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Abstract

The transcription factor Nrf2 is recognized for its pro-survival and cell-protective role upon
exposure to different types of extrinsic and intrinsic insults. It controls a number of cellular
processes such as proliferation, differentiation, apoptosis, autophagy, protein homeostasis
and amino acids metabolism. Under no-stress conditions, the level of Nrf2 is low since it is
constantly degraded by Keapl-Cul3-E3 ubiquitin ligase pathway. However, when the
regulation of Nrf2 is imbalanced (e.g. via oncogene activation or mutations), it becomes
constitutively active promoting carcinogenesis, metastasis and radio- and chemoresistance.
Transient activation of Nrf2 in normal cells is protective, however, constitutive activation as
seen in cancer, enhances the survival and progression of cancer cells. Since oncogenic and
immune pathways are interconnected, my PhD project investigated the impact of Nrf2 on the
expression of major histocompatibility complex class | (MHC-I) molecules, which present self
and non-self peptides to the immune cells. In the course of the project we have also identified
the stable, non-canonically regulated Nrf2 which does not play a transcription factor role.

In the first part of the project, we have shown that Nrf2 knockdown in both, normal lung
fibroblasts and the non-small cell lung cancer cell line A549, reduced intracellular and cell
surface MHC-1 molecules levels, but not their transcript levels. Inhibition of translation with
emetine revealed that Nrf2 stabilizes MHC-I in cells, while labeling of freshly synthesized
proteins with Click-iT chemistry indicated that Nrf2 could also affect their synthesis.
Immunoprecipitation studies together with molecular modeling and molecular dynamics

simulations showed that Nrf2 binds to MHC-| and stabilizes it in cells.

The second part of the thesis focuses on the identification and characterization of the stable,
non-canonically regulated Nrf2 isoform (named AN-Nrf2) that is abundantly expressed in the
lung cells. This form originates from the alternatively transcribed NFE2L2 transcripts and is
not degraded via Keapl-Cul3-mediated pathway. Compared to the full-length Nrf2, AN-Nrf2
has a deletion of the first 16 amino acids causing the impairment of the Keap1 binding. AN-
Nrf2 is localized in the cytoplasm under homeostatic conditions and upon exposure to

electrophilic stress, therefore it does not play a transcription factor role.

Altogether these results point to the new function of Nrf2 in cells, which relies on the protein-

protein interaction.



Streszczenie

Czynnik transkrypcyjny Nrf2 pemni role pro-przyzyciowa i ochronng po ekspozycji komoérek na
bodzce stresowe wewnatrz- i zewngtrzkomorkowe. Nrf2 zawiaduje szeregiem komaérkowych
proceséw takich jak proliferacja, roznicowanie, apoptoza, autofagia, homeostaza czy
metabolizm aminokwaséw. W warunkach braku stresu, poziom Nrf2 w komorkach jest niski
ze wzgledu na konstytutywng degradacje przez kompleks E3 ligazy ubikwityny Keap1-Cul3.
Jednak jesli sciezka Nrf2 ulega rozregulowaniu (w przypadku aktywacji onkogenéw albo
mutacji), czynnik transkrypcyjny staje sie konstytutywnie aktywny i promuje kancerogeneze,
przerzutowanie oraz chemowrazliwos¢ nowotworow. PrzejSciowa aktywacja Nrf2 w
komérkach prawidtowych dziata wiec protekcyjnie, podczas gdy ciggta aktywnosc
podtrzymuje proliferacje komoérek nowotworowych. Ze wzgledu na to, ze $ciezki onkogenne
oraz odpowiedzi immunologicznej sg ze sobg powigzane, w projekcie doktorskim badatam
czy Nrf2 ma wptyw na ekspresje czasteczek gtdwnego uktadu zgodnosci tkankowej klasy |
(ang. Major Histocompatibility Complex class I, MHC-I), ktére prezentujg ‘swoje’ i ‘obce’
antygeny komorkom uktadu immunologicznego. Projekt doprowadzit réwniez do identyfikacji
stabilnej izoformy Nrf2, regulowanej na drodze nie-kanonicznej, ktéra nie petni roli czynnika

transkrypcyjnego.

W pierwszej czesci projektu pokazaliSmy ze knockdown Nrf2 w normalnych fibroblastach
ptuca oraz w linii niedrobnokomdérkowego raka ptuca A549 zredukowat zaréwno catkowitg
ilos¢ MHC-I, jak i poziom MHC-I na powierzchni komorek. llos¢ transkryptéw MHC-I nie ulegta
jednak obnizeniu. Inhibicja translacji przy uzyciu emetyny wykazata, ze Nrf2 stabilizuje MHC-
I w komdrkach, natomiast znakowanie $wiezo syntetyzowanych biatek w reakcji ‘Click
chemistry’ wskazuje ze Nrf2 moze rowniez promowa¢ translacje MHC-I. Immunoprecypitacja
wraz z modelowaniem molekularnym i dynamikg molekularng wskazujg ze Nrf2 wigze sie do

czasteczek MHC-1 i stabilizuje je w komorce.

Druga czesc pracy koncentruje sie na identyfikacji i charakterystyce stabilnej i niekanonicznie
regulowanej izoformy Nrf2, nazwanej AN-Nrf2, ktéra ulega ekspresji w komorkach
prawidtowych i nowotworowych. Forma ta powstaje na skutek transkrypcji z alternatywnego
promotora i nie ulega konstytutywnej degradacji przez kompleks Keap1-Cul3. W poréwnaniu
do biatka Nrf2 o petniej dtugosci, AN-Nrf2 jest pozbawiona pierwszych szesnastu
aminokwasow, co zaburza wigzanie z Keap1. AN-Nrf2 lokalizuje sie w cytoplazmie zaréwno
w warunkach homeostazy, jak i w odpowiedzi na stres elektrofilowy, co wskazuje na to, ze nie

petni funkcji czynnika transkrypcyjnego.

Podsumowujgc, uzyskane w pracy wyniki wskazujg na nowg funkcje Nrf2 w komadrkach, ktéra

nie zalezy od regulacji transkrypcji i opiera sie na interakgcji biatko-biatko.
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CHAPTER 1

Introduction

1.1. The transcription factor Nrf2

1.1.1. Structure and role of Nrf2

All living beings are constantly exposed to environmental stresses. Organisms respond and
adapt to the different types of stresses through defined regulatory mechanisms to maintain
homeostasis. The transcription factor nuclear factor erythroid 2 (NF-E2)-related factor 2 (Nrf2)
is a major regulator of cellular xenobiotic and oxidative stress responses. Nrf2 was first
discovered in 1994 as a member of the human Cap ‘N’ Collar (CNC) family that contains a
conserved basic leucine zipper (bZIP) structure, for the transcriptional stimulation of beta-
globin genes (1). It activates the cellular antioxidant response by inducing transcription of a
wide array of genes that are able to protect the cells from extrinsic and intrinsic insults, such
as xenobiotics and oxidative stress. Nrf2 has been shown to protect against various diseases,
e.g. neurodegenerative diseases, cardiovascular diseases, inflammation, acute pulmonary
injury and cancer (2-6). Recent studies have revealed new functions of Nrf2, beyond its redox-
regulating capabilities, including regulation of inflammation, autophagy, metabolism,
proteostasis, and unfolded protein response (UPR), particularly in the context of
carcinogenesis (7-11). Therefore, Nrf2 has become a prime target of research involving

cancer prevention and treatment (12).

The main mechanism to control Nrf2 activity is by regulating its stability. Under homeostatic
conditions, Nrf2 is constantly ubiquitinated by Keapl-Cul3-E3 ubiquitin ligase system and
targeted for degradation. In response to oxidative stress, Nrf2 is liberated from Keapl-
mediated degradation, resulting in its translocation to the nucleus and activation of the
transcription of its target genes (13). Another mechanism to activate Nrf2 involves post-

translational modifications, such as phosphorylation, but does not affect its stability (14-18).

Nrf2 is a 605 amino acid protein that consists of seven highly conserved functional domains,
Nehl1-Neh7. The major regulatory domain is the Neh2 domain, located at the N-terminus of
Nrf2, and contains two sites (ETGE and DLG maotifs) that interact with Keapl, a negative
regulator of Nrf2 that controls its stability (19,20). Neh2 also contains seven lysine residues
responsible for ubiquitin conjugation (21). The Nehl domain allows Nrf2 to bind DNA and
dimerize with other transcription factors through a CNC-type bZIP DNA-binding motif (1). Neh6

is a serine rich region that also regulates Nrf2 stability. It contains two binding sites (DSGIS
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and DSAPGS motifs) for the B-transducin repeat-containing protein (B-TrCP) that can
ubiquitinate Nrf2 (22—24). The Neh3-5 are included in transactivation by binding to different
components of transcriptional apparatus (25,26). Interestingly, Neh7 domain is interacting with
the DNA-binding domain of retinoic X receptor a, causing the repression of Nrf2 and inhibition

of Nrf2 target genes expression (27) (Fig. 1).

Transactivation RXRa binding B-TrCP binding sMAF and
Keap1 binding domains domain domain ARE binding domain
$40 s215 $344 5347 $558T559 Y576
| | L cuos I |
NH,= | Neh2 Neh4]—[Neh5]— Neh7 ==|Neh6H=| Neh1 Neh3 == COOH
DLG ETGE

...DILWRQDI?DLGVSREV...LQLDEEETGE...

Figure 1. Domain structure of Nrf2. Nrf2 is a 605 amino acid protein that consists of seven highly
conserved functional domains. Nehl domain is responsible for dimerization with sSMAF proteins and
binding to the ARE-sequences in DNA. Neh2 domain consist of two Keapl binding motifs (DLG ad
ETGE) and seven ubiquitin residues for targeting of Nrf2 for proteosomal degradation. Neh3 is needed
for transcriptional activation, while Neh4 and 5 are transactivation domains that can bind different
activators or repressors. Neh6 domain regulates Nrf2 stability by binding to B-TrCP and finally, Neh7
can interact with Nrf2 repressor, RXRa. Phosphorylation of Nrf2 residues is marked in red. Created with

Biorender.com.

1.2. Regulation of Nrf2

Nrf2 is primarily regulated by Keapl (Kelch like erythroid cell-derived protein with CNC
homology [ECH]-associated protein 1), a substrate adaptor for a Cullin3-containing E3
ubiquitin ligase. It belongs to the BTB-Kelch protein family and contains two common
canonical domains: BTB domain (Broad Complex/Tramtrack/Bric-a-brac) and a Kelch domain
(domain present in Kelch proteins). Keapl consists of five regions: an N-terminal region
(NTR), the BTB domain, an intervening region (IVR), a double-glycine repeat (DGR) domain
and the C-terminal region (CTR); DGR and C-terminal domains form a Kelch domain (28) (Fig.
2). The N-terminal BTB domain, named after the Drosophila proteins in which it was first
identified (29), is required for the homodimerization of Keapl and interaction with Cullin 3
(Cul3) (30). The Kelch/DGR domain interacts with Neh2 domain of Nrf2. It contains several
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cysteine (Cys) residues involved in ROS stress sensing (31). The IVR region is rich with highly
reactive Cys residues, as a consequence of the positively charged environment of basic amino
acids K131, R135, K150 and H154 near to the Cys-rich region (32). Interestingly, human
Keapl has up to 27 Cys, a twice more than the average human protein (28), which makes it

highly responsive to the oxidative stress (33).

Homodimerization
CUL3 binding Sensing ROS Nrf2 and p62 binding

NH,== NTR BTB = IVR '[KelchIKeIchIKelchIKeIctheIchIKelch]-[ CTR ]—COOH

Figure 2. Domain structure of Keapl. Keapl protein contains five conserved regions: N-terminal
region, BTB responsible for Keapl homodimerization and Cul3 binding, IVR region which is a cysteine
rich domain and direct redox sensor, DGR/Kelch region which consists of 6 repeats of Kelch motif for
binding of Nrf2 and p62, and C-terminal region. ROS, reactive oxygen species. Created with

Biorender.com.

1.2.1. Keapl-dependent regulation of Nrf2

The Nrf2-Keapl is a major cell defense and survival pathway. Detailed mechanistic studies
indicate that Keapl is the molecular switch that controls activation and inactivation of Nrf2. A
two-site substrate recognition/hinge and latch model, consisting of two amino-terminal motifs,
DLG and ETGE, promote efficient ubiquitination and rapid turnover. Under homeostatic
conditions, the rapid turnover prevents unnecessary activation of Nrf2 target genes (34). Nrf2
degradation is mediated by the Keapl-Cul3 adaptor-substrate recognition system whereby
two Neh2 recognition motifs (low affinity-DLG and high-affinity ETGE) of a Nrf2 monomer bind
to Keapl homodimer with different affinities (35). Therefore, the structural integrity of both
ETGE (Hinge) and DLG (Latch) is crucial for a tightly controlled Nrf2 turnover (Fig. 3) (35).

In response to oxidative stress or chemopreventive compounds, cysteine residues on Keapl
are modified causing structural changes and the inability to bind Nrf2 via both Neh2 recognition
motifs (Fig. 3). The modifications of Keapl cysteine residues are affecting the ubiquitination
activity of the Keapl-Cul3-E3 ligase complex, however they are not causing the complete
dissociation between Nrf2 and Keapl and subsequent accumulation of Nrf2 in the nucleus.

The impairment of Keapl-mediated proteasomal degradation of Nrf2 allows de novo
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synthesized Nrf2 protein to translocate to the nucleus, where it dimerizes with small
musculoaponeurotic fibrosarcoma (sMAF) proteins and activates the transcription of the
antioxidant/electrophile response elements (ARE/EpRE)-containing genes (34). The
ARE/EpRE are cis-acting DNA enhancer sequences (the consensus sequence: 5'-
RTGABNnnGCR-3’ (“n”, any nucleotide)) (13). The promoter region of NFE2L2 gene also
contains an ARE-sequence, providing a possible positive feedback loop.

Target genes of Nrf2 have been identified by gene expression profiling in Nrf2 knockout (Nrf2
) mice (36,37) including antioxidant enzymes, such as heme oxygenase-1 (HO-1);
detoxification enzymes, including NAD(P)H quinone oxidoreductase 1 (NQO1) and
glutathione S-transferases (GSTs) as well as glutamate-cysteine ligase (GCL) subunits

involved in glutathione (GSH) synthesis and metabolism.
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Figure 3. The Nrf2-Keapl signaling pathway. Under homeostatic conditions, Nrf2 is bound to the
KELCH domains of Keapl, ubiquitinated and degraded by proteasome. Upon stress, cysteine residues
on Keapl are modified, causing the liberation of Nrf2 from Keapl-mediated degradation. After the
electrophilic exposure, de novo synthesized Nrf2 is accumulated and translocated to the nucleus, where
it actives the transcription of its target genes. Created with Biorender.com.
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In addition, Keapl-dependent but cysteine-independent mechanisms can interfere with
formation of the Nrf2-Keapl complex and consequently stabilize Nrf2. Autophagy cargo-
adaptor p62/sequestosome 1 (SQSTM1) (38-40), dipeptidyl peptidase 3 (DPP3) (41), Wilms
tumour gene on X chromosome (WTX) (42), and Partner and Localizer of BRCA2 (PALB2)
(43), all contain Keapl-interacting region (KIR)-like ETGE motifs and thus compete with Nrf2
for Keapl binding. p62 contains an STGE motif that mimics the ETGE motif upon
phosphorylation of the serine residues and thus it can compete with Nrf2 for Keapl binding
(44). p62 sequesters Keapl into the autophagosome which causes releasing of Nrf2 from
Keapl-mediated degradation and its prolonged activation (40,45). p21Cipl/WAF1 (46) and
Breast Cancer Type 1 Susceptibility Protein (BRCAL) (47) can also interact with ETGE motif
of Nrf2 and compete with Keapl for Nrf2 binding, while the acetyltransferase p300 interferes

Nrf2-Keapl interaction, resulting in Nrf2 stabilization and translocation to the nucleus (48).

1.2.2. Alternative degradation pathways of Nrf2

There are also alternative pathways for degradation of Nrf2 reported, including p-transducin
repeat-containing protein (B-TrCP) that binds Nrf2 via Neh6 domain. In contrast to KEAP1-
CUL3-RBX1 mediated degradation under basal conditions, B-TrCP-SKP1-CUL1-RBX1
mediated degradation can lead to the Nrf2 degradation under both basal and oxidative stress
conditions, independent of Keapl (24,49,50). B-TrCP can recognize two Nrf2 motifs, DSGIS
and DSAPGS in the Neh6 domain. Phosphorylation of the DSGIS motif by Glycogen synthase
kinase-3 (GSK3) increases the affinity of B-TrCP for Nrf2, which consequently stimulates Nrf2
ubiquitination and degradation (24,49,51). GSK3 can be inhibited by phosphorylation of an N-
terminal serine residue (Ser9 in GSK-33 and Ser21 GSK-3a, respectively) by protein kinase
B (PKB)/AKT, leading to the suppression of B-TrCP-mediated degradation of Nrf2 (49).

Another protein involved in Keapl-independent Nrf2 degradation is the HMG-CoA reductase
degradation protein 1 (HRD1), which interacts with Neh4 and 5 domains of Nrf2 and triggers
Nrf2 degradation under endoplasmic reticulum stress (52). Recently, another E3 ligase of Nrf2,
the Cullin4/damaged DNA binding protein-1/WD Repeat Domain 23 (CUL4/DDB1/WDR23)
was identified. WDR23 is a WD40-repeat protein that binds to the DIDLID sequence within the

Neh2 domain of Nrf2 and regulates its ubiquitination and degradation (50).
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1.2.3. Alterations in Nrf2-Keapl pathway

Cancer-associated mutations in NFE2L2 (the Nrf2 gene) and KEAP1 cause dysfunctionality
in the protection against various insults. Gain-of-function mutations in NFE2L2 gene and loss-
of-function mutations in the KEAP1 gene are found in a subset of advanced cancers of the
lung, liver, esophagus, bladder and other organs, but lung cancer has the highest frequency
of NFE2L2 or KEAP1 alterations (31). Adenomatous and squamous lung tumors show
recurrent mutations in KEAP1, an adaptor protein that recruits the Cul3 ubiquitin ligase to the
transcription factor Nrf2, while Nrf2 is frequently mutated in squamous tumors (35,53). The
systematic analysis of the KEAP1 genomic locus in lung cancer patients and cell lines
revealed deletion, insertion and missense mutations in functionally important domains of
KEAP1. Moreover, a very high percentage of loss of heterozygosity at 19p13.2 was identified,
suggesting that biallelic inactivation of KEAP1 in lung cancer is a common event (54). Shibata
et al. identified gain-of-function mutations of NFE2L2 in approximately 11% of lung cancer,
while constitutive activation of Nrf2, caused by NFE2L2 or KEAP1 mutations, occurs in >20%
of lung cancer cases (35,54-56). NFE2L2 point mutations surrounding the high-affinity binding
site with Keapl-ETGE result in complete loss of Keapl interaction with Nrf2, while mutations
in the lower affinity binding site DLG vary in the ability to disrupt binding of Nrf2 to Keapl
(35,53,57). It is important to highlight that other mutated genes that contribute to cancer
development (EGFR, TP53, KRAS, PTEN and PIK3CA) correlate with some NFE2L2/KEAP1
mutations. Mutations in NFE2L2 usually co-occur with PISBKCA and TP53 mutations (58,59),
while KEAP1 mutations co-occur with K-RAS and STK11 mutations (60,61).

Additionally, deletion of exon 2 and/or exon 2 and 3 in NFE2L2 gene increases the activity of

Nrf2 by removing the Keapl interaction site, while keeping the gene functionality intact (53).

1.2.4. Keapl-independent regulation of Nrf2

Keapl cysteine modifications, that result in Nrf2 stabilization, are the main mechanism for
Nrf2-Keapl pathway activation. However, post-translational modifications of Nrf2 play an
important role in the activity and localization of Nrf2. Phosphorylation is the predominant
modification at different Nrf2 residues, including Ser40, Ser215, Ser344, Ser347, Ser408,
Ser558, Thr559 and Tyr576 (Fig. 1). There are different effects on Nrf2 activity depending on
the phosphorylation site. Various kinases activate Nrf2-Keapl pathway, including protein
kinase C (PKC) via direct phosphorylation of Nrf2 at Ser40. Phosphorylation of Nrf2 at Ser40

and at Ser558 leads to Nrf2 nuclear translocation and activation (16-18,62). However,
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phosphorylation of Tyr576, Ser344 and Ser347 leads to the Nrf2 degradation and reduces
transcriptional activity (63,64). Moreover, Tyr576 is located in the nuclear export signal (NES)
region and regulates nuclear export and degradation (64). Also, double-stranded RNA-
activated protein kinase-like endoplasmic reticulum (ER) kinase (PERK) phosphorylates Nrf2
and causes its accumulation in the nucleus (65). Furthermore, some of the MAP kinases, like
p38 MAPK, c-Jun NH2-terminal kinase (JNK), extracellular signal-regulated kinase (ERK) and
phosphatidylinositol 3-kinase (PI3K) are also playing a role in Nrf2 activation (14,66,67), even
though the mechanism still has to be established.

Acetylation also has a regulatory role in Nrf2 localization and mainly occurs at lysine residues
in Nehl and Neh3 domains, where NES and nuclear localization signal (NLS) are located.
Furthermore, Sun et al. showed acetylation of multiple lysine residues (Lys438, Lys443,
Lys445, Lys533, Lys536, Lys538) within the Neh1l domain and their role in binding of Nrf2 to
the ARE promoter (68). Moreover, acetylation sites Lys596 and Lys599 were found to increase
nuclear localization of Nrf2, while deacetylation of Nrf2 enhanced cytoplasmic localization
(69).

1.3. The role of transcription factor Nrf2

1.3.1. Nrf2 regulates stress response and drug detoxification

Nrf2 induces the transcription of ARE-containing genes in response to oxidative/xenobiotic
stress, which leads to the increased expression of phase I, Il and lll detoxification enzymes
(Fig. 4). Phase | enzymes are catalyzing the oxidation, reduction and hydrolytic reactions of
xenobiotics, including NQO1 (NAD(P)H quinone dehydrogenase 1), carbonyl reductases
(CBRs), aldo-keto reductases (AKRs), and aldehyde dehydrogenase 1 (ALDH1), and certain
cytochrome P450 oxidoreductases (CYPs) (70). Phase Il enzymes, such as glutathione S-
transferase (GST), UDP-glucuronosyltransferase (UGT), UDP-glucuronic acid synthesis
enzymes and heme oxygenase 1 (HO-1) are catalyzing the conjugation reactions (70,71).
Phase Il enzymes are mainly drug efflux transporters, such as multidrug resistance-
associated proteins (MDR), breast cancer resistant protein (BCRP), ATP-binding cassette g5
(ABCGb5) and g8 (ABCGS8) (70).

Nrf2 controls the expression of glutathione (GSH) and thioredoxin (TXN) antioxidant system.
It regulates GSH levels by controlling the expression of the glutamate-cysteine ligase catalytic
(GCLC) and modulator (GCLM) subunits as well as glutathione synthetase (GSS), which are

all components involved in the GSH synthesis (11). Through the coordinated activation of GSH
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production, utilization and regeneration, Nrf2 maintains the intracellular levels of reduced GSH
(72). In addition, Nrf2 regulates the expression of thioredoxin, thioredoxin reductase,
sulfiredoxin, peroxiredoxin, glutathione peroxidase, superoxide dismutase 1 (SOD1), catalase
(CAT), and several glutathione S-transferases, which are the enzymes essential for the
elimination of the reactive oxygen species (11). Therefore, Nrf2 protects the cells against
different extrinsic and intrinsic insults by inducing the transcription of these cytoprotective
genes. It is also important for the protection against different diseases like cardiovascular
diseases, metabolic syndrome, autoimmune disorders and cancer, that have oxidative stress

as a underlying pathological feature (12).

1.3.2. Nrf2 regulates protein homeostasis

A functional proteome is of crucial importance for all cells and organisms. Therefore, cells
invest in an extensive network of factors that coordinate protein synthesis, folding, localization,
modification and degradation, to maintain protein homeostasis (proteostasis) (73). Protein-
folding stress at the endoplasmic reticulum (ER) is a feature of many human diseases,
including cardiovascular disease, metabolic syndrome, cancer, and neurodegenerative
disease (12). Accumulation of misfolded proteins leads to ER stress and activates the
homeostatic signaling network, UPR, that orchestrates the recovery of ER function (74).
Activation of the UPR is mediated by the stress sensors protein kinase RNA-like ER kinase
(PERK), inositol-requiring protein 1a (IRE1a) and activating transcription factor 6 (ATF6) (74).
Activation of Nrf2 during the UPR occurs via extensive production of ROS from mitochondria
and ER or via PERK phosphorylation of Nrf2 (65). Nrf2 can also form a heterocomplex with
ATF4, inducing the transcription of the genes responsible for the survival under proteotoxic

stress (7).

The 26S proteasome degrades misfolded proteins and Nrf2 has been shown to increase
proteasome activity by inducing the transcription of multiple subunits of the 20S proteasome,
including PSMA1, PSMA4, PSMB3, PSMB5, and PSMB6, as well as 19S proteasome
subunits PSMC1, PSMC3, and PSMD14 (9).

1.3.3. Nrf2 regulates autophagy

Autophagy is a quality control mechanism that degrades and recycles cellular components,
including damaged organelles, long-lived proteins or misfolded proteins. A main role of

autophagy is the maintenance of cellular homeostasis and protection against oxidative or
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proteotoxic stress (75). It is also important for elimination of intracellular pathogens, in antigen
presentation and in maintaining cellular longevity (76,77). Similarly to Nrf2, autophagy plays a
dual role in cancer and impaired autophagic function was shown to contribute to the cancer
development, while increased autophagic activity can help cancer cells to cope with

proteotoxic and metabolic stress (78).

Nrf2 induces the expression of genes involved in autophagy initiation (ULK1), cargo
recognition (SQSTM1 and CALCOCO?2), autophagosome formation (ATG4D, ATG7 and
GABARAPL1), elongation (ATG2B and ATG5), and autolysosome clearance (ATG4D), and
therefore enhances autophagy (10). However, autophagy deficiency leads to the accumulation
of oxidized protein and organelles, that can cause Nrf2 activation. Furthermore, the two
pathways are linked by the autophagy adaptor protein p62. When autophagy is compromised,
p62 sequesters Keapl into aggregates and stabilizes Nrf2 (10).

1.3.4. Nrf2 regulates mitochondria homeostasis

The mitochondria provide the cell with the energy in the process called oxidative
phosphorylation, which is closely linked to the production of ROS. In most of the cells,
mitochondria and NADPH oxidase are the main sources of ROS, a common feature of many
diseases, including neurodegeneration disorders, metabolic disorders, cardiovascular

disease, and cancer (79).

As a part of its role as a regulator of cytoprotective genes, Nrf2 is involved in many aspects of
mitochondrial physiology, including mitochondrial biogenesis, fatty acid oxidation, respiration,
ATP production and redox homeostasis (12,80). Nrf2 activation increases the mitochondrial
membrane potential, the availability of substrates for respiration and ATP production. It also
positively regulates NADPH levels, by inducing the expression of genes encoding glucose-6-
phosphate dehydrogenase (G6PD), the enzymes of the pentose phosphate pathway (PPP),
malic enzyme 1 (ME1) and isocitrate dehydrogenase 1 (IDH1). Nrf2 deficiency was shown to
negatively affect the mitochondrial fatty acid oxidation, respiration and ATP production, while
Nrf2 activation maintains the integrity of mitochondrial DNA, which controls cell death and
inflammation (81). By activating the nuclear respiratory factor-1 (NRF-1), which transcribes
the key mitochondrial biogenesis factors transcription factor A, mitochondrial (TFAM) and
transcription factor B2, mitochondrial (TFBM2), Nrf2 stimulates mitochondrial biogenesis
program (82). Moreover, Nrf2 can affect the function of mitochondria, mostly through the
regulation of the major regulator of mitochondrial function and biogenesis, peroxisome

proliferator activated receptor gamma co-activator 1 alpha (PGC-1a) (83).
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Figure 4. Nrf2 is a master regulator of cytoprotective response. Nrf2 heterodimerizes with sSMAF
proteins and binds to the genes containing ARE-sequences (5-RTGABnnnGCR-3’). These genes
participate in the maintaining of the cellular homeostasis, including redox balance; purine, pentose and
lipid metabolism; proteostasis balance and autophagy regulation. ACC1, acetyl-coenzyme A
carboxylase 1; ATF4, activating transcription factor 4; ATG, autophagy-related gene; CALCOCO?2,
calcium binding and coiled-coil domain 2; FAS, fatty acid synthase; G6PDH, glucose-6-phosphate
dehydrogenase; GABARAPL1, gamma-aminobutyric acid receptor-associated protein-like 1GCLC,
glutamate-cysteine ligase catalytic subunit; GCLM, glutamate-cysteine ligase modulator subunit;
GPX2, glutathione peroxidase 2; GSR1, glutathione reductase 1; HO-1, heme oxygenase-1; NQOL1,
(NAD(P)H quinone dehydrogenase 1); PGD, phosphogluconate dehydrogenase; PPAT,
phosphoribosyl pyrophosphate amidotransferase; PSMA, proteasome subunit a type; PSMB,
proteasome subunit b type; PSMC, proteasome subunit ¢ type; SQSTM1, sequestosome-1 TXN,
thioredoxin; ULK1, unc-51 like autophagy activating kinase 1. Created with Biorender.com.

1.4. Dual role of Nrf2 in cancer

Nrf2 was initially regarded as a tumor inhibitor, thus providing the rationale of tumor prevention
strategies using Nrf2 activators. However, this view was modified when it was recognized that
deregulated Nrf2 activity can also promote cancer and favor a malignant phenotype.
Accumulation of Nrf2 in cancer cells creates a protective environment against oxidative stress,
chemotherapeutic agents, and radiotherapy (6,84). Although activation of Nrf2 has a
protective role against various toxicants and diseases, the prolonged activation has been
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shown to favor a progression of several types of cancers, such as lung, breast, head and neck,
ovarian, and endometrial carcinomas (13,85-87). Cancer cells with the persistent activation
of Nrf2 often develop "Nrf2 addiction”, defined as constitutive Nrf2 overexpression that
maintains the malignant phenotype of cancer cells (88). There are several mechanisms by
which the Nrf2 signaling pathway is constitutively activated in cancer cells: (1) somatic
mutations in KEAP1 or the KEAP1-binding domain, that disrupt binding of Nrf2 and Keapl; (2)
epigenetic silencing of Keapl; (3) post-translational modification of Keapl cysteines by
succinylation; (4) accumulation of disruptor proteins such as p62, which leads to the
dissociation of the Nrf2-Keapl complex; (5) transcriptional induction of Nrf2 by oncogenic K-
Ras, B-Raf and, c-Myc; and (6) miRNA targeting NFE2L2 or 3'UTR of KEAP1 mRNA
(13,45,72,85-87,89,90) (Fig. 5).

High level of Nrf2 is a poor prognosis marker (91-93), partly due to Nrf2's ability to enhance
cancer cell proliferation and promote chemoresistance and radioresistance. Nrf2 also supports
aggressive cell proliferation through metabolic reprogramming, redirecting glucose and
glutamine to synthesis pathways of purine nucleotides, glutathione and serine (87). It directly
activates several genes involved in the pentose phosphate pathway by binding to their ARE-
sequences. These proteins support glucose flux and generate purines, which are the building
blocks of DNA and RNA, and are important for accelerating proliferation in cancer cells (13).
Interestingly, Nrf2 is also a key signaling molecule that is activated in response to hypoxia and
emerging evidence suggests that coordinated signaling through Nrf2 and hypoxia-inducible
factor 1 (HIF-1) is critical for tumor survival and progression (94). Nrf2 is also regulating the
basal expression of Mdm2, a direct inhibitor of tumor suppressor p53. Increased Nrf2 levels
indirectly downregulate p53 and its apoptotic signals, leading to the cancer survival and

progression (95).

Although studies with Keapl knockout mice demonstrated that Nrf2 hyperactivity is
advantageous for cancer progression, it was not sufficient for spontaneous cancer formation.
Therefore, the hypothesis is that once tumor is initiated, cancer cells are using Nrf2-Keapl

pathway to acquire stress resistance (96).
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Figure 5. "Nrf2 addiction’ in cancer. There are several mechanisms by which Nrf2 signaling pathway
is constitutively activated in cancer cells, causing “Nrf2 addiction”. First, somatic mutations of NFE2L2,
KEAP1 or CUL3 genes - the most common are loss-of-function of KEAP1, mostly located in Kelch
domain (13,97), and gain-of-function of NFE2L2, mainly seen in the DLG and ETGE motifs (98,99);
second, epigenetic silencing of KEAP1 by DNA hypermethylation; third - KEAP1 succination, a
metabolic-induced modification of Cys residues in KEAP1 by fumarate (100); forth, accumulation of
p62, which promotes Keapl degradation by autophagy and increases Nrf2 activity (101); fifth,
transcriptional activation of Nrf2 by mutations in several oncogenes, such as c-MYC, K-RAS and BRAF
(31); sixth, skipping of exon 2 due to alternative splicing and small intragenic deletions (53); seventh,
different miRNAs that can regulate NFE2L2 or KEAP1 expression levels. Increased expression of
NFE2L2 was observed by targeting the 3’'UTR of KEAP1 mRNA with miR-24-3p, miR-7, miR-200a,
miR-421, miR-141, miR-626 and miR-873 (28,102). Created with Biorender.com.
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1.5. Nrf2 role in immunity
1.5.1. Nrf2 role in immune surveillance

Immune surveillance is a monitoring process of the immune system to detect and destroy
virally infected and neoplastically transformed cells in the body. Metabolic reprogramming
mediated by Nrf2 modulates immune cell functions (12). The activation of Nrf2 in immune cells
was shown to have different effects than activation of Nrf2 in cancer cells (Fig. 6). Anti-tumor
immunity is mainly maintained by CD8" cytotoxic T lymphocytes (CTLs), CD4* Thl helper
cells, and natural killer (NK) cells (96), while immune-suppression is mainly mediated by

regulatory T (Treg) cells and myeloid-derived suppressor cells (MDSCs).

The studies involving the lungs and the tumors of Nrf2 knockout mice and lung cancer patients
suggested that Nrf2 controls tumor progression through regulation of immune cells and
cytokine production. Deletion of Nrf2 significantly elevated the production of many cytokines
and genes involved in the antigen processing and presentation (103). Nrf2 activation was
shown to decrease IFN-y production and increase IL-4, IL-5, and IL-13 production in CD4* T
cells, which directs them towards Th2 differentiation (104,105). Activated Nrf2 in cancer cells
was shown to induce IL-17D expression, leading to the increased anti-tumor immunity and
NK-dependent tumor regression (106). Furthermore, higher populations of tumor-promoting
macrophages and MDSCs were found in the lung and spleen, while fewer T cells, including
CD8* and CD4* T cells, were found in lung in Nrf2 KO mice than in WT mice with advanced
tumors (103). The reduced percentage of CD8" T cells in Nrf2 KO lungs is consistent with a
higher tumor burden in the Nrf2 KO group compared with WT lungs. A series of cytokines and
MHC antigen genes are expressed at higher levels in Nrf2 KO tumors and associated with
more and larger tumors. Increased percentages of macrophages and MDSCs and decreased
CD8* T cell populations are associated with a poor prognosis in patients and are consistent

with an important beneficial regulatory role for Nrf2 in cancer immunity (103).

Nrf2 inhibition was also shown to affect the phenotype of dendritic cells, causing the lower
basal GSH levels, reduced phagocytic activity, altered expression of MHC class |, enhanced
co-stimulatory receptor expression (CD86 and CD80), and increased antigen-specific CD8" T
cell stimulation capacity (107). On the other hand, Nrf2 activation increased the expansion of
Treg cells, but inhibited the phosphorylation of Th17 transcription factor STAT3 and decreased
Th17 differentiation (108).

In the context of inflammation, it was reported that activation of Nrf2 inhibits LPS-induced
upregulation of pro-inflammatory cytokines including IL-6 and IL-13, through the ROS-

independent inhibition (109). It seems that Nrf2 could interact with the pro-inflammatory
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transcription factors, such as p65, C/EBP and c-Jun, since the binding sites of Nrf2 near the
IL-6 and IL-1B promoters coincide with the common binding regions of these transcription
factors (109). The recruitment of Nrf2 to regulatory regions of pro-inflammatory cytokine genes
might explain the inhibition of IL-6 and IL-18 after treatment with Nrf2 inducer in experimental
models of multiple sclerosis and other autoimmune diseases (110-113). It would also explain
a significant reduction of Thl and Th1l7 cytokines, including IL-6, upon Nrf2 activation with

derivatives of the triterpene oleanolic acid (114,115).

Furthermore, Nrf2 as a master regulator of antioxidant system in human cells also plays an
important role in the regulation of innate immune responses during bacterial or viral infections.
It seems to be involved in a wide range of different viruses and in most cases, it induces
antiviral activity. Activation of Nrf2 suppresses viral replication in Severe Acute Respiratory
Syndrome-Corona Virus (SARS-CoV2), Zika virus, and Herpes Simplex virus infections in vitro
(116), however in some cases, Nrf2 activation seems pro-viral by promoting cell survival (117).
Also, through the inhibition of the central signalling components of interferon-inducing
pathways, including Stimulator of Interferon genes (STING) and Mitochondrial antiviral
signaling (MAVS), Nrf2 is increasing susceptibility to the infection with DNA viruses (118).
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Figure 6. Nrf2 regulates immunity and inflammation. Activation of Nrf2 can affect differentiation,
expansion and survival of the immune cells. Nrf2 suppress the expression of proinflammatory cytokines
by macrophages, while it induces the expression of MARCO, scavenger receptor for bacteria, thereby
enhancing bacterial clearance. Nrf2 activation also suppress inflammatory response of dendritic cells
and impairs Thl-driven responses. Nrf2 deficiency decreases Th17 differentiation. On the other hand,
Nrf2 activates CD8* cytotoxic T cells, induces the expansion of inhibitory MDSCs and Treg cells.

Created with Biorender.com.
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1.5.2. MHC class | molecules

The major histocompatibility complex | (MHC-I) is a system of genes encoding molecules (in
humans called Human Leukocyte Antigens, HLAS) which, after reaching the cell surface,
present antigenic peptides to the immune cells. It allows the immune system to differentiate a
self cell from a non-self cell (virus-infected or tumor cell) (Fig. 7A). MHC locus is an
approximately 3.6 Mb segment located on the short arm of chromosome 6 (6p21). It is one of
the most dense regions in the human genome as it consists of more than 300 loci with over
160 protein-coding genes involved in the innate and adaptive immune responses, transcription
regulation and signaling factors (119-121). The MHC region is divided into three sub-regions:
MHC class |, class Il and class lll (Fig. 7B). Human MHC class | contains HLA | genes
(classical: HLA-A, HLA-B, HLA-C and nonclassical: HLA-E, HLA-F and HLA-G genes) and the
genes involved in antigen presentation. MHC class Il contains HLA 1l genes (HLA-DPAL, HLA-
DPB1, HLA-DQAL, HLADQB1, HLA-DRA, and HLA-DRB1) (122). Class lll region contains

genes implicated in inflammatory responses, leukocyte maturation and the complement

cascade.
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Figure 7. MHC class | molecules. A) MHC class | antigen presentation to CD8* cytotoxic T cells. B)
MHC locus structure (121).

Two classes of HLA molecules are specialized to present antigens of different origin. HLA
class | molecules present endogenously synthesized antigens (e.g. tumor associated
antigens) to CD8" cytotoxic T lymphocytes, whereas HLA class Il molecules present
exogenously derived proteins (e.g. bacterial products) to CD4" helper cytotoxic T lymphocytes.
HLA-A and -B present antigenic peptides to T cells, while HLA-C present antigens both to T
cells and activate natural killer (NK) cells. The role of HLA class | molecules in the immune

response is thus essential, but the functional differences between classical molecules has just
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recently started to emerge. An increasing number of studies indicate that distinct classical
molecules present antigens from different sources (123-125), but it is still a lot to be learnt
about the function and regulation of classical HLA molecules.

Loss or downregulation of HLA-I molecules is an important immune-escape mechanisms in
tumors, leading to the resistance to T cells cytotoxicity. The downregulation can occur at
different levels, including transcriptional, post-transcriptional, genetic and epigenetic levels
(126). There is a wide spectrum of the percentage of HLA-I loss in tumors, mostly depending
on the tumor types. Cells that are highly immunogenic and express high levels of HLA-I are
eliminated by cytotoxic T lymphocytes, while cancer cells with reduced HLA-I expression
proliferate and result into a metastatic colonization. The defects in HLA-I expression are highly

connected to the tumor progression and poor patient prognosis (121,127).

1.5.3. Crosstalk between Keapl and MHC molecules

The interaction between cancer cells and their microenvironment is an important determinant
of the pathological nature of cancers and their tumorigenic abilities. Therefore, Kitamura et al.
showed that the genes down-regulated in Keapl-transformed mouse embryonic fibroblasts
(TR MEFs) included those related to the immune response (128). Moreover, genes encoding
MHC class | and class Il and genes involved in antigen presentation were downregulated in
Keapl-TR MEFs compared with WT-TR MEFs. These results support the notion that Keap1-

=-TR MEFs tend to escape immune surveillance.

MHC class Il genes are mainly expressed in immune cells, and their downregulation may lead
to the decreased infiltration of immune cells to Keap1™--TR tumors. In contrast, MHC class |
genes are expected to be expressed in cancer cells as well as immune cells, but no clues

have yet been found as to how Nrf2 could downregulate the MHC class | genes (128).

1.6. Therapeutic potential of Nrf2 in cancer prevention and therapy

Due to the broad role and interactions with various factors and signaling pathways, Nrf2 can
have a protective role but can also contribute to the development of various diseases,
particularly metabolism- or inflammation-associated diseases. Nrf2 can either suppress or

promote host immunity in a cell type- and disease context-dependent manner.

30



It appears that transient activation of Nrf2 in normal cells is protective; however, in cancers, it
enhances the survival and progression of cancer cells, known as the “dark side of Nrf2”.
Therefore, it is important to take into consideration the dual role of Nrf2 in cancer when
designing Nrf2 modulators. Furthermore, the potential effect of these modulators on non-
cancer cells is important as low concentrations of Nrf2 can cause increased ROS levels and
damage to the cellular molecules such as DNA, proteins and lipids, as well as apoptosis (5),
while high concentration of Nrf2 can cause resistance to ROS and metabolic stress (5). Nrf2
activators can thus have a beneficial role in cancer prevention and therapy, while Nrf2

inhibitors could be useful in the response to cancer chemotherapy (129).

1.6.1. Nrf2 modulators for cancer therapy

1.6.1.1. Nrf2 activators

Many Nrf2 activators are naturally occurring, plant-derived phytochemicals. They induce the
Nrf2-mediated defense response, including activation of phase Il detoxification enzymes and
antioxidants, to protect the cells from potential carcinogenic insults (13). One of the most
extensively investigated natural product that target Nrf2-Keapl pathway is sulforaphane (SF),
an isothiocyanate present in cruciferous vegetables such as broccoli (130). SF has been
shown to inhibit tobacco-induced lung carcinogenesis (131) in mouse cancer model, while the
studies in humans have shown an inverse correlation between broccoli consumption and the
risk of developing colon, lung, breast, liver and prostate cancer (5,132-135). Oleanolic acid
and sulforaphane have been shown to stimulate the upstream regulators of Nrf2 pathway,
ERK (extracellular signal-regulating kinase) and AMPK (AMP-activated protein kinase),
leading to the increased Nrf2 expression (136,137). Another well-investigated
chemopreventive natural compound is curcumin, extracted from Curcuma longa rhizomes.
Curcumin has been shown to activate Nrf2 and consequently block oxidative stress and

inflammation in the livers and lungs of mice treated with benzo(a)pyrene (138,139) (Fig. 8).

Synthetically developed Nrf2 activators, such as oltipraz and oleanane triterpenoids, are able
to increase Nrf2 nuclear accumulation by changing intermolecular disulfide bonds between
two Keapl molecules at Cys273 and Cys288 (140). Dimethyl fumarate (DMF), another
synthetic Nrf2 activator, alkylates cysteine residues on Keapl and therefore prevents Nrf2
ubiquitination and degradation (141) (Fig. 8). An oral preparation of DMF, BG-12, has been
approved by the Food and Drug Administration for the treatment of multiple sclerosis in March
2013 (http://www.fda.gov).
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The classical Nrf2 activators such as curcumin, sulforaphane, and oltipraz seem to be not
target specific and can cause some unwanted effects since they can interact with cysteine
residues of different enzymes and proteins. Another very important issue with Nrf2 modulators

is molecular instability, lower membrane permeability and poor bioavailability (129).

1.6.1.2. Nrf2 inhibitors

Based on the evidences that constitutive activation of Nrf2 promotes cancer cells proliferation
and tumor survival, Nrf2 inhibition became a promising anticancer strategy, especially in
cancers showing “Nrf2 addiction” (33). Brusatol, a component of Brucea javanica seeds, has
been shown to decrease the protein levels of Nrf2 and its target genes in cancer cells, leading
to the enhanced chemosensitivity (142). Different compounds such as apigenin, omipalisib,
and entinostat have been used to block Nrf2 mRNA translation (Fig. 8) and thus promoting
anticancer effects in experimental models of hepatic cancer (143), gastric cancer (144),

sarcoma and osteosarcoma (145).

Another strategy of Nrf2 inhibition is focused on compounds that affect Nrf2 stabilization and/or
degradation. The PI3K-DNAPK inhibitor, PIK-75 was found to overcome gemcitabine
resistance in pancreatic cancer by promoting Nrf2 degradation (146), while convallatoxin was
shown to promote GSK-3B/B-TrCP-dependent Nrf2 degradation in the non-small cell lung
cancer cells and therefore was able to restore responsiveness of cancer cells to 5-fluorouracil
(147). Several other compounds suppress Nrf2 pathway, such as trigonelline, by impairing
Nrf2 nuclear translocation (129) and luteolin, by inducing the degradation of Nrf2 mRNA (148).

Lastly, another promising strategy of Nrf2 inhibition is connected to disability of Nrf2 to bind to
the ARE-sequences of target genes. A small molecule inhibitor, ML385, suppress Nrf2-sMAF
binding and leads to increased chemosensitivity of the non-small cell lung cancer cells (149).
Similarly, all-trans retinoic acid (ATRA) is promoting the assaociation of Nrf2 with the nuclear
receptor RARa and therefore prevents binding of Nrf2 to ARE-sequences of its target genes
(150,151) (Fig. 8).

Taken together, these data demonstrate that Nrf2 inhibition might have a therapeutic potential
in the cancer therapy. That being said, the lack of specific and selective Nrf2 inhibitors, and
contradictory results regarding their effects, represent a significant limitations in their inclusion

in the cancer treatment.
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CHAPTER 2

Materials and Methods

2.1. Cell lines

Non-small cell lung cancer cell lines A549, RERF-LC-AIl and H1299, as well as normal lung
fibroblasts (NLF), were purchased from RIKEN BRC Cell Bank (Tsukuba, Ibaraki, Japan) and
CRISPR/Cas9-induced NRF2 knockout in A549 cells (clone 2-11) was constructed and kindly
provided by Prof Eric Kmiec (Gene Editing Institute, Christiana Care Health System, Newark,
United States). All cancer cell lines were cultured in Dulbecco’s modified Eagle’s medium
(Gibco, Thermo Fisher Scientific), with 8% of Fetal Bovine Serum (Gibco, Thermo Fisher
Scientific) and 1% of Penicillin-Streptomycin (10 000 U/mL, Gibco, Thermo Fisher Scientific),
while normal lung fibroblasts were cultured in Ham's F-12 Nutrient Mix (Gibco, Thermo Fisher
Scientific), with 10% of Fetal Bovine Serum (Gibco, Thermo Fisher Scientific) and 1% of
Penicillin-Streptomycin (10 000 U/mL, Gibco, Thermo Fisher Scientific). Cells were maintained
at 37 °C under humidified conditions with 5% CO».

2.2. Isolation of non-small cell lung cancer (NSCLC) cells and depletion of CD45*
cells

Cancer samples (0.25-1 g) were obtained from NSCLC patients admitted to the Clinic of
Thoracic Surgery of University Clinical Centre of Medical University of Gdansk (MUG) for
surgical resection of the primary tumors. Patients were not previously treated with any anti-
cancer therapy and no metastases were detected. Samples were cut into 1-2 mm fragments
and washed 3 times with PBS to remove contaminating debris and erythrocytes. Subsequently
digestion solution (DS) in 1:1 of DS (mL): tissue mass (g) ratio was added. The tissue was
gently agitated at 37°C until single cell suspension was obtained. DS contained 5%
collagenase type | (Sigma-Aldrich; 5 mg/mL), 19% of PBS and 1% of fetal bovine serum (FBS).
The collagenase was inactivated with an equal volume of 10% FBS supplemented LG-DMEM
medium (PAA), followed by filtration of the resulting cell suspension through a 100 pm nylon
cell strainer (Falcon). Subsequently, the cells were washed with PBS. Then, erythrocyte lysis
buffer was used to remove erythrocytes (10 min incubation at room temperature, RT). After
subsequent centrifugation (600 x g, 10 min), the cells were washed with 4% FBS
supplemented PBS and subjected for tumor infiltrating leukocyte depletion. For this purpose,
positive immunomagnetic selection of CD45" cells were performed with EasySep Human

CD45 Depletion Kit Il (StemCell Technologies, Canada) according to the manufacturer’s
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instructions (post-isolation purity 96-99%). Thus, untouched NSCLC and lung-derived cells
were isolated. Cells were plated into 75 cm? culture flasks in TumorPlus263 medium without
serum. Establishment of primary cell line was confirmed with flow cytometry (FAP-CK19*
phenotype; FACS Aria Fusion, BD Biosciences, USA) and when continuous proliferation of
the cultured cells was observed after 2-month expansion in vitro. Cells that fulfilled both criteria

were used for the experiments.

2.3. Lipid-mediated reverse transfection

Cells were seeded in the 6-well plates, 100 000 cells/well and transfected with control sSiRNA-
A (ON-TARGET plus™ Control Pool, Dharmacon™, referred in text as scrRNA), as a control
for transfection (25 nM), with small-interfering RNA for silencing of NFE2L2 expression
(siRNA, ON-TARGET plus™ SMART pool, Dharmacon™), small-interfering RNA for silencing
of KEAP1 expression (siRNA, Santa Cruz Biotechnology) and small-interfering RNA for
silencing of HLA-A expression (SiRNA, ON-TARGET plus™ SMART pool, Dharmacon™), in
concentration of 25 nM, with 4 uL/well of Lipofectamine 3000 reagent (Invitrogen, Thermo
Fisher Scientific), according to the manufacturer’s instructions. Western blot was performed

48 h after transfection.

2.4. Treatment with translation inhibitor emetine dihydrochloride

Cells were seeded in 6-well plates, 300 000 cells/well. 48 hours later cells were treated with
emetine dihydrochloride (20 uM), for 15 minutes, 2, 4, 8, 16 and 24 hours. Cells were collected
and Nrf2 levels were analyzed by western blot with anti-NRF2 [EP1808Y] — ChIP Grade (cat.
no. ab62352; Abcam). For calculation of the protein half-life, average band densities for each
time point were normalized to controls, and data were fitted using nonlinear regression and a

one-phase exponential decay equation using GraphPad Prism software.

2.5. Treatment with neddylation inhibitor MLN4924

Cells were seeded in 6-well plates, 500 000 cells/well. 24 hours later, cells were treated with
neddylation inhibitor MLN4924 (1 uM) for 12 hours. Cells were collected and Nrf2 levels were

analyzed by western blot.

2.6. Treatment with Lambda Protein Phosphatase (APP)

800 000 cells were lysed in 250 pL of RIPA lysis buffer, sonicated for 15 min on ice and briefly
centrifuged at 13,000 x g. For dephosphorylation, 40 pL of cell lysate was incubated with 400

U of APP (New England Biolabs) in the dedicated buffer and in the presence of manganese
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ions at 30°C for 30 min. Control samples underwent the same treatment, but without the

enzyme. The Nrf2 phosphorylation was analyzed by western blot.

2.7. Treatment with PNGase F enzyme

500 000 cells were lysed in 40 pL of 2x Laemmli diluted in RIPA lysis buffer. Proteins were
denaturated at 100°C for 10 minutes and digested with PNGase F enzyme (500 000 U/mL).
Total reaction buffer of 20 pL contained 2 pL of 10x G7 Reaction Buffer, 2 pL of 10% NP40, 2
pL of PNGase F enzyme and 14 pL of lysate. Reaction was incubated overnight at 37°C and

the samples were analyzed by western blot.

2.8. Treatment with Nrf2 inhibitor ML385

ML385 inhibitor (Axon Medchem) is a probe molecule that specifically binds to Neh1, the Cap
‘N’ Collar Basic Leucine Zipper domain of Nrf2 and interferes with the binding of SMAF-NRF2
protein complex to regulatory DNA binding sequences. It has specificity and selectivity for
NSCLC cells with KEAP1 mutation, which is associated with therapeutic resistance (149).
Cells were treated with 5 yM ML385 in different time intervals, after which western blot, gPCR

and flow cytometry were performed.

2.9. Cellular Fractionation

Separation of nuclei from cytoplasm was performed according to the REAP method described
by Suzuki et al (152). Briefly, 4 000 0000 cells were resuspended in 400 pL of ice-cold 0.1%
NP-40 in PBS by gentle pipetting and centrifuged at 500 x g for 10 seconds. Supernatant
(cytosolic fraction) was collected and Laemmli buffer was added to final concentration 1x.
Pellets containing nuclei were washed with 300 uL of 0.1% NP-40 in PBS, centrifuged at 500
x g for 10 seconds, resuspended in 200 yL 1x Laemmli buffer and sonicated 15 min. Samples

were boiled for 10 min and analyzed by western blot.

2.10. Treatment with tert-butylhydroquinone (tBHQ)

Cells were seeded in 60 mm plates, 1 000 000 cells/plate. 24 hours later, cells were treated
with tert-butylhydroquinone (tBHQ) (20 uM). Cells were collected after 6 hours and cellular
fractionation was performed as previously described. Nrf2 levels were analyzed by western
blot.
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2.11. Co-immunoprecipitation

Cells were lysed using ice-cold lysis buffer (150 mM NacCl, 25 mM Tris-HCI, 0.5% Triton x-
100; pH 7.5) and centrifuged 12,000 x g for 15 min. Lysates were pre-cleared with Protein G
magnetic beads (Thermo Fisher Scientific) for 30 min at 4°C. Supernatants were incubated
with the anti-HLA class | antibody (W6/32; Abcam) overnight at 4°C and HLA-antibody
complexes were precipitated via 30 min incubation with beads. Beads were washed three
times in PBS and proteins were eluted in 2x SDS-loading buffer, at 50°C for 10 minutes.

Samples were analyzed by western blot.

2.12. Analysis of NFE2L2 transcripts expression in A549 cells

To assess the expression of specific NFE2L2 transcripts in A549 cell line, we have used the
RNA sequencing data from the project available at NCBI Gene Expression Omnibus (GEO)
public database (accession numbers GSM2308412, where A549 cell line was sequenced with
paired lllumina protocol). Primary analysis of RNA-seq data included the quality control of
sequenced reads with the use of FastQC (Andrews, 2010), reads trimming with the usage of
Trimmomatic (153) and mapping to the reference genome based on NCBI reference human
genome (assembly GRCh38.p13) and annotation (re-lease 109) (154) with the Hisat2 aligner
(155). Further data preparations were performed with SAMtools software (156) and R software
(157) together with Bioconductor platform. Assembly of RNA-Seq alignments into potential
transcripts together with calculation of their expression levels were performed with StringTie
software (158). Visualization of the alignments, identified transcripts and junctions was

performed in IGV software (159).

2.13. Identification of Nrf2 transcript variants via RT-PCR

Cells were seeded at 800 000 in 60 mm plates and 24 h later RNA was isolated (Qiagen
RNeasy Kit). 1 ug of RNA was reversely transcribed (Applied Biosystem), diluted 2-times and
1 yL was taken for the PCR reaction with the primers specific for different Nrf2 transcript
variants. Primers were designed in a way to enable a length-based discrimination of Nrf2
transcript variants expressed in cells (Table 1). Products were separated on 2% agarose.
Reaction products were cut from gel, purified and their identity was confirmed by Sanger

sequencing.
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Table 1. Sequences of primers for detection of Nrf2 transcript variants in RT-PCR.

Nrf2 transcript variants Primer sequences Product lengths

Tr 1: 475 bp
, For: TCATGATGGACTTGGAGCTG
Transcript 1,6,7 Tr 6: 385 bp
Rev GCAATGAAGACTGGGCTCTC

Tr 7: 256 bp

, For: CGACCTTCGCAAACAACTCT Tr 6: 817 bp
Transcript 6,7

Rev: TGACCGGGAATATCAGGAAC Tr 7: 688 bp

Tr 2: 602 bp

Tr 3: 581 bp

_ For: TCCTGCTTTATAGCGTGCAA
Transcript 2,3,4,5,8 Tr 4: 476 bp
Rev: GCAATGAAGACTGGGCTCTC

Tr 5: 568 bp

Tr 8: 531 bp

2.14. Evaluation of Nrf2 transcripts expression by RT-qPCR

Cells were seeded at 800 000 in 60 mm plates and 24 h later RNA was isolated (Qiagen
RNeasy Kit). 1 pg of RNA was reversely transcribed (Applied Biosystems™ High-Capacity
cDNA Reverse Transcription Kit), diluted 100x and 2 pL were taken for gPCR reaction.
Quantification of transcript variants expression was performed according to the previously
described method (160), where a product of Nrf2 gene common to all transcript variants was
used as an internal reference to calculate relative expression of selected variants amplified
with variants-specific primers (Table 2). Under used gPCR conditions, the reaction efficiency
for each primer pair was similar (~2). First set of primers amplified product common for
transcripts 1,6 and 7, second — products from transcripts 2,3 and 8 and third — product common
to all Nrf2 transcript variants (Table 2). Primers used for RT-qPCR analysis in hormal lung
fibroblasts and A549 cell line are shown in Table 3 and Table 4. RT-gPCR analyses were
performed by using the LightCycler 480 System (Roche). Actin was used as a reference gene.

Relative quantitative levels of samples were determined by the 2724¢4 method.

38



Table 2. Primer sequences for evaluation of Nrf2 transcript variants expression via RT-gPCR.

Nrf2 transcript variant Primer sequences Product length

For: AACACACGGTCCACAGCTC
1,6,7 102 bp
Rev: TCTTGCCTCCAAAGTATGTCAA

For: GACGGGATATTCTCTTCTGTGC
2,38 128 bp
Rev: CATACTCTTTCCGTCGCTGA

For: GAGAGCCCAGTCTTCATTGC
1,2,3,4,5,6,7,8 104 bp
Rev TGCTCAATGTCCTGTTGCAT

Table 3. Primers used for RT-qPCR analysis of normal lung fibroblasts.

Gene Forward (5’'—3’) Reverse (5°—3’)
HLAA AAAAGGAGGGAGTTACAC | GCTGTGAGGGACACATCA
TCAGG GAG
GAGAGCCCAGTCTTCATTG | TGCTCAATGTCCTGTTGCA
NFE2L2
C T
Boact TCCCTGGAGAAGAGCTAC | GTAGTTTCGTGGATGCCAC
-actin
G A

Table 4. Primers used for RT-qPCR analysis of A549 cell line.

Gene Forward (5'—3’) Reverse (5’—3’)
HLAA GAGGACGGTTCTCACACC | GATGTAATCCTTGCCGTCG
AT T
GAGAGCCCAGTCTTCATT | TGCTCAATGTCCTGTTGCA
NFE2L2
GC T
Boact TCCCTGGAGAAGAGCTAC | GTAGTTTCGTGGATGCCA
-actin
G CA

2.15. Molecular dynamics simulations and molecular modeling method

The structures for both isoforms (Isoform_1 and Isoform_2 with missing
1IMMDLELPPPGLPSQQD16) of NRF2 were retrieved applying homology modeling modules
implemented in the C-I-TASSER package developed in Zhang's lab (161). C-I-TASSER, uses
convolutional neural-network based contact-map predictions to guide the I-TASSER fragment
assembly (162). To build complete length NRF2 protein structure, the pdb id. 6gmh (163) was

used as a template. These modeled NRF2 isoforms’ structures were energy minimized
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applying the CHARMMZ27 forcefield (164) implemented in the Molecular Operating
Environment (MOE; Chemical Computing Group Inc., Montreal, QC, Canada) (165) package.
Furthermore, the crystal structure of high affinity binding domain from NRF2 binding with
Keap1l protein is available (pdb id.: 2flu (166,167), hence it was used as a template to define
the conformation of full NRF2 protein structure with Keapl. The modeled NRF2-Keapl
complexes were further energy optimized in the MOE package, applying the CHARMM27
forcefield (164). Followingly, to understand the structural properties of two different systems;
NRF2(isoform_1)-Keapl and NRF2(isoform_2)-Keapl, they were further processed by
molecular dynamics simulations (MDS) approach. MDS was performed using the GROMACS
4.6.5 (168) program (GROMACS; Groningen Machine for Chemical Simulations) assigning
the CHARMMZ27 forcefield (164,169,170). Each prepared model system was solvated in
simple point charge (SPC) water molecules (171) and Na*Cl counter ions, and in a 10 A thick
dodecahedron simulation box. Periodic boundary conditions were applied and using steepest
descent algorithm the systems were minimized for 50,000 steps. Particle Mesh Ewald (PME)
method (172) and the LINCS algorithm (173) were used to treat electrostatic interactions (van
der Waals and Coulomb interactions were set to 10 A) and bond lengths, respectively. NPT
(isobaric-isothermal) ensemble simulation was implemented to equilibrate all modeled
systems, with temperature maintained at 300 K by V-rescale thermostat (173) and pressure
at 1 bar and Parrinello-Rahman barostat (174). Leapfrog integrator (175) was used to perform
100 ns simulations of each system, and trajectories were saved every 10 ps. Results obtained
from MDS were analyzed using GROMACS, VMD (Visual Molecular Dynamics) (176), and
MOE (Chemical Computing Group Inc., Montreal, QC, Canada) / BIOVIA Discovery Studio
(Dassault Systémes, BIOVIA Corp., San Diego, CA, USA).

2.16. Western blot analysis

Total protein was acquired by lysing cells in RIPA buffer. Proteins were electrophoretically
separated via 8% SDS-PAGE and transferred to nitrocellulose blotting membrane (Amersham
Protran®). To block the membranes, 5% non-fat milk in Tris-buffered saline was applied at
room temperature for half an hour. Membranes were subsequently incubated overnight with:
anti-NRF2 [EP1808Y] — ChIP Grade (cat. no. ab62352; Abcam), anti-NRF2 (D1Z9C) XP
antibody (cat. no. 12721; Cell Signaling Technology), anti-tubulin (DM1A, Cell Signaling
Technology), anti-lamin A (C-3, sc-518013; Santa Cruz Biotechnology), anti-NQO1 (A180,
NOVUS), anti-HLA class | (W6/32; ab22432, Abcam), anti-Keapl antibody [1B4] (cat. no.
ab119403; Abcam), anti-HLA-A (cat. no. ab52922; Abcam), anti-HLA-C (cat. no. ab126722;
Abcam) and anti-B-actin (cat. no. A2228; Sigma-Aldrich) in blocking buffer at 4°C at 1:500

dilution. Subsequently, membranes were washed three times in TBST followed by incubation
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for 1 h with HRP-conjugated goat anti-rabbit/mouse 1gG (Jackson ImmunoResearch) (1:3000)
dilution and washed in TBST again. Bands were visualized using chemiluminescent substrate
(Clarity MaxTM Western ECL Substrate, BIO-RAD).

2.17. Immunofluorescence

Cells were seeded on 15 mm coverslips in a 12-well plate. 24 hours later, cells were fixed with
4% paraformaldehyde (PFA) for 10 minutes, rinsed 3 times with PBS and incubated 5 minutes
with 0.2% Triton x100 for permeabilization. After rinsing 3 times with PBS, cells were blocked
with 5% BSA in PBS, overnight at 4°C. The next day, cells were stained with primary
antibodies: anti-NRF2 [EP1808Y] — ChIP Grade (cat. no. ab62352; Abcam), anti-NRF2
(D1Z9C) XP antibody (cat. no. 12721, Cell Signaling Technology), anti-Nrf2 (cat. no. ab89443;
Abcam), anti-HLA-A (cat. no. ab52922; Abcam), anti-HLA-A (cat. no. TA813378; Origene) and
anti-HLA-C (cat. no. ab126722; Abcam) at 1:500 dilution, at RT for 2 hours. They were washed
3 times with 1% BSA in PBS and stained with secondary antibodies (Alexa Flour 488 goat
anti-rabbit and Alexa Fluor 555 goat anti-mouse; Thermo Fisher Scientific; 1:2000), in the dark
at RT, for 1 hour, washed 3 times with 1% BSA in PBS and mounted using ProLong Diamond
Antifade Mountant (Thermo Fisher Scientific). Specimens were imaged using a confocal laser

scanning microscope (Leica SP8X, Germany) with a 63x oil immersion lens.

2.18. Flow cytometry

200 000 cells were aliquoted to flow cytometry tubes and centrifuged at 1500 rpm at room
temperature. Supernatant was discarded and anti-HLA-ABC-BV711 antibody (clone G46-2.6,
BD Horizon) for extracellular MHC class | protein staining was added. Samples were incubated
for 30 minutes at room temperature, protected from light. Next, 1 mL of PBS was added,
samples were centrifuged at 1500 rpm for 5 min and supernatant was discarded. For
intracellular protein staining, 680 pL of Fix-Perm working solution was added and samples
were incubated for 60 min at 4°C, protected from light. Cells were washed with Perm-Wash
working solution and anti-HLA-ABC-FITC antibody (clone W6/32, Invitrogen, Thermo Fisher
Scientific) for intracellular MHC class | protein staining was added. Samples were incubated
for 30 min at room temperature, protected from light. Later, they were washed with Perm-
Wash working solution and resuspended in 250 yL of PBS. Data acquisition and analyses
were performed by fluorescence activated cell sorter ARIA FUSION (FACS Aria Fusion, BD

Biosciences, USA).
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2.19. Proximity ligation assay

Cells were pre-treated with respect to fixation, retrieval and permeabilization, and incubated 1
hour at 37°C in blocking solution. Primary antibodies — anti-Nrf2 (cat. no. ab89443; Abcam),
anti-NRF2 [EP1808Y] — ChIP Grade (cat. no. ab62352; Abcam), anti-HLA-A (cat. no. 52922;
Abcam) and anti-HLA-A (cat. no. TA813378; Origene) were diluted in antibody diluent, applied
to samples and incubated at 4°C overnight, in the humidity chamber. Cells were washed in
suitable buffer 2 times for 5 minutes. The two PLA probes were diluted 1:40 in probe diluent,
applied to samples and incubated for 60 min at 37°C. Cells were washed in appropriate buffer
2 times for 5 minutes. Ligation and amplification were performed according to the NaveniFlex
protocol (Navinci Diagnostics). Samples were stained with appropriate detection fluorophore
(Atto 488) for 90 min at 37°C. Nuclei were stained with DAPI (300 nM) and samples were
mounted using ProLong Diamond Antifade Mountant. Finally, specimens were imaged using

a confocal laser scanning microscope (Leica SP8X, Germany) with a 63x oil immersion lens.

2.20. Click-iT labeling technology

Cells were incubated in methionine-free medium (+8% FBS) for 60 min and pulsed with L-
azidohomoalanine (L-AHA) (50 upM) for 60 min. Cells were collected and co-
immunoprecipitation (co-IP) was performed, as previously described. After co-IP, freshly
translated proteins were detected with the use of tetramethylrhodamine (TAMRA) and
samples were prepared for gel analysis, as described in Click-iT Protein Analysis Detection
Kit (Thermo Fisher Scientific). For the detection of newly synthesized proteins with biotin, two
types of biotin were used: 1) Acetylene-PEG4-biotin (500 uM) and 2) DADPS biotin- with
cleavable DADPS linker (300 uM). After protein precipitation, streptavidin pull-down of biotin-
labeled proteins was performed, proteins were eluted, stained with Flamingo stain and

visualized by UV fluorescence.
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CHAPTER 3

Results

PART 1. The role of Nrf2 in the MHC class | expression

3.1. Background and aim

The activation of the transcription factor Nrf2 has been shown to modulate immune cell
functions and affect immune surveillance. Nrf2 plays a central role in a complex regulatory
network and it interacts with variety of specific factors and signaling pathways (12). It can
either suppress or promote host immunity in a cell type- and disease context-dependent
manner and therefore it is important to have a better understanding of Nrf2 interaction with

different components of the immune system, such as MHC class | molecules.

MHC class | molecules (in humans called Human Leukocyte Antigens, HLAS) present
antigenic peptides to the immune cells allowing the immune system to differentiate self from
non-self. MHC class | expression and regulation is widely investigated since their loss or
downregulation are important immune-escape mechanisms in tumors, leading to the

resistance to the T cells cytotoxicity (121).

Until now, the impact of Nrf2 on HLA class | molecules was not reported, however, there are
indications that Nrf2-Keap1 pathway could have an influence on the expression of the genes
responsible for the antigen presentation. A novel unfavorable immune signature in lung tumors
from Nrf2 KO mice was reported based on 34 immune response genes significantly
upregulated in tumors from Nrf2 KO mice, including genes involved in antigen processing and
presentation and a series of cytokines (Cxcl1, Csfl, Ccl9, Cxcl12, etc.) (103). Kitamura et al.
showed that genes involved in antigen presentation, including MHC class | and Il, were
downregulated in Keapl-deficient mouse embryonic fibroblasts (128). Based on these
indications and evidences showing that oncogenic and immune pathways are interconnected
(177,178), the first part of my research focused on elucidating the potential impact of Nrf2 on

the antigen presentation pathway, particularly on the expression of the HLA class | molecules.

43



3.1.1. Methodology

In this study we have used two non-small cell lung cancer (NSCLC) cell lines: an
adenocarcinoma Ab549, and a squamous cell carcinoma RERF-LC-AI (further referred as
RERF), that differ in Nrf2 expression levels and activation status. A549 cells have a high
steady-state level of constitutively active Nrf2 attributed to the homozygous KEAP1 mutation
(G333C) that disrupts binding with Nrf2 (54). Another reason for high Nrf2 levels in these cells
is the trisomy of the chromosome 2 carrying the NFE2L2 gene (while KEAPL1 is localized on
the disomic chromosome 19) (179). We have used CRISPR/Cas9-induced NRF2 functional
knockout (KO) in A549 cells (further referred as A549 Nrf2 KO), kindly provided by Prof. Eric
Kmiec (Gene Editing Institute, Christiana Care Health System, Newark, United States). These
cells have lower levels of Nrf2 as two out of three alleles have been successfully knocked out
with CRISPR/Cas9 technology. The third allele has an “in frame” deletion within the nuclear
export signal, thus the expressed Nrf2 cannot re-enter the nucleus (180). These cells were
found to have a reduced proliferation phenotype and were more sensitive to chemotherapeutic
agents, such as cisplatin and carboplatin. In xenograft mouse models, they proliferated at a
slower rate than the wild-type cells illustrating the oncogenic role of Nrf2 in cancer cells (180).
The RERF cells do not have any known NFE2L2/KEAP1 mutation and therefore the Nrf2
levels are low under no stress conditions (181). We have also used primary NSCLC cell line
derived from patient’s lung tumor (further referred as NSCLC 1) and normal lung fibroblasts
(further referred as NLF).

To explore the effect of Nrf2 on HLA class | expression (further referred as HLA-I) in normal
lung fibroblasts and lung cancer cells, analyses on the transcriptional, protein and cell surface

level were performed.

3.1.2. Results

3.1.2.1. Nrf2 depletion in normal lung fibroblasts reduces HLA class | protein
and cell surface levels

Firstly, to see if Nrf2 influences HLA-I expression in normal lung fibroblasts (NLF), we used
siRNA to silence the expression of NFE2L2 and looked at the RNA and protein expression of
HLA-A, and cell surface expression of total HLA-I molecules as compared to a hon-targeting
SiRNA (scrambled RNA; scrRNA) transfection control. HLA-A belongs to the HLA-I system of
genes which, after reaching the cell surface, present antigenic peptides to the CD8* cytotoxic

T lymphocytes. The HLA-A molecule displays specific features compared to HLA-B, that could
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account for its particular role: HLA-A and HLA-B alleles carry an unpaired cysteine at different
positions of the cytoplasmic tail (at positions 339 and 325), which is responsible for the
formation of MHC | dimers in exosomes, targeting for degradation and influencing recognition
by NK cells (182,183). Interestingly, HLA-A locus is also surrounded by HLA class Ib genes
(HLA-E, HLA-H, HLA-G and HLA-F) involved in immune-modulation (183). HLA-A alleles are
one of the most widely distributed class | molecules within the human population (184) and
therefore, we firstly focused on analyzing their expression on the RNA and protein level. Due
to the limited antibody availability and specificity for the determination of HLA-I cell surface

expression, we used pan-HLA-I antibody W6/32 that detects all the HLA-I alleles together.

NFE2L2 knockdown drastically reduced HLA-A protein levels, as shown in Fig. 9A, and
decreased the expression of HLA-I molecules on the cell surface (Fig. 9B). To test if the
stabilization of Nrf2 would have the opposite impact on HLA-I expression, we silenced the
expression of KEAP1, the negative regulator of Nrf2. This resulted in an accumulation of Nrf2
and its transcriptional target NAD(P)H dehydrogenase [quinone] 1 (NQO1) (Fig. 9A). Nrf2
auto-regulates its own expression and once released from Keapl, it induces its own
expression (185). HLA-A protein levels were not significantly changed after KEAP1
knockdown (Fig. 9A) and there was a subtle increase in HLA-I cell surface levels, comparable
to non-targeting scrRNA transfection control (Fig. 9B). It seems that stabilization of Nrf2
caused by KEAP1 knockdown did not show the opposite results compared to the NFE2L2
knockdown. The reason could be the involvement of Keapl in different pathways and

therefore, its influence on HLA-I expression can be independent from Nrf2 (186).

We also made use of ML385, which is a small molecule inhibitor of Nrf2 transcriptional activity.
ML385 specifically binds to the Nehl domain of Nrf2 and interferes with the binding of Nrf2-
SMAF protein complex to regulatory DNA sequences. It has specificity and selectivity for
NSCLC cells with KEAP1 mutation, which is associated with therapeutic resistance (149).
ML385 decreased Nrf2 protein levels (Fig. 9A) consistent with autoregulatory capacity of Nrf2,
while western blot showed that the total HLA-A protein level was not significantly changed
(Fig. 9A). However, flow cytometry analysis showed that HLA-I surface expression was
decreased after 48 and 72 hours of the treatment (Fig. 9B), similar to the silencing of Nrf2.

These data suggest that Nrf2 controls HLA-I expression.

The NFE2L2 RNA expression was significantly decreased after knockdown of NFE2L2 and
increased after knockdown of KEAP1 (Fig. 9C). However, HLA-A RNA expression was
upregulated after Nrf2 depletion (Fig. 9D), while protein and cell surface HLA-I expression was
reduced after Nrf2 depletion. ML385 treatment decreased NFE2L2 RNA expression (Fig. 9C),
while HLA-A RNA expression was not significantly changed (Fig. 9D).
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Despite not significantly increasing HLA-I expression on the cell surface, Keapl depletion
resulted in an upregulated HLA-A RNA expression (Fig. 9D). The reason might be that, as
previously mentioned, Nrf2 is not the only client protein of Keapl and inhibition of the Cul3
ubiquitin system can affect HLA levels independent from Nrf2. For example, it was shown that
Keapl is a novel regulator of HLA class Il transcription, independently of promoter activation
or mRNA stability, since Keapl depletion decreased interferon gamma-induced MHC class Il
(186).
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Figure 9. Nrf2 depletion downregulated HLA-I protein and cell surface levels, but not RNA levels.
(A) Western blot analysis of NLF after silencing of Nrf2 and Keapl expression, with the use of siNrf2

(25 nM) and siKeapl (25 nM). Non-targeting siRNA (scrambled RNA, further referred as scrRNA) was
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used as a negative control of transfection system. Cells were also treated with ML385 inhibitor (5 pM)
and western blot analysis was performed 48 hours after treatment. Actin was used as a loading control.
(B) Flow cytometry analysis of NLF after knockdown of NFE2L2, KEAP1 and ML385 treatment for 48
and 72 hours. Cells were stained with pan-HLA-I antibodies (W6/32-FITC). Results are showing
fluorescence intensity [AU] of HLA-1 on the cell surface. Error bars represent SD. scrRNA and
lipofectamine (reagent for transfection) were used as negative controls. (C) NLF cells were transfected
with siNrf2 (25 nM) and siKeapl (25 nM) and samples were collected after 48 hours. scrRNA was used
as a negative control of transfection system. Cells were also treated with ML385 inhibitor (5 uM) for 48
hours. RT-qPCR analysis of the expression of NFE2L2 was performed. Gene expression levels were
normalized to actin. Error bars represent SD. Statistical analysis of qPCR data was performed with a t-
test; *P < 0.05; **P < 0.01; ***P < 0.001. Relative quantitative levels of samples were determined by the
2-82Ca method. (D) RT-gPCR analysis of the expression of HLA-A. Gene expression levels were
normalized to actin. Error bars represent SD. Statistical analysis of qPCR data was performed with a t-
test; *P < 0.05; **P < 0.01; ***P < 0.001. Relative quantitative levels of samples were determined by the

2-8ACa method.

What emerges from these results is that the depletion of Nrf2 suppresses HLA-I protein, but
not RNA levels. We concluded that Nrf2 might control HLA-I on the level of translation or
degradation, though such function of Nrf2 has not been reported yet. The increase in the HLA-
A RNA could represent the response of the cells to the lowered protein levels, a feedback loop

aiming to increase HLA-A expression.

3.1.2.2. Functional knockout of Nrf2 reduced HLA class | protein and cell surface
levels, but not RNA level

Under homeostatic conditions, A549 Nrf2 KO cells express lower levels of Nrf2 comparing to
the wild-type A549 cells (A549 Nrf2 wt). The reduced expression of Nrf2 in A549 Nrf2 KO was
confirmed on the protein level (Fig. 10A). Moreover, the protein expression of NQO1 was
significantly lower in A549 Nrf2 KO cells compared to Nrf2 wt cells (Fig. 10A). Steady-state
protein level of HLA-A was reduced in A549 Nrf2 KO (Fig. 10A) and flow cytometry showed
that the expression of HLA-I on the cell surface was significantly lower in A549 Nrf2 KO cells
(Fig. 10B).

The knockout of Nrf2 was also confirmed on the RNA level, since the NFE2L2 expression was
indeed very low in A549 Nrf2 KO cells comparing to the A549 Nrf2 wt cells (Fig. 10C).
Interestingly, like with the NLF cells, the HLA-A RNA expression showed the opposite results

from protein and cell surface levels. HLA-A RNA level was significantly higher in A549 Nrf2

47



KO compared to the Nrf2 wt cells (Fig. 10D). From what we observed, we can deliberate that
Nrf2 affects HLA-I synthesis or degradation.
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Figure 10. Functional knockout of Nrf2 reduced HLA class | protein and cell surface levels, but
not RNA level. (A) Western blot analysis of A549 Nrf2 wt and A549 Nrf2 KO cells, 48 hours after
seeding. Actin was used as a loading control. (B) Flow cytometry was performed 72 hours after cells
seeding. Cells were stained with pan-HLA-I antibodies (W6/32-FITC). Results are showing fluorescence
intensity [AU] of HLA-I on the cell surface. Error bars represent SD. (C) RT-gPCR analysis of NFE2L2
expression in A549 Nrf2 wt and A549 Nrf2 KO cells, performed 48 hours after cells seeding. Gene
expression levels were normalized to actin. Error bars represent SD. Statistical analysis of gPCR data
was performed with a t-test; *P < 0.05; **P < 0.01; ***P < 0.001. Relative quantitative levels of samples
were determined by the 2-24€a method. (D) RT-gPCR analysis of HLA-A expression in A549 Nrf2 wt
and A549 Nrf2 KO cells, performed 48 hours after cells seeding. Gene expression levels were
normalized to actin. Error bars represent SD. Statistical analysis of qPCR data was performed with a t-
test; *P < 0.05; **P < 0.01; ***P < 0.001. Relative quantitative levels of samples were determined by the

2-8ACa method.
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3.1.2.3. Nrf2 can affect synthesis and/or degradation of HLA class | molecules?

We have observed that A549 Nrf2 KO cells have reduced HLA-I protein and cell surface levels,
but not RNA level, compared to the A549 Nrf2 wt cells. In correlation with that, silencing of
Nrf2 in NLF showed downregulation of HLA-I protein and cell surface expression, while RNA
expression was upregulated. Based on these observations, we speculated that Nrf2 could

regulate synthesis and/or degradation of HLA-I molecules.

To verify this assumption, we wanted to compare the stability of HLA-I proteins between A549
Nrf2 wt and Nrf2 KO cells. The use of protein synthesis inhibitors is the most common method
to determine the stability of the protein (protein turnover rate). Emetine dihydrochloride is a
translation elongation inhibitor, which binds the 40S subunit of the ribosome and inhibits
ribosome movement along the mRNA (187-189). Due to the high stability of HLA-I molecules,
we had to perform emetine treatment at long time points (8, 16 and 24 hours) to observe any
differences in the protein amount. This long translation inhibition is not without an impact on
the cells condition — it is toxic and could affect the results. Though western blot indicates that
all HLA molecules are less stable in A549 Nrf2 KO cells (Fig. 11), the steady state level of
HLA-I is not lower in the Nrf2 KO as it has been reported previously. Due to the high stability
of HLA-A, even after 24 hours of translation elongation inhibition, at this point we also decided
to look into HLA-C protein stability. That allowed us to see if there are differences in the
expression of different HLA-I alleles between A549 Nrf2 wt and Nrf2 KO cells. Interestingly,
unlike HLA-C levels, HLA-A levels did not change much even after 24 hours of translation

inhibition, showing an extraordinary stability (Fig. 11).

Moreover, it is important to mention that we were able to detect low Nrf2 levels in the Nrf2 KO
cells, due to the fact that the two out of three alleles have been successfully knocked out (Fig.
11). Thus, this knockout reduces Nrf2 protein levels and its translocation to the nucleus (180).
However, Nrf2 protein is still synthesized in these cells, which could affect the results. To be
able to see the straight-forward effect of Nrf2 on HLA-I stability, it would be crucial to obtain
the cells with total KO of Nrf2.

Another interesting observation following the treatment with translation elongation inhibitor
was the extreme stability of a second, lower band detected by Nrf2 antibodies. We had
previously observed that Nrf2 antibodies mostly recognize the Nrf2 protein as two bands in
the SDS-PAGE gel, however, the high stability of one of the forms was intriguing and

unexpected, and is the focus of the second part of my project.
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Figure 11. High stability of HLA-I molecules upon treatment with translation elongation inhibitor.
Western blot analysis of A549 Nrf2 wt and A549 Nrf2 KO cells after treatment with translation elongation
inhibitor, emetine dihydrochloride (20 uM), at different time points (8, 16 and 24 hours). Actin was used

as a loading control.

The results with the translation inhibition were not conclusive and even though the use of
translation elongation inhibitor can be an efficient way to determine protein stability, in this
case the long treatment duration can affect the results. Therefore, we made use of Click-iT
labeling technology for detection of newly synthesized HLA-lI proteins after co-
immunoprecipitation in A549 Nrf2 wt and Nrf2 KO cells. This method is a non-radioactive

alternative to the traditional radioactive 35S-methionine pulse label technique.

Radiolabeling of nascent cellular proteins is often considered the gold standard for the pulse
and chase protein analysis, due to the fact that it has minimal disturbance to the normal cellular
conditions. However, the main disadvantage of this method is the use of radioisotopes, that
could be potentially biohazardous, so specific equipment and facilities are necessary
(190,191). Therefore, the new click-it technology approach, which involves labeling of the
living cells with alkyne/azide-modified amino acids that can be fed to cultured cells and
incorporated into proteins during active protein synthesis, offers an interesting alternative
(192). Labeled proteins can react with alkyne/azide-containing molecule in a copper-catalyzed
“click” chemistry reaction. Finally, the modified protein is detected and analyzed using in-gel
fluorescence imaging, western blot, fluorescent microscope and/or flow cytometry (Fig. 12). In
our experimental set up, we used L-Azidohomoalanine (L-AHA), an amino acid analog that
contains a very small modification, specifically an azido moiety that can be incorporated into
proteins during active protein synthesis (192). L-AHA-labeled proteins then react with an
alkyne-containing molecule and the azido modified protein is detected using the red-

fluorescent tetramethylrhodamine (TAMRA) alkyne (Fig. 12). The main advantages of this
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method are that L-AHA is non-toxic, non-radioactive, does not inhibit protein synthesis, and
does not alter global protein ubiquitination or degradation. Moreover, the reaction between
azide and alkyne is highly efficient and specific (193).

1. Living cells are labeled with L-AHA 2. L-AHA is removed and cells are 3. Cells are lysed and protein of
in medium without methionine incubated in medium containing interest is immunoprecipitated
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Figure 12. Schematic overview of the click-iT labeling technology for the detection of newly

synthesized proteins. Click-iT labeling can be used for pulse analysis, to monitor protein synthesis
kinetics, and for pulse and chase analysis, to monitor protein degradation kinetics. Nascent proteins in
the living cells are labeled with L-AHA in the medium without methionine. For the pulse and chase
assay, the medium has to be changed to the one containing methionine, at certain time points, while
for the pulse assay, cells are incubated in the same medium without methionine until the lysis. After the
cells are collected and lysed, protein of interest is immunoprecipitated. The next step is the “click”
reaction, in which incorporated L-AHA reacts with a fluorescent TAMRA-labeled alkyne. At the final

step, TAMRA-labeled proteins are separated by SDS-PAGE and visualized by UV fluorescence.

Applying the described workflow (Fig. 12), we firstly labeled the newly synthesized proteins in
A549 Nrf2 wt and Nrf2 KO cells with L-AHA for one hour. The next step was lysing the cells,
perform the co-immunoprecipitation of HLA-I proteins and their detection by UV fluorescence.
The results showed that A549 Nrf2 KO cells have less newly synthesized HLA-I proteins
comparing to the A549 Nrf2 wt (Fig. 13).
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Figure 13. A549 Nrf2 KO cells have less newly synthesized HLA-I proteins compared to A549
Nrf2 wt cells. Click-iT labeling and gel analysis of newly synthesized HLA-I proteins after co-
immunoprecipitation in A549 Nrf2 wt and Nrf2 KO cells. L-Azidohomoalanine (L-AHA; 50 uM, 1 hour)
was used to label freshly synthesized proteins in living cells, while tetramethylrhodamine (TAMRA) was

used for the detection. 1gG; immunoglobulin G.

Furthermore, this method allowed us to use pulse-chase analysis to compare the effect of Nrf2
on the synthesis and degradation of HLA-I proteins. The results after the pulse at different
time points (1, 2 and 3 hours) did not show the significant difference between the detected
signals in A549 Nrf2 wt and Nrf2 KO cells (Fig. 14A). There was a slight difference after 2
hours pulse, where we could see that A549 Nrf2 wt cells have higher expression of the newly
synthesized HLA-I proteins, compared to the A549 Nrf2 KO cells, which is in the correlation
with our primary observation (Fig. 13). However, after 3 hours pulse, it seems that HLA-I
expression in the A549 Nrf2 wt and Nrf2 KO cells is similar (Fig. 14A).

Since our assumption was that Nrf2 could affect synthesis and/or degradation of HLA-I
molecules, we next performed pulse-chase analysis, that allowed us to monitor the protein
degradation kinetics. Cells were pulsed for 3 hours, and then chased for 3 and 6 hours. The
results again did not give a straight-forward answer, since after chase for 3 hours, we could
see that the A549 Nrf2 wt cells have higher expression of the newly synthesized HLA-I
proteins, comparing to the A549 Nrf2 KO cells. However, after chase for 6 hours, the result
was opposite and A549 Nrf2 KO cells showed higher expression of HLA-I proteins compared
to the A549 Nrf2 wt cells (Fig. 14B). One of the reasons of inconclusive results and difficulties

in performing pulse-chase analysis could be the high stability of HLA-I proteins.
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We have also tried a different approach to the click-iT labeling technology — labeling of freshly
translated proteins with L-AHA, detection with the use of biotin and pull-down with the
streptavidin beads, to omit the step with immunoprecipitation and minimize the possibility of
losing the proteins during the procedure, which would give us more reproducible and therefore
conclusive results. However, this approach did not give a desired outcome due to the
unspecific binding to the biotin, the formation of protein aggregates and difficulties with

solubilization of the precipitate (Fig. S1).
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Figure 14. Pulse and chase analysis of the newly synthesized HLA-I proteins in A549 Nrf2 wt and
Nrf2 KO cells. Click-iT labeling and gel analysis of the newly synthesized HLA-I proteins after co-
immunoprecipitation in A549 Nrf2 wt and Nrf2 KO cells. (A) Pulse was performed with L-AHA (50 uM)
at indicated time points, after which cells were collected and lysed. (B) For the pulse-chase analysis,
cells were pulsed with L-AHA for 3 hours and chased for 3 and 6 hours. TAMRA was used for detection

by UV fluorescence. 1gG; immunoglobulin G.

To sum up, the click-iT labeling technique turned out to be very challenging since one of the
crucial steps is co-immunoprecipitation, which makes it difficult to precisely analyze and
compare the differences in the protein expression, especially when proteins are not purified,
as in our case. However, the treatment with translation elongation inhibitor indicated that Nrf2

could play a role in stabilizing HLA-I molecules and preventing their degradation as well as
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facilitating synthesis, since in the pulse analysis, A549 Nrf2 wt cells showed more newly
synthesized HLA-I comparing to the A549 Nrf2 KO cells. To further investigate this hypothesis,
we could have a look if the NFE2L2 and HLA-I RNAs are translated together on the ribosome.

3.1.2.4. HLA class | stability in RERF-LC-AI cell line and in primary NSCLC cell
line

To address the question about Nrf2 influence on the HLA-I expression in a lung cancer cell
line without any known mutations in the NFE2L2/KEAP1 pathway, we performed silencing of
Nrf2 expression using the mixture of different Nrf2-targeting siRNAs in the RERF-LC-AI cells.
Taking into consideration high stability of HLA-I molecules (especially HLA-A) and one of the
detected Nrf2 forms (Fig. 15A), we combined silencing of Nrf2 with translation elongation
inhibition to check the impact of Nrf2 on HLA-I stability (rate of degradation). The results have
shown that Nrf2 is still expressed after siNrf2, but at the significantly lower levels. The
expression of a stable Nrf2 form was significantly reduced after siNrf2 and 4 hours of emetine
treatment, compared to the scrRNA control. Even though we were using a pool of anti-Nrf2
SiRNAs targeting different regions of NFE2L2 gene, a stable Nrf2 was not completely knocked-
down, indicating its high stability, as previously observed. The expression of HLA-A was
reduced after siNrf2 combined with translation inhibition already after 15 minutes of treatment,
compared to the scrRNA. It leads to the assumption that the stable Nrf2 form can affect the
stability of HLA-A proteins, although there is not much difference in HLA-A protein level
between 15" and 4 hours after emetine treatment. The stability of HLA-C did not significantly

change between siNrf2 and scrRNA samples (Fig. 15B).
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Figure 15. HLA-I stability in lung cancer cell line RERF-LC-AI. (A) Western blot analysis of RERF-

LC-Al cells after treatment with translation elongation inhibitor emetine dihydrochloride at different time
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points (8 and 16 hours). (B) Western blot analysis of RERF-LC-AI cells after transfection with scrRNA
(25 nM), and siNrf2 (25 nM). 48 hours after transfection, cells were treated with translation elongation
inhibitor emetine dihydrochloride at different time points (15 minutes, 2 and 4 hours). Actin was used

as loading control. Arrows indicate the two detected Nrf2 forms.

Next, we performed the same experiment in the primary NSCLC cell line and compared the
influence of Nrf2 on the HLA-I expression. Interestingly, in the primary NSCLC cell line, we
observed a high stability of HLA-A, despite treatment with translation elongation inhibitor for 4
hours and no changes in the expression after silencing of Nrf2, comparing to the scrRNA
control. However, there are significant differences in HLA-C expression after silencing of Nrf2,
after 2 and 4 hours of treatment with emetine, indicating that the stable Nrf2 form could affect
the stability of HLA-C in primary NSCLC cell line (Fig. 16). In the case of HLA-A, the longer
time points of emetine treatment would probably allow us to see if Nrf2 affects HLA-A stability,
however, longer exposure to the emetine could be harmful for the cells, which could

significantly affect the results.
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Figure 16. HLA-I stability in primary cells derived from non-small cell lung cancer (NSCLC)
patient. Western blot analysis of NSCLC cells after transfection with scrRNA (25 nM), and siNrf2 (25
nM). 48 hours after transfection, cells were treated with translation elongation inhibitor emetine
dihydrochloride at different time points (15 minutes, 2 and 4 hours). Actin was used as loading control.

Arrows indicate the two detected Nrf2 forms.
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3.1.2.5. Interaction between Nrf2 and HLA class | molecules

Based on the collected results, it seemed that Nrf2 can affect HLA-I expression, even though
the mechanism was still uncertain. The first step in trying to determine the mechanism was to
examine whether Nrf2 can directly interact with HLA-I molecules. For that purpose, we
performed co-immunoprecipitation (co-I1P) of Nrf2 and HLA-I proteins in the non-small cell lung
cancer cell lines, A549 and RERF-LC-AI (Fig. 17A and B). The results showed that Nrf2 and
HLA-I molecules co-precipitate indicating a direct interaction. Nrf2-HLA-I interaction was
further validated and confirmed in primary NSCLC cell line (Fig. 17C).
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Figure 17. Nrf2 and HLA-I molecules co-immunoprecipitate. (A) Co-immunoprecipitation of HLA-I
proteins using anti-HLA class | antibodies [W6/32] in A549 cell line. IgG mouse was used as a control.
(B) Co-immunoprecipitation of HLA-I proteins using anti-HLA class | antibodies [W6/32] in RERF-LC-AI
cell line. IgG mouse was used as a control. (C) Co-immunoprecipitation of HLA-I proteins using anti-

HLA class | antibodies [W6/32] in primary NSCLC cell line. IgG mouse was used as a control.

The next step was to see where this interaction between Nrf2 and HLA-I molecules could take
place. For this purpose, we made use of the immunofluorescent staining and confocal
microscopy. In A549 cells, Nrf2 was localized in the nucleus and in the cytoplasm, however
nuclear localization was prevalent and was expected since these cells have a constitutive
activation of Nrf2 which means constant nuclear translocation of Nrf2 (Fig. 18A). HLA-I
molecules were observed in the ER and the Golgi apparatus, as expected, since they fold and
bind the cytosolically derived peptides within the ER lumen. After peptide loading, HLA-I
molecules traffic through the Golgi apparatus to the plasma membrane (124). We observed
the co-localization of Nrf2 and HLA-A, however it is hard to precisely say if the co-localization

is mainly in the cytoplasm, but it seems that it could be also in the endoplasmic reticulum (ER)
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and/or Golgi (Fig. 18A). The known localization of Nrf2 under no stress conditions is in the
cytoplasm, therefore the co-localization with HLA-I molecules is probably happening there.
Nrf2 signaling was shown to be critical for the cell survival following ER stress (15), however

Nrf2 localization was not previously reported in the ER.

Interestingly, the co-localization was also observed in the nucleus, which was quite peculiar,
taking into consideration that to the best of our knowledge, HLA-I molecules have not been
reported in the nucleus. However, our observation was the same while using different anti-
HLA-A antibodies (anti-HLA-A antibody from Origene and KO validated anti-HLA-A antibody
from Abcam) indicating that it is not the case of the unspecific antibody signal (Fig. 18A and
19A). Similarly, we observed the co-localization of HLA-C and Nrf2 in cytoplasmic cellular

compartments, indicating the possibility of their interaction (Fig. 18B).

HLA-A Nrf2

HLA-C Nrf2

Figure 18. Nrf2 is co-localizing with HLA-A and HLA-C in A549 cell line. (A) For
immunofluorescence, A549 cells were stained with primary anti-Nrf2 (1:500) and anti-HLA-A (1:500;
Origene) antibodies, overnight. After washing, cells were stained with secondary antibodies, Alexa Flour
488 goat anti-rabbit and Alexa Fluor 555 goat anti-mouse, and visualized using confocal microscope.
(B) A549 cells were stained with primary anti-Nrf2 (1:500) and anti-HLA-C (1:500) antibodies, overnight.
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After washing, cells were stained with secondary antibodies, Alexa Flour 488 goat anti-rabbit and Alexa

Fluor 555 goat anti-mouse and visualized using confocal microscope. Nuclei were stained with DAPI.

The immunofluorescence staining of another lung cancer cell line, RERF-LC-AI, showed
similar co-localization of HLA-A and Nrf2 mostly in the cytoplasmic cellular compartment.
Interestingly, Nrf2 was mostly localized in the cytoplasm in these cells, comparing to the A549
cells, confirming that indeed in the cells without any known mutation in the pathway and under
no stress conditions, Nrf2 is mostly localized in the cytoplasm and could be translocated in the
nucleus upon activation. Also, as mentioned before, the localization of HLA-A was again
observed in the nucleus even though different anti-HLA-A antibody was used (Fig. 19A).
Regarding staining with HLA-C antibodies, the signal was quite weak, but mostly localized in
the ER, where it is co-localized with Nrf2 (Fig. 19B).

HLA-A Nrf2

HLA-C Nrf2

Figure 19. Nrf2 is co-localizing with HLA-A and HLA-C in RERF-LC-AIl cell line. (A) For
immunofluorescence, RERF cells were stained with primary anti-Nrf2 (1:500) and anti-HLA-A (1:500;
Abcam) antibodies, overnight. After washing, cells were stained with secondary antibodies, Alexa Flour

488 goat anti-rabbit and Alexa Fluor 555 goat anti-mouse, and visualized using confocal microscope.
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(B) RERF cells were stained with primary anti-Nrf2 (1:500) and anti-HLA-C (1:500) antibodies,
overnight. After washing, cells were stained with secondary antibodies, Alexa Flour 488 goat anti-rabbit

and Alexa Fluor 555 goat anti-mouse, and visualized using confocal microscope.

To sum up, although the co-localization does not have to mean that the proteins are in the
direct interaction, it can give an insight if the proteins are localized in the same cellular
compartment, which increases the chances of their direct interaction. In the case of A549 and
RERF lung cancer cell lines, Nrf2 is co-localizing with HLA-A and HLA-C in the different
cellular compartments. HLA-I molecules were observed in the ER and the Golgi apparatus, as
expected, however, HLA-A was also observed in the nucleus, in both cell lines and using two
different types of anti-HLA-A antibodies. This was further confirmed with the silencing of the
HLA-A expression using siRNA and immunofluorescent staining (Fig. S2). Additionally, we
managed to co-immunoprecipitate HLA-A with the nuclear marker histone H2B, indicating that

indeed HLA-A can be localized in the nucleus (Fig. S3).

Following the co-localization studies, we performed proximity ligation assay (PLA). It is a
unique method for the detection of protein-protein interactions in situ at endogenous protein
levels. The method utilizes specific antibodies for the proteins of the interest, covalently linked
with specific single-stranded oligonucleotides (PLA probes). A hybridization step is followed
by DNA amplification with fluorescent probes that permit visualization of the spots of proximity

by confocal microscopy (194,195).

To be able to perform PLA, it is crucial to have specific antibodies for the proteins of interest
coming from different species. We obtained mouse and rabbit antibodies for both, Nrf2 and
HLA-A proteins, to be able to check different combinations. In A549 lung cancer cells, we
detected positive proximity signals of Nrf2 and HLA-A, comparing to the appropriate negative
controls (Fig. 20). These results confirmed that Nrf2 and HLA-A proteins are in close proximity
and that they are interacting. We also detected an unspecific positive signal in the samples
stained only with HLA-A (R; rabbit) antibodies, however when we quantified the green foci
detected in the control samples and in the PLA samples, there was a significantly more spots
detected in the PLA samples, indicating the reliability of the results (Fig. 20A). We also
performed the PLA with the opposite combination of antibodies; HLA-A (M; mouse) and Nrf2
(R; rabbit) and observed the weaker signal of the proximity. However, the difference between
control samples and PLA samples was significant, indicating that also with the opposite
combination of the antibodies, the interaction between HLA-A and Nrf2 was detected (Fig.
20B). The interaction was observed in the different cellular compartments, including nucleus,

which is in the correlation with the co-localization results.
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Similarly, in RERF lung cancer cells, HLA-A (R) antibodies have shown a false positive signal
in the control samples, while Nrf2 (M) antibodies were a proper negative control. In the PLA
sample, we detected a significantly higher number of green foci per cell, comparing to the
controls, confirming the interaction of HLA-A and Nrf2 also in RERF cells (Fig. 21A). In the
case of HLA-A (M) and Nrf2 (R) antibodies, the detected signal was weak, showing no

significant difference between the negative controls and PLA samples (Fig. 21B).

To sum up, HLA-A and Nrf2 were shown to be in the close proximity indicating their direct
interaction in A549 and RERF lung cancer cells. HLA (R) antibody was shown to give
unspecific positive signals, however, in the samples stained with both HLA-A (R) and Nrf2 (M),
the detected signal was much stronger and the number of the detected green foci was
significantly higher. In the opposite case, when the samples were stained with HLA-A (M) and
Nrf2 (R) antibodies, the signal in the both tested cell lines was quite weak and the number of

detected foci was lower, probably due to the weaker antibodies specificity.
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Figure 20. HLA-A and Nrf2 are in close proximity in A549 cells. A549 cells were stained with (A)
anti-HLA-A (R) and anti-Nrf2 primary antibodies and (B) anti-HLA-A (M) and anti-Nrf2 (R) primary
antibodies overnight, washed in suitable buffer and incubated with PLA probes for 60 minutes. The next
steps were hybridization and amplification. Finally, the samples were incubated with Atto488
fluorophore, while nuclei were stained with DAPI. Cells were mounted with mounting medium and

analyzed with confocal microscope. Representative images of PLA (green) and quantification of PLA
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are shown. Statistics were performed with a one-way ANOVA with post hoc test (Bonferroni correction)

and Brown-Forsythe test in GraphPad Prism, where n = 20, **p < 0.0026, ***p = 0.0001.
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Figure 21. HLA-A and Nrf2 are in close proximity in RERF cells. RERF cells were stained with (A)
anti-HLA-A (R) and anti-Nrf2 primary antibodies and (B) anti-HLA-A (M) and anti-Nrf2 (R) primary
antibodies overnight, washed in suitable buffer and incubated with PLA probes for 60 minutes. The next
steps were hybridization and amplification. Finally, the samples were incubated with Atto488
fluorophore, while nuclei were stained with DAPI. Cells were mounted with mounting medium and
analyzed with confocal microscope. Representative images of PLA (green) and quantification of PLA
are shown. Statistics were performed with a one-way ANOVA with post hoc test (Bonferroni correction)

and Brown-Forsythe test in GraphPad Prism, where n = 20, ***p < 0.0001, ns=not-significant.
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Next, in the collaboration with Dr Monikaben Padariya and Dr Umesh Kalathiya, we obtained
the data from molecular modeling and molecular dynamics simulations, predicting the
interaction between Nrf2 and HLA-I molecules. Since A549 cell line is fully sequenced, they
performed the modeling of HLA-A, B, and C and Nrf2 based on the A549 cell line specific
sequence (https://web.expasy.org/cellosaurus/CVCL_0023) (Fig. 22).
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Figure 22. Schematic overview of molecular modeling and molecular dynamics simulations
workflow. The sequences for all HLA-I alleles in A549 cells were retrieved from publicly available data
(http://www.iedb.org). The structures of the Nrf2 and different HLA class | molecules were modeled and
protein-protein screening was performed choosing the best Nrf2/HLA-A, B and C allele. Finally,
molecular dynamics simulations allowed to see the changes in the confirmations in time and influence
of Nrf2 on HLA-I stability.
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The screening of Nrf2 against different HLA-A molecules showed that all three haplotypes of
HLA-A are forming high number of interactions with Nrf2 (Fig. 23). The binding energies of
different HLA-A alleles with Nrf2 have shown that the interactions between HLA-A and Nrf2
are strong. The values of binding energies for each HLA-A allele are similar, with the highest
binding affinity for HLA-A*25:01 allele (Fig. 23D). Moreover, in the case of HLA-A, Nrf2 is
bound to the place in the structure that could include the stability of HLA-A. Regarding the
HLA-B alleles, the Nrf2 binding pattern is different. It binds to the peptide cavity of both HLA-
B alleles, therefore the number of interactions is lower and the binding affinity is weaker (Fig.
24). Binding pattern of Nrf2 and HLA-C alleles is similar to the binding with HLA-B alleles. Nrf2
binds to the peptide cavity of HLA-C alleles and forms a lower number of interactions

comparing to the binding with HLA-A alleles (Fig. 25).

HLA-A*25:01 HLA-A*26:03 HLA-A*30:01

D
Binding energy with
HLAAallele Nrf2 (kcal/mol)
A*25:01 -65.75
A*26:03 72.71
A*30:01 -73.24

Figure 23. HLA-A alleles are forming high number of interactions with Nrf2. Molecular modeling
predictions of binding between Nrf2 and different HLA-A alleles, based on the binding energies. (A)
Binding of HLA-A*25:01 allele with Nrf2. (B) Binding of HLA-A*26:03 allele with Nrf2. (C) Binding of
HLA-A*30:01 allele with Nrf2. (D) Binding energies (kcal/mol) of the each HLA-A allele with Nrf2. Nrf2

structure is marked in blue.
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Figure 24. HLA-B alleles are forming low number of interactions with Nrf2. Molecular modeling
predictions of binding between Nrf2 and different HLA-B alleles, based on the binding energies. (A)
Binding of HLA-B*18 allele with Nrf2. (B) Binding of HLA-B*44:03:01 allele with Nrf2. (C) Binding

energies (kcal/mol) of the each HLA-B allele with Nrf2. Nrf2 structure is marked in blue.
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Figure 25. HLA-C alleles are forming low number of interactions with Nrf2. Molecular modeling
predictions of binding between Nrf2 and different HLA-C alleles, based on the binding energies. (A)
Binding of HLA-C*12:03:01 allele with Nrf2. (B) Binding of HLA-C*16:01 allele with Nrf2. (C) Binding

energies (kcal/mol) of the each HLA-C allele with Nrf2. Nrf2 structure is marked in blue.

The predictions have shown the two possible conformations that Nrf2 can form with HLA
molecules: binding to the peptide cavity and binding to the place that could induce HLA
stability. In the case of HLA-A molecules, Nrf2 binds to the place that could induce the HLA-A
stability, while in the case of HLA-B and HLA-C, the binding pattern is different and Nrf2 binds
to the peptide cavity.

To check the stability of the HLAs with/without Nrf2, the RMSDs (root-mean-square deviations)
were computed (Fig. 26). RMSD calculations are usually used for measuring the difference
between the backbones of a protein from its initial structural conformation to its final position.
The stability of the protein relative to its conformation can be determined by the deviations
produced during the course of its simulation (196). The RMSDs suggests that the presence of
Nrf2 protein in the complex stabilizes HLA-A molecules (Fig. 26A). In the case of HLA-B and
HLA-C, such a significant difference was not observed, however only for HLA-C*12:03:01
allele, we observed higher stability when Nrf2 protein was present in the complex (Fig. 26C).
The HLA-B showed the highest stability in general and was not affected much by the presence
or absence of the Nrf2 protein in the complex (Fig. 26B). Furthermore, it was confirmed that
all three haplotypes of HLA-A molecules are forming high number of interactions with Nrf2,
while in the case of HLA-B and HLA-C, the binding pattern is different (Fig. 27).
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Figure 26. Stability check for HLA molecules with/without Nrf2. In order to check the stability of
HLAs with/without Nrf2, the RMSDs (root-mean-square deviations) were computed. A RMSD value is
expressed in Angstrom (A) which is equal to 1071° m. (A) RMSD calculations for HLA-A molecules
showed large destabilizing structures for the apo-HLA system, while the presence of Nrf2 protein in the
complex stabilizes HLA-A molecules. (B) RMSD calculations for HLA-B molecules showed stabilized
system, not affected much by presence or absence of Nrf2 protein in the complex. (C) RMSD
calculations for HLA-C molecules showed also quite stable system. The significant difference was only
observed in the case of HLA-C*12:03:01, that was stabilized upon the presence of Nrf2 in the complex.

Apo, HLA-I only; Dimer, HLA-I in the presence of Nrf2.
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Figure 27. Nrf2 forms a high number of interactions with HLA-A molecules. The graph presents
the calculations from molecular dynamics simulations and number of hydrogen bonds created in time,
between the Nrf2 protein and different alleles of HLA-A, HLA-B and HLA-C molecules. All three
haplotypes of HLA-A form a high number of interactions with Nrf2, while the binding pattern with HLA-
B and HLA-C is different.

3.1.2.6. Extracellular and intracellular HLA class | expression in A549 Nrf2 wt
and Nrf2 KO cells

Taking into consideration all the collected results, it seems that Nrf2 can affect the stability of
HLA-I molecules, particularly HLA-A, and that Nrf2 and HLA-I molecules are in the direct
interaction. To see if there are any differences between the expression of HLA-I molecules on
the cell surface and intracellularly in A549 Nrf2 wt and Nrf2 KO cells, we performed

extracellular and intracellular staining of the cells and analyzed them with flow cytometry.

The flow cytometry data have shown an interesting differences between extracellular and
intracellular HLA-I expression in A549 Nrf2 wt and A549 Nrf2 KO. On the cell surface, A549
Nrf2 wt cells have shown higher expression of HLA-I molecules comparing to the Nrf2 KO
cells, while intracellularly Nrf2 KO cells showed slightly higher expression of HLA-I molecules
(Fig. 28). These results indicate that Nrf2 could be responsible for sequestration/stabilization
of HLA-I molecules on their way to the cell surface, where they present antigenic peptides to

the cytotoxic T cells.
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Figure 28. A549 Nrf2 wt cells have lower expression of intracellular, but higher expression of
extracellular HLA-I compared to the A549 Nrf2 KO cells. Flow cytometry analysis of A549 Nrf2 wt
and Nrf2 KO cells under no stress conditions. Extracellular (membrane) HLA-I were stained with anti-
HLA-ABC-BV711 antibody, while intracellular HLA-I were stained with anti-HLA-ABC-FITC antibody.
Data acquisition and analyses were performed by fluorescence activated cell sorter ARIA FUSION. NS,

not stained.
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3.1.3. Discussion

Nrf2 has a role in immune surveillance through the modulation of the immune cells functions.
Its role was mostly described on the transcriptional level and as a crosstalk with different
factors and pathways. However, our results have shown for the first time that the role of Nrf2
could be beyond the transcriptional regulation of its target genes. Until now, the effect of Nrf2
on the antigen presentation pathway has not been reported, however, there were indications
that Nrf2 could affect the expression of HLA-I molecules and genes involved in the antigen
presentation (103,128).

Our results have shown that the depletion of Nrf2 in normal lung fibroblasts and in lung
adenocarcinoma A549 with functional knockout of Nrf2 decreased HLA-I protein and cell
surface expression. However, this effect was not observed on the RNA level, it was rather
opposite, implying an existence of a positive feedback loop. These results indicated that Nrf2
could affect the synthesis of HLA-I proteins or alternatively, their degradation. This observation
was quite unexpected, since Nrf2 was mostly described as a transcription factor which
influences the transcription of its target genes and in that way regulates their protein
expression. However, in this case, the effect on the HLA-I RNA level after silencing of NFE2L2

expression was opposite, compared to the HLA-I protein and cell surface expression.

To be able to investigate the possible impact of Nrf2 on HLA-I stability (rate of degradation),
we had to combine the NFE2L2 knockdown with the translation elongation inhibition. Taking
into consideration the general differences between HLA-I alleles and the extraordinary stability
of HLA-A, we also looked at the HLA-C protein expression in these stability experiments. In
the squamous lung cancer cell line RERF-LC-AI, the expression of HLA-A protein levels was
significantly reduced after siNrf2 combined with translation inhibition already after 15 minutes
of treatment, leading to the assumption that Nrf2 can affect the stability of HLA-A proteins. In
the primary cell line from NSCLC patient, silencing of Nrf2 and inhibition of translation reduced
the expression of HLA-C proteins, while HLA-A expression remained stable, even after 4 hours
of emetine treatment. These results indicated that there are differences in the expression and
stability between different HLA-I alleles and that it could be important to investigate each of
them separately. However, sometimes that is not possible due to the antibody availability and
specificity, e.g. while determining HLA-I cell surface expression, where the commonly used
antibody (pan-HLA-I antibody W6/32) detects all the HLA-I alleles together.

When we compared the stability of HLA-I molecules in A549 wild-type and Nrf2 KO cells, we
observed that HLA-I molecules are less stable in the Nrf2 KO cells. In addition, the click-it

labeling technology allowed us to compared the rate of the newly synthesized HLA-I molecules
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and the results have shown that A549 Nrf2 KO cells have less newly synthesized HLA-I
molecules, compared to the A549 wild-type cells. These results indicated that Nrf2 could play
a role in stabilizing HLA-I molecules and preventing their degradation as well as facilitating
synthesis. To further investigate this hypothesis, we could have a look if the NFE2L2 and

HLA-I RNAs are translated together on the ribosome.

The collected data up to this point indicated that Nrf2 has an influence on the HLA-I
expression, however the mechanism was unclear. Therefore, it was important to examine if
the direct interaction between Nrf2 and HLA-I is possible. The co-immunoprecipitation results
suggested direct protein-protein interaction between Nrf2 and HLA-I, in both tested cell lines
and in primary cell line from NSCLC patient, under homeostatic conditions.
Immunofluorescence gave us an insight where this interaction could be happening. Nrf2 was
localized in the cytoplasm in both A549 and RERF cells, however since A549 cells have a
constitutively active Nrf2, there was a high amount of Nrf2 observed also in the nucleus under
homeostatic conditions. We were surprised to see that HLA-A was not only localized in the
cytoplasmic compartment, but also in the nucleus, which was not reported before. HLA-C was
mostly localized in the ER. In addition to the immunofluorescence results, proximity ligation
assay showed that Nrf2 and HLA-A are in the close proximity, therefore indicating a direct

interaction.

Based on the experimental data, Dr Monikaben Padariya and Dr Umesh Kalathiya performed
molecular modeling and molecular dynamics simulations for predicting the interactions
between Nrf2 and HLA-I molecules. The results have shown that all three haplotypes of
HLA-A are forming high number of interactions with Nrf2 and Nrf2 in the complex stabilizes
HLA-A molecules. Nrf2 binding pattern with HLA-B and HLA-C is different, comparing to the
HLA-A, and only one HLA-C allele is stabilized by Nrf2 binding. The predictions confirmed the
differences between the HLA-I alleles and their interaction with Nrf2, and have shown that the
interaction with HLA-A is the strongest. It would be interesting to further investigate the
possible interaction and proximity of HLA-C and Nrf2 and compare it to the Nrf2 interaction
with HLA-A.

The flow cytometry data have shown that A549 Nrf2 KO have higher expression of intracellular
HLA-I compared to the A549 Nrf2 wt cells, however the situation is opposite on the cell surface,
where HLA-I are presenting antigenic peptides to the cytotoxic T cells. This was an additional
proof that Nrf2 affects the stability of HLA-I expressed on the cell surface, confirming the

molecular modeling and molecular dynamics predictions.
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Up until now, Nrf2 was described as transcription factor which can affect protein expression
through transcriptional regulation. However, our results have shown that Nrf2 stabilizes HLA-
| expression in the direct protein-protein interaction, suggesting a novel, transcription-

independent role of Nrf2.
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PART 2. Identification of a stable, non-canonically regulated
Nrf2 form in lung cells

3.2. Background and aim

Most often studies on Nrf2 include antibodies, but there are concerns regarding Nrf2 migration
in the sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) and the
specificity of some anti-Nrf2 antibodies. Although in the first part of my project we were using
commercially available Nrf2 antibodies, we have observed the multiple Nrf2 band detection.
Specifically, the detected band showing high stability upon translation elongation inhibition
caught our attention. Therefore, the second part of my project was focused on the precise
validation of the commercially available Nrf2 antibodies, to be able to identify the protein bands
in SDS-PAGE that correspond to Nrf2.

One significant obstacle in the proper detection of Nrf2 is “unusual” migration from its
predicted size. Predicted molecular weight for migration of Nrf2 is ~55-65 kDa, according to
Nrf2’s open reading frame size of ~2.2-kb, but Lau et al. have provided evidence that the
biologically relevant species of Nrf2 migrate between ~95 and 110 kDa. The pattern of
unexpected Nrf2 migration is still uncertain but the abundance of acidic residues in Nrf2 could
be the main reason (45). In addition, Kemmerer et al. have compared different human Nrf2
antibodies in order to validate their specificity. They have reported that the Nrf2 monoclonal
antibody EP1808Y from Abcam, detects another protein that co-migrates with the verified Nrf2.
By using siRNA and immune-depletion experiments, they excluded the possibility that the

detected band ~95 kDa corresponds to any form of Nrf2 (90).

Additionally, Nrf2 is phosphorylated by various kinases, but even after phosphatase treatment,
two Nrf2 forms were detected (17,197,198). The origin of these forms is not clear. Latest
studies indicate that the existence of multiple Nrf2 forms of increased stability, that lack exon

2 or exon 2 and 3, is due to an alternative splicing in lung and head and neck cancers (53).

3.2.1. Methodology

In this study, we have used three NSCLC cell lines: an adenocarcinoma A549, a squamous
cell carcinoma RERF-LC-AI (further referred as RERF) and H1299, that differ in the Nrf2 level
and activation status. A549 cells have a homozygous KEAP1 mutation (G333C) that disrupts

72



binding of Keapl and Nrf2, leading to accumulation and constitutive activation of Nrf2 (54).
The RERF and H1299 cells do not have any known NFE2L2/KEAP1 mutation (181,199) and
therefore, low levels of Nrf2 under homeostatic conditions. We have also made use of A549
Nrf2 functional KO cells (180), two primary NSCLC cell lines derived from lung tumors of two
patients (further referred as NSCLC 1 and NSCLC 2) and normal lung fibroblasts (further
referred as NLF).

3.2.2. Results

3.2.2.1. Different Nrf2 forms are expressed in lung cells

Firstly, we analyzed the Nrf2 migratory pattern using 8% SDS-PAGE with Abcam EP1808Y
and Cell Signaling D1Z9C antibodies that recognize different Nrf2 epitopes. The epitope of
the EP1808Y antibody is located in the C-terminus, surrounding 550 aa, while the epitope of
D1Z9C is located in the middle of Nrf2 protein — in the proximity of 275 Ala (200).

Both antibodies detected two bands in A549 Nrf2 wt cells, the lower one of ~105 kDa and the
upper, below 130 kDa, while in RERF cells only the lower 105 kDa was detected under steady-
state conditions. Interestingly, in the functional Nrf2 KO cells, both the 105 kDa and 130 kDa
signals were significantly weaker or disappeared, indicating that both bands are Nrf2-specific
(Fig. 29). It is important to highlight again that the reason we were able to detect Nrf2 protein
in A549 Nrf2 KO cells, is that even though this is the Nrf2 KO cell line, Nrf2 protein can still be
produced in this cells, but its functionality is significantly reduced. Since these two antibodies
were mostly recognizing the same Nrf2 pattern, we decided to further use Abcam EP1808Y

antibody because of its higher specificity and better signal.
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Figure 29. Nrf2 migratory pattern in lung cancer cells. Nrf2 migratory pattern in 8% SDS-PAGE gel,
in A549 Nrf2 wt, A549 Nrf2 KO, and RERF cells with two monoclonal anti-Nrf2 antibodies—Abcam
[EP1808Y] and Cell Signaling (CS) (D1Z9C). Actin was used as a loading control.

Further results have shown that endogenous Nrf2 actually migrates in 8% SDS-PAGE not as
two, but as three bands in all lung cancer cell lines, primary cell lines and normal lung
fibroblasts (Fig. 30). The middle band is not always visible, probably due to the close proximity
to the upper ~130 kDa band and inability to separate them in every gel. The lowest Nrf2
migrating form of ~105 kDa is differently expressed between cells with the highest expression
in RERF, followed by A549, NLF, H1299 and primary NSCLC cells, which have the lowest
expression of all three Nrf2 forms.
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Figure 30. Nrf2 is migrating as three protein forms in 8% SDS-PAGE. Western blot analysis of the
most abundant Nrf2 forms in lung cancer cell lines H1299, RERF and A549, in primary cell lines from
NSCLC patients (NSCLC 1 and 2) and in normal lung fibroblasts (NLF). Arrows are indicating three
different Nrf2 forms. Nrf2 was detected with Abcam EP1808Y antibodies. Actin was used as a loading

control.

In the next step, we had to make sure that all three detected bands correspond to the Nrf2
protein. For that purpose, we made use of a pool of anti-Nrf2 siRNAs, targeting different
regions of NFE2L2 gene, and confirmed that all three bands are Nrf2 forms, since their
expression was significantly reduced after Nrf2 knockdown. However, the 105 kDa Nrf2 was
not completely knocked-down in the case of A549 and NSCLC 1, indicating its high stability,
that was previously observed (Fig. 31A and B).
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Figure 31. Silencing of NFE2L2 gene proved that the three detected bands are corresponding to
the Nrf2 protein forms. Western blot analysis after Nrf2 knockdown with the pool of Nrf2-targeting
SiRNA (25 nM) for 48 hours in (A) A549 and in (B) NSCLC 1 and NSCLC 2. Arrows are indicating three
different Nrf2 forms. Nrf2 was detected with Abcam EP1808Y antibodies. Actin was used as a loading

control.

3.2.2.2. Newly identified Nrf2 form is stable and does not translocate to the
nucleus

To test the stability of the 105 kDa form of Nrf2, we made use of emetine dihydrochloride to
look at the protein stability (201). Treatment with the translation elongation inhibitor revealed
the high stability of the 105 kDa form (marked as Nrf2*), with the half-life ranging up to 2.1
hours in H1299 (Fig. 32). The middle Nrf2 form had the lowest stability, while the half-life of
the top one (~130 kDa) corresponded to the values found in literature, defining Nrf2 as a labile
protein of a half-life ranging from less than 30 min~2 h depending on the cell type (13,202—-
204). The low stability and low expression of the upper ~130 kDa Nrf2 form under no stress
conditions, indicates that this is the full-length Nrf2 form, which is well-characterized and well-
described. The high stability of the 105 kDa form indicates a different mechanism of regulation
compared to the full-length Nrf2, which is constantly degraded by Keapl under homeostatic

conditions.
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Figure 32. Nrf2 stability after translation elongation inhibition. Western blot analysis of (A) H1299,
(B) NSCLC 1 and (C) NSCLC 2 after treatment with translation elongation inhibitor emetine
dihydrochloride (20 uM) at indicated time points. Nrf2 was detected with Abcam EP1808Y antibodies.
Actin was used as a loading control. Average band densities for each time point were normalized to
time point zero. Curves show data fitted using nonlinear regression and a one-phase exponential decay

equation (Table S1-S3) used for calculating the half-life of protein. Nrf2*, stable 105 kDa Nrf2 form.

3.2.2.3. A stable Nrf2 form is not phosphorylated

The question that arises next is what is the source of these distinct Nrf2 forms. One option is
the post-translational modification of Nrf2 that could account for differences in mass and

stability. Phosphorylation is the predominant Nrf2 modification and various Nrf2 residues are
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phosphorylated, including Ser40, Ser215, Ser344, Ser347, Ser408, Ser558, Thr559, and
Tyr576 (Fig. 1) (14,18,62,65,66). Their impact on Nrf2 stability and activity can be different
and is thought to depend on the phosphorylation site. Thus we have asked if the Nrf2 forms
detected with Abcam EP1808Y antibodies are the phosphorylated and dephosphorylated Nrf2
forms. We made use of lambda protein phosphatase (APP), which removes phosphate groups
from phosphorylated serine, threonine and tyrosine residues and observed that in RERF and
H1299 cells, as well as NSCLC 1 cells, the heavier upper band is affected by APP treatment,
but the lower 105 kDa band is not (Fig. 33A and B). Interestingly, after A phosphatase, the
molecular weight of the upper Nrf2 form was reduced to ~110 kDa, which is visible as a band
migrating just above the abundant 105 kDa Nrf2. It indicates that the 105 kDa Nrf2 is not
simply a dephosphorylated Nrf2, but rather a shorter Nrf2 form, and that the middle form
corresponds to the dephosphorylated 130 kDa full-length Nrf2 form. This is consistent with the
observed stability — phosphorylated Nrf2 form is more stable than dephosphorylated Nrf2 (Fig.
32).
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Figure 33. Stable 105 kDa Nrf2 form is not phosphorylated. (A) Lambda protein phosphatase (APP)
treatment of (A) RERF and H1299 lysates and (B) NSCLC 1 lysate. Cell lysates were incubated with or
without A phosphatase for 30 min in 30°C in the presence of MnClz. Arrows indicate different Nrf2 forms:
«—p-Nrf2 for phosphorylated Nrf2; «Nrf2 for dephosphorylated Nrf2; «Nrf2* for stable Nrf2. Nrf2 was

detected with Abcam EP1808Y antibodies. Actin was used as a loading control.
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In addition, Nrf2 stability and oncogenic activity was shown to be dependent on Fructosamine-
3-kinase (FN3K)—a kinase that triggers protein de-glycation. In its absence, Nrf2 is
extensively glycated, unstable, and defective at binding to sSMAF proteins (205). Thus we
asked if a presence of sugar moieties might differentiate between the two detected Nrf2 forms
and used the endoglycosidase PNGase F that specifically removes N-linked glycans from
glycoproteins. This treatment did not diminish the 130 kDa Nrf2, thus it is not the presence of

N-linked sugars that produces these Nrf2 forms of different stability (Fig. 34).
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Figure 34. Stable 105 kDa Nrf2 is not de-glycated form of full-length Nrf2. A549 cell line was treated
with PNGase F enzyme (500 000 U/mL) for 24 hours. HLA-A, known to carry N-linked glycans, was
used as a control for PNGase activity. Nrf2 was detected by western blot analysis using Abcam

EP1808Y antibodies. Actin was used as a loading control.

3.2.2.4. P2 transcript variants encoding Nrf2 isoform 2 are the source of a stable
Nrf2 form

Since post-translational modifications did not seem to be the source of a stable Nrf2 form, we
assumed that it might represent a product of an alternative transcription or/and translation,
especially that Nrf2 isoforms resistant to Keapl-Cul3-mediated degradation have been
described before (53). The skipping of exon 2, that encodes the Keapl-binding motifs, or
exons 2+3 in NFE2L2 gene was observed in lung and head and neck cancers, resulting in

Nrf2 forms resistant to Keapl-mediated degradation (53).

It is already well-known that the efficient production of functional proteins from stress-

responsive cytoprotective genes is regulated over transcript isoform usage. Upon exposure to
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the stress, the expression of Nrf2 target genes increases substantially, indicating that there
may be an alternative use of exons or transcript isoforms, which would produce diverse
proteins in various stress-mediated context (206). The use of alternative transcription start
and/or termination site and alternative splicing enable the production of multiple transcript
variants and protein isoforms in the cells. Usually, the promoters that have different regulatory
elements which are specific for a tissue and/or developmental stage, allow diverse regulations
of gene expressions in various environment (207-209). Also, structural changes on mRNA
level are causing the modifications of the reading frame and affect the efficiently of mRNA
translation, resulting in multiple protein isoforms. It has been reported that the sequences of
over 80 000 protein-coding transcripts expressed from approximately 20 000 protein-coding
genes have been available in public databases (210). More than 90% of multiexon genes
undergo alternative splicing, while 60% of genes in humans have at least one alternative

transcription start site (211-213).

In the collaboration with Dr Alicja Szabelska-Beresewicz, we analyzed the NFE2L2 transcripts
expressed in fully sequenced A549 cell line, using the RNA sequencing data, from the project
available at NCBI Gene Expression Omnibus (GEO) public database. We identified six
different transcripts expressed under homeostatic conditions in A549 cells (Fig. 35). One of
those transcripts, NM_001313904.1, has an extremely short exon 2, translated to three amino
acids, due to an alternative translation initiation site and a truncated 3’ terminus of this exon
(in-frame splice site in the 3’ region of exon 2) (Fig. 35A). Since two motifs required for Nrf2
binding to Keapl are located within the exon 2, Nrf2 expressed from this transcript most
probably escapes Keapl-Cul3-mediated degradation. On the other hand, transcript
NM_001313902.1 has a full sequence of exon 2, but lacks exon 3, due to alternative splicing
(Fig. 35B). The protein expressed from this transcript might fold in a way that DLG and ETGE
motifs are not accessible to the Keapl (200).

Our initial hypothesis was based on the fact that the newly identified Nrf2 form is not regulated
through Keapl, thus these two transcripts were our primary candidates for the source of this
Nrf2 form. It was difficult to hypothesize which transcript it could be, basing on the calculated
molecular weight (MW) of the Nrf2 form it encodes, as Nrf2 migrates in SDS-PAGE much
slower than the calculations suggest. The transcript NM_001313904.1 with alternative
translation initiation site encodes for a protein of a calculated MW of 56 kDa (protein isoform
6, NCBI Reference Sequence: NP_001300833.1), while the Nrf2 form encoded by transcript
NM_001313902.1 (protein isoform 4, NP_001300831.1) calculates at 64.5 kDa. Since the
predicted MW of the full-length NFE2L2 transcript (NM_006164.5 encoding isoform 1,
NP_006155.2) is 68 kDa and all the isoforms migrate in 8% SDS-PAGE above 100 kDa,

further studies were needed to reliably assess the origin of the 105 kDa Nrf2 form.
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Interestingly, Goldstein et al. have shown that the Nrf2 protein expressed from the transcript
that lacks exon 2 in NFE2L2 gene, migrates around 75 kDa (53), indicating that the origin of
our newly identified Nrf2 form is not that same transcript. If we look at the molecular weights,
the difference between the phosphorylated full-length Nrf2 (migrating around 130 kDa in 8%
SDS-PAGE) and the newly identified form (migrating around 105 kDa in 8%SDS-PAGE), is
rather smaller comparing to the lack of the whole exon 2, which switched our further focus on

the other transcripts with smaller alterations, while compared to the full length Nrf2 isoform 1.
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Figure 35. Expression of different NFE2L2 transcripts in A549 cells based on RNA sequencing
data (200). (A) Visualization of sequence reads alignments within exon 2. Beginning of the exon 2 is
on the right-hand and the end on the left-hand side. Splice junctions are represented by arches. Apart
from classical junctions at the beginning and the end of the exon, in a portion of reads the 3’ end of
exon 2 was spliced out. These reads have been aligned to the transcript NM_001313904.1 (transcripts
references are below each transcript). Transcripts sequence within the exon was translated to the
encoded amino acids. (B) Visualization of sequence reads alignments within exon 3. In the transcript
NM_001313902.1 exon 3 is spliced out. (C) Visualization of all the transcripts (6) identified in A549
cells. Exon 1 is on the right-hand and exon 5 on the left-hand side. Assembly of RNA-Seq alignments
into potential transcripts together with calculation of expression levels for those transcripts were
performed with StringTie software (157). Visualization of the alignments identified transcripts and

junctions was performed in IGV software (158).

To further investigate the origin of a stable and shorter Nrf2 form, we studied which Nrf2
transcripts are expressed in lung cells (Fig. 36). Based on the publicly available NCBI data,
NFE2L2 gene is expressed from two promoters which produce eight Nrf2 transcripts (Fig.
36A). Promoter 1 (P1) gives rise to transcript one, six and seven and promoter two (P2)
produces transcript two, three, four, five and eight. Transcripts coming from P2 utilize different
AUG to initiate translation than transcripts coming from P1. It is localized 5 downstream to the
first AUG, thus protein products of P2 transcripts are N-terminally truncated. To the best of
our knowledge, only transcripts coming from P1 promoter were shown to be translated (53),
while protein products produced from P2 transcripts have not been reported so far. Eight Nrf2
transcript variants give rise to the six different protein isoforms. Isoform 1 is encoded by
transcript variant 1 and represents the full-length Nrf2 protein (605 aa). Isoform 2 represents
a shorter Nrf2 form (589 aa) which results from an alternative promoter usage and an
alternative translation initiation site and is encoded by three transcript variants: 2, 4 and 5,
differing in a 5’ untranslated region length. Isoform 3 is encoded by a transcript variant 3 and
in comparison with isoform 2, it has an additional splicing within exon 4, making it a 7 aa
shorter than isoform 2 (582 aa). Isoform 4 (575 aa) encoded by transcript variant 6 has the
same promoter and translation initiation site as the full-length isoform 1, but exon 3 is spliced
out. Isoform 5 (532 aa) is encoded by transcript variant 7 that utilizes the same promoter and
translation initiation site as isoform 1 and 4, but due to alternative splicing, majority of exon 2
is spliced out. Finally, the shortest isoform 6 (505 aa) encoded by transcript variant 8 uses the

same promoter as transcripts 2,3,4 and 5 but yet another translation initiation site.

With two sets of primers used in RT-PCR (indicated as black arrows in Fig. 36A), we could
discriminate between Nrf2 transcripts by length in agarose gel (Fig. 36B). Table 1 in Material

and Methods presents primer sequences and expected amplicon length. In all tested lung
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cells: cancer cell lines, primary NSCLC cells and normal lung fibroblasts, transcript 1 and 2
were dominantly expressed. Transcript 4 and 6 were also detected (Fig. 36B). Transcript 1
produces a full-length Nrf2 isoform 1 (605 aa) that is regulated via Keapl-Cul3-E3 ubiquitin
ligase. Both transcript 2 and 4 give rise to the same protein — Nrf2 isoform 2, which lacks first
16 amino acids (aa) at the N-terminus due to the utilization of an alternative AUG for translation
initiation. This analysis indicates that both Nrf2 isoform 1 and 2 are highly expressed in all

tested cell types.

Indeed, when we quantified the ratio of expression of these two forms with quantitative RT-
PCR (Real-time gPCR), we observed that on the RNA level, the expression of P1 and P2
transcripts is similar, only RERF and NLF produced slightly more P1 transcripts (Fig. 36C).

From this analysis, we concluded that the fastest migrating 105 kDa Nrf2 form, detected in
Western blot, is produced from transcript 2 and 4 and represents Nrf2 isoform 2. We have
named it AN-Nrf2 due to the N-terminal truncation. The full-length Nrf2 originates from
transcript 1 and it is 16 amino acids longer compared to the AN-Nrf2. It was detected in
Western blot migrating just above AN-Nrf2, as the middle band, while the slowest migrating

130 kDa band belongs to the phosphorylated full-length Nrf2.
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Figure 36. Expression of Nrf2 transcripts in lung cells. (A) A scheme of all possible transcript
variants of Nrf2 gene (NFE2L2) and corresponding proteins according to NCBI. mRNA is presented in
vertical blue lines and protein encoding regions are in red. Black arrows represent primers used in RT-
PCR to identify expressed transcripts. Dashed arrows show primers for Real Time qPCR to evaluate
level of expression of identified transcripts. P1, promoter 1; P2, promoter 2. (B) Agarose gel (2 %) after
polymerase chain reaction (PCR) in lung cancer cell lines and NSCLC cells. Arrows indicate identified
transcripts with two sets of primers. (C) Ratio of P1 transcripts vs. P2 transcripts expression in lung
cancer cell lines, NLF and NSCLC cells analyzed by gPCR (mean+SD, n=3 independent

experiments).

3.2.2.5. The deletion of 16 amino acids in AN-Nrf2 causes impaired binding to
Keapl

To be able to understand the structural differences between Nrf2 isoform 1 and isoform 2 and
their impact on the dynamics of Keapl binding, we made use of molecular modeling and
molecular dynamics simulations, in the collaboration with Dr Monikaben Padariya and Dr
Umesh Kalathiya. From the model of the full-length Nrf2-Keapl complex, designed based on
the available crystal structure of their binding domains (166,167), we could see that deletion
of the first 16 amino acids in isoform 2 is causing the alternations in the protein structure and
differences in the binding to the Keapl, comparing to the full-length isoform 1 (Fig. 37A and
B). The deletion of the first 16 amino acids in isoform 2 is causing the impairment of Keapl
binding to Nrf2 via a low affinity binding Nrf2 motif LWRQDIDLG (23-31 aa) which possesses
a helix structure and binds weakly with Keapl (57) (Fig. 38).

Isoform_2

Figure 37. Structural differences between full-length Nrf2 isoform 1 and AN-Nrf2 isoform 2. (A)
Structure of Nrf2 isoform 1 protein bound to the Keapl. (B) Structure of AN-Nrf2 isoform 2 protein
bound to the Keapl. White circles represent the difference in the structure of isoform 1 and isoform 2,

due to the deletion of the first 16 amino acids.
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Figure 38. The deletion of the first 16 amino acids in AN-Nrf2 is causing the impairment of the
Keapl binding. Structure is showing the position of the deletion in Nrf2 isoform 2 (LWRQDIDLG),
which affects the binding of Nrf2 and Keapl via low affinity binding motif DLG.

Molecular dynamics simulations have shown that the deletion of the amino acids in the AN-
Nrf2 isoform 2 is not only causing the impairment in the Keapl binding, but it consequently
causes the changes in ubiquitination and degradation of Nrf2. The ubiquitination site in Nrf2,
consisting of seven lysine residues, is located between two binding sites with Keapl (low-
affinity DLG and high-affinity ETGE), thus when the low affinity is impaired, as in AN-Nrf2
isoform 2, the lysins are not exposed to ubiquitination anymore and Nrf2 gets stabilized (Fig.
39).

It is important to highlight that the binding between AN-Nrf2 isoform 2 and Keapl is possible
regardless the alterations in the structure, however, the binding is weaker and Keapl bound
to the AN-Nrf2 is more loose, compared to the Keapl bound to the full-length isoform 1 (Fig.
39). Molecular dynamics simulations have revealed that the first 16 amino acids in Nrf2 are
stabilizing a closed conformation of Nrf2 and sustain binding with Keapl. Deletion of these
amino acids causes the conformational change of Nrf2 and destabilization of binding with
Keapl (Fig. 39). Calculations of the number of hydrogen bonds created in time between Nrf2
isoform 1 and Keapl, and AN-Nrf2 isoform 2 and Keapl confirmed that even though in the
beginning, AN-Nrf2 creates more hydrogen bonds with Keapl, this amount is rapidly
decreased in time, while isoform 1 is creating more hydrogen bonds in time, thus making the

binding with Keapl stronger and more efficient (Fig. 40).
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Figure 39. The ubiquitination site in AN-Nrf2 isoform 2 is not exposed due to deletion of the first
16 amino acids. Molecular dynamics simulations revealed that the binding of Nrf2 isoform 2 (AN-Nrf2)
to the Keapl is weaker comparing to the Nrf2 isoform 1. Due to the changes in the structure, the lysine

residues of AN-Nrf2 isoform 2 (marked with K in the structures) are not exposed for ubiquitination.
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Figure 40. Nrf2 isoform 1 creates more hydrogen bonds, thus the binding with Keapl is stronger,
comparing to the AN-Nrf2 isoform 2. The graph presents the calculations from molecular dynamics
simulations and number of hydrogen bonds created in time, between the Nrf2 isoform 1-Keapl and

Nrf2 isoform 2-Keapl.
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To prove the different binding affinity of Nrf2 isoforms with Keapl1, we made use of neddylation
inhibitor MLN4924. MLN4924 is a specific small molecule inhibitor of NEDD8-activating
enzyme E1 (NAE), that catalyzes the reversible modification by adding ubiquitin-like protein
NEDDS8 (Neural precursor cell expressed developmentally down-regulated 8) to cullins. This
modification is called neddylation and it is necessary for the full activation of the Cullin-Ring
ligases (CRLs). MLN4924 binds to the NAE, blocks its enzymatic activity which subsequently
causes an inhibition of the neddylation of all cullins, leading to the accumulation of their
substrates (214,215). Since the Keapl-dependent regulation of Nrf2 requires active Keapl-
Cul3-E3 ligase complex, introduction of MLN4924 inhibitor leads to the inhibition of
neddylation and disability of Cul3-containing E3 ubiquitin ligase to target Nrf2 for ubiquitination

and degradation by proteasome (Fig. 41).
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Figure 41. Regulation of the Keap1-Cul3-E3 ligase complex. The Keap1-Cul3-E3 ligase complex is
active when it is in the neddylated state, resulting in Nrf2 ubiquitination and degradation. The complex
is inactivated by neddylation inhibitor MLN4924, which binds to the NAE, blocks its enzymatic activity
which subsequently causes an inhibition of the neddylation and accumulation of the substrate. CULS3,
cullin 3; E2, ubiquitin-conjugating enzyme; N8, NEDDS8; NAE, NEDD8-activating enzyme; NEDDS,
NEDDS8 ubiquitin-like modifier; RBX1, RING-box 1; UBE2M, ubiquitin-conjugating enzyme E2M,;
UBEZ2F, ubiquitin-conjugating enzyme E2F; Ub, ubiquitin. Created with Biorender.com.
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Indeed, after the treatment with neddylation inhibitor, the full-length Nrf2 is accumulated and
the amount of Keapl bound to Nrf2 increases dramatically in RERF cells (Fig. 42). Since the
amount of AN-Nrf2 isoform 2 has not changed, this increase is due to the Keapl binding to
Nrf2 isoform 1. These results are in line with the molecular modeling and molecular dynamics
simulations showing that AN-Nrf2 can bind Keapl but with a low affinity compared to the full
length Nrf2.

RERF
LYSATE IgG __IP:Nrf2 IgG _IP:Nrf2
MLM4924 - + - + MLMN4924 - +
MW (kDa)
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Figure 42. Keap1l weakly binds to the AN-Nrf2 under homeostatic conditions. Western blot analysis
of RERF cells after co-immunoprecipitation of Nrf2, under homeostatic conditions and after treatment
with neddylation inhibitor MLN4924 for 12 hours. Precipitates were probed with anti-Keapl antibodies
to analyze levels of Nrf2-bound Keapl. Right side panel presents western blot results in co-
immunoprecipitation of Nrf2 and IgG samples after longer exposure. Nrf2 was detected with anti-Nrf2
Abcam [EP1808Y] antibodies. AN-Nrf2, the N-terminally truncated Nrf2 isoform 2.

3.2.2.6. AN-Nrf2 is not canonically regulated through Keap1-Cul3-E3 ubiquitin
ligase pathway

The full-length, canonically regulated Nrf2 is constantly degraded through Keapl-Cul3-E3
ligase system under homeostatic conditions. Since results collected up to this point indicated
that Keapl binds weakly to the stable AN-Nrf2 and AN-Nrf2 has significantly higher stability
compared to the full-length Nrf2, we assumed that the AN-Nrf2 could be regulated differently.
To be able to test this hypothesis, firstly we silenced the expression of KEAP1, negative
regulator of Nrf2 in the canonical pathway. The results showed that after knockdown of Keap1,
only the upper 130 kDa Nrf2 form was accumulated, indicating that only this form is canonically

regulated through Keapl (Fig. 43).
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Figure 43. Stable AN-Nrf2 is not accumulated after silencing of KEAP1 expression. KEAP1
knockdown with the siRNA (Santa Cruz Biotechnology) (25 nM) in NSCLC primary cell lines for 48
hours. Nrf2 was detected using Abcam EP1808Y antibodies. Keapl was detected using anti-Keapl
antibody [1B4] (Abcam). Actin was used as a loading control. Arrows indicate different Nrf2 forms: «p-
Nrf2 for phosphorylated Nrf2; «Nrf2 for dephosphorylated Nrf2; «—AN-Nrf2 for the N-terminally

truncated Nrf2 isoform 2.

Furthermore, to confirm that non-canonically regulated Nrf2 cannot be degraded via Keapl-
Cul3-E3 ubiquitin system, we made use of neddylation inhibitor, MLN4924. Indeed, when we
introduced MLN4924 to the cells, we observed the accumulation only of the upper, canonically
regulated Nrf2 form, while the expression of AN-Nrf2 remained the same, indicating that the
inhibition of the neddylation and disability of Cul3-containing E3 ubiquitin ligase to ubiquitinate
Nrf2 did not cause its accumulation. This results suggest that the newly identified AN-Nrf2 is
not ubiquitinated and degraded through the canonical Keapl-Cul3-E3 ubiquitin ligase
pathway. We combined the MLN4924 treatment with APP treatment, and confirmed that the
middle band is dephosphorylated full-length Nrf2, since after the treatment with APP, the
molecular weight of the upper form was reduced to the ~110 kDa, while the AN-Nrf2 remained

unchanged (Fig. 44).
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Figure 44. AN-Nrf2 is not regulated through Keap1-Cul3-E3 ubiquitin ligase system. Cells were
treated with neddylation inhibitor MLN4924 (1 uM) for 12 h and incubated with or without A phosphatase
for 30 min in 30°C. (A) Western blot analysis of lung cancer cell lines H1299, RERF and A549 cells. (B)
Western blot analysis of primary cell lines NSCLC 1 and NSCLC 2. Arrows indicate different Nrf2 forms:
«—p-Nrf2 for phosphorylated, canonical Nrf2; «<Nrf2 for dephosphorylated, canonical Nrf2; «AN-Nrf2
for the N-terminally truncated, non-canonically regulated Nrf2 isoform 2. Nrf2 was detected using

Abcam EP1808Y antibodies. Actin was used as a loading control.

3.2.2.7. AN-Nrf2 does not respond to the tBHQ-induced oxidative stress and
remains in the cytoplasm

Based on the collected results suggesting non-canonical regulation of AN-Nrf2, the next step
was to determine its localization. Therefore, in the next step, we studied the cellular distribution
of different Nrf2 forms. We performed nuclear and cytoplasmic fractionation of H1299, RERF
and A549 cell lines, primary NSCLC cell lines and NLF, and analyzed the distribution of Nrf2.
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Under no-stress conditions, the stable AN-Nrf2 and phosphorylated, full-length Nrf2 were both
detected in the cytoplasm, while only the phosphorylated Nrf2 form was translocated to the
nucleus. It seems that there is always a low level of full-length Nrf2 localized in the nucleus
under homeostatic conditions, which could explain the basal regulation of the Nrf2 target
genes. In the case of A549 cells, we observed the accumulation of the phosphorylated full-
length Nrf2 in the nucleus, which was expected, since this cells have a constitutive active Nrf2
due to the KEAP1 mutation (54). Also, in A549 cells, low level of a stable AN-Nrf2 was detected
in the nucleus (Fig. 45).
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Figure 45. Cellular distribution of Nrf2 under homeostatic conditions. (A) Western blot analysis
after cellular fractionation under homeostatic conditions in H1299, RERF and A549 cell lines. Lamin A
was used as nuclear marker, while a-tubulin was used as a cytoplasmic marker. Nrf2 was detected with
Abcam EP1808Y antibodies. (B) Western blot analysis after cellular fractionation under homeostatic
conditions in primary NSCLC cell lines and normal lung fibroblasts. Lamin A was used as nuclear
marker, while a-tubulin was used as a cytoplasmic marker. Nrf2 was detected with Abcam EP1808Y
antibodies. Arrows indicate different Nrf2 forms: «p-Nrf2 for phosphorylated, canonical Nrf2; «Nrf2 for

dephosphorylated, canonical Nrf2; «AN-Nrf2 for the N-terminally truncated Nrf2 isoform 2.

In the next step, we checked in situ Nrf2 localization in A549 and RERF cells with the use of
immunofluorescent staining. Under no-stress conditions, Nrf2 was localized in both, nuclear
and cytoplasmic compartment, which is in the correlation with the cellular fractionation results.
We've tested both Nrf2 antibodies and could detect some differences. EP1808Y antibodies
gave better signal and were able to detect nuclear and cytoplasmic Nrf2 in both cell lines,
while D1Z9C recognized primarily nuclear Nrf2 (Fig. 46).
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Figure 46. Cellular Nrf2 localization under homeostatic conditions. Cellular Nrf2 localization
detected with Nrf2-specific monoclonal antibodies EP1808Y and D1Z9C in A549 (A) and RERF (B)
cells. After fixation, cells were stained with Abcam (EP1808Y) and Cell Signaling (D1Z9C) antibodies

followed by Alexa Fluor 488 goat anti-rabbit secondary antibodies. Nuclei were stained with DAPI.

Specimens were visualized by confocal microscope.
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To be able to understand if AN-Nrf2 is responsive to the stress in the same way as full-length
Nrf2, we treated cells with the widely used Nrf2 activator, tert-butylhydroquinone (tBHQ). tBHQ
is a metabolite of the chemical compound butylated hydroxyanisole (216). It can interact with
reactive cysteine residues on Keapl, such as Cysl151 (217), which would lead to the
dissociation of Nrf2 from Keapl and translocation to the nucleus (Fig. 47). In addition to
modifying cysteine residues on Keapl, tBHQ has been shown to stimulate Nrf2 activity by
inducing mitochondrial oxidative stress, regulated by mitochondria-specific antioxidant,
thioredoxin-2 (Trx2) (216). Moreover, tBHQ can transcriptionally activate antioxidant response
elements/electrophile response elements, leading to the increased expression of the
cytoprotective genes (218).
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Figure 47. Schematic overview of the mechanism of Nrf2 activator tert-butylhydroquinone
(tBHQ). Under normal conditions, Nrf2 is bound to Keapl dimer, ubiquitinated and degraded by
proteasome. Upon tBHQ activation, cysteine residues on Keapl dimer are modified, Nrf2 is liberated
from Keapl-mediated degradation, resulting in its translocation to the nucleus and activation of the
transcription of its target genes. ARE, antioxidant-response elements; Ub, ubiquitination; NQO1,
NAD(P)H Quinone Dehydrogenase 1; HO-1, Heme oxygenase 1; GST, Glutathione S-transferase;

ROS, reactive oxygen species. Created with Biorender.com.

Upon treatment with tBHQ and Nrf2 activation, we observed the accumulation of the two Nrf2
forms, phosphorylated and dephosphorylated full-length Nrf2, while AN-Nrf2 did not show
significant accumulation comparing to the control (Fig. 48A and B). When we performed

cellular fractionation after tBHQ activation, the phosphorylated full-length Nrf2 responded to
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the Nrf2 activation and it was translocated to the nucleus, however AN-Nrf2 remained mostly
in the cytoplasm (Fig. 48C and D). In the case of A549 cells, there was a low level of AN-Nrf2
detected in the nucleus upon activation with tBHQ, similarly as in the cellular fractionation
under no-stress conditions (Fig. 45). It was previously shown that, as a response of Nrf2 to
the oxidative stress, protein kinase Cd (PKC®) induces activation of Nrf2 phosphorylation at
Ser40 residue, which results in releasing of the phosphorylated Nrf2 from Keapl. Nrf2 is then
stabilized and can bind to the ARE-sequences in DNA, to activate the transcription of the
target genes. Furthermore, PKC& phosphorylation is likely to involve specifically the nuclear
cytoplasmic shuttling step and it does not appear to play a role in Nrf2 accumulation and
stabilization (18). Nrf2 does not require phosphorylation to accumulate in the nucleus and to
activate the target genes expression (16), which explains the nuclear translocation of
phosphorylated, but also, in some cases, dephosphorylated Nrf2 form upon tBHQ treatment
(Fig. 48C and D).

Based on our previous observations regarding the high stability of AN-Nrf2 and its different
regulation compared to the full-length Nrf2, its inability to translocate to the nucleus upon tBHQ
treatment was not a surprise. Mechanism of tBHQ-activation of Nrf2 is based on the
modification of the cysteine residues in Keapl, therefore, if AN-Nrf2 is not regulated through
Keap1l-Cul3-E3 ubiquitin ligase system, the modification of Keapl cysteine residues would not
have such an impact on its expression. We could speculate that another Nrf2 activator might
cause the translocation of AN-Nrf2 to the nucleus, however, most of them are activating Nrf2

through Keapl, thus would probably have the similar effect.
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Figure 48. AN-Nrf2 does not translocate to the nucleus in response to electrophilic stress. (A)
Western blot analysis of H1299, RERF and A549 cells, after activation of Nrf2 with tBHQ (20 uM) for 6
hours. Actin was used as a loading control. (B) Western blot analysis of NSCLC 1, NSCLC 2 and NLF
cells, after activation of Nrf2 with tBHQ (20 uM) for 6 hours. Actin was used as a loading control. (C)
Western blot analysis of H1299, RERF and A549 cells, after activation of Nrf2 with tBHQ (20 uM) for 6
hours and cellular fractionation. Lamin A was used as nuclear marker, while a-tubulin was used as a
cytoplasmic marker. (D) Western blot analysis of NSCLC 1, NSCLC 2 and NLF cells, after activation of
Nrf2 with tBHQ (20 uM) for 6 hours and cellular fractionation. Lamin A was used as nuclear marker,
while a-tubulin was used as a cytoplasmic marker. Nrf2 was detected with Abcam EP1808Y antibodies.
Arrows indicate different Nrf2 forms: «—p-Nrf2 for phosphorylated, canonical Nrf2; «Nrf2 for
dephosphorylated, canonical Nrf2; «AN-Nrf2 for the N-terminally truncated Nrf2 isoform 2.
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3.2.3. Discussion

The canonical regulation of Nrf2 assumes its constant degradation via Keapl-Cul3-E3
ubiquitin ligase complex and therefore low level of the protein expressed in cells under
homeostatic conditions. Nrf2 controls the expression of genes that represent the most
important cytoprotective defense system in a cell, and the full-length Nrf2 protein is already
widely described and characterized. However, the expression of the different Nrf2 isoforms
under various conditions is not well-investigated yet, even though it was shown that not one,
but two transcript variants of NFE2L2 gene are the most abundantly expressed in the cells
under homeostatic and stress conditions (206). The use of an alternative transcription start
and/or termination site or alternative splicing enables a cell to produce multiple transcripts.
Transcript diversity and structural changes on the mRNA level, which can affect the efficiency
of the translation, are resulting in the production of multiple protein isoforms with different
expression in the stress-mediated context (206). Therefore, it is important to investigate the

expression of different transcript variants and Nrf2 protein isoforms that they are encoding.

Here we found that the stable and shorter form of Nrf2 (named AN-Nrf2) is abundantly
expressed in lung cancer cell lines, in primary cell lines derived from non-small cell lung cancer
patients and in normal lung fibroblasts under homeostatic conditions. We identified the stable
form as Nrf2 isoform 2, which is the product of Nrf2 transcript variants 2 and 4 that give rise to
the same protein. AN-Nrf2 isoform 2 lacks the first 16 amino acids at the N-terminus due to
the utilization of an alternative AUG for translation initiation, in comparison to the full-length
Nrf2 isoform 1. Interestingly, using isoform sequencing (Iso-seq) analysis, Otsuki et al. have
found that the two transcripts of NFE2L2 gene, that are the most abundantly expressed in
cells, are encoding full-length Nrf2 protein - isoform 1 and N-terminally truncated isoform 2
(206). They highlighted the limitations of the short-read RNA-sequencing and an importance
of the different transcript variants expression under exposure to stress. This long-read
transcriptome data supports our experimental findings, since we have also detected
transcripts that are encoding isoform 1 and isoform 2 as the most abundantly expressed in all

tested cell lines.

The newly identified AN-Nrf2 form was shown to be more abundant and more stable under
homeostatic conditions, compared to the full-length Nrf2, indicating that it might not be
regulated through the same Keap-Cul3 pathway. Comparing the stability of the two isoforms,
isoform 1 has a high turnover rate, while isoform 2 has shown higher stability. The reason
could be different localization of the protein isoforms and due to that, different interacting
proteins affecting the stability. Interestingly, under homeostatic conditions, but also upon

activation of full-length Nrf2, AN-Nrf2 remains in the cytoplasm. It is important to mention that,
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upon oxidative stress, dissociation between Nrf2 and Keapl is not the only trigger for
accumulation of Nrf2 in the nucleus. It seems that additional activation of Nrf2 is needed, which
can be caused by either post-translational modifications (e.g. phosphorylation) or through
some alternative signal transduction pathways (34). Phosphorylation was shown to play a role
in the localization of Nrf2, however as previously mentioned, it is not necessary for nuclear
translocation of Nrf2 (16). We have also observed that in our cellular fractionation results,
where the phosphorylated but also dephosphorylated full-length Nrf2 were localized in the
nucleus. Based on that, it is most probable that lack of phosphorylation is not the only factor

responsible for cytoplasmic localization of AN-Nrf2.

The studies on the localization of Nrf2 suggest that the balance between nuclear export and
import determines nuclear and cytosolic distribution of Nrf2. Li et al. have identified a functional
NES in the transactivation domain of Nrf2, which seem to be crucial in the regulation of nuclear
translocation of Nrf2 (219). These results implicated that Keapl may not be the only factor
responsible for the sequestration of Nrf2 in the cytoplasm. In addition to NES, there are few
functional NLS sequences identified in Nrf2, including two NLS motifs identified in murine Nrf2
— one located near N-terminal region (amino acid residues 42-53) and the other located near
the C-terminal region (amino acid residues 587-593) (220). Both sequences were also found
to be present in human Nrf2. It was shown that the functionality of all the identified NLS
sequences is crucial for nuclear translocation of Nrf2 (202,220). We could speculate that the
NLS motif located near N-terminal region, in the Neh2 domain of Nrf2, could be disrupted in
the AN-Nrf2 due to the deletion of the first 16 amino acids, which could explain the inability of

AN-NTrf2 to translocate to the nucleus.

Molecular modeling and molecular dynamics simulations revealed that the depletion of the
first 16 amino acids in AN-Nrf2 isoform 2 is causing the impairment of Keapl binding to Nrf2
through the low-affinity DLG motif. This small change in the Nrf2 structure is the reason why
lysine residues are not exposed to the ubiquitination, which explains the higher stability of AN-
Nrf2 and resistance to the Keapl-mediated degradation. Even though the AN-Nrf2 has an
altered protein structure, Keapl can still be bound, but the binding is much weaker compared
to the full-length Nrf2. Based on these predictions, but also on the fact that AN-Nrf2 did not
accumulate after inhibition of the canonical Keapl-Cul3-E3 ubiquitin ligase degradation
pathway with MLN4924, we assumed that the regulation of the AN-Nrf2 is different compared
to the full-length Nrf2. However, when we think about the known alternative degradation
pathways, e.g. B-TrCP-SKP1-CUL1-RBX1 and CUL4/DDB1/WDR23, we have to take into
consideration that MLN4924 inhibits all the cullins, therefore, these alternative pathways
should have been inhibited too. There is another alternative degradation pathway with HRD1

protein, that was shown to trigger Nrf2 degradation under endoplasmic reticulum stress. HRD1

96



protein is an E3 ubiquitin ligase that directly binds to the Neh4 and Neh5 domains of Nrf2 and
was shown to suppress Nrf2 expression in liver cirrhosis (52). Interestingly, HRD1 was firstly
identified as a ER membrane protein that is responsible for ER-associated degradation
(ERAD), however it was shown to cause the degradation of non-ERAD substrates in the
cytoplasm such as p53, IRE1 and Nrfl (221-223). Therefore, we could speculate that HRD1-
degradation pathway might be involved in the regulation of the AN-Nrf2 stability.

Even though the expression and the stability of the AN-Nrf2 is high in all the tested cells,
comparing to the full-length Nrf2, it was not identified prior to this study. It could be due to the
different migration of Nrf2 than predicated in the SDS-PAGE gel, the limited specificity of the

available antibodies and difficulties in separating the isoforms in the SDS-PAGE gel.

The role of the newly identified AN-Nrf2 is not known yet. An important example of a
transcription factors with expression of multiple protein isoforms are p53, p63 and p73. Due to
the multiple splicing, alternative promoter usage and alternative translation initiation sites, p53,
p63 and p73 genes encode for various protein isoforms that have different biological functions
(224). An example of the interactions between these isoforms is the negative feedback loop
between p53 and p73, where p53 and transactivating isoform p73 (TAp73) bind to the N-
truncated p73 (ANp73) promoter to induce its transcription, while in return ANp73 inhibits p53
and TAp73 activity by competing for the promoter sites or directly binding the proteins (225).
This is a good example of how important it is to investigate different protein isoforms and that
the ratio between the expression of isoforms could be important in terms of the cell fate. In our
case, the transcript levels of full length Nrf2 isoform 1 and AN-Nrf2 isoform 2 are similar,
however, the protein expression of the two isoforms is changing between the tested cell lines.
To be able to investigate if the differences come from the stability of synthesis, we could
compare the expression of different Nrf2 transcripts on the polysomes. From that point on, we
would be able to further explore if there is an interaction/competition between different Nrf2

isoforms, similarly to the p53 family members.
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CHAPTER 4

Conclusion

4.1. Highlights

¢ Nrf2 depletion decreased HLA class | protein and cell surface expression, but not RNA
expression

e Nrf2 is in the direct interaction with HLA class | molecules and it affects their stability

¢ ldentification of a stable Nrf2 form (named AN-Nrf2) abundantly expressed in lung cells

e Stable AN-Nrf2 form originates from transcript variants 2 and 4, that are encoding the
same protein-Nrf2 isoform 2

e The deletion of the first 16 amino acids in AN-Nrf2 is causing the impairment of Keapl
binding to Nrf2

¢ AN-Nrf2 is mainly localized in the cytoplasm under homeostatic conditions and upon
electrophilic stress, and it is not regulated through Keapl-Cul3-E3 ubiquitin ligase

system

4.2. Conclusion and future perspectives

In the first part of my PhD project, | have showed that Nrf2 has a role in the regulation of HLA
class | expression, since its depletion decreased the protein and cell surface expression of
HLA class | molecules, but increased their RNA expression. Further results suggested that
Nrf2 can bind HLA class | molecules in lung cancer cells with different binding affinities towards
different HLA class | alleles. Nrf2 bound to the HLA class | molecules, particularly HLA-A
alleles, is causing their stabilization and therefore affecting their final expression on the cell

surface, where they present antigens to the cytotoxic T cells.

During the first part of my PhD project, | observed the extraordinary stability of one of the forms
detected with Nrf2 antibodies. That encouraged me to investigate it deeper and to try to identify
the origin of the detected form. Therefore, the second part of the PhD project was focused on
the detailed comparison of the full-length Nrf2 expression, that is already well-characterized,
and this newly detected Nrf2 form (named AN-Nrf2). | have identified the form as an Nrf2
isoform 2, abundantly expressed across different lung cancer cell lines and normal lung

fibroblasts. I've tracked the origin of isoform 2 using different approaches and showed that
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isoform 2 is encoded by transcript variants 2 and 4. Based on the lambda-phosphatase
treatment, low stability upon translation elongation inhibition (in the correlation with the
literature) and responsiveness to the silencing of Keapl expression, | have confirmed that the
phosphorylated full-length Nrf2 is migrating around 130 kDa in the 8% SDS-PAGE gel, which
is significantly slower than predicted. In addition, | have identified the third Nrf2 form as a
dephosphorylated full-length Nrf2, migrating around 110 kDa in the 8% SDS-PAGE gel.

The newly identified AN-Nrf2 form is not constantly degraded under homeostatic conditions
and it is not regulated through canonical Keapl-Cul3-mediated degradation pathway.
Compared to the full-length Nrf2, AN-Nrf2 has a deletion of the first 16 amino acids causing
the impairment of the Keapl binding and inability of the Nrf2 lysine residues to be
ubiquitinated, which can explain its high stability. Since the main mechanism to regulate Nrf2
activity is through its stability, the alternative Keapl-independent degradation pathway, such

as one involving HRD1 protein, could have a role in the regulation of AN-Nrf2 expression.

The results from the first part of my project, focused on the Nrf2 role in the HLA class |
expression, suggest that the novel potential role of Nrf2 is the stabilization of the HLA class |
molecules. Since the most of the experiments in the first part of the project were done in the
model A549 cell line, that has constitutively active Nrf2, it is not quite clear which Nrf2 isoform
could regulate HLA-I expression. On the other hand, even though A549 cells have high
expression of full-length Nrf2 isoform 1, that is resistant to Keapl-Cul3-E3 ubiquitin ligase
system, they also have high expression and even higher stability of AN-Nrf2. Moreover, co-
immunoprecipitation and direct interaction of Nrf2 and HLA-I was confirmed in RERF and
NSCLC 1 cells, which should have constantly degraded full-length Nrf2 and more abundantly
expressed AN-Nrf2 under homeostatic conditions. The PLA results have shown that Nrf2 and
HLA-A are in the close proximity in A549 and RERF cells, in the cytoplasm and in the nucleus,
suggesting that both full-length Nrf2 and AN-Nrf2 might interact with HLA-I molecules. It is
important to mention that so far studies on Nrf2 were mostly focused on its transcriptional
activity and functions as a transcription factor. Therefore, the effect of Nrf2 on the direct
protein-protein level is a novel observation. Future approach is going to include the
transfection of the lung cells with separate plasmids containing Nrf2 isoform 1 and Nrf2 isoform
2, based on the differences in their sequences, and mass spectrometry analysis of the Nrf2
isoform 1 and Nrf2 isoform 2 interactome. That would reveal the similarities and differences
between the roles of these two Nrf2 isoforms. Moreover, based on the different stability of the
Nrf2 isoforms, the pulse-chase analysis combined with the PLA with HLA-I could reveal which

Nrf2 isoform interacts and stabilizes HLA-I molecules.
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Appendices

PEGa biotin DADPS biotin
L-AHA - + - +
1 2 3
PEGa biotin PEGa biotin PEGa4 biotin
L-AHA - - + - - + - - +

Figure S1. Click-iT labeling of newly synthesized proteins with biotin and pull-down with
streptavidin magnetic beads. (A) L-AHA (50 uM, 1 hour) was added to the A549 living cells. After 1
hours of incubation, cells were lysed and biotin was added to the samples, together with the
components of Click-it labeling kit (Thermo Fisher Scientific). We used two types of biotin: 1) Acetylene-
PEGus-biotin (500 pM) and 2) DADPS biotin - with cleavable DADPS linker (300 uM). After protein
precipitation, streptavidin pull-down of biotin-labeled proteins was performed, proteins were eluted,
stained with Flamingo stain and and visualized by UV fluorescence. Control sample was only biotin
added to the samples containing cells that did not have incorporated L-AHA. (B) L-AHA (50 uM, 1 hour)
was added to the A549 living cells. After 1 hours of incubation, cells were lysed and PEG4 biotin was
added to the samples, together with the components of Click-it labeling kit (Thermo Fisher Scientific).
After protein precipitation, streptavidin pull-down of biotin-labeled proteins was performed with three
different washing procedures: 1) 2 times wash with 0.1% SDS in PBS and 1 wash with 6 M urea; 2) all
three times wash with 1% SDS in PBS; 3) all three times wash with 0.1% SDS in PBS + 150 mM NacCl.

Next, proteins were eluted, stained with Flamingo stain and visualized by UV fluorescence.
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scrRNA

siNrf2

Figure S2. HLA-A is mainly localized in the nucleus in A549 cell line. (A) Immunofluorescent
staining after transfection of A549 cells with scrRNA (10 nM) for 48 hours, used as a control for
transfection. HLA-A was detected with anti-HLA-A (cat. no. ab52922; Abcam) antibodies. Nuclei were
stained with DAPI. (B) Immunofluorescent staining after HLA-A knockdown with the HLA-A siRNA (10
nM) for 48 hours in A549 cells. HLA-A was detected with anti-HLA-A (cat. no. ab52922; Abcam)

antibodies. Nuclei were stained with DAPI. Specimens were visualized by confocal microscope.
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Figure S3. HLA-A and histone H2B are co-immunoprecipitating in RERF-LC-AI cell line. Co-
immunoprecipitation of histone (H2B) and western blot detection of HLA-A in RERF-LC-AI cell line. IgG
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mouse was used as a control. The light chains of IgG are detected at molecular weight around 25 kDa.

Arrow indicates precipitated H2B.
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Figure S4. Stability check for Nrf2 with/without HLA class | molecules. In order to check the stability
of Nrf2 with/without HLA molecules, the RMSDs (root-mean-square deviations) were computed. RMSD
calculations are usually used for measuring the difference between the backbones of a protein from its
initial structural conformation to its final position. The stability of the protein relative to its conformation
can be determined by the deviations produced during the course of its simulation. A RMSD value is
expressed in Angstrom (A) which is equal to 10720 m. Nrf2 apo-form is found to be highly flexible and

destabilized, while the presence of HLA class | molecules stabilizes Nrf2 protein.
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Table S1. Expression of Nrf2 isoform and loading control (B actin) in H1299 cell line after treatment with

translation elongation inhibitor, emetine dihydrochloride (20 uM), at different time points (15 min, 2 and

4 hours).
. . Nrf2 isoform Vel Normallzatlc.m Normalization
Time points [h] . . (sample/loading (sample/control
signal signal

control) sample)

0 8321.104 10283.25 0.8092 1
0.25 7008.054 7940.004 0.8826 1.0908
2 9036.004 15087.22 0.5989 0.7401

4 0 18733.02 0 0

Half-life of Nrf2 isoform (best-fit value): 2.067 hours

Table S2. Expression of Nrf2 isoform and loading control (8 actin) in NSCLC 11 after treatment with

translation elongation inhibitor, emetine dihydrochloride (20 uM), at different time points (15 min, 2

and 4 hours).

. . Normalization Normalization
. . Nrf2 isoform Loading control .
Time points [h] . . (sample/loading | (sample/control
signal signal

control) sample)

0 9476.347 17315.116 0.5473 1
0.25 6238.69 21434.551 0.2911 0.5318
2 4603.861 21916.622 0.2101 0.3838
4 5730.418 23930.986 0.2395 0.4375

Half-life of Nrf2 isoform (best-fit value): 1.936 hours

Table S3. Expression of Nrf2 isoform and loading control (B actin) in NSCLC 22 after treatment with

translation elongation inhibitor, emetine dihydrochloride (20 uM), at different time points (15 min, 2 and

4 hours).
. . Nrf2 isoform Loading control Normallzatlcfn Normalization
Time points [h] : ; (sample/loading | (sample/control
signal signal

control) sample)

0 11203.52 12061 0.9289 1
0.25 5413.104 13628.49 0.3972 0.4276
2 3536.276 14047.49 0.2517 0.2710
4 4129.154 23391.89 0.1765 0.1900

Half-life of Nrf2 isoform (best-fit value): 0.2075 hours

1 cells derived from patient (1) with non-small cell lung cancer.
2 cells derived from patient (2) with non-small cell lung cancer.
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