days later at the concentrations indicated in the figures and analyzed 12 hours 

later. For L-Buthionine-sulfoximine (BSO) (Sigma-Aldrich, B2515), Erastin (Era) 

(Sigma-Aldrich, E7781) or Ferrostatin-1 (Fer-1) (Selleckchem, S7243) treatments, 

cells were treated at the concentrations indicated in the figures. 

 

siRNA transfection 

After seeding, cells were directly transfected with siRNAs by using Lipofectamine 

RNAiMAX (Invitrogen) and reduced serum medium Opti-MEM (11058, Gibco) 

according to the manufacturers’ instructions. Control or gene-specific siRNAs were 

from Dharmacon as ON-TARGET plus SMARTpools. Sequences of the specific 

siRNA used are listed in Suppl. Table II.  
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Transwell migration assay 

50’000 cells were suspended in 500µl of DMEM supplemented with 0.2% FBS and 

seeded into 24 transwell migration inserts (Corning, 353097, 8µM pore size) in 

duplicates. The bottom chambers were filled with 700µl of DMEM supplemented with 

20% FBS to create chemoattractant gradient. The cells were incubated in a tissue 

culture incubator at 37 ºC, 5% CO2. After 16 hours, inserts were fixed with 4% PFA for 

20 minutes. Cells that did not cross the membrane were removed with a cotton swab, 

and cells on the bottom of the membrane were stained with 4’,6-diamidino-2-

phenylindole (DAPI) (Sigma-Aldrich, D9542). Images of five fields per insert were 

taken using a Leica DMI 4000 microscope, and stained cells were counted using 

ImageJ 2.0.0 software.  

 

Measurement of ROS by flow cytometry 

Cells were grown in a 6cm dish for 48 hours and stained with 2.5µM CellROX Deep 

Red (Invitrogen, C10422) for 30 minutes at 37 ºC in a tissue culture incubator 

according to the manufacturer’s instructions. Cells were washed twice with PBS, 

detached with Trypsin (Sigma-Aldrich, T4174) and harvested with phenol red free 

DMEM (Gibco, 31053) supplemented with 10% FBS, 2mM glutamine, 100U penicillin 

and 0.1mg/ml streptomycin under sterile conditions. Cells were pelleted by 

centrifugation, resuspended with phenol red free DMEM supplemented with 2% FBS 

and cell nuclei stained with 4’,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich, 

D9542). Alive cells were quantified using a CytoFLEX LX (Beckman Coulter) and data 

analysis was performed by FlowJo 10.7.1. 

 

Immunofluorescence microscopy analysis of cultured cells 

Cells were grown on glass coverslips (Menzel-Gläser, 12 mm 1#) placed in a 6cm dish 

for 48 hours. Cells were fixed with 4% paraformaldehyde (PFA) for 20 minutes at room 

temperature, followed by permeabilization with 0.5% Nonidet P 40 (NP-40) (Sigma-

Aldrich, 74385) for 5 minutes at room temperature. For 8-OHdG staining, fixation and 

permeabilization were performed using ice cold methanol (Scharlau) for 20 minutes at 

-15 ºC. Fixation and permeabilization steps were followed by blocking the cells with 

5% goat serum (Sigma-Aldrich, G6767)/0.3% Triton X-100 (Sigma-Aldrich, 

T9284)/PBS for 1 hour at room temperature. Cells were then incubated with primary 

antibodies diluted in 1% bovine serum albumin (BSA) (Sigma-Aldrich, A7906)/0.3% 
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Triton X-100/PBS overnight at 4 ºC followed by an incubation with a fluorophore-

coupled secondary antibody (Alexa Fluor, Invitrogen) and DAPI for 1 hour at room 

temperature in dark. For stress-fiber staining, fluorophore-coupled phalloidin (Alexa 

Fluor, Invitrogen) was used. After staining, the coverslips were mounted in 

fluorescence mounting medium (Dako, S3023) on microscope slides and imaged 

using a microscope (Leica DMI 4000). For 8OHdG staining, 200-nm z-steps were 

applied to acquire raw images which were quantified and merged using ImageJ 2.0.0 

software plugin developed in-house. All other captured images were processed with 

ImageJ 2.0.0 software as well. Additional information on primary antibodies is provided 

in Suppl. Table IV. 

 

Immunoblotting 

Cells were grown in a 10cm dish for 48 hours followed by scraping into tubes and 

centrifugation for 5 minutes at 1300rpm at 4ºC. For cleaved caspase 3 (c-Casp-3) 

immunoblotting, cell medium and the first wash with cold PBS were also transferred 

with the cells. Cells were then lysed on ice for 30 minutes in RIPA buffer (50 mM Tris-

HCl (pH 8.0), 150mM NaCl, 10% glycerol, 1% NP-40, 0.5% sodium deoxycholate, 

0.1% SDS, 2mM MgCl2, 2mM CaCl2) with 1mM NaF, 2mM sodium orthovanadate and 

1X protease inhibitor cocktail (Sigma-Aldrich). Protein concentration in the 

supernatants was determined using Bio-Rad Bradford (#5000006) solution according 

to the manufacturer’s instructions. Proteins were mixed with 1X Laemmli sample buffer 

and equal amounts were separated on SDS polyacrylamide gels. Proteins were 

transferred onto a PVDF membrane (Roth, T830.1) using the wet transfer method for 

2 hours at constant current (0.33 A). Following blocking for 1 hour in 5% skimmed milk 

prepared in TBS/0.05% Tween 20, the membranes were incubated with appropriate 

primary antibodies overnight at 4ºC. Next day, the blots were washed and incubated 

with HRP-conjugated secondary antibodies for 1 hour at room temperature and 

visualized with Immobilon Western Chemiluminescent HRP Substrate (Millipore, 

WBKLS0500) on a Fusion Fx7 chemiluminescence reader. Additional information on 

primary antibodies is provided in Suppl. Table V. 

 

Colony formation assays 

siRNA-transfected cells were grown in 12-well plates for 96 hours and then treated for 

10 days as indicated in the figures. Cells were fixed with 4% PFA for 30 minutes at 
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room temperature, washed twice with H2O and stained with crystal violet (1mg/ml 

dissolved in 10% ethanol) for 30 minutes at room temperature. After washing with 

water, plates were left to dry at room temperature. The crystal violet-stained cells were 

retrieved by adding 100% methanol for 30 mins at room temperature and absorbance 

at 595 nm was measured using a SpectraMAX plate reader.  

 

GSH measurements 

Cells were seeded in triplicates and grown in 24-well plates for 48 hours. Cells from 

two replicates were lysed for GSH measurement using GSH-Glo Glutathione Assay 

(Promega, V6912) according to the manufacturer’s instructions. The last replicate was 

used for normalization of cell numbers. GSH levels were determined using a 

luminescence plate reader (Berthold Technologies, Centro LB 960, MikroWin 2000 

software).   

 

Tumor cell transplantations 

For orthotopic implantations, immunocompromised NOD/SCID;common gamma 

receptor -/- (NSG) mice were anesthetized with isoflurane and injected into the ninth 

mammary fat pad with 1 million of either MDA-231-LM2-GFP-Luciferase (LM2-

GFP/Luc), kindly provided by Pr. Dr. Nicola Aceto from ETH Zurich, Py2T LT, Py2T 

C40, Py2T I60, ∆LN, LN I80, or LN DI150 in 100µl Matrigel with DMEM (1:1). Tumors 

were measured during their progression and mice were sacrificed when either the 

tumors reached the maximum volume of 1.5 cm3 or when mice appeared unhealthy 

during the course of experiment, whichever was earlier. The mice were treated with 

solvent control or with BSO (20mM) in the drinking water and daily intraperitoneal 

injection with sulfasalazine (SSA) (Sigma-Aldrich, S0883, 120 mg/kg) dissolved in 

0.9% NaCl for 4 weeks maximum. 6 or 7 mice per group were used. Tumor volume 

was calculated according to the formula V = 0.543 x (L x W x W) where L represents 

length and W represents width of tumor measured by a digital Vernier caliper. At the 

end of each experiment, lungs and tumors were isolated for histopathological analysis.  

Mice bearing LM2-GFP-Luc tumors were intraperitoneally injected with 3mg D-Firefly-

Luciferin (Gold Bio, LUCK-5G). After 10 minutes, mice were sacrificed and 

bioluminescent images of primary tumors and lungs were taken separately with an 

IVIS Lumina LT (Perkin Elmer). Metastatic index was calculated as the ratio of the 

total flux in photons per second (ph/s) of the metastatic organ over the primary tumor.  
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For histopathological analysis, tissues (tumors and lungs) were fixed in 4% PFA 

overnight at 4ºC followed by ethanol/xylene dehydration and paraffin embedding. 

Paraffin-embedded samples were cut at 5µm thickness and subjected to either 

hematoxylin and eosin (H&E) staining or immunohistochemical staining (IHC). 

 

RNA isolation and quantitative RT-PCR 

Cells were grown in a 6cm dish for 48 hours, then harvested with TRI reagent (Sigma-

Aldrich, T9424). Total RNA was isolated using the phenol/chloroform method. Reverse 

transcription of RNA was performed using ImProm-IITM Reverse Transcription System 

(Promega, A3803) according to the manufacturer’s instructions. Gene expression was 

determined by StepOnePlusTM Real-Time PCR System (Applied Biosystems) using 

PowerUp SYBR Green Master Mix (Applied Biosystems, A25743) according to the 

manufacturer’s instructions. Mouse Riboprotein L19 (mRPL19) primers were used for 

normalization. qPCR analysis was performed in duplicates and fold changes were 

calculated using the comparative Ct method (∆∆Ct). Sequences of the specific primers 

used are listed in Suppl. Table III.  
 

RNA isolation and sequencing analysis 

Total RNA from siRNA-transfected and H2O2-treated cells was isolated in biological 

duplicates using miRNeasy Mini Kit (Qiagen, 217004) with on-column DNAse 

digestion according to the manufacturer’s instructions. RNA quality control was 

performed with a fragment analyzer using the standard or high-sensitivity RNA 

analysis kit (Labgene, DNF-471-0500 or DNF-472-0500) and RNA concentration was 

measured using the Quanti-iTTM RiboGreen RNA Assay Kit (Life Technologies). A total 

of 200 ng of RNA was used for library preparation with the TruSeq Stranded Total 

RNA LT Sample Prep Kit (Illumina). Poly-A+ RNA was sequenced with HiSeq SBS Kit 

v4 (Illumina) on an Illumina HiSeq 2500 according to the manufacturer’s instructions.  

Single-end RNA-seq reads (81 mers) were mapped to the mouse genome 

assembly, version mm10, with RNA-STAR [323], with default parameter except for 

allowing only unique hits to genome (outFilterMultimapNmax=1) and filtering reads 

without evidence in spliced junction table (outFilterType=”BySJout”). Expression 

levels per gene (counts over exons) for the RefSeq mRNA coordinates from UCSC 

(genome.ucsc.edu, downloaded in December 2015) were quantified using qCount 

function from QuasR package (version 1.12.0) [324]. The differentially expressed 
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genes were identified using edgeR package (version 3.14.0) [325]. Genes with p-

values smaller than 0.05 and minimum log2 fold changes of ± 0.58 were considered 

as differentially regulated and were used for downstream functional and pathway 

analysis. 

 

Functional enrichment analysis 

Functional enrichment analysis of differentially expressed genes for biological 

processes or pathways were performed in R using several publicly available 

Bioconductor resources, including org.Ms.eg.db (version 3.6.0), GO.db (version 

3.6.0), GOstats (version 2.48.0) [326], KEGG.db (version 3.2.3) and ReactomePA 

(version 1.26.0) [327]. The significance of each biological processes or pathways 

identified was calculated using the hypergeometric test (equivalent to Fisher’s exact 

test) and those with p-values  ≤ 0.05 were considered significant.  

 

Genome-wide predictions of regulatory sites 

Transcription factor (TF) identification was performed from ENCODE transcription 

factor and ChEA databasets based on ChIP-seq enrichment analyses using the online 

tool Enrichr (https://maayanlab.cloud/Enrichr/#) to identify binding sites recognized by 

transcription factors. We directly uploaded fastq files for our samples obtained after 

sequencing and obtained regulatory motifs of TFs and sorted based on Z-score and 

motifs with Z-score ≥ 2.5 were considered significant.  

 

Distant metastasis- and relapse-free survival 

Distant metastasis- and relapse-free survival analyses were performed on multiple 

microarray breast cancer studies from GEO, EGA and TCGA using the online tool KM-

plotter (https://kmplot.com/analysis/index.php?p=service&cancer=breast). The mean 

expression across the optimal probes for 16 down-regulated genes and 62 up-

regulated genes (p-value ≤ 0.05) after RNAi-mediated ablation of Nrf2 was used to 

divide samples into quartiles (Q1 and Q4). The significance between both groups was 

assessed using the log-rank test (p-value ≤ 0.05 was considered significant).  
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Statistical analysis 

Statistical analysis was performed using GraphPad Prism 9.0.0 software. All data are 

presented as mean ± SD. p-values ≤ 0.05 were considered statistically significant. All 

experiments were repeated at least twice.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Results 
 

 60 

Suppl. Figure 1. NAC treatment prevents early stages of EMT.  
(a) Schematic representation of the experimental design to treat epithelial PyMT-1099, Py2T, and 
LN cells and mesenchymal PyMT-1099-LT, Py2T-LT and DLN cells with N-acetyl-cysteine (NAC; 
5mM) and TGFb (2ng/ml).  
(b) Phase contrast microscopy images showing the cell morphology of PyMT-1099 and PyMT-1099-
LT cells (top) and LN and DLN cells after TGFb and NAC treatment as described in (a).  
(c) Quantitative RT-PCR analysis of the expression of E-cadherin (Cdh1), N-cadherin (Cdh2), 
Fibronectin (Fn1), and Vimentin (Vim) in epithelial LN and mesenchymal ∆LN cells after treatment 
with TGFb and NAC as described in (a). Gene expressions were normalized to untreated LN cells 
(n=4). Data are represented as mean ± SD. Statistical significance was calculated using unpaired 
two-samples t-test. p-values are given in the panels.  
(d,e) Immunoblotting analysis of the expression of Fibronectin, E-cadherin, N-cadherin and 
Vimentin in Py2T and PyT-LT cells (d) and LN and ∆LN cells (e) after TGFb and NAC treatment as 
described in (a).  
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Suppl. Figure 2. Mesenchymal cells display a higher sensitivity to TBHP treatment compared 
to their epithelial counterparts.  
(a) Py2T and Py2T-LT cells were treated with 50µM tert-Butyl-hydroperoxide (TBHP) for 12 hours, 
and cell growth was assessed over time by colony formation assays. Colonies were visualized (left) 
and quantified (right) by crystal violet staining. n=3.   
(b,c) PyMT-1099 and PyMT-1099-LT cells (b) and LN and ∆LN cells (c) were treated for 12 hours 
with 65µM TBHP, and cell growth was quantified by colony formation assays as described in (a). 
n=3. 
Data are represented as mean ± SD. Statistical significance was calculated using unpaired two-
samples t-test. p-values are given in the panels.  
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Suppl. Figure 3. Long-term H2O2 treatment provokes a mesenchymal-like phenotype.  
(a) Phase contrast microcopy images of H2O2-resistant Py2T cells (C40 and I60) and H2O2-resistant 
LN cells (I80 and DI150) cells as compared to their PBS-treated parental cells (Py2T-PBS and LN-
PBS, respectively).  
(b) Quantitative RT-PCR analysis of the expression of E-cadherin (Cdh1), N-cadherin (Cdh2), 
Fibronectin (Fn1), and Vimentin (Vim) in H2O2-resistant Py2T cells (C40 and I60) and H2O2-resistant 
LN cells (I80 and DI150) cells as compared to long-term TGFb-treated Py2T cells (LT) and E-
cadherin-deficient DLN cells, as described in (a). n=3. Data are represented as mean ± SD. 
Statistical significance was calculated using unpaired two-samples t-test. p-values are given in the 
panels.  
(c) Heatmap representing differentially expressed EMT marker genes in H2O2-resistant LN I80 and 
DI150 cells and E-cadherin-deficient DLN cells normalized to DLN-PBS parental cells.  
(d) Immunoblotting analysis of the expression of Fibronectin, E-cadherin, N-cadherin and Vimentin 
in H2O2-resistant Py2T cells (C40 and I60), in parental Py2T cells, in PBS-treated Py2T cells (PBS), 
and in long-term TGFb-treated Py2T cells (LT). n=3. 
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Suppl.  Figure 4. EMT marker localization in mesenchymal-like H2O2-resistant Py2T cells.  
Immunofluorescence microscopy images of PBS-treated Py2T cells, H2O2-resistant Py2T C40 and 
I60 cells, parental epithelial Py2T cells and long-term TGFb-treated, mesenchymal Py2T cells 
(Py2T-LT) were stained with antibodies for E-cadherin (E-cad, green) and Zonula occludens-1 (ZO-
1, red) (left column), and for N-cadherin (N-cad, green) and actin (red) (middle column), and for 
Vimentin (Vim, green) and Fibronectin (Fn, red) (right column). Staining with DAPI (blue) was used 
to visualize nuclei. Scale bars, 100µm.  
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Suppl. Figure 5. Nrf2 is required for mesenchymal breast cancer cell growth. 
(a) Reactome pathway analysis of potential Nrf2-regulated molecular function pathways 
upregulated in PyMT-1099-LT (left) and ∆LN (right) mesenchymal cells as compared to their 
epithelial PyMT-1099 and LN counterparts. The number of related genes for each pathway is 
indicated.  
(b) Ablation of Nrf2 expression reduces cell numbers in mesenchymal PyMT-1099-LT but not in 
epithelial PyMT-1099 cells. PyMT-1099 and PyMT-1099-LT cells were transfected twice for 48 
hours with siCtl or siNfe2l2, and cell growth was determined by colony formation assays. Colonies 
were visualized (left) and quantified (right) by crystal violet staining. Treatment with 
cyclophosphamide (CPH; 4µM) was used to increase cellular stress one day before analysis. n=3.  
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(c) Ablation of Nrf2 expression reduces cell numbers in mesenchymal DLN but not in epithelial LN 
cells. LN and DLN cells were transfected twice for 48 hours with siCtl or siNfe2l2, and cell growth 
was determined by colony formation assays. Colonies were visualized (left) and quantified (right) 
by crystal violet staining. Treatment with cyclophosphamide (CPH; 4µM) was used to increase 
cellular stress one day before analysis. n=3.   
(d,e) ROS levels increase upon Nrf2 depletion in mesenchymal but not in epithelial breast cancer 
cells. ROS levels were quantified in the cells described in (b and c). n=3. 
(f,g) Nrf2-depleted mesenchymal cells do not die of apoptosis. Immunoblotting did not reveal an 
increase in cleaved Caspase 3 (c-Casp-3) in the cells treated as described in (b and c). Treatment 
with etoposide (Eto; 100µM) was used to induce apoptosis and to serve as positive control for c-
Casp-3 immunoblotting. n=3. 
Data are represented as mean ± SD. Statistical significance was calculated using unpaired two-
samples t-test. p-values are given in the panels.  
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Suppl. Figure 6. Nrf2 protects mesenchymal breast cancer cells from ferroptosis. 
(a) The loss of cell numbers upon Nrf2 depletion in mesenchymal PyMT-1099-LT cells can be 
reverted by treatment with the ferroptosis inhibitor ferrostatin (Fer-1; 1µM). Epithelial PyMT-1099 
cells and mesenchymal PyMT-1099-LT cells were transfected twice for 48 hours with siCtl or 
siNfe2l2 and treated with Fer-1, and cell growth was determined by colony formation assays. 
Colonies were visualized (left) and quantified (right) by crystal violet staining. n=3. 
(b) The loss of cell numbers upon Nrf2 depletion in mesenchymal DLN cells can be reverted by 
treatment with the ferroptosis inhibitor ferrostatin (Fer-1; 1µM). Epithelial LN cells and mesenchymal 
DLN cells were transfected twice for 48 hours with siCtl or siNfe2l2 and treated with Fer-1, and cell 
growth was determined by colony formation 
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(c,d) siRNA-mediated ablation of Nrf2 expression also led to a loss of Nrf2 transcriptional induction 
of its target gene Nqo1. The expression of Nrf2 (Nfe2l2) and Nqo1 was determined by quantitative 
RT-PCR of the samples described in ( a and b, respectively).  
Data are represented as mean ± SD. Statistical significance was calculated using unpaired two-
samples t-test. p-values are given in the panels.  
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Suppl. Figure 7. Inhibition of glutathione synthesis induces ferroptosis in mesenchymal 
breast cancer cells.  
(a) Reactome pathway analysis of genes differentially expressed upon siRNA-mediated depletion 
of Nrf2 expression in PyMT-1099-LT and DLN mesenchymal cells. The glutathione conjugation 
pathway is highlighted in red. 
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(b) Ablation of Slca7a11 or Gclc expression reduces cell numbers in mesenchymal PymT-1099-LT 
but not in epithelial PymT-1099 cells. PymT-1099 and PyMT-1099-LT cells were transfected twice 
for 48 hours with siCtl or siSlc7a11 or siGclc, and cell growth was determined by colony formation 
assays. Colonies were visualized (left) and quantified (right) by crystal violet staining. Treatment 
with placebo or CPH (4µM) was used to increase cellular stress. n=3.   
(c) Ablation of Slca7a11 or Gclc expression reduces cell numbers in mesenchymal PyMT-1099-LT 
but not in epithelial PyMT-1099 cells. PyMT-1099 and PyMT-1099-LT cells were transfected twice 
for 48 hours with siCtl or siSlc7a11 or siGclc, and cell growth was determined by colony formation 
assays. Colonies were visualized (left) and quantified (right) by crystal violet staining. The loss of 
cell numbers upon Slc7a11 or Gclc depletion in mesenchymal PyMT-1099-LT cells could be 
reverted by treatment with the ferroptosis inhibitor ferrostatin (Fer-1; 1µM). n=3.   
(d,e) Quantification of glutathione (GSH) levels in the cells treated as described in (b and c, 
respectively). As expected, glutathione levels were reduced upon ablation of Slc7a11 and Gclc. 
n=3. 
(f,g) ROS levels increase upon depletion of Slc7a11 or Gclc in mesenchymal but not in epithelial 
breast cancer cells. ROS levels were quantified in the cells described in (b and c, respectively). n=3. 
(h,i) Slc7a11 or Gclc-depleted mesenchymal cells do not die of apoptosis. Immunoblotting did not 
reveal an increase in cleaved Caspase 3 (c-Casp-3) in the cells treated as described in (b and c, 
respectively). Treatment with etoposide (Eto; 100µM) was used to induce apoptosis and to serve as 
positive control for c-Casp-3 immunoblotting. n=3. 
Data are represented as mean ± SD. Statistical significance was calculated using unpaired two-
samples t-test. p-values are given in the panels.  
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Suppl. Figure 8. H2O2-resistant Py2T cells display a higher sensitivity upon siRNA-mediated 
ablation of Nrf2, Slc7a11 and Gclc proteins.  
(a,c,e) Py2T-PBS, C40, I60, and Py2T epithelial and Py2t-LT mesenchymal cells were transfected 
with siCtl, siNfe2l2 (a), siSlc7a11 (c) or siGclc (e) twice during 4 days for Nfe2l2, Slc7a11 and Gclc 
gene expression, and cell growth was determined by colony formation assays. Colonies were 
visualized (left) and quantified (right) by crystal violet staining.  
(b,d,f) Knock-down efficiency was determined by quantitative RT-PCR in the samples described in 
(a, c, and d) Gene expressions are normalized to Py2T epithelial cells for Slc7a11 and Gclc 
expressions, and normalized to Py2T-PBS cell for Nfe2l2 expression.  
Data are represented as mean ± SD. Statistical significance was calculated using unpaired two-
samples t-test. p-values are given in the panels.  
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Suppl. Figure 9. Py2T LT mesenchymal cells display a higher sensitivity compared to their 
epithelial counterparts upon Erastin-induced glutathione synthesis inhibition.  
(a) Mesenchymal breast cancer cells are sensitive to ferroptosis induction. Epithelial Py2T cells and 
mesenchymal Py2T-LT cells were treated with increasing concentrations of the ferroptosis inducer 
Erastin (Era) with and without the ferroptosis inhibitor Fer-1 (1µM). Cell growth was determined by 
colony formation assays over 7 to 10 days. Colonies were visualized (left) and quantified (right) by 
crystal violet staining. n=3. 
(b) Quantification of glutathione (GSH) levels in the cells treated with Erastin (Era) as described in 
(a). Glutathione levels were reduced upon treatment with Erastin. N=3. 
(c) ROS levels increase upon treatment with Erastin (Era) in mesenchymal but not in epithelial 
breast cancer cells. ROS levels were quantified in the cells described in (a). n=3. 
(d) Erastin-treated mesenchymal cells do not die of apoptosis. Immunoblotting did not reveal an 
increase in cleaved Caspase 3 (c-Casp-3) in the cells treated as described in (a). Treatment with 
etoposide (Eto; 100µM) was used to induce apoptosis and to serve as positive control for c-Casp-3 
immunoblotting. n=3. 
Data are represented as mean ± SD. Statistical significance was calculated using unpaired two-
samples t-test. p-values are given in the panels.  
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Suppl. Figure 10. PyMT-1099-LT mesenchymal breast cancer cells display a higher 
sensitivity to BSO and Erastin-induced glutathione synthesis inhibition as compared to their 
epithelial counterparts  
(a,b) Epithelial PyMT-1099 and mesenchymal PyMT-1099-LT cells were treated with increasing 
concentrations of L-Buthionine-Sulfoximine (BSO) (a) or Erastin (Era) (b) with and without the 
ferroptosis inhibitor Fer-1 (1µM). Cell growth was determined by colony formation assays over 7 to 
10 days. Colonies were visualized (left) and quantified (right) by crystal violet staining. n=3. 
(c,d) Quantification of glutathione (GSH) levels in the cells treated with BSO (c) and Erastin (Era) 
(d) as described in (a) and (b), respectively. Glutathione levels were reduced upon treatment with 
Erastin. n=3. 
(e,f) ROS levels increase upon treatment with BSO (e) and Erastin (Era) (f) in mesenchymal but not 
in epithelial breast cancer cells, as described in (a) and (b), respectively. n=3. 
(g) BSO-treated mesenchymal cells do not die of apoptosis. Immunoblotting did not reveal an 
increase in cleaved Caspase 3 (c-Casp-3) in the cells treated as described in (a). Treatment with 
etoposide (Eto; 100µM) was used to induce apoptosis and to serve as positive control for c-Casp-3 
immunoblotting. n=3. 
Data are represented as mean ± SD. Statistical significance was calculated using unpaired two-
samples t-test. p-values are given in the panels.  
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Suppl. Figure 11. Mesenchymal DLN cells display a higher sensitivity to BSO and Erastin-
induced glutathione synthesis inhibition as compared to epithelial LN cells. 
(a,b) Epithelial LN and mesenchymal DLN cells were treated with increasing concentrations of L-
Buthionine-Sulfoximine (BSO) (a) or Erastin (Era) (b) with and without the ferroptosis inhibitor Fer-
1 (1µM). Cell growth was determined by colony formation assays over 7 to 10 days. Colonies were 
visualized (left) and quantified (right) by crystal violet staining. n=3. 
(c,d) Quantification of glutathione (GSH) levels in the cells treated with BSO (c) and Erastin (Era) 
(d) as described in (a) and (b), respectively. Glutathione levels were reduced upon treatment with 
Erastin. n=3. 
(e,f) ROS levels increase upon treatment with BSO (e) and Erastin (Era) (f) in mesenchymal but not 
in epithelial breast cancer cells, as described in (a) and (b), respectively. n=3. 
(g,h) BSO and Erastin-treated mesenchymal DLN cells do not die of apoptosis. Immunoblotting did 
not reveal an increase in cleaved Caspase 3 (c-Casp-3) in the cells treated as described in (a). 
Treatment with etoposide (Eto; 100µM) was used to induce apoptosis and to serve as positive 
control for c-Casp-3 immunoblotting. n=3. 
Data are represented as mean ± SD. Statistical significance was calculated using unpaired two-
samples t-test. p-values are given in the panels.  
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Suppl. Figure 12. H2O2-resistant Py2T cells display a higher sensitivity to BSO or Erastin-
induced glutathione synthesis inhibition.  
(a,b) Py2T-PBS and H2O2-resistant C40 and I60 cells were treated overnight with increasing 
concentrations of L-Buthionine-Sulfoximine (BSO) (a) or Erastin (Era) (b) with and without the 
ferroptosis inhibitor Fer-1 (1µM). Cell growth was determined by colony formation assays over 7 to 
10 days. Colonies were visualized (left) and quantified (right) by crystal violet staining. n=3. 
(c,d) Quantification of glutathione (GSH) levels in the cells treated with BSO (c) and Erastin (Era) 
(d) as described in (a) and (b), respectively. Glutathione levels were reduced upon treatment with 
Erastin. n=3. 
(e,f) BSO and Erastin-treated H2O2-resistant C40 and I60 cells do not die of apoptosis. 
Immunoblotting did not reveal an increase in cleaved Caspase 3 (c-Casp-3) in the cells treated as 
described in (a) and (b), respectively. Treatment with etoposide (Eto; 100µM) was used to induce 
apoptosis and to serve as positive control for c-Casp-3 immunoblotting. n=3. 
Data are represented as mean ± SD. Statistical significance was calculated using unpaired two-
samples t-test. p-values are given in the panels.  
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Down-regulated genes (16) 
Nqo1 
Gclc 

Cpne3 
Itgb2 

Fgfbp1 
Ggps1 
Hspd1 
Ypel1 

Serpinb1b 
Dimt1 
Cdk6 
Parvg 
Hap1 

Snora74a 
Cntrl 
Syn1 

Up-regulated genes (62) 
Col6a2 Csf2rb Tmem140 
Arid3a Trp53inp2 Pdk2 
Irgm2 Ctso Ces1a 
3110043O21Rik Serpinb8 Foxred2 
Neu1 Enpp5 Phyhd1 
Ctns Gjc2 H2-T-ps 
B4galt1 Fuca2 Chac1 
Igtp Mir22 Crebl2 
Gpa33 Slc41a3 Cyp4f13 
Naip2 P2rx6 Csf2rb2 
Atp6v0d1 Serpinb9e 6430548M08Rik 
Pla2g15 Ppm1h C1rl 
Tmem106a Amdhd2 Naip7 
Sfxn4 Tmem53 Rab3il1 
Il6ra Plin4 Fcgr4 
Irf7 Arrdc4 Trib3 
Xaf1 Uba7 Copz2 
Ceacam1 Fcgrt Tcn2 
Pck2 Ficd BC039771 
Col6a1 Psen2  
C1qtnf6 Il2rg  

Suppl. Table I. Genes commonly regulated by Nrf2 between metastatic PyMT-
1099-LT and ∆LN mesenchymal cells. 
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siRNA name Catalog # Sequences 

ON-TARGETplus non-targeting 
pool D-001810-10-20 

UGGUUUACAUGUCGACUAA 
UGGUUUACAUGUUGUGUGA 
UGGUUUACAUGUUUUCUGA 
UGGUUUACAUGUUUUCCUA 

ON-TARGETplus Mouse 
Nfe2l2 (18024) siRNA - 

SMARTpool 
L-040766-00-0005 

ACUCAAAUCCCACCUUAAA 
UGGAGUAAGUCGAGAAGUG 
CAUGUUACGUGAUGAGGAU 
GGACAGCAAUUACCAUUUU 

ON-TARGETplus Mouse Gclc 
(14629) siRNA – SMARTpool L-043462-01-0005 

GUACAAUAAUACCGGCAUU 
GAUCAGUAAGUCUCGGUAU 
UGUCCAAGGUUGACGAGAA 
GGAGGAAGGCAUCGAUCAU 

ON-TARGETplus Mouse 
Slc7a11 (26570) siRNA - 

SMARTpool 
L-047420-01-0005 

CGAUGGUAUUUGUGCGCUA 
GGGUGGAACUGCUCGUAAU 
ACAACUAAGAGUCGACAUA 
AAACAAAACAAACGAGGUA 

Gene name Forward (5’-3’) Reverse (5’-3’) 
mouse RPL19 CTCGTTGCCGGAAAAACA TCATCCAGGTCACCTTCTCA 
mouse Cdh1 CGACCCTGCCTCTGAATCC TACACGCTGGGAAACATGAGC 
mouse Cdh2 CAATGACGTCCACCCTGTTCT CTGCCATGACTTTCTACGGAGA 
mouse Fn1 CCCAGACTTATGGTGGCAATT AATTTCCGCCTCGAGTCTGA 
mouse Vim CCAACCTTTTCTTCCCTGAA TTGAGTGGGTGTCAACCAGA 

mouse Nfe2l2 CGAGATATACGCAGGAGAGGT GCTCGACAATGTTCTCCAGCT 
mouse Nqo1 TATCCTTCCGAGTCATCTCTA TCTGCAGCTTCCAGCTTCTTG 
mouse Gclc AACAAGAAACATCCGGCATC CGTAGCCTCGGTAAAATGGA 

mouse Slc7a11 TTCATCCCGGCACTATTTTC CGTCTGAACCACTTGGGTTT 

Protein name Company & catalog # Host Dilution 
E-cadherin Invitrogen - 13-1900 Rat 1:200 
N-cadherin Invitrogen - 33-3900 Mouse 1:200 

Zonula occludens-1 Invitrogen - 61-7300 Rabbit 1:100 
Vimentin Sigma-Aldrich - V2258 Mouse 1:200 

Fibronectin Sigma-Aldrich - F3648 Rabbit 1:400 
8OHdG (15A3) Santa-Cruz – sc-66036 Mouse 1:250 

Protein name Company & catalog # Host Dilution 
E-cadherin BD Biosciences - 610182 Mouse 1:3000 
N-cadherin Invitrogen - 33-3900 Mouse 1:1000 
Vimentin Cell Signaling - 5741 Rabbit 1:1000 

Fibronectin Sigma-Aldrich - F3648 Rabbit 1:2000 
⍺-tubulin Sigma-Aldrich - T9026 Mouse 1:5000 

cleaved caspase3 Cell Signaling - 9664 Rabbit 1:1000 

Suppl. Table II. siRNA used in this manuscript. 

Suppl. Table III. RT-qPCR primers used in this manuscript. 

Suppl. Table IV. Immunofluorescence antibodies used in this manuscript. 

Suppl. Table V. Immunoblotting antibodies used in this manuscript. 
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time courses and LN and DLN cells. RNA sequencing data of H2O2-resistant cell lines 

and of Nrf2 knockdown cells are currently in uploading process.  
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4. General Discussion and Future Directions 
 
Despite a number of recent studies deciphering the role of ROS in carcinogenesis, 

their direct functional contributions and the mechanisms underlying ROS formation 

and inactivation in cancer cells are still poorly understood. During our lives, generation 

of ROS by exogenous stresses, including heavy metals, UVs, IRs, tobacco smoke, 

acute alcohol drinking and xenobiotics, lead to DNA damage through the generation 

of oxidized bases (8OHdG as an example) [148]. Therefore, repair systems of oxidized 

bases can generate errors leading to mutagenesis, and, thus, inducing tumor initiation 

[229]. In fact, regular antioxidant uptake through nutrition is well known to protect cells 

from ROS-mediated damage, and, thus, from carcinogenesis.   

 Oxidative stress represents a hallmark of cancer cells. During cancer 

progression, cells increase their mitochondrial metabolism and protein translation, and 

they are exposed to hypoxia and inflammation, all leading to increased ROS 

production. While ROS can contribute to tumorigenesis, exceedingly high levels of 

ROS are fatal. Therefore, cancer cells need to rely on endogenous antioxidants to 

maintain the redox balance and survive [159, 241, 245-249]. Here, I have investigated 

how breast cancer cells handle toxic ROS levels during EMT. EMT is a transient and 

reversible process known to contribute to the metastatic process by providing cancer 

cells with high migratory and invasive capacities and also associated with therapy 

resistance. My results show that ROS are required for EMT induction, yet not for its 

maintenance. Moreover, cells undergoing an EMT display an antioxidant response, 

decreasing ROS generation via Nrf2-mediated expression of genes implicated in 

glutathione synthesis and function. Overall, I have demonstrated that interfering with 

glutathione synthesis in mesenchymal breast cancer cells induces cell death by 

ferroptosis in vitro and reduces tumor growth and metastasis formation in vivo. 

 By establishing H2O2-resistant epithelial cells, computational analysis identified 

the activation of the Nrf2 transcription factor, known as “the master regulator of the 

antioxidant response”, as well as its activation in mesenchymal breast cancer cells.  

Further analyses highlighted its set of target genes, including genes involved in ECM 

remodeling, and in glutathione synthesis and antioxidant function. These results 

pinpointed the antioxidant role of Nrf2 during EMT. Notably, I found that Nrf2 ablation 
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leads to mesenchymal cell death by ferroptosis, as accompanied by an increase of 

ROS production, a lack of apoptosis marker increase, and prevention of cell death by 

a specific ferroptosis inhibitor, known as ferrostatin-1 [89, 154-156, 160]. This is 

consistent  with the fact that Nrf2 regulates a range of antioxidant gene expression. 

Since I have found that Nrf2 regulates several glutathione-related genes, the results 

underline the mesenchymal cell addiction to glutathione. Glutathione is known to be 

one of the most important endogenous antioxidants. Indeed, it is used by a large 

number of antioxidant enzymes to prevent ROS deleterious effects, as well as 

scavenging free radicals. To allow its synthesis by the rate-limiting enzyme GCL and 

others, cells need to import cystine by the xCT complex, located in the cell membrane. 

My results show that interfering with glutathione synthesis via RNAi-mediated ablation 

or pharmacological inhibition of xCT and GCL enzymes lead to mesenchymal cell 

death by ferroptosis in vitro and a decrease of tumor growth and metastasis formation 

in vivo.  

Our results are consistent with several studies demonstrating that therapy-

resistant cancer cells rely on glutathione synthesis to survive, and that interfering with 

this pathway leads cell death by ferroptosis [89, 154-156, 204, 251, 252]. However, to 

overcome ferroptosis, we could also hypothesize that cancer cells may be able to 

upregulate a range of other antioxidant enzymes, different or independent of 

glutathione, including changes in glycolytic metabolism, the methionine cycle and the 

transsulfuration pathway to provide cysteine and, finally, the pentose phosphate 

pathway through its controlling-enzyme glucose-6-phosphate dehydrogenase to 

increase the generation of antioxidant NADPH/H+ supply which is required for reduced 

glutathione regeneration [158]. Therefore, further work is warranted to determine 

which antioxidant pathways provide therapy-resistant and metastatic cancer cell the 

ability to overcome ferroptotic cell death.  

The therapeutic targeting of the glutathione synthesis pathway may be of 

interest for patients displaying therapy-resistant and metastatic disease. However, as 

described above as well as in the Introduction to my thesis, interfering with glutathione 

synthesis may be fatal for normal cells. It is well-known that throughout our lives, a 

large variety of antioxidants protect our cells from the deleterious effects of ROS, and, 

thus, from DNA damage. Due to acute oxidative stress, accumulation of oxidized 

bases leads to mutagenic and carcinogenic consequences, and, thus, tumor initiation. 

Importantly, endogenous antioxidant enzymes as well as several antioxidant 
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substrates (GSH/GSSG and NADPH/H+) are crucial to prevent newly carcinogenic 

events. Therefore, the targeting of glutathione synthesis pathway may not represent 

the only or the best therapeutic approach for cancer patients and other strategies need 

to be considered.  

 As I had observed that cells undergoing EMT reduced their ROS levels, we 

hypothesized that mesenchymal cells may be occupied by the clearance of ROS and 

that inducing more ROS may be lethal for them. Since mesenchymal cells as well as 

therapy-resistant cells are sensitive to cell death by ferroptosis, this underlines a high 

source of intracellular ROS generation. Moreover, it is not known how ROS generation 

is increased in cells initiating EMT and how it is mechanistically required for the 

process of EMT. Thus, it will be of interest to identify the intracellular sources of ROS 

in order to develop new therapeutic strategies for cancer patients. Further work is also 

warranted to determine the intracellular sources of ROS by their production sites and 

pathways, including mitochondria and metabolism, ER stress and unfolded protein 

response, and NOX enzymes.  

My work has important implications for understanding metastatic breast cancer 

and for devising novel therapeutic strategies. Indeed, my study highlights the 

glutathione antioxidant pathway as an Achilles heel of metastatic breast cancer cells, 

and, thus, as a potential therapeutic target in patients with metastatic disease. 

Previous works has suggested to employ chemotherapy supplemented with curcumin, 

a Nrf2 activator and therefore a strong and powerful antioxidant, which helps to 

prevent carcinogenesis and sensitizes cancer cells to chemotherapy [322].  Here, my 

study shows that mesenchymal, metastatic breast cancer cells rely on Nrf2-mediated 

antioxidant capacities to survive and that a Nrf2 related-gene signature correlates with 

patient prognosis. Hence, it is conceivable that breast cancer patients exhibiting Nrf2-

based gene signature in their tumors may qualify for therapies which target glutathione 

synthesis and function.  

In the future, further work is needed to precisely determine the targetable and 

druggable antioxidant pathways to treat patients with therapy-resistant and metastatic 

disease without harming the normal cells of the body.  
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