Redox Biology 37 (2020) 101702

Contents lists available at ScienceDirect

Redox Biology

journal homepage: www.elsevier.com/locate/redox

ELSEVIER

Check for

NRF2 regulates the sensitivity of human NSCLC cells to cystine | e
deprivation-induced ferroptosis via FOCAD-FAK signaling pathway

a,b,* a,b
)

Pengfei Liu
Yetong Feng

, Di Wu®, Jinyue Duan “, Hexin Xiao “, Yulai Zhou , Lei Zhao
a,b,c,**

@ Ambulatory Surgical Center, The 2nd Clinical Medical College (Shenzhen People’s Hospital) of Jinan University, The 1st Affiliated Hospitals of Southern University of
Science and Technology, Shenzhen, 518020, China

b Integrated Chinese and Western Medicine Postdoctoral Research Station, Jinan University, Guangzhou, 510632, China

¢ School of Pharmaceutical Sciences, Jilin University, Changchun, 130012, China

ARTICLE INFO ABSTRACT

Keywords: Transcription factor nuclear factor-erythroid 2-like 2 (NRF2) mainly regulates cellular antioxidant response,
NRF2 redox homeostasis and metabolic balance. Our previous study illustrated the translational significance of NRF2-
FOCAD mediated transcriptional repression, and the transcription of FOCAD gene might be negatively regulated by
Ef:::optosis NRF2. However, the detailed mechanism and the related significance remain unclear. In this study, we mainly
Mitochondria explored the effect of NRF2-FOCAD signaling pathway on ferroptosis regulation in human non-small-cell lung
NSCLG carcinoma (NSCLC) model. Our results confirmed the negative regulation relationship between NRF2 and

FOCAD, which was dependent on NRF2-Replication Protein Al (RPA1)-Antioxidant Response Elements (ARE)
complex. In addition, FOCAD promoted the activity of focal adhesion kinase (FAK), which further enhanced the
sensitivity of NSCLC cells to cysteine deprivation-induced ferroptosis via promoting the tricarboxylic acid (TCA)
cycle and the activity of Complex I in mitochondrial electron transport chain (ETC). However, FOCAD didn’t
affect GPX4 inhibition-induced ferroptosis. Moreover, the treatment with the combination of NRF2 inhibitor
(brusatol) and erastin showed better therapeutic action against NSCLC in vitro and in vivo than single treatment,
and the improved therapeutic function partially depended on the activation of FOCAD-FAK signal. Taken
together, our study indicates the close association of NRF2-FOCAD-FAK signaling pathway with cysteine
deprivation-induced ferroptosis, and elucidates a novel insight into the ferroptosis-based therapeutic approach
for the patients with NSCLC.

1. Introduction

Different from apoptosis, necrosis or autophagic cell death, ferrop-
tosis is a novel programmed cell death pattern, which is mainly results
from iron-dependent lipid peroxidation [1,2]. During the process of
ferroptosis, glutathione (GSH), the substrate of phospholipid hydro-
peroxidases, holds an important potential in the regulation of cellular
redox contents. Scientists have revealed that the depletion of cellular
cysteine or GSH caused by the inhibition of cystine-glutamate antiporter
(system Xc™) can disrupt cellular redox homeostasis and lead to fer-
roptosis finally. Besides, both glutathione peroxidase 4 (GPX4) and

ferroptosis suppressor protein 1 (FSP1) are essential for the clearance of
lipid ROS. Therefore, the suppression of GPX4 or FSP1 is also able to
induce ferroptosis effectively, without affecting the normal cellular
levels of cysteine and GSH [3-5]. In recent years, the position of fer-
roptosis in different diseases, such as carcinogenesis [6,7], Alzheimer’s
disease [8], brain injury [9,10], lung injury [11] and
ischemia-reperfusion injury [10], has been investigated by different
groups. Especially for cancer research and therapy, scientists find that
some types of cancer cells are sensitive to ferroptosis inducers, even
though they are resistant to the traditional chemotherapy [12]. There-
fore, as a novel therapeutic approach, ferroptosis holds promising
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potential in the treatment of chemotherapy-resistant cancers.

Nuclear factor-erythroid 2-like 2 (NRF2) is one of the most important
transcription factors in the regulation of antioxidant response. It binds to
the antioxidant response element (ARE) as a heterodimer with small
musculoaponeurotic fibrosarcoma proteins (sMAF), and further acti-
vates the transcription of ARE-containing genes, such as NQO1, AKR1C1
and GST [13,14]. Those NRF2 target genes are essential for eliminating
or ameliorating the effects of toxicants/carcinogens and maintaining
proper cellular redox homeostasis. Accordingly, activation of the NRF2
pathway by synthetic or naturally-occurring compounds at sub-toxic
doses is able to protect against toxic or carcinogenic exposure, thus
activation of NRF2 is considered a promising strategy for cancer pre-
vention [13,15,16]. However, many studies have also revealed the
“dark” side of NRF2 in cancer therapy. Continuously high level of NRF2
facilitates cancer cell survival and growth, conferring the resistance to
current chemotherapy. Therefore, it should be necessary to inhibit NRF2
function during the process of cancer treatment [13,15].

The close connection between NRF2 and ferroptosis have been
confirmed by several groups, and lots of genes which inhibits lipid
peroxidation, the initiation of ferroptosis, have been identified as NRF2
target genes, such as HMOX1, GPX4 and SLC7A11 [17-20]. Besides,
both glutathione synthesis and iron metabolism can also be regulated by
NRF2 signaling pathway effectively [2,20]. Therefore, the inhibition of
NRF2 may be also necessary to enhance the sensitivity of cancer cells to
ferroptosis.

Over 300 target genes can be upregulated by NRF2 transcriptionally
[21]. In contrast, our previous study indicates that the transcription of
some genes (such as MYLK) also can be directly repressed by NRF2 in an
ARE-dependent manner. The transcriptional repression is dependent on
the formation of an NRF2-Replication Protein A1 (RPA1)-ARE complex.
In this model, RPA1 becomes a novel NRF2-binding partner which
competes with sMAF for NRF2 binding. The in silico and RNAseq data
sets indicates that the NRF2-RPA1-ARE complex may also transcrip-
tionally inhibit other genes, including cancer related gene, FOCAD [22].

FOCAD is a kind of focal adhesion proteins that is encoded by
KIAA1797/FOCAD gene. Some researchers found that the expression
level of FOCAD in glioblastoma cell lines and glioblastomas was lower
than normal brain tissues, and FOCAD was co-localized with VINCULIN
in focal adhesions. In addition, the upregulation of FOCAD expression
led to the suppression in colony formation, migration and invasion ca-
pacity of cancer cells, indicating the therapeutic potential of FOCAD in
cancer treatment [23,24]. However, the detailed function and related
mechanism remain unclear for us.

In this study, we mainly explored the significance of NRF2-FOCAD
signaling pathway in ferroptosis-based therapy against human non-
small-cell lung carcinoma (NSCLC). Our results indicated that FOCAD
improved the activity of focal adhesion kinase (FAK), which further
promoted the sensitivity of NSCLC cells to cysteine deprivation-induced
ferroptosis via enhancing the tricarboxylic acid (TCA) cycle and the
activity of Complex I in mitochondrial electron transport chain (ETC).
However, FOCAD didn’t showed obvious effect on GPX4 inhibition-
induced ferroptosis. In addition, we also confirmed the negative regu-
lation relationship between NRF2 and FOCAD, and the treatment with
NRF2 inhibitor, brusatol, increased the sensitivity of NSCLC cells to
erastin-induced ferroptosis in vitro and in vivo, which depended on the
upregulation of FOCAD partially. Totally, our results elucidate a novel
insight into the position of NRF2-FOCAD-FAK signaling pathway in
ferroptosis-based treatment for human NSCLC.

2. Materials and methods

All of experiments in this study have been approved by the Com-
mittee on the Ethics of Human Subject Research and Animal care of
Jinan University. All patients have provided their written informed
consent. The ethics committee of Jinan University has approved this
consent procedure. In addition, the experiments performed in this study
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also conform with The Code of Ethics of the World Medical Association
(Declaration of Helsinki).

2.1. Cell culture

Human NSCLC cell lines, A549, NCI-H838 (H838) and NCI-H1703
(H1703), and human bronchial epithelial cell lines, BEAS-2B and NL20,
were purchased from the American Type Culture Collection (ATCC,
USA). A549 cells were cultured using F-12K medium (Gibco, USA)
supplemented with 10% FBS (Gibco, USA), 100 U/mL penicillin and 0.1
g/mL streptomycin (Sigma, USA). H838 and H1703 cell lines were
cultured using RPMI-1640 medium (Gibco, USA) supplemented with
10% FBS (Gibco, USA), 100 U/mL penicillin and 0.1 g/mL streptomycin
(Sigma, USA). BEAS-2B and NL20 were cultured using Bronchial
Epithelial Cell Growth Medium (BEGM, Lonza, USA). All of cells were
cultured in a humidified 37 °C incubator with 5% CO,.

We established NRF2™/~ and RPA1~/~ A549 cells using CRISPR/
Cas9 method as our previous study [22]. Herein, the same method was
applied to established FOCAD ™"~ A549 cell line, and the sgRNA se-
quences (5'-3') are as follows:

FOCAD-sgRNA-A: 5'-CCAGAGCAGAACGTTTCAGG-3’.

FOCAD-sgRNA-B: 5'-GAGATGTGTTTTATCCACAG-3’.

To establish FOCAD-overexpressed cell line, the coding sequence of
human FOCAD gene was first amplified using PCR (Phusion® High-
Fidelity DNA Polymerase, New England BioLabs, USA) and cloned into
a pLenti6/V5-D-TOPO® vector (Addgene, USA) subsequently. Mean-
while, the empty pLenti6/V5-D-TOPO® vector was used in the Ctrl
group. Then, the lentivirus was prepared using ViraPower™ Lentiviral
Expression Systems (K495000, Thermo Fisher, USA). After transduction,
the FOCAD-overexpressed cells were selected by blasticidin treatment
(5 pg/mL, Thermo Fisher, USA).

2.2. Cell viability assay

In our research, the cell viability in each group was detected with
Cell Counting Kit-8 (CCK-8, Dojindo, Japan) as the references [25,26].
Briefly, 20 pL of the CCK-8 reagent was added to each well (containing
200 pL of medium) on the 96-well microplate, and the microplate was
further incubated at 37 °C for 4 h. Finally, the OD (450 nm) were
measured in different groups (n = 3). The cell viability in the control
group (without any treatment) was regarded as “100%”, and the relative
cell viability of the other groups was calculated respectively.

2.3. Real-time qRT-PCR

Real-time qPCR was performed as our previously described [11,22,
271. In this study, p-actin was used in the qPCR normalization, and all of
experiments were measured in triplicate. Primer sequences (5'-3') are as
follows:

FOCAD-Forward 5'-CCAGGTGCCAAATCTGATTCC-3’.

FOCAD-Reverse 5'-TGGTGTGGTTCCAAGTAGTTGT-3’.

HMOX1-Forward 5'-AACTTTCAGAAGGGCCAGGT-3".

HMOX1-Reverse 5'-CTGGGCTCTCCTTGTTGC-3".

GPX4-Forward 5'-GAGGCAAGACCGAAGTAAACTAC-3’.

GPX4-Reverse 5'-CCGAACTGGTTACACGGGAA-3’.

SLC7A11-Forward 5'-TCTCCAAAGGAGGTTACCTGC-3’.

SLC7A11-Reverse 5'-AGACTCCCCTCAGTAAAGTGAC-3’.

AKR1B1-Forward 5-TTTTCCCATTGGATGAGTCGG-3’.

AKR1B1-Reverse 5-CCTGGAGATGGTTGAAGTTGG-3.

FTH1-Forward 5'-CCCCCATTTGTGTGACTTCAT-3".

FTHI1-Reverse 5'-GCCCGAGGCTTAGCTTTCATT-3".

FTL-Forward 5'-CAGCCTGGTCAATTTGTACCT-3".

FTL-Reverse 5'-GCCAATTCGCGGAAGAAGTG-3’.

PTGS2-Forward 5'-CGGTGAAACTCTGGCTAGACAG-3’.

PTGS2-Reverse 5'-GCAAACCGTAGATGCTCAGGGA-3’.

p-actin-Forward 5'-CCCAGAGCAAGAGAGG-3’.
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p-actin-Reverse 5'-GTCCAGACGCAGGATG-3’.

2.4. Transfection of small interfering RNA (siRNA)

In out study, Hiperfect (Qiagen, USA) was used for the transfection of
siRNA as the manufacturer’s instructions. NRF2-siRNA (S103246950),
FOCAD-siRNA 5# (S104289747), FOCAD-siRNA #6 (SI04309543), and
Negative control-siRNA (1022076) were purchased from Qiagen (USA).

2.5. MitoTracker staining and JC-1 staining

Both MitoTracker Green Probe and JC-1 Mitochondrial Potential
Sensor were purchased from Invitrogen (USA). 1 x 10° cells were har-
vested in medium and incubated with MitoTracker Green Probe (0.2
puM) or JC-1 Mitochondrial Potential Sensor (1 pg/mL) for 30 min in
37 °C. Then the cells were washed once with fresh medium and analyzed
by flow cytometry.

2.6. Western blot and immunohistochemistry (IHC) staining

In the present study, western blot and IHC staining were carried out
as our previous description [28,29]. For western blot, 20 pg of protein
sample was added in each lane and separated using 7% or 12%
SDS-PAGE gel Then, the sample in gel was transferred to nitrocellulose
membranes, which was further blocked using 5% bovine serum albu-
min. The membrane was incubated with primary antibodies overnight at
4 °C. In the present study, the primary antibodies used were:
anti-FOCAD (1:1000; Biorbyt, orb450232, UK), anti-NRF2 (1:1000;
Proteintech, 16396-1-AP, USA), anti-NQO1 (1:1000; Santa Cruz,
sc-376023, USA), anti-RPA1 (1:1000; Santa Cruz, sc-48425, USA),
anti-sMAF (1:3000; Santa Cruz, sc-166548, USA), anti-FAK (1:2000;
Abcam, ab40794, USA), anti-pFAK (phospho Y397) (1:2000; Abcam,
ab81298, USA), anti-TIM23 (1:2000; Abcam, ab230253, USA), and
anti-GAPDH (1:3000; Santa Cruz, sc-47724, USA). Then, the membrane
was incubated with HRP labeled secondary antibodies, and the protein
bands were visualized using an enhanced chemiluminescence kit
(SuperSignal West Femto Maximum Sensitivity Substrate, Thermo
Fisher Scientific, USA) and ChemiDoc Imagers (Bio-Rad Laboratories,
USA). For IHC, the paraffin embedded tissues were sectioned at a 5 pm
thickness and then baked and deparaffinized. After blocked with 5%
BSA, the slice was incubated with primary antibodies overnight at 4 °C,
and non-specific IgG was used in the negative control group. Then, the
staining was performed using the EnVision + System-HRP kit (Dako)
according to the manufacturer’s instructions. Primary antibodies used
were: anti-NRF2 (1:100; Proteintech, 16396-1-AP, USA) and
anti-FOCAD (1:300, Thermo Fisher, PA5-63051, USA).

2.7. Detection of malondialdehyde (MDA) and 4-hydroxynone-
nal (4-HNE)

In our study, the MDA and 4-HNE were measured to evaluate fer-
roptosis level in each group. The concentration of MDA and 4-HNE in
cell lysates were measured using the Lipid Peroxidation (MDA) Assay Kit
(MAKO85, Sigma-Aldrich, USA), and Lipid Peroxidation (4-HNE) Assay
Kit (ab238538, Abcam, USA) according to the manufacturer’s in-
structions. First, the cells or tissues were lysed using the lysis buffer, and
the insoluble material was removed via centrifuge. For MDA detection,
the samples were mixed with thiobarbituric acid and incubated at 95 °C
for 1 h. The absorbance at 532 nm were measured to determine the MDA
concentration. For 4-HNE detection, the samples were added into the 4-
HNE Conjugate coated plate and incubate for 10 min. Then, the conju-
gated 4-HNE was incubated with Anti-4-HNE antibody and Secondary
Antibody-HRP. Finally, Substrate Solution was added and the absor-
bance at 450 nm were measured. Herein, the amount of MDA or 4-HNE
was calculated in 1 x 10° cells or 1 mg tissues after treatment.
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2.8. BODIPY staining

To further evaluated lipid peroxidation in each group. BODIPY
staining was used in our research. The cells were washed with PBS, and
incubated with 1 pM BODIPY 493/503 (Thermo Fisher, USA) for 0.5 h at
37 °C. Then the cells were washed with PBS and analyzed by Flow
cytometry (BD Biosciences, USA).

2.9. TCA cycle assay

In this research, the key metabolites in TCA cycle, a-Ketoglutarate
(-KG) and succinate (Suc), were measured respectively to evaluate the
TCA cycle in different groups, Herein, a-KG was detected using a-Keto-
glutarate Assay Kit (MAKO054, Sigma, USA), and Suc was measured with
Succinate Colorimetric Assay Kit (MAK184, Sigma, USA) according to
the manufacturer’s instructions.

2.10. Evaluation of mitochondrial ETC activity

In our study, mitochondria was isolated from cell samples with
Mitochondria Isolation Kit for Cultured Cells (ab110170, Abcam, USA).
Then, the activity of Complex I to IV in mitochondrial ETC was measured
using Complex I Enzyme Activity Assay Kit (ab109721, Abcam, USA),
Complex II Enzyme Activity Assay Kit (ab109908, Abcam, USA), Mito-
chondrial Complex III Activity Assay Kit (K520-100, Biovision, USA),
and Complex IV Enzyme Activity Assay Kit (ab109909, Abcam, USA)
according to the manufacturer’s instructions respectively.

2.11. Luciferase activity assay

Luciferase activity was detected using the Dual-luciferase Reporter
Assay System (Promega, USA). For relative luciferase activity assay, the
value of Firefly-luciferase was normalized to the value of Renilla-
luciferase. Briefly, 1 x 10° A549 cells/well were seeded into a 24-well
plate and cultured overnight. Then 0.45 pg of pGL3-FOCAD-ARE
plasmid and 0.05 pg of hRluc/TK plasmid were cotransfected into the
cell using Lipofectamine 3000. 24 h later, the cells were treated with
different compounds for another 16 h. Finally the cells were lysed using
Passive lysis buffer (Promega, USA), and both Firefly-luciferase and
Renilla-luciferase values were measured using Dual luciferase assay kit
(Promega, E1910, USA) and luminometer (Model TD-20/20, Turner
BioSystems, CA).

2.12. Biotin-DNA pull-down

Biotin-DNA pull-down was carried out as reported previously [22,
30]. Briefly, the cell samples were lysed using RIPA buffer containing 1
mM DTT (Sigma, USA), 1 mM phenylmethylsulfonyl fluoride (PMSF,
Sigma, USA) and 1% protease inhibitor cocktail (Sigma, USA), and the
total cell lysates were pre-cleared using streptavidin beads (Invitrogen,
USA) and further incubated with 2 pg biotinylated DNA probes which
spanned the ARE containing sequences in the promoter regions of
human FOCAD gene (41 bp). The DNA-protein complexes were pulled
down using streptavidin beads. After washed for 3 times, the complexes
were resolved on an SDS-PAGE gel, and subjected to western blot assay.

2.13. Xenograft mouse model

In our study, NOG mouse (Charles River Laboratories, China) were
used to establish xenograft mouse model. The 6 week-old male mice
were injected with A549 cells (100 pL containing 5 x 10° cells/mouse, i.
h.). After the volume of tumor reached about 100-120 mm?, the mice
were divided into 4 different groups (n = 5) for both FOCAD-wild type
(FOCAD-WT) and FOCAD-knockout (FOCAD-KO) cells respectively.
Brusatol (0.5 mg/kg), erastin (15 mg/kg) and RSL3 (100 mg/kg) were
dissolved in 5% DMSO/corn oil. Brusatol and Erastin injected into the
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mice intraperitoneally, and RSL3 was administrated intratumorally
(twice in one week) for 4 weeks. Then, the mice were sacrificed and
tumor weight in different groups was measured respectively. Besides,
the survival rate within 120 days was also evaluated in each group (n =
10).

2.14. Statistical analysis

In our study, all of results were presented as mean + SD (n = 3), and
the statistical analysis was performed using SPSS 17.0. Herein, the un-
paired Student’s t-tests were applied to compare the means between two
different groups, and one-way ANOVA with Bonferroni’s correction was
used to compare the means among three or more groups. Besides, the
one-tailed test was applied in the Student’s t-test, and p value lower than
0.05 was considered significant statistically.

3. Results
3.1. NRF2 negatively regulates FOCAD expression

To explore the cross-talk between FOCAD and NRF2 in NSCLC cells,
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the cancer tissues and paracancer tissues from 6 different NSCLC pa-
tients were harvested for IHC staining first. The results form most pa-
tients (Patient-001 to Patient-005) except Patient-006, indicated the
high expression of NRF2 and low expression of FOCAD in cancer tissues,
while the opposite results existed in paracancer tissues (Fig. 1A-C).
Therefore, there could be a negative regulation relationship between
NRF2 and FOCAD. To further confirm the hypothesis, two bronchial
epithelial cell lines (BEAS-2B and NL20) were treated with sulforaphane
(NRF2 activator), and three NSCLC cell lines (H838, H1703and A549)
were treated with brusatol (NRF2 inhibitor). The immunoblot results
indicated that the treatment with sulforaphane increased the expression
of NRF2 and NQO1 (NRF2 target gene), which were downregulated by
brusatol treatment. However, the protein level of FOCAD showed an
opposite response to the compounds treatment (Figs. SIA-S1D). The
effect of brusatol in different concentrations on FOCAD were analyzed in
A549 cells, and a concentration-dependent response was showed on the
effect of brusatol on FOCAD expression in A549 cells (Fig. 2A-B). In
addition, we established NRF2-knockdown and NRF2-knockout cells
using NRF2 specific siRNA and CRISPR/Cas9, and the immunoblot and
qPCR results also indicated that FOCAD could be a negatively regulated
NRF2 target gene (Fig. 2C-D).

A Patient-001 Patient-002 Patient-003 Fig. 1. The expression of NRF2 and
NRF2 FOCAD NRF FOCAD NRF2 FOCAD FOCAD in human NSCLC tissues. The
i a 3 3 & B Ts 7 J cancer tissues and paracancer tissues

BIR

Cancer

Paracancer

Patient-004

from 6 NSCLC patients (Patient-001 to
Patient-006) were harvested for NRF2
and FOCAD via IHC staining (A). In the
negative control, non-specific IgG was
used to replace the first antibody. The
cancer slice from patient-001 was used
in the negative control of NRF2 staining
(Al), and the paracancer slice from
patient-001 was used in the negative
control of FOCAD staining (A2). The
relative intensity of NRF2 (B) and
FOCAD (C) were calculated respec-
tively, and the level in Cancer group
was considered as “1”. Results were

FOCAD

Cancer

Paracancer

Relative intensity
N
*

1 FOCAD *

expressed as mean + SD, and the P
value less than 0.05 was considered
statistically significant. *: P < 0.05
compared between cancer tissue and
paracancer.

M Cancer
M Paracancer

*
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To analyze the potential involvement of the ARE in this repressive
mechanism, an ARE-like sequence, TTGATGCAGCA (—4705~-4695),
was identified in the promoter region of FOCAD gene. Because the core
sequence of ARE was regarded as 5'-TGA(C/T)nnnGC(A/G)-3’ [31], the
mutation of “TGA” and “GC” was performed to abolish the function of
ARE. Using biotinylated DNA probes (41 bp) of either wild type ARE
(Biotin-FOCAD-ARE-WT) or mutated ARE (Biotin-FOCAD-ARE-MU), we
found that NRF2 and sMAF specifically bound to wild type ARE, but not
to mutated ARE. Either mutation or NRF2 knockout decreased the
binding ability of RPA1 (Fig. 2E). Luciferase activity was measured in
A549-WT, A549-NRF2~/~ and A549-RPA1~/~ cells transfected with
luciferase reporters containing 41 bp-ARE in FOCAD gene promoter
region. NRF2 inhibitors (brusatol and ML385) treatment increased the
relative luciferase activity in A549-WT cells, which could be abolished
by NRF2 knockout. Moreover, RPA1 knockout switched the negative
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NRF2-RPA1-ARE complex in the transcription of FOCAD gene (Fig. 2F).

3.2. FOCAD enhances the sensitivity of NSCLC cells to the ferroptosis
induced by cysteine deprivation, but not GPX4 inhibition

The function of NRF2 on ferroptosis has been confirmed by several
groups. However, the role of FOCAD in ferroptosis regulation is still
unclear. Therefore, to explore the position of FOCAD gene in ferroptosis,
FOCAD knockout model was established in A549 cell line. Meanwhile,
ferroptosis model was induced by system Xc™ inhibitor, erastin, and
GPX4 inhibitor, RSL3, in FOCAD-Wild type (FOCAD-WT) and FOCAD-
knockout (FOCAD-KO) A549 cells respectively. Our results indicated
that the cell viability was suppressed by both erastin and RSL3. FOCAD
knockout rescued the inhibition caused by erastin-induced ferroptosis,
but not RSL3-induced ferroptosis (Fig. 3A). In addition, the basal levels

RPA1 sMAF

regulation to positive regulation, indicating the function of of MDA and 4-HNE, two ferroptosis makers, didn’t show obvious
Brusatol (nM I 31 3
A _ Brussiol (AN a B <31 rocan
0 10 30 50 (kD) & 2 1
o o =0 nM
2 =10 nM :() * =10 nM
FOCAD 2
€4 €1
B k)
NRF2 FOCAD  NQO1
C N 6
. 4
£ ¢ © o ]mcu D <41 rocan
«\é\ ng’ .@6 Qfl’ < = NRF2 downregulation * I # E
(e S ko) € £3
> 3
NRF2 " ‘ |” |11o Z <,
c P
(0] 4
g 21
NQO1 l--{ b—| 32 & K]
[5] [5}
© © g,
GAPDH ’O-‘ |- -| 37 SESP
SIRNA  knockout RSO IS
siRNA knockout o
E Biotin-FOCAD-ARE-WT: 5" AAAGAAAGAGTTAATTIBEGEABAAACTTCATTGTTGTCT-3" F 25, =DMSO
Biotin-FOCAD-ARE-MU: 5'-AAAGAAAGAGTTAATHBINIGECABEAAACTTCATTGTTGTCT-3' =B
" rusatol
AB49-WT A549-NRF2™ ’ 2.01 N =ML385
iofi WU W g 51 °
Biotin-FOCAD-ARE WT MU WT MU (kD) —— 2 I
) 0154
Bas | o mI EV g
Pull- = 3 "
= B
¥ = o
z 4
i 0.5
=
o
Total ] 0
?Y)b( S ?gP‘
GAPDH 37 528 o
0- W
v NRF2

Fig. 2. NRF2 negatively regulates the expression of FOCAD. To downregulate the expression of NRF2, A549 cells were treated with brusatol (10 nM, 30 nM, 50 n M
for 16 h) (A-B) or siRNA (10 nM for 48 h) (C-D). NRF2 knockout (KO) cell line was also established using CRISPR/Cas9 (C-D). Then, the cell samples were harvested
for western blot (A and C) and qPCR detection (B and D). In addition, biotinylated DNA probes (41 bp) spanned the ARE containing sequences in the promoter regions
of human FOCAD gene, and the DNA-protein complexes were pulled down using streptavidin beads for immunoblot detection (E). To confirm the model, RPA1
knockout cell line (A549-RPA1 /") was also established and pGL3-FOCAD-ARE plasmid and hRluc/TK plasmid were cotransfected into the cell using Lipofectamine
3000. 24 h later, the cells were treated with brusatol (50 nM for 16 h) or ML385 (5 pM for 16 h) for luciferase activity assay (F). Results were expressed as mean + SD

(n = 3), and the P value less than 0.05 was considered statistically significant. *

: P < 0.05 compared with the control (without any treatment) group.
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difference between FOCAD-WT group and FOCAD-KO group, but FOCAD
knockout reduced the sensitivity of A549 cells to the ferroptosis induced
by erastin (Fig. 3B—C). Besides, the expression of PTGS2 (a marker gene
of ferroptosis) and lipid peroxidation, were measured using qPCR and
flow cytometry respectively. The results were similar to MDA and 4-HNE
detection (Fig. 3D-F), indicating that FOCAD could strengthen the
sensitivity of A549 cells to ferroptosis induced by cysteine deprivation.

Because the metabolic phenotype in cancer cells is different from
that of primary cells, the position of FOCAD in ferroptosis was further
evaluated in BEAS-2B cells. FOCAD-knockdown was induced by FOCAD
specific siRNA transfection (Figs. S2A-S2B). Our results showed that
FOCAD knockdown relieved the inhibition caused by erastin-induced
ferroptosis, but not RSL3-induced ferroptosis in BEAS-2B cells
(Figs. S2C-S2F), which was similar to the results in A549 cells.

3.3. FOCAD promotes mitochondrial TCA cycle and improves the activity
of complex I in mitochondrial ETC

The essential position of TCA cycle and glutaminolysis have been
identified in cysteine deprivation-induced ferroptosis, and both the
absence of glutamine and the block of TCA cycle can relieve the cysteine
deprivation-induced ferroptosis [32]. Therefore, the effect of FOCAD on
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TCA cycle was evaluated in our study. Our results showed that the basal
levels of a-Ketoglutarate (a-KG) and succinate (Suc), downstream me-
tabolites of glutaminolysis, were lower in FOCAD-KO group than
FOCAD-WT group. The absence of glutamine effectively decreased the
levels of a-KG and Suc, and the cellular Suc level could be increased by
a-KG treatment in both FOCAD-WT and FOCAD-KO group, while
FOCAD-KO group showed weaker response to the glutamine or o-KG
regulation than FOCAD-WT group, suggesting the importance of FOCAD
in the maintenance of mitochondrial TCA cycle (Fig. 4A-C). Besides, the
effect of glutamine starvation and a-KG treatment on erastin-induced
ferroptosis was analyzed in FOCAD-WT and FOCAD-KO cells. We
found that the ferroptosis was aggravated by a-KG treatment, but was
rescued by glutamine starvation significantly, and the difference be-
tween FOCAD-WT group and FOCAD-KO group was also reduced by the
starvation of glutamine (Fig. 4D-G). Totally, those results indicated that
the effect of FOCAD on the sensitivity of NSCLC cells to cysteine
deprivation-induced ferroptosis, partially depended on the regulation of
mitochondrial TCA cycle.

Besides mitochondrial TCA cycle, the different components (Com-
plex I to IV) in mitochondrial ETC are also essential for cysteine
deprivation-induced ferroptosis. Mitochondrial ETC is formed by a se-
ries of electron transporters, and it’s necessary for ATP production and
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Fig. 3. FOCAD knockout relieves the cysteine deprivation-induced ferroptosis. The cysteine deprivation-induced ferroptosis model and GPX4 inhibition-induced
ferroptosis model was established by erastin (5 pM for 24 h) and RSL3 (1 pM for 24 h) in FOCAD-wild type (FOCAD-WT) and FOCAD-knockout (FOCAD-KO)
NSCLC cells respectively. Then, cell viability was evaluated using CCK-8 method (A). To analyze the ferroptosis level, MDA (B) and 4-HNE (C) levels were measured
in different groups. The expression of PTGS2 (D) and lipid peroxidation (E-F) were detected using qPCR and BODIPY staining respectively. Results were expressed as
mean + SD (n = 3), and the P value less than 0.05 was considered statistically significant. *: P < 0.05 compared with the FOCAD-WT group in Erastin(—)RSL3(—)
condition. #: P < 0.05 compared between FOCAD-WT group and FOCAD-KO group in same condition. &: P < 0.05 compared with the FOCAD-KO group in Erastin(—)

RSL3(-) condition.



P. Liu et al. Redox Biology 37 (2020) 101702
A B = 4; Cz9 % D 120 mFocap-wT mFocADKO
[0 o] —_ H#&
@g 3] @8 4 5100 #oy is
= # S B FOCAD-WT 2> 80
Glutaminolysis - 2 é , #& B FOCAD-KO E 60 5
2 * S 24 * 'g
E 11 e g & 3 40
o ' O 20
e =
5 0- @ 0 0
Glu + - a-KG - * = Erastin - -+ o+ o+
B FOCAD-WT Gu + + - Gu + - + - +
B FOCAD-KO a-KG - - - -+
E 2 81w rocap-wT F 2 6 1w Focap-wr G, 37wrocapwr H 207arocapwr
O . |mFocapko & |mFocab-ko = ° B FOCAD-KO b B FOCAD-KO
o 61 = N =157
- s - L2 Ha =
= 4 % x S0 * £
= 4 48 = & o~ o ozus 510
= 2 # % o o
£ 22 48 2511 15
= 21 w © 51"
<< Z -
a T 14
= 0- <0 0 0-
Erastn - - + + + Erastn - - + + + Erastn - - + + + AR
o+
Gu + - + - + Gu + - + - + Gu + - + - + RN 0ot
aKG - - - - o+ aKG - - - - o+ aKG - - - -+ (SO
. Tan ~ 5. 3
| 1201 m FocAD-wT mFocADko % 81mFocAD-WT & K % 51m Focap-wt 5 L 5 B FOCAD-WT *
5100 O . |mFocapko 8 4]m FocaDKO B B FOCAD-KO
> 801 25 % ® * 8oy2
= = #& *x 31 [S20]
3 604 = 4 = 48 o=
o [} S 9] o X
Z 40 g = 2% 1
3 =1 21 2
20 <O( 7 &
0 = 0 ~ 04 0
Erastin = - + + Erastin - - + + Erastin - - + + Erastin - - + +
Res - + - + Res - + - + Res - + - + Res - + - +

Fig. 4. FOCAD is essential for mitochondrial TCA cycle and Complex I activity in mitochondrial ETC. An overview of TCA cycle was showed in Fig. 4A. Herein, the
ferroptosis model was induced by erastin (5 puM for 24 h) treatment. Meanwhile, the cells were treated with glutamine (Glu) starvation or a-Ketoglutarate (a-KG, 5
mM). The levels of a-KG (B) and succinate (Suc) (C) were measured in each group. In addition, cell viability (D), MDA (E), 4-HNE (F) as well as the expression of
PTGS2 (G) were also measured respectively to evaluate ferroptosis in different groups. In addition, the activity of different complexes (Complex I to IV) in mito-
chondrial ETC were analyzed respectively (H), and the raw curve figures were showed in Fig. S4. Meanwhile, the cells were treated with Complex I activator,
Resveratrol (Res, 5 pM for 24 h), then cell viability (I), MDA (J) and 4-HNE (K), as well as the expression of PTGS2 (L) were also evaluated respectively. Results were
expressed as mean + SD (n = 3), and the P value less than 0.05 was considered statistically significant. *: P < 0.05 compared with the FOCAD-WT group in the first
condition. #: P < 0.05 compared between FOCAD-WT and FOCAD-KO group in same condition. &: P < 0.05 compared with the FOCAD-KO group in the

first condition.

energy generation. Herein, the influence of FOCAD on different ETC
components was detected in FOCAD-WT and FOCAD-KO cells. Our re-
sults indicated that FOCAD knockout didn’t affect the intactness of
mitochondria (Figs. S3A-S3B) or the total amount of mitochondria
(Figs. S3C-S3D). However, the activity of Complex I in mitochondrial
ETC was inhibited by FOCAD knockout, and no obvious difference could
be found about the activity of Complex II, Complex III or Complex IV
between FOCAD-WT group and FOCAD-KO group (Fig. 4H and Fig. S4).
Therefore, FOCAD might regulate ferroptosis via affecting the activity of
Complex I in mitochondrial ETC. To confirm the hypothesis, the acti-
vator of Complex I in mitochondrial ETC, resveratrol (Res) [33], was
applied herein. After Res treatment, the activity of Complex I was
improved significantly, and no obvious difference existed between
FOCAD-WT group and FOCAD-KO group (Fig. S5A). In addition, the
level of a-KG and Suc also reached to similar level in FOCAD-WT and
FOCAD-KO cells after Res treatment, indicating that the effect of FOCAD
on mitochondrial TCA cycle mainly depended on the regulation of
Complex I activity in mitochondrial ETC (Fig. S5B). More importantly,
Res promoted the erastin-induced ferroptosis in both FOCAD-WT group
and FOCAD-KO group, and there were no obvious difference between
FOCAD-WT group and FOCAD-KO group after the Res treatment
(Fig. 41-L).

3.4. FOCAD regulates mitochondrial TCA cycle and ETC via FAK
signaling

Even though our results indicates the function of FOCAD in the
regulation of mitochondrial TCA cycle and ETC, the detailed mechanism
is still unclear, and no evidences reveal the direct link between FOCAD
and mitochondria. However, the position of focal adhesion kinase (FAK)
in mitochondrial regulation has been demonstrated by several groups
[34-37]. Therefore, the relationship between FOCAD and FAK was
further investigated in our study because of the role of FOCAD in focal
adhesion. We found that FOCAD knockout indeed decreased the level of
phospho-FAK (pFAK), but not total FAK (Fig. 5A-B). To confirm this
results, FOCAD overexpressed A549 cell line was established, and the
detection indicated FOCAD overexpression increased the amount of
PFAK as well as the ratio of pFAK/FAK, which could be abolished totally
by the treatment of PF-573228 (PF), a FAK signaling inhibitor
(Fig. 5C-D). Besides, FOCAD overexpression (FOCAD-OE) also enhanced
the mitochondrial TCA cycle (Fig. 5E-F) and the Complex I activity in
mitochondrial ETC (Fig. 5G and Fig. S6), and PF treatment reduced the
basal level of a-KG and Suc (Fig. SE-F). No obvious difference in TCA
cycle or Complex I activity existed between FOCAD-WT group and
FOCAD-OE group after PF treatment (Fig. 5SE-G and Fig. S6). In addition,
we also found the overexpression of FOCAD increased the sensitivity of
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5E-F and 5H-5K, *: P < 0.05 compared with the FOCAD-WT group in the first

condition. #: P < 0.05 compared between FOCAD-WT group and FOCAD-OE group in same condition. &: P < 0.05 compared with the FOCAD-OE group in the

first condition.

A549 cells to cysteine deprivation-induced ferroptosis, and the
co-treatment with PF could rescue the cell death induced by erastin
effectively, which was consistent with the results about mitochondrial
TCA cycle or Complex I activity (Fig. 5SH-K).

3.5. Brusatol enhances the anti-cancer effect of erastin and RSL3 in vitro
and in vivo

Brusatol, the first NRF2 inhibitor, can enhance the efficacy of
chemotherapy via inhibiting NRF2 signaling pathway [38]. As lots of
anti-ferroptosis genes are considered as NRF2 target genes, brusatol may
also be available to promote the anti-cancer ability of ferroptosis

inducers. We detect the effect of brusatol on the transcription of several
anti-ferroptosis genes (HMOX, GPX4, SLC7A11, AKR1B1, FTH1 and
FTL), and the results indicated that the mRNA level of those genes were
downregulated by brusatol treatment significantly, although no differ-
ence could be found between FOCAD-WT group and FOCAD-KO group
(Fig. 6A). In addition, as our previous results, brusatol treatment
improved the level of FOCAD and pFAK. FOCAD knockout inhibited the
ratio of pFAK/FAK, and also abolished the effect of brusatol treatment
(Fig. 6B-C). Moreover, brusatol increased the level of a-KG and Suc
(Fig. 6D-E), and enhanced the activity of Complex I in FOCAD-WT cells
(Fig. 6F and Fig. S7), but not in FOCAD-KO cells, indicating that the
effect of brusatol on mitochondrial TCA cycle and ETC depended on the
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and the P value less than 0.05 was considered statistically significant. In Fig. 6A, *: P < 0.05 compared between two different groups. In Fig. 6C and F, #: P < 0.05
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regulation of FOCAD.

Meanwhile, we also evaluated the response to erastin/RSL3-induced
ferroptosis in FOCAD-WT and FOCAD-KO cells treated with brusatol.
The results showed that brusatol treatment increased the sensitivity of
both FOCAD-WT and FOCAD-KO cells to erastin/RSL3-induced ferrop-
tosis. Differently, FOCAD knockout blocked the effect of brusatol in
erastin-induced ferroptosis in some degree, but not in RSL3-induced

Redox Biology 37 (2020) 101702

ferroptosis (Fig. 6G-J). In addition, the therapeutic action of erastin/
RSL3 plus brusatol against NSCLC was also evaluated in vivo. Similar to
the in vitro results, we noticed the combination of brusatol and erastin, or
brusatol and RSL3, showed better therapeutic function than single era-
stin or RSL3 treatment. The combination treatment increased the sur-
vival rate and decreased the growth of tumor obviously (Fig. 7A-B).
Even though the combination of brusatol and RSL3 didn’t show different
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Fig. 7. Anti-tumor efficacy of ferroptosis inducers and brusatol in xenograft mouse model. FOCAD-Wild type (FOCAD-WT) and FOCAD-knockout (FOCAD-KO) A549
cells were injected into NOG mice, and the mice were further treated with erastin (Era), RSL3, and brusatol (Bru). The survival rate (n = 10) within 120 days was also
evaluated in different groups (A). The univariate cox proportional hazard regression assay was performed to compare the difference of survival rate between different
groups. *: P < 0.05 compared between two different groups. In addition, the mice were sacrificed and tumor weight (n = 5) was measured in each group (B). The
effect of Brusatol treatment on FOCAD-FAK signaling in the tumor tissues was measured with western blot (C-D), and the levels of MDA (E) and 4-HNE (F) in the
tumor tissues were measured respectively to evaluate ferroptosis in different groups. Results were expressed as mean + SD, and the P value less than 0.05 was
considered statistically significant. In Fig. 7A, *: P < 0.05 compared between two groups. In Fig. 7B, *: P < 0.05 compared with Erastin(—)Brusatol(—) group or RSL3
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compared with the FOCAD-WT group in the first condition. #: P < 0.05 compared between FOCAD-WT group and FOCAD-KO group in same condition. &: P < 0.05
compared with the FOCAD-KO group in the first condition.
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therapeutic action against FOCAD-WT and FOCAD-KO NSCLC cells, the
therapy function of brusatol + erastin was limited against FOCAD-KO
NSCLC cells compared with FOCAD-WT NSCLC cells (Fig. 7A-B).
Moreover, FOCAD-FAK signaling was further evaluated in the tumor
tissues. We also found that brusatol treatment increased the level of
FOCAD and promoted pAKT signaling via affecting NRF2, which was
abolished by FOCAD knockout (Figuer 7C-7D). Besides, the combination
of brusatol and RSL3 didn’t show different effect on ferroptosis in
FOCAD-WT group and FOCAD-KO group, but the ferroptosis induced by
signal erastin or brusatol + erastin was limited in FOCAD-KO group
compared with FOCAD-WT group, indicating the key position of FOCAD
in cysteine deprivation-induced ferroptosis (Fig. 7E-F).

4. Discussion

As a novel regulated cell death, ferroptosis gradually attracts lots of
scientists’ attention in recent years. However, the detailed mechanistic
insights into the ferroptosis regulation remain unclear in different dis-
ease contexts. Recently, several studies indicated that many components
of the ferroptosis cascade, such as GPX4, SLC7A11 and GST, were the
downstream genes of NRF2 [17-20]. Therefore, NRF2 should hold a
critical role in the regulation of ferroptotic response. In this study, we
mainly explored the position of NRF2-FOCAD-FAK signaling in cellular
response to ferroptosis. Our results indicated that NRF2 negatively
regulated the transcription of FOCAD gene that was essential for the
activity of FAK. The inhibition of FAK activity blocked the mitochondrial
TCA cycle and the Complex I activity in mitochondrial ETC, and further
reduced the cellular sensitivity to cysteine deprivation-induced ferrop-
tosis, but not GPX4 inhibition-induced ferroptosis in NSCLC cells.
Therefore, NRF2 inhibitor (brusatol) improved the therapeutic action of
erastin against NSCLC via suppressing the expression of anti-ferroptosis
genes and activating the FOCAD-FAK signaling pathway (Fig. 8).

Ferroptosis was initially characterized by the pathological changes of
mitochondria, such as the decreased mitochondrial volume as well as
the condensed density of mitochondrial membrane [1,39,40]. Thus, the
correlation between mitochondria and ferroptosis has been investigated
by scientists in recent years. For example, both mitochondrial ROS
production and mitochondrial damage are related with ferroptosis [11,
and mitochondria is also regarded as one of the most important target
for ferroptosis activators or inhibitors [41]. However, some groups also
show opposite results against the central role of mitochondria in fer-
roptosis. Gaschler MM et al. investigated the functional relationship
between mitochondria and ferroptosis inhibition induced by ferrosta-
tins. They noticed that mitochondria were unnecessary for such fer-
roptosis regulation, while endoplasmic reticulum might hold a more
important potential in the suppression of ferroptosis [42]. Therefore, the
accurate function of mitochondria in ferroptosis regulation could be
varied in different models. Recently, Gao et al. investigated the position
of mitochondria in ferroptosis intensively. They found that mitochon-
dria indeed hold an important potential in cysteine deprivation-induced
ferroptosis, but not in GPX4 inhibition-induced ferroptosis. Moreover,
both mitochondrial ETC activity and TCA cycle were essential for lipid
ROS production in cysteine deprivation-induced ferroptosis. Therefore,
the suppression of those canonical metabolic activity in mitochondria
effectively relieved the ferroptosis induced by erastin or cystine star-
vation, indicating the close functional relevance between mitochondria
and ferroptosis [32]. Our study also confirmed the conclusion about
mitochondria and cysteine deprivation-induced ferroptosis. We found
FOCAD promoted mitochondrial function via increasing FAK activity,
which enhanced the sensitivity to erastin-induced ferroptosis in NSCLC
cells. However, FOCAD didn’t affect the cellular response to
RSL3-induced ferroptosis in vitro and in vivo. In addition, the position of
FOCAD in ferroptosis was also evaluated in BEAS-2B cells (bronchial
epithelial cell line), because of the different metabolic phenotype be-
tween cancer cells and primary cells. Even though the results are similar
to that in NSCLC cells, whether the detailed mechanisms are consistent
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Fig. 8. Proposed model for the relationship between NRF2-FOCAD-FAK
signaling and cysteine deprivation-induced ferroptosis. Lots of components of
the ferroptosis cascade, such as GPX4, SLC7A11, and AKR1B1, could be posi-
tively regulated by NRF2. In addition, NRF2 negatively regulated the tran-
scription of FOCAD gene that was essential for the activity of FAK, and the
suppression of FAK activity reduced the cellular sensitivity to cysteine (Cys)
deprivation-induced ferroptosis via affecting the mitochondrial TCA cycle and
the activity of Complex I in mitochondrial ETC.

still needs our further investigation.

NRF2 is a master transcription factor for the expression of multiple
antioxidant genes. Besides, NRF2 also contributes to the regulation of
mitochondrial function via some divergent intermolecular linkages. For
example, NRF2 directly upregulates the expression of mitochondrial
transcription factors, and promotes mitochondrial biogenesis. Mean-
while, some mitochondrial proteins also join in the regulation of NRF2
and form a reciprocal regulatory loop between NRF2 and mitochondria
[43,44]. Brusatol is the first inhibitor in NRF2 signaling pathway.
Recently, some researcher found that both intracellular ROS level and
mitochondrial ROS level could be reduced by the treatment with bru-
satol, and brusatol also improved mitochondrial function and sup-
pressed the release of cytochrome c, ameliorating the mitochondrial
respiratory dysfunction caused by the overload of ROS [45,46]. How-
ever, why the downregulation of NRF2 could result in the mitochondrial
protective effect remains unclear. In our study, we also noticed the effect
of brusatol on mitochondrial TCA cycle and mitochondrial ETC, which
was based on the regulation of FOCAD and FAK activity, providing a
novel insight into the relationship between mitochondria and NRF2. In
addition, the combination of ferroptosis inducer and brusatol may be a
promising therapy mode against cancer in clinic as well. We found that
the combination of erastin and brusatol, or combination of RSL and
brusatol, showed better therapeutic action against lung cancer than
single erastin or RSL treatment. However, the dose of brusatol we used in
our study was so low (50 nM in vitro, and 0.5 mg/kg in vivo) that it’s not
enough to cause obvious cellular toxicity or ferroptosis, even though it
inhibited NRF2 signaling and enhanced the anti-cancer function of
erastin or RSL effectively (Figs. 6-7). Therefore, the effect of
co-treatment with brusatol and erastin/RSL on cancer cell growth or
ferroptosis, is stronger than single erastin/RSL effect plus single brusatol
effect. It could be possible that there is a synergistic relationship be-
tween brusatol and erastin/RSL. However, only one dose for each
compound was applied in our study, and the synergistic relationship as
well as the related mechanism still need to be investigated using
different doses in multiple models in vivo and in vitro.
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FAK, a cytoplasmic protein tyrosine kinase, holds an essential posi-
tion during the process of embryonic development [47,48]. Besides, lots
of studies have suggested the importance of FAK in the pathogenesis of
different human diseases [49,50]. In recent years, the relationship be-
tween FAK and mitochondria was also investigate by some scientists.
Visavadiya NP et al. found that either pharmacological inhibition or
siRNA inhibition of FAK could abolished mitochondrial function effec-
tively, which was dependent of the regulation of STAT3 [37]. Moreover,
the inhibition of FAK-STAT3 signaling pathway also promoted the
mitochondrial dysfunction and cell death caused by endoplasmic retic-
ulum stress in endothelial cells [34]. Besides, FAK silencing suppressed
mitochondrial biogenesis via the downregulation of PGC-1a, NRF-1, and
mtDNA [36]. Therefore, FAK is essential for the mitochondrial function.
In this study, our results also confirmed the function of FAK in mito-
chondrial regulation. We found the increased activity of FAK promoted
mitochondrial TCA cycle and mitochondrial ETC, which enhanced the
sensitivity to erastin-induced ferroptosis in NSCLC cells. However, the
detailed mechanism still need our further exploration. In addition, we
found FAK signaling was positively regulated by FOCAD. However, the
treatment of PF-573228 (a FAK signaling inhibitor) didn’t affect the
level of FOCAD in either FOCAD-WT group or FOCAD-OE group
(Fig. 5C), which indicated that FOCAD is the upstream of FAK signaling,
and FAK signaling may not regulate FOCAD.

Our study mainly indicated the significance of NRF2-FOCAD-FAK
signaling pathway in the regulation of ferroptosis. To further analyze
the clinical significance of each gene, the mRNA transcripts were
compared between tumor tissues and normal tissues using TCGA data-
base. Herein, lung squamous cell carcinoma (LUSC) and lung adeno-
carcinoma (LUAD), two most major subtypes of NSCLC, were chosen to
perform the assay. However, no significant difference could be found
between tumor tissues and normal lung tissues (Fig. S8A). In addition,
the relevance between those genes and patients’ overall survival rate/
disease free survival rate was evaluated respectively. The low expression
and high expression of each gene were determined by the median value
of mRNA transcripts per million (TPM). The univariate cox proportional
hazard regression assay suggested that the mRNA levels of NRF2,
FOCAD or FAK were not related with the survival rate in either LUAD
patients or LUSC patients (Figs. S8B-S8D), even though the protein
levels of NRF2 and FOCAD showed negative relationship in cancer tis-
sues and paracancer tissues (Fig. 1A-C). It could be possible that some
unclear mechanisms in posttranslational modification hold more
important potential in the regulation of NRF2-FOCAD-FAK. Moreover,
the ferroptosis inducers, such as erastin and RSL3, haven’t been widely
used in the clinical treatment against NSCLC so far, and the patients in
TCGA database also received different treatment. Therefore, it will be
more convincing if the survival comparison was performed based on
NSCLC patients treated with similar ferroptosis inducers.

5. Conclusion

In conclusion, this study mainly addressed the link between NRF2-
FOCAD-FAK signaling pathway and ferroptosis in human NSCLC
model. NRF2 negatively regulated FOCAD-FAK signaling that
strengthen the sensitivity of NSCLC cells to cysteine deprivation-induced
ferroptosis, via improving mitochondrial TCA cycle as well as Complex I
activity in mitochondrial ETC, while FOCAD-FAK signaling didn’t
showed obvious effect on GPX4 inhibition-induced ferroptosis. In
addition, the treatment with NRF2 inhibitor, brusatol, increased the
therapeutic action of ferroptosis inducer against NSCLC, which partially
depended on the activation of FOCAD-FAK signaling pathway. Even
though the crosstalk among NRF2-FOCAD-FAK, mitochondria, and fer-
roptosis needs our further investigation, our current research provides a
novel insight into ferroptosis-based treatment for human NSCLC.
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