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Abstract

The Kelch-like ECH-associated protein 1 (KEAP1) — Nuclear factor erythroid 2 -related factor 2 (NRF2)
pathway is the major transcriptional stress response system in cells against oxidative and electrophilic stress.
NRF2 is frequently constitutively active in many cancers, rendering the cells resistant to chemo- and
radiotherapy. Loss-of-function (LOF) mutations in the repressor protein KEAP1 are common in non-small
cell lung cancer, particularly adenocarcinoma. While the mutations can occur throughout the gene, they are
enriched in certain areas, indicating that these may have unique functional importance. In this study, we show
that in the GSEA analysis of TCGA lung adenocarcinoma RNA-seq data, the KEAP1 mutations in R320 and
R470 were associated with enhanced Tumor Necrosis Factor alpha (TNFa) — Nuclear Factor kappa subunit B
(NFxB) signaling as well as MYC and MTORC1 pathways. To address the functional role of these hotspot
mutations, affinity purification and mass spectrometry (AP-MS) analysis of wild type (wt) KEAPI and the
mutants was employed to interrogate differences in the protein interactome. We identified TNF receptor
associated factor 2 (TRAF2) as a putative protein interaction partner. Both mutant KEAP1 forms showed
increased interaction with TRAF2 and other anti-apoptotic proteins, suggesting that apoptosis signalling could
be affected by the protein interactions. A549 lung adenocarcinoma cells overexpressing mutant KEAP1
showed high TRAF2-mediated NF«B activity and increased protection against apoptosis, XIAP being one of
the key proteins involved in anti-apoptotic signalling. To conclude, KEAP1 R320Q and R470C and its
interaction with TRAF2 leads to activation of NFkB pathway, thereby protecting against apoptosis.
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Abbreviations

AP-MS, affinity purification mass spectrometry

BIRC, baculoviral IAP repeat-containing protein
BRCAZ2, breast cancer gene 2

CCNE], cyclin E1

CDK1, cyclin-dependent kinase 1

CDKNI1A, cyclin-dependent kinase inhibitor 1

DPP3, dipeptidyl peptidase 3

E2F, E2 factor

EMT, epithelial-mesenchymal transition

FAS, fas cell surface death receptor

GCLM, glutamate-cysteine ligase modifier subunit
GFP, green fluorescent protein

HMOX1, heme oxygenase 1

HSP60, heat shock protein 60

1ASPP, inhibitor of apoptosis stimulating protein of p53
IFN-y, interferon gamma

IKK-B, inhibitor of nuclear factor kappa-B kinase subunit beta
IL23A, interleukin-23 subunit alpha

IPA, ingenuity pathway analysis

KEAPI, kelch-like ECH-associated protein 1

LOF, loss-of-function

VUS, variants of unknown significance

MCC, MCC regulator of WNT signaling pathway
MCM, minichromosome maintenance complex component
MD, molecular dynamics

MKI67, marker of proliferation Ki-67

MTORC1, mechanistic target of rapamycin complex 1
MYC, MYC proto-oncogene

NF«B, nuclear factor kappa B

NQO1, NAD(P)H quinone dehydrogenase 1

NRF2, nuclear factor erythroid 2 - related factor 2
NSCLC, non-small cell lung cancer

P62, sequestosome-1

PALB2, partner and localizer of BRCA2

PGAMS, phosphoglycerate mutase 5

PLK, polo like kinase

RELA, RELA proto-oncogene, NF-kB subunit
RHOT1, ras homolog family member T1

RIPK, receptor-interacting protein serine/threonine protein kinase
SLK, STE20 like kinase

SMAC/DIABLO, second mitochondria-derived activator of caspase / direct IAP-binding protein
with LOw pl

TGEF-p, transformin growth factor beta

TNFAIP3, TNF alpha induced protein 3

TNFR1, tumor necrosis factor receptor 1

TNFa, tumor necrosis factor alpha

TRADD, tumor necrosis factor receptor 1-associated death domain protein
TRAF]1, TNF receptor-associated factor 1

TRAF2, TNF receptor-associated factor 2

TXNRDI, thioredoxin reductase 1

WTX, Wilms tumor gene on the X chromosome
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XIAP, X-linked inhibitor of apoptosis protein
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Introduction

The KEAP1 — NRF2 pathway is a major transcriptional stress response system in cells against oxidative,
chemical and other environmental insults (Cuadrado et al, 2019; Pillai et al, 2022). KEAP1 acts as a repressor
for NRF2 under basal conditions, and NRF2 is ubiquitinated for proteasomal degradation by the KEAPI-
Cullin3-E3 ligase complex (Deen et al, 2018; Patinen et al, 2019; Jaramillo & Zhang, 2013). In many cancers,
non-small cell lung cancer (NSCLC) in particular, NRF2 is constitutively active promoting growth and
rendering cells resistant to chemo- and radiotherapy (Okazaki et al, 2022; Silva et al, 2019; Matsuoka et al,
2022). This can occur via inactivation of KEAP1 by several mechanisms such as loss-of-function (LOF)
mutations, p62 mediated degradation by autophagy, and post-translational modifications resulting in
constitutive activation of NRF2 (Leinonen et al, 2015a). Also, NRF2 can have activating
mutations/amplifications especially in squamous cell cancers, supporting NRF2 activity (Sanchez-Vega et al,
2018; Leinonen et al, 2015b; Kansanen et al, 2013; Adinolfi er al, 2023; Hirkonen et al, 2023). In NSCLC,
KEAP1 and NRF2 are among the most significantly mutated genes, illustrating the importance of the KEAP1-
NRF2 pathway in its pathogenesis (Campbell et al, 2016). Most of the mutations in both genes are point
mutations resulting in a change in a single amino acid residue (Romero et al, 2020). Although KEAP1 LOF
mutations can occur anywhere, certain sites are mutation hotspots, motivating research on their functional
impact (Hast et al, 2013, 2014). There are two KEAP1 mutations in particular, R320Q and R470C, which are
interesting due to their ability to bind more avidly to NRF2 (Hast et al, 2014). Though these mutations do not
affect the ubiquitination of NRF2, it is assumed that this increased binding could lead to competitive inhibition
thereby slowing down the rate of NRF2 degradation (Hast et al, 2014).

NRF2 signaling is regulated by proteins that disrupt the KEAP1-NRF2 binding interface. A number of KEAP1
interacting proteins such as P62, DPP3 and iASPP have been shown to be involved in the inhibition of KEAP1-
mediated ubiquitination and proteasomal degradation of NRF2, resulting in NRF2 stabilization and
transactivation of target genes (Hast et al, 2013; Ge et al, 2017). In addition, tumor suppressor proteins WTX,
CDKNIA and PALB2 can competitively bind to KEAPI in a similar manner (Camp et al, 2012; Chen et al,
2009; Tamberg et al, 2018). To explore KEAPI1 interacting proteome in an unbiased manner, affinity
purification and mass spectrometry (AP-MS) has been used (Hast er al, 2013, 2014). Identified proteins
include well known KEAPI1 interacting proteins P62, PGAMS and DPP3 but has also revealed novel
interacting partners of functional importance such as MCM3 (Yang et al, 2022), illustrating the power of this
approach.

In this study, we have evaluated hot spot mutations of KEAP1 from the TCGA lung adenocarcinoma cohort,
correlating differential expression of genes with the respective mutations. In gene set enrichment analysis
(GSEA), KEAP1 mutations that showed increased binding ability to NRF2 were enriched in the TNFo-NF«xB
signaling along with cell cycle, mMTORC1 and MYC pathways. We also employed AP-MS to interrogate
KEAPI interacting proteins and identified TRAF2 as a prominent interacting partner of wt KEAP1 and its
mutant forms R320Q and R470C, with TRAF2 binding more avidly to the mutant forms. Given that TRAF2
is the key signaling protein modulating NF«B activity and apoptotic signaling, we also explored how these
pathways are altered by mutant KEAPI.

Results

1. TCGA lung adenocarcinoma samples with KEAP1 driver mutations form three unique clusters
and show differential gene expression in oncogenic signaling pathways

In cBioportal database, we analyzed KEAP1 mutations in NSCLC from a total of 6887 patients in 20 different
studies, including TCGA pan-cancer atlas. Genetic alterations such as point mutations, truncation and copy
number alterations were identified in 13% of patients. Somatic mutations contributed to 10.9% (751/6887
patients) of the altered cases, out of which 40.9% (256/626 patients) and 19.3% (121/626 patients),
respectively, constitute driver and missense driver mutations (cBioportal.org). R320, R470 and G333 were
among the most frequently mutated sites in KEAP1 and were recognized as putative missense driver mutations
in NSCLC (Fig. 1A). To characterize the KEAP1 driver mutations and study their effect on gene expression,
we next investigated the RNA sequencing data from the available TCGA lung adenocarcinoma cohort.
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Principal Component Analysis (PCA) of the RNA sequencing data revealed that KEAP1 mutants form three
clusters (Fig. 1B). Of the three frequently mutated residues, R320 and R470 sites grouped together in cluster
1, and G333C/S mutants grouped in cluster 2 (Fig. 1B). Though not much is known about these KEAP1
mutants, G333C and G333S are shown to be LOF mutants (Lee et al, 2009). R320Q and R470C mutants, on
the other hand, are shown to be involved in increased interaction with NRF2 protein (Hast et al, 2014). There
were also other KEAPI mutants in clusters 1-3 with unknown functional significance. One such mutant,
KEAP1 G480W was seen in both clusters 1 and 2. We next assessed the NRF2 activity score based on a NRF2
activity metric (Harkonen et al, 2023) in clusters 1-3. As a control, TCGA samples without any mutations in
KEAP1 or NRF2 were used. We did not find any significant difference in the NRF2 activity score between
different clusters (Fig. 1C), indicating that the differences in gene expression could not be explained by NRF2
activity status alone. We then conducted a gene set enrichment analysis (GSEA) to identify differentially
expressed genes between cluster 1 and cluster 2 (Fig. S1) (Suppl. Table. S1). Cluster 1 showed significantly
enriched oncogenic pathways such as mitotic cell cycle, E2F transcription, G2/M checkpoint, IFN-y response,
EMT, MYC targets and TNFo-NF«B signaling (Fig. 1D) (Suppl. Table. S2). Downregulated pathways include
fatty acid metabolism, TGF-f signaling, and P53 pathway (Suppl. Table. S2). Since not much is known about
the relationship between TNFa-NFxB and KEAP1 signaling, we further examined the enriched TNFa-NF«xB
pathway genes present in cluster 1. We found that several NF«B target genes were significantly enriched in
cluster 1, when compared to G333 mutants (Fig. 1E). Upregulated genes in cluster 1 also include cell cycle
and anti-apoptotic genes (Pahl, 1999; Ngo et al, 2020), such as MK167, PLK1, BRCA2, PLK4, CCNEI, CDK],
BIRCS5 and MCM?2, 5 and 6 (Fig. 1E) (Suppl. Table. S1 & S2). The results suggest that KEAP1 mutations in
cluster 1 might have an NRF2-independent role in regulating apoptosis in lung cancer cells.

2. Molecular modeling of KEAP1 dimers reveals that mutants R320Q and R470C show more
structural flexibility to interact with other protein partners

Next, we wanted to see the molecular level differences between the native and mutant KEAP1, especially the
R320Q and R470C forms. First, using molecular dynamics simulation, we characterized the interaction of
native and mutant amino acid residues in R320 and R470 sites with their surrounding environment. Molecular
dynamics (MD) simulation of KEAP1 R320 and R470 for one microsecond showed differences in the type of
interaction with the surrounding amino acids (Fig. 2A). In native form of KEAP1, R320 residue showed a salt
bridge with E242 and a hydrogen bond with main chain carbonyls of R234, A270, G242 and 1232 (Fig. 2B).
R470 residue showed a salt bridge interaction with D422 and a hydrogen bond with E493 from Kelch domains
(Fig. 2B). In KEAP1 R320Q mutant form (shown as yellow structure in Fig. 2C), hydrogen bond interactions
were shifted mainly to water bridge interactions (Fig. 2C), whereas in KEAP1 R470C mutant (shown as yellow
structure in Fig. 2D), the side chain hardly formed pairwise interactions. However, in this configuration,
histidine in H311 formed hydrogen bond interactions with other carboxylic acid containing residues D422 and
E493 (Fig. 2D). In native form of KEAP1, MD simulations showed that H311 acts as a linker between main
chain carbonyl of N489 and carboxylic acid sidechain of E493 (Fig. 2E). In KEAP1 R470C mutant form
(shown as yellow structure in Fig. 2F and G), no pairwise interactions with surrounding amino acids, D422
and E493 were observed at the beginning (Fig. 2F) and end of MD simulations (Fig. 2G).

Based on the information above on the interactions of amino acids from MS simulations, we next characterized
dynamic motions of KEAP1 wt and its mutations, R320Q and R470C. Specifically, we calculated inter-
domain interaction MMGBSA energy, using Prime module of Schrodinger suite. The results revealed that the
inter-domain interaction energies were decreased 56 kcal/mol in the case of R320Q and 17 kcal/mol in the
case of R470C mutations, in comparison to wt KEAP1. The weakening of energetic interaction is likely to
affect dynamic motions of full dimeric KEAP1. Furthermore, we have ran 600 ns simulations for AlphaFold
based full models of dimeric KEAPI1 taking advantage of gpu optimized PMEMD.CUDA code and possibility
to double the length of the timestep to 4 fs. Five times replicated simulations revealed that Kelch domains
were structurally highly stable, while the [IVR domains were highly dynamic. This instability of dimeric energy
in KEAPI mutants, R320Q and R470C could give more structural freedom and the mutants to be more flexible
than the native form. However, large deviation of domain movements among replicated simulations were
observed and atomic level conclusions of endpoint structures cannot be made. Increased flexibility could
partly explain the stronger binding of KEAP1 R320Q and R470C with NRF2 and may have implications on
other protein-protein interactions as well.


https://doi.org/10.1101/2023.10.10.561664
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.10.561664; this version posted October 12, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

3. KEAP1 AP-MS proteomics show that TRAF2 is one of the significant interaction partners of
KEAP1 R320Q and R470C mutants

To study the putative protein interaction partners of KEAP1 and its mutants, R320Q and R470C, we generated
doxycycline inducible KEAP1 wt and mutant overexpressing Hek-TREx-293T cell lines. In the engineered
cells, NRF2 protein was significantly increased in KEAP1 R320Q and R470C mutants, when compared to
mock (GFP) and KEAP1 wt cells (Fig. 3A). Using affinity purification and mass spectrometry (AP-MS)
analysis by combining Streptavidin-Biotin pull down method and LC-MS/MS mass spectrometry, interacting
proteins were identified (Fig. 3B, C). A complete list of proteins identified and processed by SAINT algorithm
is shown in Suppl. Table. S3. TNF receptor-associated factor 2 (TRAF2) was identified as one of the highest
interacting proteins in KEAP1 R320Q and R470C, compared to KEAP1 wt (Fig. 3B). TRAF2 is a well-known
regulator protein of TNFa-NF«B signaling, shown to be enriched in the GSEA analysis of lung cancer patients
with KEAP1 mutation in sites R320 and R470 (Fig. 1D, E). TRAF2 is involved in TNFa-NF«B signaling,
thus promoting cell survival. However, its signaling functions are complex and it can function as an oncogene
or a tumor suppressor depending on the context (Siegmund et al, 2022).

Other top protein hits in the comparison between KEAP1 wt and R320Q and R470C, including NRF2 and
GASG6 are listed in Fig. 3B and Suppl. Table. S3. Several well-known KEAPI interacting proteins such as
DPP3, PGAMS, SLK and P62 were identified both in KEAP1 wt and mutant proteome (Suppl. Table. S3).
Most of these identified proteins, except NRF2, showed a significantly decreased interaction with KEAP1
R320Q and R470C, compared to KEAP1 wt (Fig. 3C). However, NRF2 showed a significantly increased
interaction with KEAP1 R320Q and R470C (Fig. 3A, B). Apart from NRF2 and TRAF2, several anti-apoptotic
proteins such as BIRC2, BIRC6, RHOT1 and 2, and MCC were also enriched in the KEAP1 R320Q and
R470C protein interactome (Suppl. Table. S3). Pathway analysis of significantly enriched protein hits from
AP-MS using Ingenuity Pathway Analysis (IPA) revealed that apoptosis signaling was significantly inhibited,
whereas NRF2-mediated oxidative stress and oxidative phosphorylation signaling proteins were enriched (Fig.
3D). The AP-MS results of increased TRAF2 interaction with KEAP1 R320Q and R470C mutants were
verified by co-IP (Fig. 3E-F). Quantification of results (Fig. 3G) showed that there is a significantly increased
interaction of Myc-TRAF2 with HA-tagged KEAP1 R320Q and R470C.

4. Oncogenic KEAP1 mutants activate TRAF2-mediated NFkB signaling

In TNFa-NF«B signaling, TRAF2 interacts with a number of proteins such as RIPK1, BIRC2 and BIRC3,
regulating apoptosis (Anderton et al, 2018; Vince et al, 2009). Upon TNFa-TNFR1 stimulus, RIPK1 acts as
a scaffold for TRAF2 and TRADD complex and RIPK1 polyubiquitination leads to downstream activation of
NF«xB and inhibition of apoptosis (Annibaldi et al, 2018). However, when the TRADD-RIPK1-TRAF2
complex is disturbed, RIPK1 is deubiquitinated and its kinase activity activates caspase-mediated apoptosis
pathway (Fig. 4A). BIRC2 and BIRC3 function as ubiquitin ligases to inhibit RIPK1 kinase activity and
caspase activation, thereby preventing caspase-mediated apoptosis (Mifflin et al, 2020). Interestingly, in the
GSEA analysis with the TCGA adenocarcinoma cohort, several BIRC family of genes were enriched in
KEAP1 R320 and R470 mutant samples (Fig. 1E). Also, in our KEAP1 protein interactome data, the
interaction of BIRC2 and BIRC6 was increased with KEAP1 mutants R320Q and R470C (Suppl. Table. S3).
Additionally, there are reports indicating that RIPK1 interacts with PGAMS which also interacts with KEAP1
(Lo & Hannink, 2006). We also identified PGAMS as one of the significant hits interacting with wt and mutant
KEAP1 (Suppl. Table. S3). We next investigated whether KEAP1 is part of RIPK1-TRAF2 complex using a
pull-down assay with KEAP1 wt and mutants R320Q and R470C. Co-immunoprecipitation (Co-IP) with both
Flag-RIPK1 and Myc-TRAF2 showed increased enrichment of KEAP1 mutants R320Q and R470C in
comparison to wt KEAP1 (Fig. 4B and C). Quantification of KEAP1 interaction with RIPK1 and TRAF2
showed that KEAP1 mutants R320Q and R470C were enriched in both the Co-IP analysis (Fig. 4F and G).

Next, we investigated how KEAP1 R320Q and R470C influence the function of TRAF2. To this end, we
engineered A549 cells using lentiviral overexpression (hereafter referred to as A549-LV cells) of HA-tagged
mCherry (mock), KEAP1 wt, R320Q and R470C mutants (Fig. 5SA). A549 cells do not have functional
KEAP1, as G333C mutation found in the protein renders it inactive. KEAP1 wt transduced cells showed
decreased NRF2 protein (Fig. SA) as well as the expression of target genes NQO1, GCLM, HMOX1 and
TNXRDI1 (Fig. S2A-E). In contrast, KEAP1 R320Q and R470C cells showed increased NRF2 protein and
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target gene activation compared to mock cells (Fig. 5A) (Fig. S2A-E). Using a luciferase vector containing a
minimal promoter with NFkB RELA response element, we then investigated the transcriptional activity of
NF«B in A549-LV cell lines. TNFa treatment induced luciferase activity in A549-LV cell lines, with a
significant increase in KEAP1 R320Q and R470C cells in comparison to mock and wild type KEAP1 controls
(Fig. 5B). NF«B inhibitor, QNZ as well as two different TRAF2 specific siRNAs (Fig. S3A) inhibited the
transcriptional activity of NFkB in mutant KEAP1 expressing cells (Fig. 5C). Notably, KEAP1 R320Q and
R470C cells showed increased luciferase activity without TNFa stimulus, supporting the proinflammatory
role of KEAP1 mutants (Fig. 5B). Inasmuch as TNFa-NF«kB pathway was enriched in KEAP1 R320 and R470
adenocarcinoma samples in our GSEA analysis (Fig. 1D, E), we analyzed the expression of two NF«kB target
genes, IL23A and BIRC2, in transduced cells. In KEAP1 R320Q and R470C cell lines, with or without TNFa
treatment, both IL23A and BIRC2 showed increased expression compared to mock and KEAP1 wt cells (Fig.
S3B, C). However, with QNZ treatment, the TNFo-mediated stimulus was significantly inhibited in KEAP1
R320Q and R470C cell lines (Fig. S3B, C).

We then asked whether mutant KEAP1 could alter the stability of TRAF2. In the first set of experiments, Hek-
293T cells co-transfected with plasmids of HA-KEAP1 (wt, R320Q and R470C) and Myc-TRAF2 were
treated with protein synthesis inhibitor cycloheximide, to assess the protein stability of TRAF2 (Fig. 5D). 2 h
or 8 h cycloheximide treatment was chosen on the basis of reported half-lives of TRAF2 (3-4.5 h, Habelhah
et al, 2002) and KEAP1 (12.7 h, Taguchi et al, 2012). At 2 h, there was a slight decrease in Myc-TRAF2 in
the mock cells, but not in other groups. After 8 h of cycloheximide treatment, there was a significant reduction
of Myc-TRAF2 in the mock and HA-KEAP1 wild type transfected cells, whereas in the HA-KEAP1 R320Q
and R470C cells, immunoreactivity of TRAF2 was substantially more than in the control groups (Fig. 5D).
This indicates that KEAP1 R320Q and R470C could stabilize TRAF2 protein. Serine-11 (or S11)
phosphorylation of TRAF2 is shown to be associated with its stability and activation (Shen et al, 2012). We
therefore assessed S11 phosphorylation of TRAF2 in A549 cells overexpressing wt or KEAP1 mutants that
were transfected with Myc-TRAF2. There was a significant increase in Myc-TRAF2 S11 phosphorylation in
KEAP1 R320Q and R470C cells, but not in mock or KEAP1 wt cells. Similarly, S11 phosphorylation of
TRAF2 in Hek-293T cells co-transfected with HA-KEAP1 and Myc-TRAF2 was increased in R320Q and
R470C mutants (Fig. S4). The results indicate that R320Q and R470C mutants of KEAPI increase S11
phosphorylation and stability of TRAF2, leading to activation of NF«kB in lung cancer cells.

5. Oncogenic KEAP1 mediated TRAF2 activation leads to NFkB mediated protection against
apoptosis

TRAF2 and NF«B signaling have been shown to be crucial in regulating the expression of cytoprotective
genes against immune cell -mediated apoptotic signaling (Li et al, 2018). Inasmuch as KEAP1 R320Q and
R470C mediated TRAF2 activation increased NF«B transcriptional activity, we next examined whether this
prevents apoptotic cell death against chemotherapeutic agents and cytotoxic factors released by immune cells.
Using confocal microscopy imaging, we first evaluated the cleaved Caspase 3/7 and propidium iodide staining
in A549-LV cells, in the presence and absence of cisplatin, staurosporine and TNFa. A549 mock cells showed
increased nuclear staining of cleaved Caspase 3/7 and propidium iodide on exposure to TNFa (Fig. 6A),
cisplatin and staurosporine (Fig. S5A). We then measured Caspase 3/7 staining in A549-LV cells using
microplate reader assay, following exposure to apoptotic agents cisplatin and staurosporine. Compared to
mock and KEAP1 wt cells, there was significantly less Caspase 3/7 staining in KEAP1 R320Q and R470C
cells (Fig. S5C, D). A549 mock transduced cells showed nuclear staining of cleaved Caspase 3/7 and
propidium iodide when exposed to TNFa and the staining was further enhanced in cells transduced with
KEAPI1 wt (Fig. 6A). On the other hand, in cells transduced with R320Q and R470C mutants, no staining was
observed. We also assessed PARP cleavage as an additional marker of apoptosis, with similar findings (Fig.
6B). There was less cleaved PARP in KEAP1 R320Q and R470C cells after TNFa treatment (Fig. 6B).

Additionally, we assessed the effect of conditioned media (CM) of THP-1 macrophages polarized to
proinflammatory M1 or immunosuppressive M2 subtypes (Kainulainen et al, 2022) on apoptosis in transduced
A549 cells. The CM from M1 polarized THP-1 cells contains TNFo and other proinflammatory cytokines
(Kainulainen et al, 2022). M1 CM treated cells with KEAP1 wt showed increased caspase 3/7 staining, which
was substantially attenuated with KEAP1 R320Q or R470C mutants (Fig. 6C). In cells treated with M1
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conditioned media (Fig. 6D) or TNFa (Fig. 6E), QNZ attenuated the anti-apoptotic effect of KEAP1 R320Q
and R470C mutants. Also, TRAF2 silencing by siRNA effectively reversed the anti-apoptotic protection
afforded by KEAP1 mutants R320Q and R470C (Fig. 6F). Overall, the data shows that in lung cancer cells
with KEAP1 R320Q and R470C mutations, increased TRAF2 and NF«kB activity is essential for the anti-
apoptotic protection.

Given that KEAP1 mutants provided resistance against apoptosis caused by proinflammatory cytokines, we
next examined the protein expression of 35 apoptotic markers in the presence and absence of TNFa in A549-
LV cells. XIAP protein was increased in KEAP1 R320Q and R470C cells, whereas SMAC/DIABLO, TNFRI1,
cleaved Caspase 3 and HSP60 were downregulated (Fig. 7A, B). XIAP loss decreases the stability of TRAF2
and BIRC2 (Lawlor et al, 2017), and XIAP acts by inhibiting the function of pro-apoptotic RIPK1-RIPK3-
Caspase-8 complex (Yabal et al, 2014). XIAP knockdown using siRNAs (Fig. S6) reduced NFkB RELA
transcriptional activity after TNFo stimulus more robustly in KEAP1 R320Q and R470C cells (Fig. 7C). Given
that Caspase 8 is upstream of Caspase 3 in the apoptotic cascade (Hughes er al, 2009), we next analyzed the
cleaved Caspase 3/7 staining in XIAP silenced A549 transduced cells. XIAP knockdown increased TNFa-
stimulated Caspase 3/7 staining in KEAP1 R320Q and R470C cells but not in mock or wt cells (Fig. 7D).
Overall, the results suggest that TRAF2-NF«B activation in KEAP1 R320Q and R470C overexpressing A549
cells protects lung cancer cells against apoptosis and that XIAP and BIRC family of proteins regulate the
process (Fig. 7E).

Discussion

In NSCLC, KEAP1 and NFE2L2 mutations are highly prevalent, making the KEAPI1-NRF2 signaling
pathway one of the most commonly altered pathways in these cancers (Sanchez-Vega et al, 2018). While the
GOF mutations of NFE2L2 gene invariably occur in the KEAP1 interacting regions, KEAP1 mutations, being
LOF, can occur throughout the entire sequence. Nevertheless, they are sequestered in mutation hotspots,
motivating the research on their functional importance. Herein, using the TCGA data, we have identified a set
of KEAP1 mutations, including hotspot mutations R320Q and R470C, that have enriched oncogenic signaling
pathways (Fig. 1D). Most notably, cell cycle and anti-apoptotic pathways, such as mitotic cycle, E2F, MYC,
mTORCI1 and TNFa signaling pathways, were enriched. Further, we show using the affinity proteomics
approach increased interaction of KEAP1 R320Q and R470C mutants with TRAF2 and other NFxB and anti-
apoptotic signaling mediators, further strengthening the notion that KEAP1 signaling intersects with NFxB-
mediated cytoprotective signaling. These results in conjunction with earlier observations regarding alternative
substrates for KEAP1 (Ge et al, 2017; Taguchi et al, 2012) show that KEAP1 could have additional functions
apart from NRF2-mediated oxidative stress regulation thereby contributing to its role in cancer.

The family of NFkB transcription factors are vital regulators of inflammation and immunity as well as cell
survival and have an acknowledged role in cancer (Taniguchi & Karin, 2018; Dimitrakopoulos et al, 2020).
NF«B activation has been shown to provide a survival advantage through induction of anti-apoptotic genes,
but it may also have tumor repressor functions depending on the activation mechanism (Verzella et al, 2020;
Taniguchi & Karin, 2018). KEAP1 has previously been proposed to be involved in suppression of NFxB
activity by ubiquitination and degradation of IKK-3, which is a crucial downstream kinase regulating the
NF«B pathway (Lee et al, 2009; Kim et al, 2010). In this study, we identified a novel interconnection of the
NFxB and NRF2 pathways via TRAF2, a molecular adaptor that forms a protein complex with RIPK1, BIRC2
and BIRC3 upon TNFRI1 receptor mediated canonical NFxB activation. TRAF2 is an oncogenic protein
involved in resistance to anoikis and TNF-mediated apoptosis in cancer cells via NFkB (Vredevoogd et al,
2019; da Silva et al, 2019; Shen et al, 2015). Intriguingly, the loss of TRAF2 sensitizes cancer cells to
checkpoint inhibition, indicating that lowering the threshold for TNF cytotoxicity augments T-cell mediated
killing (Litchfield et al, 2021; Vredevoogd et al, 2019). Given that increased activity of NRF2 is associated
with resistance to checkpoint inhibition (Singh et al, 2021), activation of the NFkB pathway via TRAF2 may
provide an additional mechanism by which R320Q and R470C KEAP1 mutants could impact T-cell
cytotoxicity.
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TRAF2 stabilization is central to its function to support NFkB-mediated cell survival (Workman et al, 2020).
Stabilization of TRAF2 is regulated through complex posttranslational modifications and interactions with
other signaling proteins within the signalosome. TRAF2 protein has ubiquitin E3 ligase activity and is
regulated through Lys63-linked autoubiquitination, necessary for the signalosome formation and NFxB
activation (Zhang et al, 2011). Phosphorylation of TRAF2 at S11 supports K63-linked ubiquitination and
NFxB activity (Workman et al, 2020). In this study, we show that R320Q and R470C KEAP1 mutants when
coexpressed with TRAF2 increased its stability (Fig. SD) and strongly increased the phosphorylation of S11
(Fig. 5 E), suggesting that these mutations support NFxB activation and anti-apoptotic functions of TRAF2.
Given the complexity of the protein-protein interactions of TRAF2 and the regulation of its signaling, the
exact mechanism by which these KEAP1 mutants interact with the TRAF2 complex to modulate its functions
remains a topic of further study. Moreover, it remains to be studied whether the other KEAP1 mutants within
cluster 1 (Fig 1 A) that are associated with NFkB activation have similar effects on TRAF2 signaling.

Checkpoint inhibitors have become a standard of care in NSCLC, but a large majority of patients fail to
respond to the therapy. Given the protective role of TRAF2 against T-cell mediated cytotoxicity (Litchfield et
al, 2021; Vredevoogd et al, 2019), inhibition of TRAF2 may provide a therapeutic option to sensitize tumors
to checkpoint inhibition. However, general TRAF2 inhibition is problematic given the multifaceted role of
TRAF?2 in cell signaling. Therefore, therapies targeting TRAF2 interacting partners e.g., BIRC2/3 (cIAP1/2)
(Vredevoogd et al, 2019) or selective inhibition of specific TRAF2 functions (Yan et al, 2022) may be more
viable options. Given that KEAP1 mutations are associated with poor response to immune checkpoint
inhibitors (Arbour et al, 2018), it can be envisioned that in KEAP1 mutant cancers with enhanced NFxB
signaling such approaches could be successful.

In aggregate, we have shown that KEAP1 mutants R320Q and R470C interact with TRAF2 resulting in its
stabilization and activation of NFxB in lung cancer cells. This leads to resistance to apoptosis caused by
inflammatory cytokines. The study demonstrates NRF2 independent effects of KEAP1 mutations and

indicates mutation-specific crosstalk between KEAP1 and NF«B signaling, highlighting the oncogenic effects
of mutant KEAP1 beyond NRF2 activation.

Materials & Methods

Cell lines — Hek-293T and A549 cells were from ATCC, and TREx-Hek-293T cell line was obtained from
Thermo Fisher Scientific. DMEM high glucose medium with glutamine (D6429, Sigma), supplemented with
10% FBS (Sigma) and 1% penicillin-streptomycin (Sigma) was used to culture the cells. Cells were regularly
tested for mycoplasma contamination by PCR test (Thermo Scientific).

Lentiviral transduction of A549 cells — Lentiviral vectors expressing mCherry-HA (mock), mCherry-HA-
KEAP1 wt, mCherry-HA-KEAP1-R320Q and mCherry-HA-KEAP1-R470C were purchased from
VectorBuilder. A549 cells were transduced with 10 MOI of the virus and selected for 2 weeks using 1 pg/ml
puromycin in growth media. The cells expressing mCherry were then sorted with FACS Arialll cell sorter (BD
Biosciences), maintained for 2 passages and frozen until use. These transduced and sorted cells are called as
AS549-LV cells.

Chemicals — TREx-Hek-293T cells with EGFP or KEAP1 overexpression were treated with 20 ug/ml
cycloheximide for 2 or 8 h. A549-LV cells with mCherry or KEAP1 overexpression were treated with QNZ
(0.5 uM) (Selleckchem) for 24 h, Cisplatin (25 uM) (Sigma) for 24 h, and TNF-alpha (TNFa) (10 ng/ml)
(Peprotech) was used for 24 h after a pre-serum starvation (24 h). Staurosporine (0.5 uM) (Selleckchem)
treatment was used for 6 h.

Plasmids and antibodies: wt KEAP]1 is cloned in N-terminally HA- and Strep-Tactin tagged pcDNAS plasmid
(Varjosalo et al, 2013). Site-directed mutagenesis to generate R320Q and R470C mutants from wild type (wt)
KEAPI1 was performed using Agilent Quick change XL mutagenesis kit. 3xMyc-TRAF2 (#44104), GFP-Ub
(#11928), GFP-P65 reporter (#127172) and Flag-KEAP1 (#28023) plasmids were from Addgene. NL3.2.NF-
KB-RE (#N1111) was from Promega. Antibodies against KEAP1, TRAF2, GFP, MYC and HA were from
Proteintech. Antibody against FLAG tag was from Sigma, and antibodies against NRF2 (Proteintech) and
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ACTIN were from Santa Cruz. Antibodies against S11-pTRAF2, PARP and cleaved PARP were from Cell
Signaling. Secondary antibodies with AlexaFluor -680, -555 and -488 labels were from Thermo Scientific.

TCGA cohort analysis — TCGA mutation and mRNA data was downloaded from
https://gdc.cancer.gov/node/905/. All data was processed with R version 4.0.0. PCA was performed with
prcomp-package and k-means clustering was conducted with stats package’s kmeans function with k = 3.
Differential expression analysis was conducted with edgeR and Gene Set Enrichment Analysis was performed
with fgsea for the differentially expressed genes ranked by fold-change.

KEAPI-NRF2 modeling — Protein preparation: The predicted structure containing 3D structure of Kelch-
BTB domains for human Keapl structure (Q14145) was downloaded from AlphaFold project server (Jumper
et al,2021; Varadi et al, 2022). The structure was pre-processed and minimized using the protein preparation
wizard of Schrodinger Suite 2021-4 and OPLS4 force field (Protein Preparation Wizard uses modules: Epik;
Impact and Prime, Schrodinger, LLC, New York, NY, 2021). Structures for point mutations R320Q and
R470C were generated, and initial conformers were visually checked using rotamers library functionality of
Schrodinger Maestro. Model of the dimeric human Keapl used for graphical expressions and Amber
molecular dynamics simulations was generated based on previously described AlphaFold model generation.
Duplicated model was further superimposed over A and B chains of dimeric BTB domain x-ray structure
(pdbid: 313N; (Canning et al, 2013)), respectively. The optimized protonation states were saved in PDB format
with protonation state information.

Molecular dynamics simulations of monomers: MD simulations were carried out using carried out using
Schrodinger Desmond (Schrodinger Release 2021-4: Desmond Molecular Dynamics System, D. E. Shaw
Research, Maestro-Desmond Interoperability Tools, Schrodinger, New York, NY, 2020). Prior to simulation
set up the first 179 residues from BTB domain and additional helix next to Kelch domain (613-624) were
removed to optimize the size of the periodic box. In Desmond system builder the orthorhombic periodic the
systems were created and solvated using TIP3P waters. Systems were further neutralized including 0.1 M
NaCl- salt buffer. At the beginning of the simulation, the system was subjected to default relaxation protocol
of Desmond and heated up to simulation temperature of 300K. Unconstrained simulations up to length of 1
ps (microsecond) was run using NPT protocol at temperature of 300 K, pressure of 1.01325 bar, Noe-Hoover
thermostat and timestep of 2 fs. Trajectories containing about 6000 snapshots were visually examined to see
whether interactions between BTB and Kelch domains remain along the 1 ps. The numerical analyzes and
simulation interactions charts were calculated in assistance of simulation event analysis. The prime module of
Schrodinger suite was used to estimate interaction energies between separated BTB and Kelch domains. i.e.
residue V316 was simply deleted to obtain separated chains. Graphical illustrations are made using either
Schrodinger Maestro 2021-4 or PyMOL Molecular Graphics System, Version 2.4.1. Schrodinger, LLC. 2D-
interaction plots were generated using MOE software (version 2020.09).

Additional simulations for homodimers: Simulations were carried out using PMEMD.CUDA module of
Amberl18. Simulation systems were solvated using the tLeap module of Amberl8 (Case et al, 2005) in an
cuboid water box of TIP3P water molecules (Jorgensen et al, 1983) so that all atoms were at least 10 A from
the surface of the box. Na+ and Cl- ions were added to 0.1 M ionic concentration and amount was further
adjusted to neutralize the charge of the protein. The simulation parameter files were prepared using the
FF14SB force field (Maier et al, 2015). Finally, the “HydrogenMassRepartition” function of Parmed was used
to produce the parameter files for the simulations (Hopkins et al, 2015). In total, three minimization steps and
two steps of equilibration dynamics were performed, prior to the production simulation. The first two
minimization steps, composed of 2,500 cycles of steepest descent followed by 7,500 cycles of conjugate
gradient, were performed as follows: (i) in the first one, all the heavy atoms of the protein were restrained with
500 kcal/mol-A? harmonic force constant; (ii) in the second one, only the backbone atoms of the proteins were
restrained 25 kcal/mol-A? force constant. The third minimization step, composed of 5,000 cycles of steepest
descent and 15,000 cycles of conjugate gradient, was performed without any constraints. The equilibrium
dynamics were performed in two steps: (i) 20 ps of gradual heating from O to 310 K under constant volume,
restraining the protein atoms with 5 kcal/mol-A2 harmonic force constant; (ii) 2 ns of unrestrained MD at
constant pressure (1 bar) and constant temperature (310 K). The MD calculations employed periodic boundary
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conditions, the particle mesh Ewald method (Darden et al, 1993) for treatment of the long-range interactions
beyond the 10 A cutoff, the SHAKE algorithm (Ryckaert et al, 1977) to constrain bonds involving hydrogen
atoms, the Langevin thermostat (Wu & Brooks, 2003) with collision frequency 1.0 ps, and a time step of 4 fs.
The production MD simulations consisting of five replicates for the three systems were run for 600 ns and
used the same settings as the last step of the equilibration dynamics. Trajectories (waters and ions omitted)
area vailable for download at Zenodo server Gromacs binary xtc format. (https://zenodo.org/).

The equilibrium dynamics were performed in two steps: (i) 20 ps of gradual heating from 0 to 310 K under
constant volume, restraining the protein atoms with 5 kcal/mol-A2 harmonic force constant; (ii) 2 ns of
unrestrained MD at constant pressure (1 bar) and constant temperature (310 K). The MD calculations
employed periodic boundary conditions, the particle mesh Ewald method (Darden et al, 1993) for treatment
of the long-range interactions beyond the 10 A cutoff, the SHAKE algorithm (Ryckaert et al, 1977) to
constrain bonds involving hydrogen atoms, the Langevin thermostat (Wu & Brooks, 2003) with collision
frequency 1.0 ps, and a time step of 4 fs. The production MD simulations consisting of five replicates for the
three systems were run for 600 ns and used the same settings as the last step of the equilibration dynamics.
Trajectories (waters and ions omitted) area vailable for download at Zenodo server Gromacs binary xtc format.
(https://zenodo.org/).

Generation of KEAPI overexpressing Hek-293T cells — TREx-Hek-293T cells were grown in 6-well plates
and transfected with 5:1 ratio of pOG44 and Flp-In-FRT vectors with HA- and Strep- tagged EGFP or KEAP1
(wild type, R320Q and R470C mutants) using Fugene 6. After 48 h, cells were transferred to T175 flasks and
selected using 260 pug/ml hygromycin in growth media for 2-3 weeks. Protein expression was induced using
0.5 pg/ml doxycycline (Sigma) for 24 h.

Cell lysis — Cells grown in 10 cm plates were scraped using ice-cold PBS, spun down and treated with 0.5-1
ml of RIPA buffer supplemented with protease (Roche) and phosphatase inhibitor cocktail II (Sigma) and
incubated on ice for 15 min. The samples were sonicated and then centrifuged at 14,000 x g at 4° C for 30
min. The supernatants were collected and stored in -20° C freezer until use. Protein concentration of the
samples was measured using BCA kit (Pierce). 30 ug of samples were then boiled in SDS sample buffer at
95° C for 5 min and used for immunoblotting.

Immunoblotting — 30 pg of protein samples, diluted and boiled in SDS-PAGE buffer, were electrophoresed
on 4-20% mini-PROTEAN TGX gels (Biorad) and transferred to nitrocellulose membrane. The membranes
were blocked using 5% milk in TBST (+ 0.01% sodium azide) buffer and primary antibodies were also
incubated with the same buffer. Secondary antibody staining was done in 2% milk-TBST (+ 0.01% sodium
azide) and detected using ChemiDoc (Biorad).

Co-immunoprecipitation — Cells were lysed using RIPA buffer with protease inhibitor cocktail (Roche) and
in some cases with phosphatase inhibitor cocktail (Sigma) as well. 500 pg of total protein was then incubated
with magnetic beads conjugated anti-HA, anti-Myc or anti-Flag antibodies according to manufacturer’s
instructions (Pierce). Final elution was done using Tris-glycine elution buffer and samples were boiled using
SDS-PAGE buffer at 95° C for 5 min.

AP-MS and SAINT analysis — TREx-Hek-293T cells grown in 15cm dishes were treated with 0.5 pg/ml
doxycycline for 24 h to induce protein expression and lysed with lysis buffer containing S0mM Hepes (pH
8.0), SmM EDTA, 150mM NaCl, 50mM NaF, 0.5% IGEPAL, ImM DTT, 1mM PMSF, 1.5mM sodium
orthovanadate and protease inhibitor cocktail. Cells were kept on ice for 20 min, lysed by vortexing several
times and supernatant collected after centrifugation at 16000 x g for 15 min at 4° C. Bio-Rad spin columns
were prepared with IBA Strep-Tactin sepharose 50% beads and washed with lysis buffer. The lysates were
then allowed to drain the column by gravity, washed three times with cold lysis buffer and biotin equilibration
buffer (50mM Hepes (pH 8.0), 5mM EDTA, 150mM NaCl, 50mM NaF) and eluted with 20mM biotin (in
100mM Tris, pH 8.0) in equilibration buffer. A small aliquot of the samples was stored for immunoblotting
and the rest purified using C18 columns. Trypsinized peptides were then analyzed on an EASY-nLC II system
connected to an Orbitrap Elite ETD hybrid mass spectrometer (Thermo Fisher) using Thermo Scientific™
Xcalibur™ Software. A detailed description of the LC-MS/MS method used here can be found in a previous
protocol (Liu et al, 2020). Acquired Thermo.RAW file were searched with Proteome Discoverer 1.4 (Thermo
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Scientific) using SEQUEST search engine of the selected human component of UniProtKB/SwissProt
database. All reported data were based on peptides assigned with high confidence in Proteome Discoverer
(FDR1%). The identified hits were refined by Significance Analysis of INTeractome SAINTexpress by using
CRAPome and BioGRID databases, respectively, to remove contaminating proteins and to identify true hits.

Inguinity Pathway Analysis (IPA) — SAINT Express protein hits were analyzed using Ingenuity Pathway
Analysis (IPA) software (Qiagen). Significant hits were analyzed and enrichment z-score was calculated for
different pathways. The interacting proteome in KEAP1 mutants -R320Q and -R470C with fold change values
to KEAP1 wt was drawn using Cytoscape.

Luciferase assay — NFxB RE plasmid was transfected in A549-LV cells and the luciferase reporter assay was

done according to Nano-Glo Luciferase Assay System protocol (Promega). TNFa was used as an activator
and in some cases QNZ and TRAF2 siRNAs were also used.

RNA silencing — Silencer select TRAF2 siRNAs (s14380, s14381) and XIAP siRNAs (s1454, s1455) were
from Thermo Scientific. 30 nM of siRNA transfections were done using Lipofectamine RNAIMAX (Thermo
Scientific) in Opti-MEM (Gibco), according to manufacturer’s instructions.

qRT-PCR — RNA extraction from A549 cells grown in 6-well plates was done using High Pure RNA isolation
kit (Roche). Transcriptor First strand kit (Roche) was used for cDNA synthesis and qRT-PCR was performed
using FastStart Essential DNA Probes Master and gene specific probes from Universal Probe Library (Roche).
Lightcycler 96 (Roche) was used for the PCR and quantification of results was done using 2*(-AACT) method.
Primer sequences are given in Table 1.

Apoptosis assay — A549 cells grown in 96-well plates were stained with CellEvent Caspase 3/7 green detection
reagent (Thermo Scientific) according to manufacturer’s instructions and the fluorescence measured using a
plate reader at 488 nm wavelength. In some cases, full length and cleaved PARP expression were analyzed by
immunoblotting.

Live cell imaging — A549-LV cells were treated with cisplatin (25 uM), staurosporine (0.5 uM) and TNFa
(10 ng/ml) for 6 h and stained for cleaved Caspase 3/7 green (5 uM) and propidium iodide (2 uM) (Thermo
Scientific) for an additional 30 min. Zeiss LSM 700 confocal microscope with live cell module was used for
imaging with 37° C and 5% CO- conditions maintained throughout. Images were taken using a 20x objective
with a numerical aperture of 0.8. The confocal images were processed using ZEN black software.

Macrophage conditioned media (CM) treatment — THP-1 cells were differentiated into MO, M1 and M2
macrophages and conditioned media were collected as described previously (Kainulainen et al, 2022). A549-
LV cells were treated with the CM in 1:1 ratio with growth media for 24 h.

Proteome profiler arrays — Human apoptosis array (ARY009) and cytokine array (ARY005B) kits (R&D
Systems) were used according to the manufacturer’s instructions. Briefly, 400 pg of cell lysate or 700 pl of
cell culture supernatant pooled in from three independent replicates were used for each sample. The stained
arrays were imaged using Bio-Rad gel documentation system and quantified using ImageJ.

Statistical analysis — All experiments were repeated at least three times unless stated otherwise. Statistical
analysis was carried out using Graphpad Prism 9.0. One way ANOVA, Tukey’s test was used with a p value

< 0.05 considered significant.

Data availability — The datasets produced in this study are available in the MassIVE databases
(https://massive.ucsd.edu/) with web access MSV000092845.

Acknowledgements

We thank Anne Karppinen, Joanna Lempidinen and Emilia Kontio for technical assistance. Technical support
from UEF cell and tissue imaging unit is also acknowledged. This study was funded by the Academy of


https://doi.org/10.1101/2023.10.10.561664
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.10.561664; this version posted October 12, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Finland (A-LL), Sigrid Juselius Foundation (A-LL), Finnish Cancer Society (A-LL), the Finnish Cultural
Foundation (AJD), Kuopio University Foundation (AJD, SA), Horizon 2020 Framework Programme (SA,
Marie Sktodowska Curie grant agreement No 740264) and Ida Montin Foundation (SA). We thank Biocenter
Finland/DDCB and Biocenter Kuopio for financial support and the CSC-IT Center for Science Ltd. (Finland)
for allocation of computational resources.

References

Adinolfi S, Patinen T, Deen AJ, Pitkdnen S, Hirkonen J, Kansanen E, Kiiblbeck J & Levonen A-L (2023)
The KEAP1-NRF2 pathway: Targets for therapy and role in cancer. Redox Biol 63: 102726

Anderton H, Bandala-Sanchez E, Simpson DS, Rickard JA, Ng AP, Di Rago L, Hall C, Vince JE, Silke J,
Liccardi G, et al (2018) RIPK1 prevents TRADD-driven, but TNFR1 independent, apoptosis during
development. Cell Death Differ 2018 265 26: 877-889

Annibaldi A, Wicky John S, Vanden Berghe T, Swatek KN, Ruan J, Liccardi G, Bianchi K, Elliott PR, Choi
SM, Van Caoillie S, et al (2018) Ubiquitin-Mediated Regulation of RIPK1 Kinase Activity Independent
of IKK and MK2. Mol Cell 69: 566-580.e5

Arbour KC, Jordan E, Kim HR, Dienstag J, Yu HA, Sanchez-Vega F, Lito P, Berger M, Solit DB, Hellmann
M, et al (2018) Effects of Co-occurring Genomic Alterations on Outcomes in Patients with KRAS-
Mutant Non-Small Cell Lung Cancer. Clin Cancer Res 24: 334-340

Camp ND, James RG, Dawson DW, Yan F, Davison JM, Houck SA, Tang X, Zheng N, Major MB & Moon
RT (2012) Wilms tumor gene on X chromosome (WTX) inhibits degradation of NRF2 protein through
competitive binding to KEAP1 protein. J Biol Chem 287: 6539-6550

Campbell JD, Alexandrov A, Kim J, Wala J, Berger AH, Pedamallu CS, Shukla SA, Guo G, Brooks AN,
Murray BA, et al (2016) Distinct patterns of somatic genome alterations in lung adenocarcinomas and
squamous cell carcinomas. Nat Genet 48: 607-616

Canning P, Cooper CDO, Krojer T, Murray JW, Pike ACW, Chaikuad A, Keates T, Thangaratnarajah C,
Hojzan V, Marsden BD, et al (2013) Structural basis for Cul3 protein assembly with the BTB-Kelch
family of E3 ubiquitin ligases. J Biol Chem 288: 78037814

Case DA, Cheatham TE, Darden T, Gohlke H, Luo R, Merz KM, Onufriev A, Simmerling C, Wang B &
Woods RJ (2005) The Amber biomolecular simulation programs. J Comput Chem 26: 1668—1688

Chen W, Sun Z, Wang XJ, Jiang T, Huang Z, Fang D & Zhang DD (2009) Direct interaction between Nrf2
and p21(Cipl/WAF1) upregulates the Nrf2-mediated antioxidant response. Mol Cell 34: 663—673

Cuadrado A, Rojo Al, Wells G, Hayes JD, Cousin SP, Rumsey WL, Attucks OC, Franklin S, Levonen AL,
Kensler TW, et al (2019) Therapeutic targeting of the NRF2 and KEAP1 partnership in chronic
diseases. Nat Rev Drug Discov 18: 295-317

Darden T, York D & Pedersen L (1993) Particle mesh Ewald: An N -log( N ) method for Ewald sums in
large systems. J Chem Phys 98: 10089-10092

Deen AJ, Sihvola V, Hérkonen J, Patinen T, Adinolfi S & Levonen A-L (2018) Regulation of stress
signaling pathways by nitro-fatty acids. Nitric Oxide - Biol Chem 78

Dimitrakopoulos F-ID, Kottorou AE, Kalofonou M & Kalofonos HP (2020) The Fire Within: NF-xB
Involvement in Non-Small Cell Lung Cancer. Cancer Res 80: 4025-4036

Ge W, Zhao K, Wang X, Li H, Yu M, He M, Xue X, Zhu Y, Zhang C, Cheng Y, et al (2017) iASPP Is an
Antioxidative Factor and Drives Cancer Growth and Drug Resistance by Competing with Nrf2 for
Keapl Binding. Cancer Cell 32: 561-573.e6

Habelhah H, Frew 1J, Laine A, Janes PW, Relaix F, Sassoon D, Bowtell DDL & Ronai Z (2002) Stress-
induced decrease in TRAF2 stability is mediated by Siah2. EMBO J 21: 5756

Hérkonen J, Polonen P, Deen AJ, Selvarajan I, Teppo HR, Dimova EY, Kietzmann T, Ahtiainen M,
Viyrynen JP, Viyrynen SA, et al (2023) A pan-cancer analysis shows immunoevasive characteristics
in NRF2 hyperactive squamous malignancies. Redox Biol 61

Hast BE, Cloer EW, Goldfarb D, Li H, Siesser PF, Yan F, Walter V, Zheng N, Hayes DN & Major MB
(2014) Cancer-derived mutations in KEAP1 impair NRF2 degradation but not ubiquitination. Cancer
Res 74: 808-817

Hast BE, Goldfarb D, Mulvaney KM, Hast MA, Siesser PF, Yan F, Hayes DN & Major MB (2013)
Proteomic analysis of ubiquitin ligase KEAP1 reveals associated proteins that inhibit NRF2
ubiquitination. Cancer Res 73: 2199-2210


https://doi.org/10.1101/2023.10.10.561664
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.10.561664; this version posted October 12, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Hopkins CW, Le Grand S, Walker RC & Roitberg AE (2015) Long-Time-Step Molecular Dynamics through
Hydrogen Mass Repartitioning. J Chem Theory Comput 11: 1864—1874

Hughes MA, Harper N, Butterworth M, Cain K, Cohen GM & MacFarlane M (2009) Reconstitution of the
Death-Inducing Signaling Complex Reveals a Substrate Switch that Determines CD95-Mediated Death
or Survival. Mol Cell 35: 265-279

Jaramillo M & Zhang D (2013) The emerging role of the Nrf2—Keap1 signaling pathway in cancer. Genes
Dev 27: 2179-2191

Jorgensen WL, Chandrasekhar J, Madura JD, Impey RW & Klein ML (1983) Comparison of simple
potential functions for simulating liquid water. J Chem Phys 79: 926-935

Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O, Tunyasuvunakool K, Bates R, Zidek A,
Potapenko A, et al (2021) Highly accurate protein structure prediction with AlphaFold. Nar 2021
5967873 596: 583-589

Kainulainen K, Takabe P, Heikkinen S, Aaltonen N, Motte C de la, Rauhala L, Durst FC, Oikari S,
Hukkanen T, Rahunen E, et al (2022) M1 macrophages induce pro-tumor inflammation in melanoma
cells via TNFR-NF-«B signaling. J Invest Dermatol

Kansanen E, Kuosmanen SM, Leinonen H & Levonenn AL (2013) The Keap1-Nrf2 pathway: Mechanisms
of activation and dysregulation in cancer. Redox Biol 1: 45-49

Kim JE, You DJ, Lee C, Ahn C, Seong JY & Hwang JI (2010) Suppression of NF-kappaB signaling by
KEAPI1 regulation of IKKbeta activity through autophagic degradation and inhibition of
phosphorylation. Cell Signal 22: 1645-1654

Lawlor KE, Feltham R, Yabal M, Conos SA, Chen KW, Ziehe S, Grall C, Zhan Y, Nguyen TA, Hall C, et al
(2017) XIAP Loss Triggers RIPK3- and Caspase-8-Driven IL-1B Activation and Cell Death as a
Consequence of TLR-MyD88-Induced cIAP1-TRAF2 Degradation. Cell Rep 20: 668—682

Lee DF, Kuo HP, Liu M, Chou CK, Xia W, Du Y, Shen J, Chen C Te, Huo L, Hsu MC, et al (2009) KEAP1
E3 Ligase-Mediated Down-Regulation of NF-kB Signaling by Targeting IKKf. Mol Cell 36: 131

Leinonen HM, Kansanen E, P6lonen P, Heindniemi M & Levonen A-L (2015a) Dysregulation of the
Keap1-Nrf2 pathway in cancer: Figure 1. Biochem Soc Trans 43: 645-649

Leinonen HM, Kansanen E, P6lonen P, Heindniemi M & Levonen AL (2015b) Dysregulation of the Keap1-
Nrf2 pathway in cancer. Biochem Soc Trans 43: 645-649

Li L, Han L, Sun F, Zhou J, Ohaegbulam KC, Tang X, Zang X, Steinbrecher KA, Qu Z & Xiao G (2018)
NF-«B RelA renders tumor-associated macrophages resistant to and capable of directly suppressing
CD8+ T cells for tumor promotion. Oncoimmunology 7

Litchfield K, Reading JL, Puttick C, Thakkar K, Abbosh C, Bentham R, Watkins TBK, Rosenthal R, Biswas
D, Rowan A, et al (2021) Meta-analysis of tumor- and T cell-intrinsic mechanisms of sensitization to
checkpoint inhibition. Cell 184: 596-614.e14

Liu X, Salokas K, Weldatsadik RG, Gawriyski L & Varjosalo M (2020) Combined proximity labeling and
affinity purification—mass spectrometry workflow for mapping and visualizing protein interaction
networks. Nat Protoc 15: 3182-3211

Lo SC & Hannink M (2006) PGAMS, a Bcl-XL-interacting protein, is a novel substrate for the redox-
regulated Keap1-dependent ubiquitin ligase complex. J Biol Chem 281: 37893-37903

Maier JA, Martinez C, Kasavajhala K, Wickstrom L, Hauser KE & Simmerling C (2015) ff14SB: Improving
the Accuracy of Protein Side Chain and Backbone Parameters from ff99SB. J Chem Theory Comput
11: 3696-3713

Matsuoka Y, Yoshida R, Kawahara K, Sakata J, Arita H, Nkashima H, Takahashi N, Hirayama M, Nagata
M, Hirosue A, et al (2022) The antioxidative stress regulator Nrf2 potentiates radioresistance of oral
squamous cell carcinoma accompanied with metabolic modulation. Lab Investig 102: 896-907

Mifflin L, Ofengeim D & Yuan J (2020) Receptor-interacting protein kinase 1 (RIPK1) as a therapeutic
target. Nat Rev Drug Discov 19: 553-571

Ngo KA, Kishimoto K, Davis-Turak J, Pimplaskar A, Cheng Z, Spreafico R, Chen EY, Tam A, Ghosh G,
Mitchell S, et al (2020) Dissecting the Regulatory Strategies of NF-kB RelA Target Genes in the
Inflammatory Response Reveals Differential Transactivation Logics. Cell Rep 30: 2758-2775.e6

Okazaki K, Anzawa H, Katsuoka F, Kinoshita K, Sekine H & Motohashi H (2022) CEBPB is required for
NRF2-mediated drug resistance in NRF2-activated non-small cell lung cancer cells. J Biochem 171:
567-578

Pahl HL (1999) Activators and target genes of Rel/NF-«xB transcription factors. Oncogene 18: 6853—6866


https://doi.org/10.1101/2023.10.10.561664
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.10.561664; this version posted October 12, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Patinen T, Adinolfi S, Cortés CC, Hiarkonen J, Jawahar Deen A & Levonen AL (2019) Regulation of stress
signaling pathways by protein lipoxidation. Redox Biol 23

Pillai R, Hayashi M, Zavitsanou A-M & Papagiannakopoulos T (2022) NRF2: KEAPing Tumors Protected.
Cancer Discov

Romero R, Sanchez-Rivera FJ, Westcott PMK, Mercer KL, Bhutkar A, Muir A, Gonzalez Robles TJ,
Lamboy Rodriguez S, Liao LZ, Ng SR, et al (2020) Keap1 mutation renders lung adenocarcinomas
dependent on Slc33al. Nat cancer 1: 589-602

Ryckaert J-P, Ciccotti G & Berendsen HJ. (1977) Numerical integration of the cartesian equations of motion
of a system with constraints: molecular dynamics of n-alkanes. J Comput Phys 23: 327-341

Sanchez-Vega F, Mina M, Armenia J, Chatila WK, Luna A, La KC, Dimitriadoy S, Liu DL, Kantheti HS,
Saghafinia S, et al (2018) Oncogenic Signaling Pathways in The Cancer Genome Atlas. Cell 173: 321-
337.e10

Shen RR, Zhou AY, Kim E, Lim E, Habelhah H & Hahn WC (2012) IxB kinase ¢ phosphorylates TRAF2 to
promote mammary epithelial cell transformation. Mol Cell Biol 32: 47564768

Shen RR, Zhou AY, Kim E, O’Connell JT, Hagerstrand D, Beroukhim R & Hahn WC (2015) TRAF2 is an
NF-«B-activating oncogene in epithelial cancers. Oncogene 34: 209-216

Siegmund D, Wagner J & Wajant H (2022) TNF Receptor Associated Factor 2 (TRAF2) Signaling in
Cancer. Cancers 2022, Vol 14, Page 4055 14: 4055

Silva MM, Rocha CRR, Kinker GS, Pelegrini AL & Menck CFM (2019) The balance between NRF2/GSH
antioxidant mediated pathway and DNA repair modulates cisplatin resistance in lung cancer cells. Sci
Rep 9: 17639

da Silva SD, Xu B, Maschietto M, Marchi FA, Alkailani MI, Bijian K, Xiao D & Alaoui-Jamali MA (2019)
TRAF?2 cooperates with focal adhesion signaling to regulate cancer cell susceptibility to anoikis. Mol
Cancer Ther 18: 139-146

Singh A, Daemen A, Nickles D, Jeon S-M, Foreman O, Sudini K, Gnad F, Lajoie S, Gour N, Mitzner W, et
al (2021) NRF2 Activation Promotes Aggressive Lung Cancer and Associates with Poor Clinical
Outcomes. Clin Cancer Res 27: 877-888

Taguchi K, Fujikawa N, Komatsu M, Ishii T, Unno M, Akaike T, Motohashi H & Yamamoto M (2012)
Keapl degradation by autophagy for the maintenance of redox homeostasis. Proc Natl Acad Sci U S A
109: 13561-13566

Tamberg N, Tahk S, Koit S, Kristjuhan K, Kasvandik S, Kristjuhan A & Ilves I (2018) Keapl-MCM3
interaction is a potential coordinator of molecular machineries of antioxidant response and genomic
DNA replication in metazoa. Sci Reports 2018 81 8: 1-18

Taniguchi K & Karin M (2018) NF-«B, inflammation, immunity and cancer: coming of age. Nat Rev
Immunol 18: 309-324

Varadi M, Anyango S, Deshpande M, Nair S, Natassia C, Yordanova G, Yuan D, Stroe O, Wood G, Laydon
A, et al (2022) AlphaFold Protein Structure Database: massively expanding the structural coverage of
protein-sequence space with high-accuracy models. Nucleic Acids Res 50: D439-D444

Verzella D, Pescatore A, Capece D, Vecchiotti D, Ursini MV, Franzoso G, Alesse E & Zazzeroni F (2020)
Life, death, and autophagy in cancer: NF-kB turns up everywhere. Cell Death Dis 11

Vince JE, Pantaki D, Feltham R, Mace PD, Cordier SM, Schmukle AC, Davidson AJ, Callus BA, Wong
WW-L, Gentle IE, et al (2009) TRAF2 Must Bind to Cellular Inhibitors of Apoptosis for Tumor
Necrosis Factor (TNF) to Efficiently Activate NF-kB and to Prevent TNF-induced Apoptosis. J Biol
Chem 284: 3590635915

Vredevoogd DW, Kuilman T, Ligtenberg MA, Boshuizen J, Stecker KE, de Bruijn B, Krijgsman O, Huang
X, Kenski JCN, Lacroix R, et al (2019) Augmenting Immunotherapy Impact by Lowering Tumor TNF
Cytotoxicity Threshold. Cell 178: 585-599.e15

Workman LM, Zhang L, Fan Y, Zhang W & Habelhah H (2020) TRAF2 Ser-11 Phosphorylation Promotes
Cytosolic Translocation of the CD40 Complex To Regulate Downstream Signaling Pathways. Mol Cell
Biol 40

Wu X & Brooks BR (2003) Self-guided Langevin dynamics simulation method. Chem Phys Lett 381: 512—
518

Yabal M, Miiller N, Adler H, Knies N, Grof3 CJ, Damgaard RB, Kanegane H, Ringelhan M, Kaufmann T,
Heikenwilder M, et al (2014) XIAP Restricts TNF- and RIP3-Dependent Cell Death and
Inflammasome Activation. Cell Rep 7: 1796—1808


https://doi.org/10.1101/2023.10.10.561664
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.10.561664; this version posted October 12, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Yan R, Zhu H, Huang P, Yang M, Shen M, Pan Y, Zhang C, Zhou X, Li H, Ke X, et al (2022)
Liquidambaric acid inhibits Wnt/B-catenin signaling and colon cancer via targeting TNF receptor-
associated factor 2. Cell Rep 38: 110319

Yang X, Wang C, Nie H, Zhou J, He X & Ou C (2022) Minichromosome maintenance gene family:
potential therapeutic targets and prognostic biomarkers for lung squamous cell carcinoma. Aging
(Albany NY) 14: 9167-9185

Zhang L, Blackwell K, Altaeva A, Shi Z & Habelhah H (2011) TRAF2 phosphorylation promotes NF-kB—
dependent gene expression and inhibits oxidative stress-induced cell death. Mol Biol Cell 22: 128—140

Table 1. qRT-PCR primer sequences.
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TRAF2 GAGGCATCCACCTACGATGG GTCGTTGACTGGCCTCTGAA
KEAP1 TGCCCGGGAGTACATCTACA AGGGTGAGCTCCTCGAAGAT
BIRC2 ATAGGGTAGCCTGCTTTGCC CTCCGGTGTTCTGACATAGCA
IL23A CCACTGGGAGACTCAGCAGA TTGAAGCGGAGAAGGAGACG
FAS GGACCCTCCTACCTCTGGTT TTTGGTGCAAGGGTCACAGT
TRAF1 AAACCTGCTGTTGGGGTTCA AGCTGGCTCTGGTGGATAGA
TNFAIP3 TCGACAGAAACATCCAGGCC TTCGTTTTCAGCGCCACAAG
NQO1 GAAAGGATGGGAGGTGGTGG TGGCAGCGTAAGTGTAAGCA
GCLM ACAGCTGTATCAGTGGGCAC CTCGTGCGCTTGAATGTCAG
HMOX1 GTGCCACCAAGTTCAAGCAG CAGCTCCTGCAACTCCTCAA
TXNRD1 GCTCAGAGGCTCTATGCAGG TGGACCCAGTACGTGAAAGC
XIAP AGTGCCACGCAGTCTACAAA TTCTGACCAGGCACGATCAC
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Fig. 1. KEAP1 mutations from TCGA lung adenocarcinoma cohort classified as clusters 1-3 show
differential expression of genes in oncogenic pathways. (A) Lollipop map of hotspot mutations in KEAP1
protein. (B) Clustering of KEAP1 mutations into three clusters by PCA according to their mRNA expression
assessed by RNA-seq. (C) NRF2 activity score calculated in clusters 1-3. (D) Gene Set Enrichment Analysis
(GSEA) from RNA-seq data between clusters 1 and 2. Positive and negative enrichment score (p < 0.05) are
shown in red and blue colors, respectively. (E) Analysis of differential expression of genes between clusters
1 and 2. Data represents mean values from n = 7-9 patient samples from each KEAP1 mutant group.
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Fig. 2. Molecular modeling and simulations of KEAP1 wt and mutants R320Q and R470C.

(A) Full model of dimeric Keapl containing BTB and Kelch domains. At the middle, pairwise interactions for
native Keapl for mutated residues R470 (left) and R320 (right) taken from AlphaFold model after full protein
preparation. (B) 2D interaction charts including rough estimations for hydrogen bond and ionic interaction
energies according to MOE software. (C) Interactions of native (left: green) and R320Q mutant (right: yellow)
of KEAP1 with surrounding amino acids. (D) Interactions of native (left: green) and R470C mutant (right:
yellow) of KEAP1 with surrounding amino acids. (E) Snapshot after 1 ms of simulation shows that in native
form H311 acts as linger between mainchain carbonyl (N489) and carboxylic acid sidechain of E493. (F)
Snapshot shows interactions of R470C mutant at the beginning of the simulation and (G) shows interactions
with D422 and E493 at the end of 1ms simulation.
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Fig. 3. Identification of protein interaction partners of wild type KEAP1 and R320Q and R470C
mutants. (A) Overexpression of HA-tagged GFP (mock), KEAP1 wild type and its R320Q and R470C
mutants in Hek-TREx-293T cells. NRF2 protein expression was analyzed, with Actin as a loading control.
(B) Top hits of affinity purification and mass spectrometry (AP-MS) analysis from the KEAP1 overexpressing
cells. (C) Interaction partners from pathway enrichment analysis in KEAP1 mutants R320Q and R470C, as
fold change to wt KEAPI1. (D) Pathway enrichment analysis from AP-MS results by Ingenuity Pathway
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Analysis (IPA). Heatmap is based on the Z-score. (E) Co-immunoprecipation of Myc-tagged TRAF2 and HA-
tagged Keapl (F) Input controls. (G) Quantification of results from Co-IP. Data represents mean + s.e.m from
n=23 (*p <0.05, One way ANOVA, Tukey’s test).
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Fig. 4. KEAP1 mutants R320Q and R470C interact with TRAF2 and RIPK1 complex. (A) Schematic
illustration of TNF-TNFR1 complex proteins, consisting of TRAF2, BIRC-family of proteins, RIPK1 and
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TRADD. Anti-apoptotic NF«B signaling or Caspase 8-mediated apoptotic signaling is mediated by RIPK1
and its status of phosphorylation. TRAF2 is degraded and removed from RIPK1 complex to initiate apoptosis
signaling. (B) A549 cells with HA-tagged KEAP1 were co-immunoprecipitated with Flag-RIPK1 or (C) Myc-
TRAF2. (D) and (E) Corresponding input lysates are shown. (F) Quantification of results from Flag IP and
(G) Myc IP. Data represents mean + s.e.m from n =3 (**p <0.01, One way ANOVA, Tukey’s test).
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Fig. 5. KEAP1 mutants R320Q and R470C activate NFkB transcriptional activity by stabilizing TRAF2
protein. (A) Immunoblots with respective antibodies in A549-LV cells. (B) Luciferase assay of NF«B reporter
in A549-LV cells, showing NF«kB transcriptional activity in KEAP1 R320Q and R470C cells with or without
TNFa treatment. (C) NF«B transcriptional activity in A549-LV cells with QNZ and TRAF2 knockdown by
siRNAs. (D) TRAF2 stability was studied in Hek-293T cells co-transfected with HA-KEAP1 (wt and mutants)
and Myc-TRAF2 plasmids along with cycloheximide treatment for 0, 2 and 8 h. (E) Immunoblots with
respective antibodies showing S11-phosphorylation of TRAF2 in A549-LV cells, transfected with Myc-
TRAF2. Representative blots from three independent experiments are shown here. Data represents mean +
s.e.m from n =3 (*p <0.05, **p < 0.01, One way ANOVA, Tukey’s test). CHX = cycloheximide.
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Fig. 6. TRAF2-NFkB activation by KEAP1 R320Q and R470C leads to reduced apoptotic activity. (A)
Nuclear staining of cleaved Caspase 3/7 and propidium iodide in A549-LV cells with and without TNFa
treatment. Data shows representative images from n = 15 from three independent experiments. Scale bar =
100 pm. (B) Immunoblots showing full-length and cleaved PARP in A549-LV cells treated with TNFa. (C)
Caspase 3/7 staining of A549-LV cells treated with THP1 CM and (D) M1 CM and QNZ. (E) Caspase 3/7
staining of A549-LV cells co-treated with TNFa and QNZ. (F) Caspase 3/7 staining of A549-LV cells with
TNFa and TRAF2 knockdown. Data represents mean + s.e.m from n = 3 (*p < 0.05, One way ANOVA,

Tukey’s test).
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Fig. 7. TNFa treatment in A549-LV cells show differential expression of XIAP and other key apoptotic
regulators. (A) A549-LV cells treated with TNFa show differentially expressed protein markers in an
apoptosis array. (B) Quantification of results from the apoptosis array. Heatmap represents average values
from two dots in the array, with samples stained from three independent replicates. (C) Luciferase assay of
NF«B reporter in A549-LV cells with XIAP knockdown. (D) Caspase 3/7 staining in A549-LV cells with
XIAP knockdown. Data represents mean + s.e.m from n =3 (*p < 0.05, One way ANOVA, Tukey’s test). (E)
In our hypothetical scenario, TNFa stimulated TNFR1 forms a protein complex including RIPK1, BIRC2 and
3, TRADD and TRAF2, which leads to NF«B transcriptional activity. KEAP1 mutants, R320Q and R470C
(left: shown as red colored box) stabilize TRAF2 from proteasomal degradation, thereby increasing NF«xB
activation. Wt KEAP1 (right: shown as blue colored box) does not inhibit TRAF2 degradation thereby leading
to apoptosis. XIAP, an inhibitor of TRAF2 degradation is enriched in lung cancer cells with KEAP1 R320Q
and R470C mutations and contributes to anti-apoptotic signaling. Activation of TRAF2-NF«B signaling leads
to increased production of cytoprotective genes, resulting in the survival of lung cancer cells against the stress
induced by immune cells and chemotherapeutics. Image created with BioRender.com.
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Supplementary Fig. 1. Differential expression of genes between KEAP1 mutants in cluster 1 and 2 from
TCGA lung adenocarcinoma cohort. Log2 fold change and significantly upregulated and downregulated
genes in cluster 1, when compared to cluster 2 KEAP1 mutant samples are shown highlighted in red color.
NS = not significant. Threshold lines indicate the following: FDR-value = -logi(0.05) ~1.3; LogFC = 1.5.
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Supplementary Fig. 2. Characterization of A549-LV cells. (A) gqRT-PCR analysis of KEAPI, (B) NQOI,
(C) GCLM, (D) HMOX1, (E) TNXRD1 in A549-LV cells. Data represents mean + s.e.m from n =3 (*p < 0.05,
**p < 0.01, One way ANOVA, Tukey’s test).
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Supplementary Fig. 3. TRAF2 knockdown and qRT-PCR analysis of IL23A and BIRC2 in A549-LV
cells. (A) qRT-PCR analysis of TRAF2 knockdown by siRNAs in A549 cells. (B) qRT-PCR analysis of /L23A
and (C) BIRC2 genes in A549-LV cells with TNFa and QNZ treatments. Data represents mean + s.e.m from
n=3 (*p<0.05, **p <0.01, One way ANOVA, Tukey’s test).
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Supplementary Fig. 4. S11-phosphorylation of Myc-TRAF2 in Hek-293T cells. Hek-293T cells co-
transfected with Myc-TRAF2 and HA-tagged GFP (mock), KEAP1 wt and its mutants R320Q and R470C.
Immunoblots with respective antibodies are shown. Data represents blots from three independent repeats.
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Supplementary Fig. 5. Caspase 3/7 staining of A549-LV cells. (A) A549 mock cells treated with cisplatin,
staurosporine and TNFa show Caspase 3/7 and propidium iodide staining. (B) A549 mock cells without
Caspase 3/7 and propidium iodide staining, showing nuclei with DRAQS5 (in white color) staining. Scale bar
=100 um. (C) Caspase 3/7 staining of A549-LV cells with cisplatin and staurosporine, and QNZ co-treatment.
Data represents mean + s.e.m from n = 3 (¥p < 0.05, **p <0.01, One way ANOVA, Tukey’s test).
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Supplementary Fig. 6. XIAP knockdown with siRNAs. qRT-PCR analysis of XIAP gene expression in
AS549 cells treated with siXIAP-1 and siXIAP-2. Data represents mean + s.e.m from n = 3 **p < 0.01, One
way ANOVA, Tukey’s test).

Supplementary table legends

Supplementary Table 1. GSEA analysis of KEAP1 mutants in cluster 1 and 2. Pathway enrichment
analysis in KEAP1 mutant samples from TCGA adenocarcinoma cohort, categorized into clusters 1 and 2.

Supplementary Table 2 Differential expression of genes (DEGs) from GSEA analysis of KEAP1 mutants
in clusters 1 and 2. DEGs in clusters 1 and 2 are shown with log2 and p values.

Supplementary Table 3. KEAP1 wt and mutants AP-MS and SAINT Express analysis. SAINT Express
processed data on Hek-TREx-293T cells with KEAP1 wt, R320Q and R470C proteome. GFP overexpressing
cells were used as mock.
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