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a b s t r a c t

The transcription factor NRF2 plays a key role in the protection against environmental stress and
maintaining cellular homeostasis. The acetyltransferase p300 is a known component of the NRF2 tran-
scriptional complex and promotes its transcriptional activity. In this study we describe a novel mecha-
nism by which p300 facilitates NRF2 activity. p300 physically interacts with NRF2 and interferes with
NRF2-KEAP1 complex formation. In particular, p300 increases NRF2 protein abundance and stability,
thereby promoting NRF2 nuclear localization. Notably, the acetyltransferase activity of p300 was indis-
pensable for the stabilizing effects towards NRF2. Furthermore, overexpression of p300 protected
HEK293T cells from oxidative stress and increased viability. Together our study uncovers a link between
p300 and control of NRF2-KEAP1 signaling via regulation of NRF2 stability and this may act as a novel
checkpoint on the adaptation to oxidative stress.
© 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The transcription factor nuclear factor erythroid 2-related factor
2 (NRF2) is an evolutionary conserved main orchestrator of the
cellular antioxidant response [1]. Under conditions of oxidative
stress, NRF2 translocates to the nucleus and binds to antioxidant
response elements (AREs) of cytoprotective target genes encoding
antioxidant and phase II detoxifying enzymes. Besides protection
against damage by oxidants and inflammatory agents NRF2 co-
ordinates cellular reactions for protein homeostasis, metabolism
and survival [1]. NRF2 is suppressed under homeostatic conditions
through KEAP1/Cul3-dependent ubiquitination and proteasomal
degradation [2]. To ensure efficient surveillance of homeostasis, the
activity of NRF2 is tightly controlled at multiple levels including
transcription, stability in the cytoplasm and degradation, intracel-
lular distribution, ability to bind DNA and other proteins.

Activation of the NRF2 response has been shown to protect
against diseases associated with oxidative stress and inflammatory
condition, such as diabetes, cardiovascular disease, and cancer. But
the impact of NRF2 on cancer is complex. Many studies have
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described, that NRF2 not only promotes the survival of normal cells
but also cancer cells. Activation of NRF2 in cancer cells creates an
environment conducive for cell growth, proliferation, and metas-
tasis [3].

Post-translational modifications play an important role in
regulating the activity of NRF2. Current studies indicate that acet-
ylation of NRF2 is another physiologically important modification
for its activation [4]. Acetylation is balanced by two classes of
functionally antagonistic enzymes, histone acetyltransferases
(HATs) and histone deacetylases (HDACs). The acetyl transferase
p300 and its paralog CBP (CREB-binding protein) are transcrip-
tional coactivators and enable transcriptional activity by chromatin
remodeling and by recruiting the basal transcriptional machinery.

Acetylation of NRF2 by p300/CBP augments its DNA binding to
specific ARE promoters and consequently gene transcription [5,6].
Despite accumulating evidence for posttranslational modification
of NRF2 by p300/CBP themolecular mechanisms and the functional
relevance remain ill-defined. Therefore we set out to investigate
p300-mediated regulation of NRF2. We show a novel biological
consequence upon NRF2-p300 interaction indicating that p300
competes with KEAP1 for NRF2 binding and increases NRF2 protein
stability, thereby promoting nuclear translocation and activity.
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2. Material and methods

2.1. Reagents and plasmids

Cycloheximide, C646, and tert-butylhydroquinone were
obtained from Sigma. MG-132 was purchased from Enzo Life Sci-
ences, and H2O2 from Carl Roth.

Flag-tagged constructs for CD2AP, GFP and MO-25 were previ-
ously described [7]. NC16 pCDNA3.1 FLAG-NRF2 was a gift from
Randall Moon (Addgene plasmid # 36971) [8], pCMVb-p300-myc
from Tso-Pang Yao (Addgene plasmid # 30489), and pcDNA3-
HA2-Keap1 was a gift from Yue Xiong (Addgene plasmid #
21556) [9]. For the Flag-, GFP- and V5-tagged NRF2 constructs, as
well as for the V5-tagged p300 and the Flag-tagged KEAP1 con-
structs used in our study the appropriate cDNAwas amplified from
above mentioned templates by PCR and fused to a pcDNA6 vector
encoding a N-terminal Flag-, GFP- or V5-tag (Invitrogen). The
resulting constructs were sequence verified. Full-length human
V5.p300 with D1399Ymutation [10] was generated by site-directed
mutagenesis.

2.2. Antibodies

Antibodies used in this study included antibody to Flag (Sigma),
mouse antibody to V5 (Serotec) or rabbit antibody to V5 (Millipore),
antibody to b-actin (Sigma), antibody to NRF2 (D1Z9C, Cell
Signaling), and antibody to p300 (clone RW128, Millipore).

2.3. Cell culture and transfections

HEK 293T cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% FBS. Transient trans-
fections were carried out using the calcium phosphatemethod; and
cells were lysed 24e48 h after transfection in IP-buffer containing
20 mM Tris$HCl (pH 7,5), 1% Triton X-100, 50 mM NaF, 15 mM
Na4P2O7, 0.1 mM EDTA, 50 mM NaCl, 2 mM Na3VO4, and cOmplete
protease inhibitor (Roche). A buffer containing 50 mM Hepes pH
7,4, 250 mMNaCl, 0,1% NP-40,1 mM EDTA pH 8 and 1mM PMSF for
detection of endogenous NRF2 protein was described in Ref. [11].

For the quantification of total amounts of the overexpressed and
endogenous proteins, cells were split in parallel, lysed in buffers
described above and analyzed by Western blotting. The blots were
scanned and the bands were quantified using LabImage 1D
software.

For immunoprecipitation experiments, cells were transfected
with the indicated plasmids, lysed in IP buffer and after centrifu-
gation (43,000 rpm, 30 min, 4 �C) the supernatants were incubated
with anti-FLAG M2 affinity beads (Sigma) over night at 4 �C. The
precipitates were washed extensively with IP buffer and subjected
to SDS-PAGE and immunoblotting analysis with anti-Flag and anti-
V5 antibodies. For the competitive binding assay, MG-132 treat-
ment of the cells was performed to obtain equal NRF2-levels.

To analyze the turnover of NRF2, 24 h after transfection cells
were treated with 40 mg/mL cycloheximide in DMEM for the indi-
cated time points followed by lysis in IP-buffer. Proteins were
fractionated by SDS/PAGE, and protein levels were analyzed by
Western blot.

2.4. shRNA stable polyclonal cell line

To generate a 293T cell line for tetracycline-inducible knock-
down of p300, a lentivirus-based transduction system (pLVTH) was
used as previously described [12]. The p300 shRNA targeting
sequence was 50 gcacaaatgtctagttctt 30 as described in Ref. [13], the
control targeting sequence was 50 gtacgcggaatacttcga 3’.
2.5. Quantitative real-time PCR

Total RNA was obtained from 293T cells using RNeasy Mini Kit
(Qiagen) and reverse-transcribed using SuperScript III First-Strand
Synthesis SuperMix for qRTePCR (Invitrogen) according to the
manufacturer’s protocol. qRTePCR was performed on a LightCycler
480 (LC 480, Roche). GAPDH and b-actin were used as normaliza-
tion controls. Each biological replicate was measured in technical
triplicates. The primers used for qRTePCR were: p300: 50

TGTACTGTCTGTGAGGATTATGA 30 and 30 TGCTGGTTGTTGCTCTCA
50, NRF2 primer_1: 50 GTAGATGACAATGAGGTT 30 and 30 TGAT-
TAGTAGCAATGAAGA 50, NRF2 primer_2: 50 AACCTTATTCTCCTAGT-
GAA 30 and 30 ACATCTGGCTTCTTACTT 50, HMOX1: 50

AACAAAGTGCAAGATTCT 30 and 30 GAAAGCTGAGTGTAAGGA 5’.

2.6. Immunofluorescence

293T cells were seeded onto poly-L-lysine (Sigma) coated cov-
erslips. 68 h after knockdown induction and 20 h after transfection
of GFP.NRF2, the cells were treated with tert-butylhydroquinone
100 mmolar for 4 h. Cells were fixed in 4% paraformaldehyde/PBS.
After permeabilization and blocking in PBS containing 0,1% Triton
X-100 and 1% fish gelatine cells were stained for 10 min with
Hoechst 33342 (Molecular Probes). Coverslips were mounted onto
slides using ProLong Diamond Antifade Mountant (Invitrogen), and
visualized under a Zeiss Axiovert 200M2-microscope. Using ImageJ
software, images of Hoechst were surrounded to mark nuclei of
cells, and corresponding GFP-intensity was measured. At least 3
images of each experimental condition for 3 independent experi-
ments were analyzed in a blinded fashion.

2.7. Viability assay

6,5 h after transient transfection, 293T cells were counted and
seeded in at least triplicates in 96-well-plates (approx. 5� 104 cells/
well). 24 Hours after transfection, cells were treated with 100 mM
H202 for the indicated time points. Viability was assessed using the
MTT Cell Proliferation Assay Kit (Cayman Chemical) performed
according to the manufacturer’s protocol. Viability was calculated
relative to the vehicle treatment for each experimental condition.

2.8. Statistical analysis

Data were expressed as means or as means ± SEM. Differences
between the experimental groups were evaluated using students t-
test or the ManneWhitney test as appropriate. The statistical
analysis was performed using SigmaPlot 11.0 software.
3. Results

3.1. p300 interacts with NRF2 and increases its protein stability

To study the role of p300 in NRF2 activationwe first verified that
NRF2 is a non-histone binding substrate of p300. Consistent with
previous reports [5] we observed that p300 co-precipitated with
NRF2 from HEK 293T cells (Fig. 1A). Next, we analyzed the effect of
p300 expression on NRF2 protein abundance. We co-expressed
V5-tagged NRF2 with either p300 or empty vector in HEK293T
cells and found that p300 overexpression greatly increased the
levels of NRF2 (Fig. 1B). To confirm the effect of p300 on NRF2
protein abundance we also measured endogenous NRF2 protein
levels by Western blot analysis. We found that overexpression of
p300 significantly upregulated the protein level of endogenous
NRF2 (Fig. 1C). The impact of p300 on abundance of NRF2 appears



Fig. 1. p300 regulates NRF2 protein abundance.
(A) p300 binds NRF2. V5-tagged p300 and Flag-tagged NRF2 were expressed in
transiently transfected HEK293T cells. After immunoprecipitation (IP) with anti-Flag
antibody, the immobilized p300 was detected by Western blot (WB) analysis using
anti-V5 antibody in the precipitate containing NRF2, but not a control protein (middle
panel). The upper panel shows expression of V5.p300 in the cell lysates and the lower
panel shows the IP of Flag-tagged proteins. kD, kilodalton. (B, C) p300 increases both,
transiently expressed (B) and endogenous NRF2 (C) protein levels. HEK293T were
transiently transfected with V5-tagged p300 expression plasmid. Cell lysates were
analyzed by immunoblotting with antibodies as indicated. Protein levels of NRF2 were
quantified using LabImage 1D software and normalized to b-actin protein levels. The
lower panel shows the quantification of relative NRF2 protein levels from three
independent experiments. (D) As a control, protein level of Flag-tagged GFP (expressed
from the same vector as for NRF2) was not changed by p300 overexpression.
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to be specific because levels of a GFP control protein expressed from
the same vector as NRF2 were not changed by p300 (Fig. 1D).

We next analyzed whether cellular abundance of NRF2 depends
on p300 expression levels. We observed that increasing the con-
centration of p300 plasmid correlated with the up-regulation of
NRF2 protein levels in HEK293T cells (Fig. 2A). Similarly, over-
expression of p300 could dose-dependently increase the level of
endogenous NRF2 protein (Fig. 2B). NRF2 is rapidly degraded by the
proteasome under basal conditions with a very short half-life
resulting in low NRF2 protein levels in many cell types [2]. To test
if p300 affects NRF2 protein stability we analyzed the kinetics of
NRF2 decay under basal conditions and when overexpressing p300.
HEK293T cells were treated with cycloheximide to block trans-
lation. We found that NRF2 levels were significantly diminished 45
and 90 min after treatment with cycloheximide, while this effect
was attenuated in cells overexpressing p300 (Fig. 2C). Since NRF2
protein abundance and half-life were increased by p300 and NRF2
has been shown to be acetylated by p300 [5] we further investi-
gated whether the histone acetyltransferase (HAT) activity of p300
may be critical for NRF2 stabilization. A single amino acid substi-
tution within the HAT core domain of p300 (D1399Y) has been
shown to abolish p300 HAT activity [10,14]. We observed that the
acetyltransferase-deficient p300 D1399Y mutant did not stabilize
NRF2 (Fig. 2D). Consistently, treatment with the histone acetyl-
transferase inhibitor C646 reversed the increase in NRF2 protein
levels by p300 overexpression (Fig. 2E). Together, our data indicate
that the acetyltransferase p300 binds to NRF2 and increases NRF2
protein abundance.
3.2. p300 is necessary for NRF2 stabilization and nuclear
localization

To further investigate the effect of p300 on NRF2 protein
stability we used shRNA knockdown of p300. HEK293T cells were
infected with lenti-p300 shRNA or lenti-control shRNA and p300
knockdown efficiency was verified by qPCR (Fig. 3A). We found that
p300 shRNA knockdown significantly decreased NRF2 protein
levels (Fig. 3B). We also tested whether the changes in NRF2 levels
were due to altered transcription. However, knockdown of p300 did
not substantially change the expression of NRF2 mRNA (Fig. 3C)
indicating that p300 stabilizes NRF2 at the post-translational level.
Previous studies have shown that p300 overexpression increased
binding of NRF2 to target gene promoters, induced NRF2 tran-
scriptional activity and upregulated expression of target genes
[5,6]. Consistently, we observed that shRNA knockdown of p300
impaired the expression of the NRF2 target gene heme oxygenase 1
(HMOX1) (Fig. 3 D).

As p300 was able to stabilize NRF2 andmodulate NRF2 pathway
activity, we hypothesized that p300 might alter the subcellular
localization of NRF2. In response to oxidative stress, NRF2 trans-
locates from the cytoplasm to the nucleus and induces protective
gene expression [1]. To evaluate the role of p300 for NRF2 subcel-
lular localization, HEK293T cells were infected with lenti-p300
shRNA or lenti-control shRNA. The localization of NRF2 was fol-
lowed by co-expression of NRF2 fused to GFP. As expected, NRF2
was mainly localized to the nucleus after treatment with the
oxidizing agent TBHP. However, we observed that p300 shRNA
knockdown decreased the nuclear accumulation of NRF2 (Fig. 3 E).
Together, these observations indicate that p300 stabilizes NRF2 and
promotes its nuclear accumulation.
3.3. p300 competes with KEAP1 for NRF2 binding and increases cell
viability

Given that p300 altered NRF2 protein stability we asked
whether p300 interferes with the NRF2-KEAP1 complex. Under
basal conditions, KEAP1 functions as a substrate adaptor for a Cul3-
based E3 ubiquitin ligase targeting NRF2 for degradation [2]. By
co-immunoprecipitation assays we observed that p300 also in-
teracts with KEAP1 (Fig. 4A).

We next analyzed whether p300 could also impact NRF2 pro-
tein abundance in the presence of the repressor KEAP1. We
observed that NRF2 protein levels were expectedly decreased
with KEAP1 overexpression, while co-expression of p300 greatly
reversed this effect resulting in the stabilization of NRF2 (Fig. 4B).
To test the hypothesis that p300 interferes with KEAP1-NRF2
complex formation we performed co-immunoprecipitation
studies. NRF2 was co-expressed with Flag-tagged KEAP1 and
either p300 or empty vector in HEK293T cells. Since over-
expression of p300 reduces NRF2 stability, the amounts of NRF2 in
the total lysates were adjusted to similar levels. Subsequent to
immunoprecipitation with anti-Flag antibody, Western blot
analysis showed strong binding of NRF2 to KEAP1 (Fig. 4C). In the



Fig. 2. The effect of p300 on NRF2 is dose- and acetylation dependent.
(A) Stabilization of NRF2 depends on p300 expression levels. HEK293T cells were co-transfected with expression vectors for V5-tagged NRF2 and increasing concentrations of
V5.p300. (B) p300 raises endogenous NRF2 levels. Western blot analysis of HEK293T cells transfected with V5.p300 in increasing concentrations. Endogenous NRF2 was detected by
a specific antibody against NRF2. (C) p300 promotes NRF2 protein stability. NRF2 was co-transfected with p300 or empty vector control in HEK293T cells. Twenty-four hours after
transfection cells were treated with cycloheximide for the indicated times. The levels of p300 and NRF2 were monitored by Western blot analysis. b-actin levels were used as a
loading control. The graph (right panel) shows relative NRF2 levels normalized to b-actin. (D) The acetyltransferase-deficient p300 D1399Y mutant fails to stabilize NRF2. Western
blot analysis of HEK293T cells co-transfected with expression vectors for NRF2 and p300 or p300 D1399Y mutant. The right panel shows the quantification of NRF2 levels from three
independent experiments. (E) Treatment of HEK293T cells with the histone acetyltransferase inhibitor C646 reversed the p300-dependent stabilization of NRF2. Right panel
represents the relative protein levels from three independent experiments.
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presence of p300 however, the association of NRF2 with KEAP1
was reduced. These data indicate that p300 competes with KEAP1
for NRF2 binding thereby stabilizing NRF2 protein levels. Finally,
we investigated the effect of p300 on cell survival under oxidative
stress conditions. NRF2 is a key regulator of cellular response to
oxidants [1] and NRF2 stability has been shown to enhance
resistance to H2O2-induced oxidative stress. In accordance with
the stabilization of NRF2 by p300, we observed that HEK293T cells
overexpressing p300 exhibited a significant higher viability
following exposure to H2O2 (Fig. 4D).



Fig. 3. p300 is necessary for NRF2 stabilization and nuclear localization.
(A) Verification of p300 knockdown in HEK293T cells with inducible shRNA expression. mRNA levels of p300 in HEK393T cells infected with control-shRNA or p300-specific shRNA
assayed by qPCR. (B) Knockdown of p300 decreases NRF2 protein levels. Representative blot showing V5.NRF2 expression in HEK293T cells expressing shRNA against control or
p300. Co-transfection of Flag.GFP ensures equal transfection efficiency. Quantification of 3 independent experiments (right panel). (C)mRNA levels of NRF2 in HEK393T cells infected
with lenti-control shRNA or lenti-p300 shRNA. Two different primer sets were used for NRF2mRNA analysis by qPCR. n ¼ 3 for each experiment. ns, not significant. (D) Expression of
the NRF2 antioxidant target gene HMOX1 is reduced by knockdown of p300. n � 3 for each group. (E) Nuclear enrichment of NRF2 following oxidative stress is impaired under p300
deficiency. HEK293T cells infected with shRNA against p300 or control co-expressed GFP-tagged NRF2. Cells were treated with 100 mM TBHP for 4 h and subjected to immuno-
fluorescence analysis with GFP antibody. The nuclei were stained with Hoechst 33342. Representative images, scale bar represents 10 mm. The right panel shows the quantification
of nuclear GFP.NRF2 intensity by ImageJ.
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4. Discussion

In this study, we describe a novel consequence of NRF2-p300
interaction. p300 promotes acetylation-dependent NRF2 protein
abundance and NRF2 nuclear localization, thereby allowing more
sustainable NRF2 transactivation and expression of target genes,
and ultimately increasing cell survival upon stress. Our data indi-
cate that p300 interferes with the interaction of NRF2 with its
repressor KEAP1 which might lead to NRF2 stabilization and
activation (Fig. 4E).

The acetyltransferases p300 and CBP function as key transcrip-
tional coactivators regulating gene expression by acetylating



Fig. 4. p300 competes with KEAP1 for NRF2 regulation and increases cell viability.
(A) p300 interacts with KEAP1. Flag-tagged KEAP1 and control protein (MO25a) were precipitated with anti-Flag antibody. p300 co-immunoprecipitated with KEAP1 but not with
the control protein (middle panel). (B) Overexpression of p300 reverses KEAP1-mediated degradation of NRF2. HEK293T cells were transfected with the indicated expression
constructs and proteins were analyzed by Western blot. (C) Overexpression of p300 reduces the interaction between NRF2 and KEAP1. HEK 293T cells were transiently transfected
with Flag-, and V5 -tagged proteins as indicated, and treated with 5 mmolar MG-132. Flag-tagged KEAP1 and control protein (CD2AP) were precipitated using anti-Flag antibody. In
the presence of p300, less NRF2 was precipitated by KEAP1 (middle panel). (D) p300 confers resistance to oxidative stress. HEK293T cells were transiently transfected with empty
vector or p300. After exposure to H2O2 for 1,5 or 5 h cell viability was assayed. Data are presented as mean ± SEM of 4 independent experiments. (E) Model depicts the modulation
of NRF2-KEAP1 pathway by p300. p300 interferes with NRF2-KEAP1 complex formation, thereby enhancing NRF2 protein stability, nuclear translocation and transcription of target
genes.
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chromatin and recruiting the basal transcription machinery.
But it appears questionable whether histone acetylation is the

primary physiological function for p300/CBP. Acetylation of tran-
scription factors has been shown to affect protein stability,
subcellular distribution, DNA binding affinity, protein-protein
interactions and transcriptional activity [15]. Previous studies in
mammalian cells reported that p300/CBP directly bind to NRF2 and
acetylate NRF2 [5,6]. Acetylation of NRF2 enhanced binding of NRF2
to ARE and increased NRF2-dependent gene transcription [5].

Our results here are particularly novel because they reveal that
p300 also determines NRF2 protein stability. We show that
overexpression of p300 stabilizes NRF2 while loss of p300 func-
tion leads to reduced NRF2 protein abundance. Of note, p300 was
necessary for NRF2 stabilization already under basal conditions.
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Moreover, inhibition of the acetyltransferase activity of p300
pharmacologically or by modification of functionally relevant
amino acids in p300 abolished the stabilization of NRF2 protein
levels. Increased NRF2 protein stability might consequently pro-
mote nuclear localization. Indeed, overexpression of p300/CBP
and acetylation conditions have been shown to modulate nuclear-
cytoplasmic localization of NRF2 [6]. But overexpression of p300/
CBP at high levels makes it difficult to interpret physiological ef-
fects of p300 on NRF2. Our data that knockdown of p300 by shRNA
blocked nuclear localization of NRF2 further corroborate a model
that p300/CBP promotes NRF2 stability and is required for its
nuclear localization.

Protein acetylation is balanced by functionally antagonistic
acetyltransferases p300/CBP and histone deacetylases (HDACs).
SIRT2, a cytoplasmic sirtuin (class III HDAC) has been shown to bind
and deacetylate NRF2 [16]. Deacetylation of NRF2 results in its
instability, shortened half-life, and decreased cellular as well as
nuclear levels. Diminished nuclear accumulation of NRF2 was thus
associated with a reduction in target gene transcription [6,16]. A
more detailed study is required to elucidate how the dynamic
process of NRF2 acetylation/deacetylation by the opposing
activities of p300/CBP and sirtuins alters NRF2 protein stability,
nucleo-cytoplasmic shuttling, and activity.

An interesting finding in our study is that p300 competes with
KEAP1 for NRF2 regulation. KEAP1 is the major repressor of NRF2
stability and activity. KEAP1 binds to NRF2 and functions as
substrate adaptor for a Cul3-containing E3 ubiquitin ligase com-
plex promoting degradation of NRF2 by the ubiquitin proteasome
pathway [2]. Thus, under unstressed conditions the turnover of
endogenous NRF2 protein is relatively fast and protein levels
remain low. We observed that co-expression of p300 with NRF2
enhanced the protein level of NRF2 even in the presence of
exogenous KEAP1 while overexpression of KEAP1 decreased the
protein level of NRF2 as expected. Furthermore, there was a
decreased association of NRF2 with KEAP1 in the presence of
p300.

In the past years, several proteins have been described that
contribute to the activation of the NRF2 pathway by post-
transcriptional modification of NRF2 and interfering with the
KEAP1-NRF2 interaction [4]. Phosphorylation of NRF2 by kinases
such as protein kinase C (PKC), facilitate the release of NRF2 from
KEAP1, promote NRF2 stabilization and subsequent nuclear trans-
location [4]. In addition, it has been reported that some other
factors including p62, BRCA1 and p21(Cip 1/WAF1) stabilize NRF2
via affecting the binding between NRF2 and KEAP1 [1,4].

Remarkably, the mechanism of NRF2 activation by p300/CBP
through stabilizing the NRF2 protein and promoting nuclear
localization appears to be strongly conserved in evolution. We
could previously demonstrate that CBP-1, the C. elegans homolog
of p300/CBP plays a critical role in the activation of SKN-1/NRF2
[17]. CBP-1 promotes SKN-1/NRF2 protein abundance and
nuclear recruitment, upregulates SKN-1 transcriptional activity,
and ultimately is central for stress tolerance and normal lifespan
of the animals. Acetylation of the Drosophila CncC/NRF2 tran-
scription factor has also been described [18]. Consistently, we
show here that p300 regulates NRF2 stability and activity in HEK
293T cells arguing for a conserved mechanism from C. elegance to
mammals and underlining the importance of our observation.

The characterization of p300 as NRF2 activator interfering with
KEAP1 repression adds another facet to an increasingly complex
picture of NRF2 signaling and biology. We propose a model
whereby p300-mediated acetylation of NRF2 causes dissociation
of NRF2 from KEAP1, allowing NRF2 to translocate to the nucleus
and upregulate transcription of target genes, and eventually
increasing survival under oxidative stress. Further studies are
needed to elucidate the cross-talk or competition between p300-
mediated acetylation and other post-translational NRF2
modifications.

Funding

This study was supported by grants from the Deutsche
Forschungsgemeinschaft DFG (CRC1140), the European Social Fund
and the Ministry of Science, Research and Art Baden-Württemberg
(Margarete von Wrangell Programm), and by the Berta-Ottenstein-
Programme for Advanced Clinician Scientists (Faculty of Medicine,
University of Freiburg) to ENH. AG was supported by the Else
Kr€oner Fresenius Stiftung and by a research grant from the
Government Baden-Wuerttemberg (Brigitte-Schlieben-Lange-
Programm).

Declaration of competing interest

We have no conflict of interest to declare.

Acknowledgements

We thank Roland Nitschke from the Life Imaging Center (LIC) in
the Center for Systems Biology, Albert-Ludwigs-University Freiburg
for support in image recording and analysis.

References

[1] Q. Ma, Role of nrf2 in oxidative stress and toxicity, Annu. Rev. Pharmacol.
Toxicol. 53 (2013) 401e426, https://doi.org/10.1146/annurev-pharmtox-
011112-140320.

[2] A. Kobayashi, M.I. Kang, H. Okawa, M. Ohtsuji, Y. Zenke, T. Chiba, K. Igarashi,
M. Yamamoto, Oxidative stress sensor Keap1 functions as an adaptor for
Cul3-based E3 ligase to regulate proteasomal degradation of Nrf2, Mol. Cell
Biol. 24 (2004) 7130e7139, https://doi.org/10.1128/MCB.24.16.7130-
7139.2004.

[3] S. Menegon, A. Columbano, S. Giordano, The dual roles of NRF2 in cancer,
Trends Mol. Med. 22 (2016) 578e593, https://doi.org/10.1016/
j.molmed.2016.05.002.

[4] R. Li, Z. Jia, H. Zhu, Regulation of Nrf2 signaling, Reactive oxygen species 8
(2019) 312e322.

[5] Z. Sun, Y.E. Chin, D.D. Zhang, Acetylation of Nrf2 by p300/CBP augments
promoter-specific DNA binding of Nrf2 during the antioxidant response, Mol.
Cell Biol. 29 (2009) 2658e2672, https://doi.org/10.1128/MCB.01639-08.

[6] Y. Kawai, L. Garduno, M. Theodore, J. Yang, I.J. Arinze, Acetylation-deacetyla-
tion of the transcription factor Nrf2 (nuclear factor erythroid 2-related factor
2) regulates its transcriptional activity and nucleocytoplasmic localization,
J. Biol. Chem. 286 (2011) 7629e7640, https://doi.org/10.1074/
jbc.M110.208173.

[7] A. Viau, F. Bienaime, K. Lukas, A.P. Todkar, M. Knoll, T.A. Yakulov, A. Hofherr,
O. Kretz, M. Helmstadter, W. Reichardt, S. Braeg, T. Aschman, A. Merkle,
D. Pfeifer, V.I. Dumit, M.C. Gubler, R. Nitschke, T.B. Huber, F. Terzi, J. Dengjel,
F. Grahammer, M. Kottgen, H. Busch, M. Boerries, G. Walz, A. Triantafyllopoulou,
E.W. Kuehn, Cilia-localized LKB1 regulates chemokine signaling, macrophage
recruitment, and tissue homeostasis in the kidney, EMBO J. 37 (2018), https://
doi.org/10.15252/embj.201798615.

[8] N.D. Camp, R.G. James, D.W. Dawson, F. Yan, J.M. Davison, S.A. Houck, X. Tang,
N. Zheng, M.B. Major, R.T. Moon, Wilms tumor gene on X chromosome (WTX)
inhibits degradation of NRF2 protein through competitive binding to KEAP1
protein, J. Biol. Chem. 287 (2012) 6539e6550, https://doi.org/10.1074/
jbc.M111.316471.

[9] M. Furukawa, Y. Xiong, BTB protein Keap1 targets antioxidant transcription
factor Nrf2 for ubiquitination by the Cullin 3-Roc1 ligase, Mol. Cell Biol. 25
(2005) 162e171, https://doi.org/10.1128/MCB.25.1.162-171.2005.

[10] E.B. Askew, S. Bai, A.J. Blackwelder, E.M. Wilson, Transcriptional synergy be-
tween melanoma antigen gene protein-A11 (MAGE-11) and p300 in androgen
receptor signaling, J. Biol. Chem. 285 (2010) 21824e21836, https://doi.org/
10.1074/jbc.M110.120600.

[11] J. Chen, L.F. Chen, Methods to detect NF-kappaB acetylation and methylation,
Methods Mol. Biol. 1280 (2015) 395e409, https://doi.org/10.1007/978-1-
4939-2422-6_24.

[12] M. Wiznerowicz, D. Trono, Conditional suppression of cellular genes: lenti-
virus vector-mediated drug-inducible RNA interference, J. Virol. 77 (2003)
8957e8961, https://doi.org/10.1128/jvi.77.16.8957-8951.2003.

[13] G.H. Ha, H.S. Kim, C.G. Lee, H.Y. Park, E.J. Kim, H.J. Shin, J.C. Lee, K.W. Lee,
C.W. Lee, Mitotic catastrophe is the predominant response to histone

https://doi.org/10.1146/annurev-pharmtox-011112-140320
https://doi.org/10.1146/annurev-pharmtox-011112-140320
https://doi.org/10.1128/MCB.24.16.7130-7139.2004
https://doi.org/10.1128/MCB.24.16.7130-7139.2004
https://doi.org/10.1016/j.molmed.2016.05.002
https://doi.org/10.1016/j.molmed.2016.05.002
http://refhub.elsevier.com/S0006-291X(20)30266-7/sref4
http://refhub.elsevier.com/S0006-291X(20)30266-7/sref4
http://refhub.elsevier.com/S0006-291X(20)30266-7/sref4
https://doi.org/10.1128/MCB.01639-08
https://doi.org/10.1074/jbc.M110.208173
https://doi.org/10.1074/jbc.M110.208173
https://doi.org/10.15252/embj.201798615
https://doi.org/10.15252/embj.201798615
https://doi.org/10.1074/jbc.M111.316471
https://doi.org/10.1074/jbc.M111.316471
https://doi.org/10.1128/MCB.25.1.162-171.2005
https://doi.org/10.1074/jbc.M110.120600
https://doi.org/10.1074/jbc.M110.120600
https://doi.org/10.1007/978-1-4939-2422-6_24
https://doi.org/10.1007/978-1-4939-2422-6_24
https://doi.org/10.1128/jvi.77.16.8957-8951.2003


A. Ganner et al. / Biochemical and Biophysical Research Communications 524 (2020) 895e902902
acetyltransferase depletion, Cell Death Differ. 16 (2009) 483e497, https://
doi.org/10.1038/cdd.2008.182.

[14] X. Liu, L. Wang, K. Zhao, P.R. Thompson, Y. Hwang, R. Marmorstein, P.A. Cole,
The structural basis of protein acetylation by the p300/CBP transcriptional
coactivator, Nature 451 (2008) 846e850, https://doi.org/10.1038/nature06546.

[15] J.M. Park, S.H. Jo, M.Y. Kim, T.H. Kim, Y.H. Ahn, Role of transcription factor
acetylation in the regulation of metabolic homeostasis, Protein & cell 6 (2015)
804e813, https://doi.org/10.1007/s13238-015-0204-y.

[16] X. Yang, S.H. Park, H.C. Chang, J.S. Shapiro, A. Vassilopoulos, K.T. Sawicki,
C. Chen, M. Shang, P.W. Burridge, C.L. Epting, L.D. Wilsbacher,
S. Jenkitkasemwong, M. Knutson, D. Gius, H. Ardehali, Sirtuin 2 regulates
cellular iron homeostasis via deacetylation of transcription factor NRF2, J. Clin.
Invest. 127 (2017) 1505e1516, https://doi.org/10.1172/JCI88574.

[17] A. Ganner, J. Gerber, A.K. Ziegler, Y. Li, J. Kandzia, T. Matulenski, S. Kreis,
G. Breves, M. Klein, G. Walz, E. Neumann-Haefelin, CBP-1/p300 acetyl-
transferase regulates SKN-1/Nrf cellular levels, nuclear localization, and
activity in C. elegans, Exp. Gerontol. 126 (2019) 110690, https://doi.org/
10.1016/j.exger.2019.110690.

[18] N. Chatterjee, M. Tian, K. Spirohn, M. Boutros, D. Bohmann, Keap1-
Independent regulation of Nrf2 activity by protein acetylation and a BET
bromodomain protein, PLoS Genet. 12 (2016), e1006072, https://doi.org/
10.1371/journal.pgen.1006072.

https://doi.org/10.1038/cdd.2008.182
https://doi.org/10.1038/cdd.2008.182
https://doi.org/10.1038/nature06546
https://doi.org/10.1007/s13238-015-0204-y
https://doi.org/10.1172/JCI88574
https://doi.org/10.1016/j.exger.2019.110690
https://doi.org/10.1016/j.exger.2019.110690
https://doi.org/10.1371/journal.pgen.1006072
https://doi.org/10.1371/journal.pgen.1006072

	The acetyltransferase p300 regulates NRF2 stability and localization
	1. Introduction
	2. Material and methods
	2.1. Reagents and plasmids
	2.2. Antibodies
	2.3. Cell culture and transfections
	2.4. shRNA stable polyclonal cell line
	2.5. Quantitative real-time PCR
	2.6. Immunofluorescence
	2.7. Viability assay
	2.8. Statistical analysis

	3. Results
	3.1. p300 interacts with NRF2 and increases its protein stability
	3.2. p300 is necessary for NRF2 stabilization and nuclear localization
	3.3. p300 competes with KEAP1 for NRF2 binding and increases cell viability

	4. Discussion
	Funding
	Declaration of competing interest
	Acknowledgements
	References


