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Abstract
The transcription factor NRF2 is the major mediator of oxidative stress responses and is closely connected to therapy
resistance in tumors harboring activating mutations in the NRF2 pathway. In melanoma, such mutations are rare, and it is
unclear to what extent melanomas rely on NRF2. Here we show that NRF2 suppresses the activity of the melanocyte lineage
marker MITF in melanoma, thereby reducing the expression of pigmentation markers. Intriguingly, we furthermore
identified NRF2 as key regulator of immune-modulating genes, linking oxidative stress with the induction of
cyclooxygenase 2 (COX2) in an ATF4-dependent manner. COX2 is critical for the secretion of prostaglandin E2 and
was strongly induced by H2O2 or TNFα only in presence of NRF2. Induction of MITF and depletion of COX2 and PGE2
were also observed in NRF2-deleted melanoma cells in vivo. Furthermore, genes corresponding to the innate immune
response such as RSAD2 and IFIH1 were strongly elevated in absence of NRF2 and coincided with immune evasion
parameters in human melanoma datasets. Even in vitro, NRF2 activation or prostaglandin E2 supplementation blunted the
induction of the innate immune response in melanoma cells. Transcriptome analyses from lung adenocarcinomas indicate
that the observed link between NRF2 and the innate immune response is not restricted to melanoma.

Introduction

Cutaneous melanoma is a tumor entity with the ability to
quickly adapt to various stressors. Due to their anatomic
location and biology, melanomas and their non-malignant
precursors, the melanocytes, encounter numerous sources of
stress. During tumor development, cutaneous melanomas
are exposed to UV irradiation, causing DNA damage, oxi-
dative stress [1, 2], and a high mutational load [3]. Although
the pigment melanin, produced in melanocytes and mela-
nomas, serves to shield the skin from UV, it is itself a
source for reactive oxygen species (ROS) [4, 5]. In addition,
the melanoma oncogenes BRAF or NRAS [6, 7], as well as
hypoxia, nutrient deprivation, or immune mediators are
common stress triggers during melanoma development and
maintenance [8–11].

Adaptation to these constant threats requires efficient
stress responses, which allow tumors to survive under the
new, often hostile, conditions. The major transcription
factor responding to ROS-induced stress is Nuclear Factor
Erythroid 2-Related Factor 2 (NFE2L2 or NRF2). Due to
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its role in the induction of genes involved in resolving
oxidative and electrophilic damage, it is known as master
regulator of the oxidative stress response [12]. NRF2 has a
half-life of 15–20 min and is quickly degraded in the
cytosol, where it is bound to the adapter protein Kelch-like
ECH-Associated Protein 1 (KEAP1). KEAP1 recruits the
E3 ubiquitin ligase cullin 3 (CUL3), leading to proteaso-
mal degradation of NRF2. Under oxidative stress condi-
tions, several cysteine residues of KEAP1 are oxidized,
resulting in dissociation from NRF2 and nuclear translo-
cation of NRF2. Here it can bind to dimerization partners
such as small MAF proteins and induce the transcription of
target genes [12]. NRF2 is considered an oncogene, and
activation of NRF2 by deleterious mutations of KEAP1
are found in several tumor types, such as non-small cell
lung cancer (NSCLC) with 15–20% mutation frequency
[13] (www.cbioportal.org). Mutational activation of the
KEAP1/NRF2 pathway is connected to therapy resistance
in NSCLC [14, 15]. In melanoma, the role of NRF2 is
much less understood. Here, KEAP1 and NRF2 mutations
are uncommon, although melanomas upregulate several
antioxidant pathways including peroxiredoxins, the
cysteine/glutathione pathway or NADPH regeneration
[16–19]. Still, nuclear NRF2 expression, as measured by
immunohistochemistry, correlates with worse overall sur-
vival in melanoma patients [20]. The recent observation
that NRF2 is involved in transcriptional activation of PD-
L1 [21] implies that NRF2 might play a larger role in
melanoma than previously anticipated.

In this work, we set out to investigate the contribution of
NRF2 for melanoma growth. The detailed characterization
of global gene expression profiles and biological processes
affected by NRF2 repression in vitro and in vivo allowed us
to uncover an important role of NRF2 in tumor growth and
immune evasion by regulating the MITF/differentiation as
well as the ATF4/COX2 pathways.

Results

NRF2 is activated in melanoma due to cell-
autonomous and non-cell autonomous effectors

To determine the level of basal NRF2 protein expression
in melanoma, we performed western blots using seven
melanoma cell lines, a primary neonatal human epidermal
melanocyte (NHEM) cell line and the KEAP1-mutated
A549 NSCLC cell line as positive control (Fig. 1a). Basal
NRF2 levels were detected in all cases at varying degree.
As BRAFV600E is the most frequent mutation in melanoma
[3, 22, 23], and BRAF and RAS oncogenes were descri-
bed as potential inducers of NRF2 [24], we tested the
effect of BRAFV600E expression on NRF2 in melanocytes.

Doxycycline (Dox)-inducible BRAFV600E expression
caused the expected increase in ERK1/2 phosphorylation
(Fig. 1b). Nfe2l2 RNA levels were unaffected, but an
enhanced nuclear localization of NRF2 was detected after
BRAFV600E induction (Fig. 1c, d). This went along with a
significant upregulation of the NRF2 target genes Hmox1,
Slc7a11, and Nqo1 (Fig. 1e). Next to these cell-autonomous
effects, it is likely that signals from the tumor niche affect
NRF2. Oxidative stress, a known inducer of NRF2 stability,
is locally elevated in tumors under hypoxic conditions or as
a result of macrophage infiltration [25]. After exposition of
melanoma cell lines to H2O2, NRF2 levels were elevated in
most cases (Fig. 1f). Similar effects were observed with the
NRF2 activator tert-butylhydroquinone (tBHQ) (Fig. 1g).
Infiltrating macrophages or T cells also secrete cytokines
such as tumor necrosis factor α (TNFα), thereby supporting
an inflammatory environment [11, 26]. In all investigated
cell lines, TNFα treatment enhanced NRF2 levels (Fig. 1h).
Concludingly, NRF2 is activated in melanoma due to
cancer-autonomous effectors as well as effectors from the
tumor niche.

Antioxidant capacity and proliferation maintenance
by NRF2 in melanoma cells

To test whether melanoma cells require NRF2 for growth,
we downregulated NFE2L2 using two independent siR-
NAs in three different melanoma cell lines. In all cases, the
knockdown led to a substantial decrease in proliferation
(Fig. 2a). This effect was least pronounced in A375 cells,
which showed the lowest knockdown efficiency (Supple-
mentary Fig. 1A). NFE2L2 knockdown furthermore
resulted in an enhanced sensitivity toward oxidative stress
(Fig. 2b), elevated ROS levels (Fig. 2c) and reduced
intracellular glutathione content (Fig. 2d), as determined in
UACC-62 cells, confirming that NRF2 is required for the
maintenance of the intracellular redox balance in mela-
noma cells. The observed dysbalance of ROS and glu-
tathione was accompanied by the reduction of antioxidant
target genes of NRF2 (Fig. 2e). To get insight into further
processes affected by NRF2, we performed RNA
sequencing of UACC-62 melanoma cells transfected with
control or NFE2L2-specific siRNA (N2). In total, 944
genes were downregulated, and 357 genes were induced
by NFE2L2 knockdown. As expected, many genes of the
“Hallmark” group “ROS” were suppressed under condi-
tions of NFE2L2 knockdown (Supplementary Fig. 1B).
Other major dysregulated gene sets including cell cycle/
replication genes as well as mitochondrial genes were
confirmed by real-time PCR, using both independent
siRNAs (N1, N2) (Supplementary Fig. 2A–C). However,
the strongest suppression was observed for genes unre-
lated to these gene sets (Fig. 3a).

6842 C. Jessen et al.

http://www.cbioportal.org


NRF2 mediates the expression of inducible
cyclooxygenase COX2

PTGS2 was the gene most heavily suppressed by NRF2
depletion, and we could confirm this effect by protein blot
and real-time PCR with two independent siRNAs (Fig. 3b, c).
PTGS2 encodes cyclooxygenase 2 (COX2), which enables
the formation of lipid mediators such as prostaglandins from
phospholipid-derived arachidonic acid. COX2 was shown to
elevate prostaglandin E2 (PGE2) levels, thereby fostering an
immune-evasive tumor environment [27, 28]. In contrast to

its counterpart COX1, which is expressed under basal con-
ditions, COX2 expression is triggered by external factors. We
observed that oxidative stress by H2O2 strongly induced the
expression of PTGS2 to levels comparable to the NRF2 target
gene HMOX1 (Fig. 3d). NRF2 was responsible for the ROS-
dependent induction of COX2, as NRF2-specific siRNA
prevented ROS-induced COX2 expression in UACC-62
(Fig. 3e, f) as well as A375 melanoma cells (Supplementary
Fig. 3A, B). The H2O2-induced COX2 expression was
observed in multiple melanoma cell lines (Fig. 3g, h). To test
if H2O2-dependent COX2 induction is also seen under

Fig. 1 NRF2 activation in melanoma. a Immunoblot showing NRF2
expression in the KEAP1-mutated A549 lung adenocarcinoma cells,
normal human epidermal melanocytes (NHEM) as well as indicated
human melanoma cell lines. Actin served as loading control.
b Immunoblot of P-ERK (Thr202/Tyr204) expression after Dox-
dependent BRAFV600E induction in the murine melanocyte cell line
melan-a (100 ng/ml, 24 h). Tubulin served as a loading control. c Real-
time PCR of Nfe2l2 in BRAFV600E-expressing melan-a cells after
Dox treatment (100 ng/ml, 24 h). d Corresponding immuno-
fluorescence of NRF2 and Hoechst staining after BRAFV600E

induction. e Corresponding real-time PCRs of NRF2 target genes after
Dox treatment (100 ng/ml, 24 h). Real-time PCR experiments were
performed in three or four replicates and two-way ANOVA with
Tukey’s multiple comparisons posttest was carried out (**p < 0.01,
***p < 0.001). Error bars represent SD. f–h Immunoblot of NRF2 in
indicated melanoma cells in response to H2O2 treatment (400 µM, 5 h)
(f), tBHQ treatment (10 µM, 24 h) (g), and TNFα treatment (50 ng/ml,
24 h) (h). Vinculin and actin served as loading controls. Please note
that NRF2 is visible as singe band or double band, depending on the
gel density.
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conditions of permanent NRF2 knockout, we generated
NRF2-ko UACC-62 cells using the CRISPR/Cas9 method.
In contrast to acute siRNA-mediated knockdown, basal
proliferation and cell cycle genes were not deregulated in
the NRF2-ko cells (Supplementary Fig. 3C, D), indicating
that the previously observed impairment of proliferation
could be compensated during the generation of single cell
clones. However, antioxidant NRF2 target genes were still
suppressed under conditions of oxidative stress, thus
demonstrating that their expression level is inevitably con-
nected to NRF2 (Supplementary Fig. 3E). The same was
observed for COX2, which showed reduced basal and
H2O2-induced levels in NRF2-knockout cells (Fig. 3i,
Supplementary Fig. 3E).

To test the influence of NRF2 on PGE2 secretion, we
performed PGE2-specific ELISA using medium supernatant
from NRF2-ko and NRF2 overexpressing UACC-62 cells.
While NRF2 depletion led to the reduction of secreted
PGE2 to almost undetectable levels (Fig. 3j), doxycycline-
inducible overexpression of NRF2 enhanced PGE2 (Sup-
plementary Fig. 3F). This was even more prominent when
the NRF2 activator tBHQ was added in addition to

doxycycline. However, even though NRF2 induction was
sufficient to induce COX2 expression, the PTGS2 promoter,
in contrast to the promoter of the well-established NRF2
target gene HMOX1, was not occupied by NRF2 (Supple-
mentary Fig. 4A), indicating that NRF2 regulates PTGS2 in
an indirect manner.

NRF2 suppresses melanoma differentiation

As immune-modulatory enzyme, COX2 is also induced by
pro-inflammatory cytokines such as TNFα [29]. Interest-
ingly, we found that TNFα-dependent COX2 induction was
also enhanced by NRF2, as seen under different times of
TNFα treatment (Fig. 4a, b: 3 days; Supplementary Fig. 4B:
12 h). In melanoma cells, TNFα causes dedifferentiation,
leading to limited recognition by T cells specific for mela-
nocytic antigens [11, 30]. Accordingly, analysis of a pre-
viously published dataset shows that PTGS2 and MITF are
regulated in an inverse manner after TNFα treatment in
melanoma cells (Supplementary Fig. 4C) [30]. A negative
correlation of MITF and PTGS2 is also observed in the
TCGA dataset for skin cutaneous melanomas (Fig. 4c).

Fig. 2 Deleterious effect of NRF2 knockdown in melanoma.
a Proliferation of indicated melanoma cell lines in response to siRNA
transfection with control siRNA or two independent NFE2L2-specific
siRNAs. Cells were counted after 5 days. The experiments were car-
ried out four times in duplicates (UACC-62) or two times in triplicates
(A375, M14). ctrl: control siRNA; N1: NFE2L2-specific siRNA #1;
N2: NFE2L2-specific siRNA #2. b Cell viability, as determined by
MTT assay, in UACC-62 cells after transfection with control or
NFE2L2-specific siRNA. For the last 24 h, cells were treated with
H2O2. MTT was done in triplicates. c Intracellular ROS levels in
UACC-62 cells, 3 days after transfection with control or NFE2L2-

specific siRNA. CellROX assay was performed three times in tripli-
cates. For a–c, data were normalized to the controls, which were set as
100%. d Intracellular glutathione concentration in UACC-62 cells
three days after transfection with control or NFE2L2-specific siRNA
(measured by Tietze assay). Assay was performed three times in
duplicates. e Gene expression of NFE2L2 and indicated target genes
after 3 days of siRNA-mediated knockdown of NFE2L2. Relative
expression levels referred to control siRNA are shown (dotted line).
Two-tailed Student’s t test was carried out to calculate significant
differences between each NFE2L2-specific siRNA and the control
siRNA (*p < 0.05, **p < 0.01, ***p < 0.001). Error bars represent SD.
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Therefore, we tested if NRF2 can interfere with MITF. An
NFE2L2 knockdown had no evident effect on MITF protein
levels (Fig. 4d), but resulted in the upregulation of pigmen-
tation genes, as shown by GO analysis of the RNA sequen-
cing data (Fig. 4e, Supplementary Fig. 5A, B). This
observation was confirmed on protein level (Fig. 4f),

indicating that NRF2 perturbs differentiation in melanoma.
Similar observations were made in NRF2-ko UACC-62 cells,
which showed an increased expression of MLANA protein
(Supplementary Fig. 5C). The fact that NRF2 knockdown did
not alter MITF levels, but promoted expression of its target
genes MLANA, TYR and DCT, suggests that NRF2

Fig. 3 Regulation of COX2 by NRF2. a Table showing the ten genes
with the strongest repression after siRNA mediated NFE2L2 knock-
down (N2), determined by RNA-sequencing. b Immunoblot showing
COX2 and NRF2 expression after knockdown of NFE2L2 (3 d) in
UACC-62 cells. Actin served as loading control. c Corresponding real-
time PCR analysis, done five times. The relative gene expression,
referred to non-targeting siRNA (dotted line), is shown. d Real-time
PCR showing expression of the NRF2 target gene HMOX1 and PTGS2
after H2O2 treatment in UACC-62 cells (400 µM, 5 h). The experiment
was done four times. e Immunoblot of NRF2 and COX2 in UACC-62
cells after a combination of H2O2 treatment (400 µM, for the last 5 h of
siRNA treatment) and siRNA-mediated NFE2L2 knockdown (3 d).
Actin served as loading control. f Corresponding real-time PCR of
PTGS2. The experiment was done four times and two-way ANOVA

with Sidak’s multiple comparisons posttest was carried out. g Immu-
noblot of NRF2 and COX2 in indicated melanoma cell lines after
H2O2 treatment (400 µM, 5 h). Actin served as loading control.
h Corresponding real-time PCR of PTGS2, referred to its expression in
cells without treatment (dotted line). The experiment was done twice
(UACC-257), three times (A375, SK-MEL-28) or four times (UACC-
62). i Immunoblot of NRF2 and COX2 after H2O2 treatment (400 µM,
5 h) in UACC-62 control cells and in two independent UACC-62
NRF2-ko cell lines. Actin served as loading control. j ELISA assay for
PGE2 concentration in the supernatant of UACC-62 NFE2L2 wt and
NFE2L2 knockout cells (corresponding to NRF2-ko 1 from I), done in
duplicates. For c, d, h two-tailed Student’s t test to calculate significant
differences to the respective control was carried out (*p < 0.05, **p <
0.01, ***p < 0.001). All error bars represent SD.
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interferes with MITF activity, but not MITF expression.
Concordantly, chromatin immunoprecipitation sequencing
(ChIP-Seq) did not reveal binding of NRF2 to the MITF

promoter (Supplementary Fig. 5D). Also, there was no cor-
relation between basal NRF2 levels and MITF levels in dif-
ferent melanoma cell lines (Supplementary Fig. 5E).

Fig. 4 Suppression of differentiation features by NRF2. a Immu-
noblot of NRF2 and COX2 in UACC-62 NFE2L2 wt and NFE2L2
knockout cells after TNFα treatment (50 ng/ml, 3 d). Vinculin served
as loading control. b Corresponding real-time PCR of PTGS2 gene
expression, derived from two independent experiments. c Linear
regression analysis of MITF and PTGS2 mRNA (n= 472) (Adj R2=
0.076577 Intercept= 4.4372 Slope=−0.20477 p= 5.7562e-10). The
results shown here are based upon data derived from the TCGA dataset
Skin Cutaneous Melanoma, and FPKM values were downloaded from
www.cbioportal.org. d Protein blot of NRF2 and MITF in UACC-62
cells after knockdown of NFE2L2 for 3 d with two independent siR-
NAs. MITF is represented by both visible bands (arrows). e Expres-
sion changes of pigmentation genes after NFE2L2 knockdown in
UACC-62 cells, as detected by RNA sequencing, using the siRNA N2.

f Protein blot of TYR and MLANA in UACC-62 cells after knock-
down of NFE2L2 for 3 d with two independent siRNAs. g Luciferase
assay of UACC-62 cells after MITF induction (100 or 250 ng/ml, 3 d)
and co-transfection with 400 ng or 800 ng of pcDNA3.1-NRF2 and a
tyrosinase promoter construct for 2 d. Luciferase activity was mea-
sured twice in duplicates. h Immunoblot of NRF2 and MITF after
doxycycline-dependent NRF2 induction in UACC-62 cells (1000 ng/
ml Dox, 3 d). Actin served as loading control. i Immunoblot of MITF
and COX2 in UACC-62 cells expressing the Dox-inducible MITF
expression vector pSB-MITF. Where indicated, cells were treated with
doxycycline (250 ng/ml, 3 d) and H2O2 was added for the last 5 h
before harvesting (400 µM). j Corresponding real-time PCR of PTGS2.
Data are derived from two independent experiments performed in
duplicates. Error bars represent SD.

6846 C. Jessen et al.

http://www.cbioportal.org


To directly assess the effect of NRF2 on MITF activity,
we performed luciferase assays in UACC-62 cells with
inducible MITF expression and the previously described
Tyr-luc-200 vector [31]. Transient transfection of an NRF2
expression vector diminished luciferase activity in a dose-
dependent manner (Fig. 4g). Interestingly, although NRF2
knockout or knockdown did not affect MITF levels, exo-
genous overexpression of NRF2 resulted in reduced MITF
protein amount (Fig. 4h). This suggests that a strong
increase of NRF2 activity reinforces the inhibitory effect on
MITF and is finally manifested in lowered MITF levels.

To further analyze the effect of acute NRF2 induction on
differentiation genes, we used H2O2 and TNFα as they
represent NRF2 triggers with transient (H2O2) or sustained
(TNFα) effects. While H2O2 was not sufficient to cause
dedifferentiation, TNFα treatment clearly reduced the
expression of MLANA, DCT and TYR in UACC-62 and
M14 cells (Supplementary Fig. 5F). To test if TNFα-
induced dedifferentiation is linked to NRF2, we investi-
gated this phenotype in NRF2-ko UACC-62 cells. We
observed that TNFα-mediated repression of the differ-
entiation genes was generally possible in NRF2-ko cells,
but was less pronounced after extended times of TNFα
treatment (3 d) (Supplementary Fig. 5G).

When analyzing publicly available RNA sequencing
datasets from melanoma cell lines, we found that the
knockdown of MITF leads to a profound induction of
PTGS2 (Supplementary Fig. 5H). Thus, we assumed that
NRF2-dependent COX2 induction is connected to reduced
MITF activity. Indeed, MITF overexpression reduced
H2O2-triggered COX2 induction on protein and RNA level
(Fig. 4i, j). However, NRF2 also affected COX2 expression
in the lung adenocarcinoma cell line A549 (Supplementary
Fig. 5I), which does not express MITF, indicating that the
NRF2-dependent COX2 induction is not restricted to
MITF-expressing cells and is therefore regulated, at least in
part, by another mechanism. It was described previously
that the transcription factor ATF4 is an important NRF2
interacting protein, which mediates transcription down-
stream of NRF2 [32]. We found that ATF4 binds to the
promoter region of PTGS2 (Fig. 5a), and that ATF4 over-
expression strongly induces PTGS2 expression on RNA and
protein level (Fig. 5b, c). Interestingly, H2O2-induced
PTGS2 expression was blunted in CRISPR/Cas9 generated
ATF4-ko UACC-62 cells (Fig. 5d, e), thus implying that
ATF4 is required for ROS-induced PTGS2. Of note, the
H2O2-dependent elevation of NRF2 was also decreased
under conditions of ATF4 knockout, indicating that ATF4
and NRF2 may regulate each other. Next, NRF2 was
overexpressed in control and ATF4-ko cells. Dox-
dependent NRF2 induction led to a strong induction of
COX2, but this effect was prevented when NRF2 was
overexpressed in ATF4-ko UACC-62 cells (Fig. 5f, g).

These data unequivocally show that NRF2-induced COX2
expression is mediated by ATF4.

NRF2 knockout blocks melanoma development
in vivo

By enhancing an undifferentiated melanoma phenotype and
enabling COX2 induction, NRF2 might affect the tumor’s
ability to grow in an immune-competent environment
in vivo.

To test this, we used a syngeneic melanoma model with a
cell line derived from the Tyr-CreERT2; BRAFCA; Ptenfl/fl

model [33] that we isolated from the tumors of melanoma-
bearing mice, called #781 cells. We knocked out endo-
genous Nfe2l2 to gain NRF2-deficient melanoma cells,
simultaneously using two gRNAs, as indicated in Supple-
mentary Fig. 6A. NRF2 knockout cells were first tested
in vitro, where we confirmed the loss of NRF2 expression
as well as a reduction of basal and H2O2-inducible NRF2
target gene expression (Supplementary Fig. 6,B, C) and an
enhanced sensitivity in presence of H2O2 (Supplementary
Fig. 6D) in two independent sets of NRF2-wt and -ko cells.

Next, one set of #781 control and NRF2 knockout cells
were subcutaneously injected into the flanks of immuno-
competent C57BL/6 mice. While all mice obtaining control
melanoma cells developed tumors with a mean onset of
17 days, 40% of mice injected with NRF2 knockout cells
developed no tumors at all (Fig. 6a). Those mice, in which
tumors were formed, had a significantly delayed tumor
onset with a mean of 34 days (Fig. 6b, c) as well as strongly
decreased COX2 levels and increased MITF expression
(Fig. 6d). Furthermore, PGE2 levels were reduced in NRF2-
ko tumors (Fig. 6e). To get insight into differentially
regulated processes of control and NRF2 knockout tumors,
we performed RNA sequencing of three tumors from each
group and observed a reduction of the Hallmark gene sets
“ROS pathway” and “Xenobiotic metabolism”, as expected
(Fig. 6f, h, Supplementary Fig. 7A). Interestingly, the most
enriched elevated gene sets were all related to the immune
response (Supplementary Fig. 7A). Specifically, the func-
tional gene ontology group “Defense response to virus” was
profoundly upregulated in NRF2 knockout melanomas
(Fig. 6g, h). When we compared enriched gene sets in
NRF2 knockout versus control tumors with those from
NRF2 knockout versus control cell lines, we found that
genes from this group were even more upregulated by
NRF2 knockout in vivo (Fig. 6i). The gene group “Defense
response to virus” is part of the innate immune response and
is characteristic for the recognition of cytosolic DNA, which
can be caused by viral infection but is also present in fast-
growing tumor tissue. Interestingly, NRF2 knockout mela-
nomas showed a robust elevation of a full gene set pre-
viously described to be indicative of an activated DNA

The transcription factor NRF2 enhances melanoma malignancy by blocking differentiation and inducing. . . 6847



sensing pathway [34] (Fig. 7a). Representative genes from
this gene set such as Rsad2, Ifih1, Isg15, Ifit1 and Tmem173
were consistently found to be upregulated in all available
NRF2 knockout melanomas (Fig. 7b). Conversely, when
NRF2 was overexpressed in vitro, all of these genes except
Tmem173 were suppressed (Fig. 7c, d), indicating that
NRF2-dependent suppression of innate immune response
genes also takes place in absence of a tumor micro-
environment. Furthermore, PGE2 was able to significantly
blunt the acute induction of the innate immune response,
caused by the STING agonist cGAMP (Fig. 7e), and
reduced the phosphorylation of TBK1 and the expression of
MDA-5 (encoded by Ifih1) (Fig. 7f).

An activated innate immune response is able to
potently attract the infiltration of immune cells [35].
Accordingly, we observed the expression of Prf1 and
Gzmb, encoding the CD8 T cell derived cytotoxic per-
forin 1 and granzyme B, only in NRF2 knockout, but not

in control melanomas (Supplementary Fig. 7B). In
addition, the T cell markers Cd3g and Cd8a showed a
trend towards higher expression in NRF2 knockout
tumors (Supplementary Fig. 7B) and quantification of
CD3+ immune cell infiltration into control and NRF2
knockout melanomas showed a similar trend (Supple-
mentary Fig. 7C, D).

To assess the relevance of the innate immune response
genes for human melanomas, we used RNA expression
data from the TCGA SKCM metastatic melanoma dataset
and analyzed the cumulative patient survival in relation to
RSAD2 and IFIH1 expression. A high expression of both
RSAD2 and IFIH1 was significantly associated with
improved survival (Fig. 7g), in accordance with our data
derived from the mouse model. We then used the Tumor
IMmune Estimation Resource (TIMER) database, which
allows the analysis of immune infiltrates from RNA
expression data across different cancer types [36], to test

Fig. 5 ATF4-dependent induction of PTGS2. a Genome browser
tracks of promotor regions of PTGS2 with ATF4 binding, evaluated by
ATF4 ChIP-Seq analysis in human 501mel melanoma cells and an
input control. b Real-time PCR, showing PTGS2 expression in
UACC-62 cells transfected with control vector (pSB) or an inducible
ATF4 expression vector (pSB-ATF4) after incubation with 100 ng/ml
doxycycline for 3 days. Data are derived from four experiments.
c Corresponding western blot, showing ATF4 and COX2 expression.
Actin served as loading control. d Immunoblot of NRF2, ATF4 and
COX2 in UACC-62 wt and ATF4-ko cells after H2O2 treatment

(400 µM, 5 h). Vinculin served as loading control. e Real-time PCR for
PTGS2, using the same conditions as described in (d). The experiment
was done three times. f Western blot, showing NRF2 and COX2
expression in control vector or NRF2-expressing UACC-62 cells (ctrl)
and ATF4-ko cells. Where indicated, cells were stimulated with
500 ng/ml Dox for 3 days. Actin served as loading control. g Corre-
sponding real-time PCR, performed four times independently. For all
real-time PCRs two-way ANOVA with Tukey’s multiple comparisons
posttest was carried out (**p < 0.01, ***p < 0.001). Error bars
represent SD.
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the influence of RSAD2 and IFIH1 on immune cell infil-
tration. Both genes were associated with a higher infil-
tration of dendritic cells as well as CD4+ and CD8+
T cells (Fig. 7h, Supplementary Fig. 7E).

In established human melanoma cell lines, the cGAS/
STING pathway is frequently dysfunctional and cannot be
activated by cytosolic DNA [37]. Accordingly, cGAMP was
not able to stimulate the STING pathway in UACC-62 and

Fig. 6 Role of NRF2 in tumor formation and immune control.
a Table showing the number of tumor-bearing mice after subcutaneous
injection of 10,000 #781 control cells (wt-1) and Nfe2l2 knockout cells
(ko-1) into the flanks of C57BL/6 mice. The experiment was stopped
after 90 days. b, c Corresponding tumor onset (b) and tumor-free
survival (c). **p < 0.01 two-tailed Student’s t test (b), ***p < 0.001,
Mantel–Cox test (c). d Immunoblot of COX2 and MITF in tumors
comprised of #781 control and Nfe2l2 knockout cells excised at the
experimental endpoint. Actin served as loading control. e Pros-
taglandin E2 levels in control tumors and NRF2 knockout tumors (n=

5 per group), measured by mass spectrometry. *p < 0.05 (two-tailed
Student’s t test, unpaired). f, g GSEA enrichment plot of the Hallmark
gene set “reactive oxygen species pathway” (f) and the Gene Ontology
gene set “Defense response to virus” (g) in analyzed tumors. h Vol-
cano plot representing deregulated genes from f and g in tumors
derived from Nfe2l2 knockout tumors versus wildtype tumors.
i Induction of significantly regulated genes from the GO term “Defense
response to virus” in Nfe2l2 knockout cell lines versus controls and
Nfe2l2 knockout versus control tumors.
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M14 cells, as shown by TBK1 phosphorylation, and the
“Defense response to virus” gene set was not enriched in the
RNA sequencing dataset from UACC-62 cells. However, the

STING pathway could be activated in SK-MEL-3 cells (as
reported previously [37]) (Fig. 8a). Accordingly, the addition
of PGE2 and the stabilization of NRF2 by tBHQ led to a

Fig. 7 Involvement of NRF2 in innate immunity. a Heat plot dis-
playing the expression of DNA sensing pathway genes, corresponding
to the cGAS/STING pathway, as derived from [34], in wt (wt-1) and
Nfe2l2 knockout (ko-1) mouse tumors. b Expression of Rsad2, Ifih1,
Isg15, Ifit1 and Tmem173 in control and Nfe2l2-deficient melanoma
cells (#781). c Immunoblot of NRF2 and COX2 protein expression in
response to Dox-inducible NRF2 expression in #781 cells (250 ng/ml,
3 d). Actin served as loading control. d Corresponding real-time PCR
of Rsad2, Ifih1, Isg15, Ifit1 and Tmem173, done three times. e Real-
time PCR of Rsad2, Ifih1, Isg15, Ifit1 and Tmem173 after pathway
activation by cGAMP (4 µg/ml, 4 h) and co-treatment with PGE2

(5 µM, 1 d). For d and e, two-way ANOVA with Sidak’s multiple
comparisons posttest was carried out (**p < 0.01, ***p < 0.001). Error
bars represent SD. f Immunoblot of the DNA sensing pathway proteins
MDA-5 (encoded by Ifih1) and P-TBK1 (Ser172) after pathway acti-
vation by cGAMP (4 µg/ml, 4 h) and co-treatment with PGE2 (5 µM, 1
d). g Kaplan–Meier plot of cumulative survival in SKCM metastatic
melanomas with high or low RSAD2 (left) and IFIH1 expression
(right) (https://cistrome.shinyapps.io/timer/). h Infiltration of indicated
immune cell populations into SKCM melanomas in relation to RSAD2
expression, as determined by the Tumor Immune Estimation Resource
TIMER (https://cistrome.shinyapps.io/timer/).
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reduction of RSAD2, IFIH1, IFIT1 and ISG15 expression in
SK-MEL-3 cells (Fig. 8c). Thus, NRF2-dependent suppres-
sion of innate immune response genes can occur in human
melanoma cells with a functional cGAS/STING pathway.

If NRF2 is a general inducer of an immune-suppressive
environment, tumors with consistently activated NRF2
should display signs of low immunogenicity. As 20% of
lung adenocarcinomas (LUAD) harbor KEAP1 mutations
and thus elevated NRF2 activity, we tested the correlation
between KEAP1 mutations and immune parameters in this
tumor entity. Interestingly, KEAP1 mutated LUAD have
significantly lower expression levels of RSAD2, IFIH1 and
TMEM173 (Fig. 8d) and a significantly decreased infiltra-
tion with dendritic cells and CD4+ as well as CD8+
T cells (Fig. 8e), showing that NRF2 pathway activation
favors the generation of an immune-evasive tumor
microenvironment.

Discussion

Here we describe the critical role of NRF2 in melanoma
dedifferentiation, PTGS2 expression and the corresponding
suppression of innate immune response genes.

We observed that NRF2 represses MITF activity, thereby
limiting the expression of numerous pigmentation antigens
such as MLANA, TYR, or DCT. However, as there was no
correlation between basal NRF2 levels and MITF levels in
melanoma cell lines, we conclude that NRF2-inducing
stress triggers rather than basal NRF2 expression are
instrumental in regulating MITF activity. The proteins
encoded by MITF target genes have a strong impact on the
antigenicity of melanoma cells. MART-1, which is encoded
by MLANA, contains a peptide that is presented by MHC-I
and efficiently recognized by T cells [38]. In addition, other
pigmentation markers including TYR and DCT serve as
melanoma antigens [39]. Accordingly, when melanomas are
driven into dedifferentiation, they can more easily escape T
cell control [11]. However, dedifferentiated melanoma cells
are not only characterized by a lack of MITF, but they
frequently express receptor tyrosine kinases, which might
affect drug resistance and immune control [40–44]. Inter-
estingly, we could also observe in melanoma cells that
NRF2 positively regulates EGFR (Fig. 3a) and therefore
strengthens the dedifferentiated phenotype by simulta-
neously suppressing MITF activity and inducing EGFR
expression.

In addition to altering differentiation antigens, MITF
affected the expression of PTGS2. As we have identified
ATF4 as the responsible transcription factor for PTGS2
induction downstream of NRF2, it is likely that an inter-
action between ATF4 and MITF regulates PTGS2 in mel-
anoma cells. In support of this theory, it was previously

reported that MITF increases the ratio between mono-
unsaturated and saturated fatty acids, which can negatively
impact ATF4 [45]. As ATF4 also suppresses MITF levels
[8], both are connected by a mutually negative regulatory
loop. With the NRF2-ATF4 axis, we have now revealed a
major regulatory pathway for PTGS2 induction, which is
responsible for ROS-induced as well as basal PTGS2
expression.

COX2 is required for the generation of prostaglandins such
as PGE2, which is perceived as promoter of an immune-
evasive tumor microenvironment, as it acts as an inhibitor of
T cell receptor signaling and thereby limits T cell activation
[46]. In tumors expressing COX1 and/or COX2, immune
control is hampered, as PGE2 blocks the infiltration of natural
killer cells and dendritic cells, thus limiting the recognition by
the immune system [28]. Previously, it was described that
type I interferon signaling, which overlaps with the innate
immune response, is suppressed by PGE2 in COX-proficient
melanomas, whereas the genetic ablation of Ptgs2 or Ptgs1
and -2 enables tumor recognition by the immune system [27].
Here, we show that PGE2 already alleviates the induction of
the innate immune response in a cancer-cell autonomous
manner, without the influence from the tumor microenviron-
ment. In addition, we observed that the expression of innate
immune response genes goes along with an increased infil-
tration of immune cells in melanoma patients and a better
overall survival. Intriguingly, the link between NRF2 and
suppression of the innate immune gene response was also
observed in KEAP1 mutant LUAD (Fig. 8d). It was pre-
viously reported that NRF2 activation by KEAP1 is sig-
nificantly associated with a T cell exclusion program [47]—a
concept, which was independently confirmed by us using
TIMER analysis (Fig. 8e). Thus, it is likely that NRF2 reg-
ulates immune control in several tumor entities.

A connection between NRF2 and innate immune
response was previously described in mouse models for
viral infections, where NRF2 suppressed STING and type I
interferon response and thereby enhanced the susceptibility
to Herpes infections [48, 49]. In the context of cancer,
STING can induce spontaneous anti-tumor T cell activity
by enhancing melanoma antigenicity [50]. Accordingly,
STING agonists are explored in clinical trials as novel
therapeutic strategy to turn immune-cold into immune-hot
tumors and thereby control tumor growth [51].

In summary, activation of NRF2 is enabled in melanoma
by intrinsic and extrinsic triggers that can be encountered in
the tumor niche, such as cytokines and oxidative stress.
NRF2 activation in melanoma facilitates the generation of a
dedifferentiated phenotype and increases the production of
COX2 and PGE2, thereby limiting the innate immune
response and contributing to the generation of an immune-
cold tumor environment. The link between NRF2 and
immune-evasive features is also found in KEAP1-mutated
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LUAD, thus showing that this tumor-promoting function of
NRF2 is not restricted to a single tumor entity. It is therefore
likely that inhibitors of NRF2 would synergize with
checkpoint inhibitor therapy in different tumor entities. Due
to a lack of specific NRF2 inhibitors, such a combination is
currently not feasible. However, preclinical models have
demonstrated that COX inhibitors as well as STING ago-
nists synergize with anti-PD-1 immune therapy [27, 52],
and thus the targeting of NRF2 downstream markers poses
therapeutic opportunities.

Materials and methods

Cell culture

LOXIMVI, UACC-62, M14, UACC-257 and SK-MEL-2
cells were obtained from NCI/NIH (DCTD Tumor Reposi-
tory, National Cancer Institute at Frederick, Frederick,
Maryland, USA). A375, SK-MEL-3, SK-MEL-28 and A-549
cells were received from ATCC. Cells have been authenti-
cated and are regularly tested for contaminations. #781 cells
were generated from tumor tissue of Tyr-CreERT2; BRAFV600E;

Ptenflox/flox mice [33] and one round of subcutaneous injection
into C57BL/6 mice. All tumor cell lines were cultivated in
DMEM with 10% FCS (PAN biotech, Aidenbach, Germany)
and 1% penicillin/streptomycin (Sigma-Aldrich, St Louis,
USA) at 37 °C and 5% CO2. NHEM cells purchased from
Promocell (Heidelberg, Germany), were maintained in Ham’s
F10 containing 20% fetal calf serum, 100 nM TPA (Calbio-
chem/Merck, Darmstadt, Germany), 200 pM cholera toxin
(Calbiochem/Merck, Darmstadt, Germany), penicillin/strep-
tomycin, 100 μM 3-isobutyl-1-methylxanthine and ITS Pre-
mix (1:1000 BD Biosciences, Heidelberg, Germany). Murine
melanocytes (‘melan-a’) were originally isolated in the
laboratory of Dorothy Bennett (St George’s, University of
London, London, UK) and were obtained from the Wellcome
Trust Functional Genomic Cell Bank (St George’s, University
of London). Where indicated, doxycycline, H2O2 (both from
Sigma-Aldrich, St Louis, USA), or PGE2 (Tocris Bios-
ciences, Bristol, UK) were added. TNFα was kindly provided
by Harald Wajant (Dept. of Molecular Internal Medicine,
University Hospital Würzburg). Induction of DNA sensing
pathway was done by transfection of cGAMP (Sigma-
Aldrich, St Louis, USA) with Lipofectamin 3000 (Invitrogen,
Carlsbad, USA).

Fig. 8 Link between innate immune response and NRF2 in human
melanoma cells and KEAP1-mutant lung adenocarcinoma.
a Immunoblot of P-TBK1 (Ser172) after pathway activation by
cGAMP (4 µg/ml, 4 h) in indicated cell lines. Tubulin served as
loading control. b Immunoblot showing NRF2 activation in SK-MEL-
3 cells after stimulation with PGE2 (5 µM) or tBHQ (10 µM) for 8 h.
c Corresponding real-time PCR of RSAD2, IFIH1, ISG15 and IFIT1.
Data are derived from four experiments. Two-way ANOVA with
Tukey’s multiple comparisons posttest was carried out (**p < 0.01,

***p < 0.001). Error bars represent SD. d RNA expression of RSAD2,
IFIH1 and TMEM173 in TCGA lung adenocarcinoma (TCGA, Pan-
Cancer Atlas), divided into KEAP1 wildtype and KEAP1 mutant
tumors. Data were downloaded from the GDC portal (https://portal.
gdc.cancer.gov). In case of IFIH1, one outlier was omitted from the
plot, but was included into the boxplot calculation. e Immune cell
infiltration into KEAP1-mutant and KEAP1-wildtype lung adeno-
carcinomas (LUAD) as determined by the Tumor Immune Estimation
Resource TIMER (https://cistrome.shinyapps.io/timer/).
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MTT assay

Cells were seeded in triplicates in a 96-well plate at equal
numbers. After indicated treatment, 5 mg/ml MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
(Sigma-Aldrich, St Louis, USA) was added (1:5) to the cells
for 2 h. Afterwards, cells were lysed with 150 µl DMSO for
20 min. Analysis of the developed formazan accumulation
was performed in a microplate reader (Berthold TriStar LB
941, Berthold Technologies, Bad Wildbad, Germany) at
590 nm with a reference filter of 620 nm.

Protein lysis and western blot

Cells were lysed in RIPA lysis buffer (50 mM Tris pH 8.0;
50 mM NaCl; 1% Nonidet-P40; 0.5% deoxycholate, 0.1%
SDS; 10 μg/ml aprotinin; 10 μg/ml leupeptin; 200 μM
Na3VO4; 1 mM PMSF and 100 mM NaF). Generally, 40 µg
of protein was separated by 12% polyacrylamide SDS-
PAGE. Proteins were transferred on AmershamTM nitro-
cellulose membranes (GE Healthcare, Chicago, USA) and
blocked with 5% BSA (Serva, Heidelberg, Germany) in
TBS with 0.1% Tween-20. Primary antibody incubation
was carried out overnight at 4 °C. Antibodies used for
immunoblot: NRF2 (1:1000 [EP1808Y], ab62532),
MLANA (1:2000, ab210546), TYR (1:2000, ab170905)
from Abcam, Cambridge, UK; COX2 (1:1000, #5625),
ATF4 (1:1000, #11815), MDA-5(1:1000, #5321), P-TBK1/
NAK (Ser172) (1:1000, #5483), and P-ERK1/2 (Thr202/
Tyr204) (1:1000, #9101) from Cell Signaling Technology,
Danvers, USA. For loading controls beta-actin (1:5000, sc-
47778, Santa Cruz Biotechnology, Dallas, USA), tubulin (1:
5000, T6074) or vinculin (1:10000, V9131) from Sigma-
Aldrich (St. Louis, USA) were used. The MITF antibody
was from C. Goding (Oxford Ludwig Institute, University
of Oxford). For protein detection membranes were incu-
bated with secondary antibodies (anti-mouse, (1:3000,
31444, Thermo Scientific, Waltham, USA) or anti-rabbit
(1:10000, 170–6515, BioRad, Hercules, USA) coupled to
horseradish peroxidase and visualized with the ECL
detection Kit (Thermo Scientific, Waltham, USA) and a
CCD system (Kodak, Rochester, USA).

Injection of murine melanoma cells into mice

For the subcutaneous injection of murine melanoma cells
into flanks of C57BL/6 mice (both sexes, aged 6–7 weeks),
10,000 cells were resuspended in 1× PBS and injected into
the previously shaved skin. Cells were injected visibly
through bump formation. Tumor growth was monitored and
documented daily. Tumor onset was determined when
tumors were clearly palpable (at ~4 mm in diameter), this
marked the day until tumor-free survival. The experiment

was terminated when tumor size reached 15 mm in dia-
meter. All experiments were approved by local authorities
(Government of Unterfranken) and were done in accordance
with the institution’s guidelines.

Further methods can be found in the Supplementary
information.
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