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ABSTRACT Activation of the stress-responsive transcription factor NRF2 is the major
line of defense to combat oxidative or electrophilic insults. Under basal conditions,
NRF2 is continuously ubiquitylated by the KEAP1-CUL3-RBX1 E3 ubiquitin ligase
complex and is targeted to the proteasome for degradation (the canonical mecha-
nism). However, the path from the CUL3 complex to ultimate proteasomal degrada-
tion was previously unknown. p97 is a ubiquitin-targeted ATP-dependent segregase
that extracts ubiquitylated client proteins from membranes, protein complexes, or
chromatin and has an essential role in autophagy and the ubiquitin proteasome sys-
tem (UPS). In this study, we show that p97 negatively regulates NRF2 through the
canonical pathway by extracting ubiquitylated NRF2 from the KEAP1-CUL3 E3 com-
plex, with the aid of the heterodimeric cofactor UFD1/NPL4 and the UBA-UBX-
containing protein UBXN7, for efficient proteasomal degradation. Given the role of
NRF2 in chemoresistance and the surging interest in p97 inhibitors to treat cancers,
our results indicate that dual p97/NRF2 inhibitors may offer a more potent and
long-term avenue of p97-targeted treatment.
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The ability of organisms to adapt to changes in the environment is critical to survival.
There are many biological systems that can sense both subtle and catastrophic

changes; one such system is the KEAP1-NRF2-ARE signaling pathway (1). Nuclear factor
(erythroid-derived 2)-like 2 (NRF2) is a basic leucine zipper transcription factor that is
activated in response to oxidative stress or stress caused by electrophilic xenobiotic
agents (2). Under basal conditions, NRF2 is bound by Kelch-like ECH-associated protein
1 (KEAP1), which serves as a substrate adapter for the cullin-3 (CUL3) E3 ubiquitin (Ub)
ligase complex (3–5). This leads to constant ubiquitylation and subsequent proteasomal
degradation of NRF2, ensuring low basal levels of NRF2. Upon oxidative or electrophilic
insults, KEAP1 can be modified at its sensory cysteines, leading to a conformational
change that prevents NRF2 ubiquitylation (6, 7). As a result, the NRF2-KEAP1-CUL3
complex is stabilized, allowing newly synthesized NRF2 to accumulate in the cytosol (8).
NRF2 then translocates to the nucleus, where it can bind to small Maf proteins and turn
on the transcription of antioxidant response element (ARE)-controlled genes (9, 10).
These genes encode stress response and energy metabolism proteins that work in
concert to remove cellular stress and modulate intermediary metabolism (1, 11). This
mode of NRF2 modulation is known as the canonical pathway (12).

Like many, if not all, protective pathways, the NRF2 pathway also contains a dark
side. Uncontrolled or deregulated expression of NRF2 confers a survival advantage to
cells that promotes cancer and confers drug resistance (13, 14). This dark side of NRF2
has been shown to be present in many cancers that bear mutations of NRF2 regulatory
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proteins or NRF2 itself (15). It was reported recently that the incidence of mutations in
NRF2 or KEAP1 is comparable to that for previously well-recognized tumor suppressors
or oncogenes, such as TP53, PTEN, and KRAS (16). Moreover, deregulation of NRF2 can
result from autophagic dysfunction (17). When the autophagic pathway is compro-
mised, p62 accumulates and sequesters KEAP1 in the autophagosomes, which leads to
increased NRF2 levels and subsequent activation of NRF2 signaling (18–20). Unlike the
canonical pathway, which has a mechanism to rapidly stop NRF2 signaling when
cellular redox homeostasis is restored, this noncanonical path leads to prolonged NRF2
activation (21–24). The detrimental effects of persistent NRF2 activation have been
shown to result in tissue damage in a variety of model systems, demonstrating the
importance of tight NRF2 regulation (23, 25, 26).

p97 (or valosin-containing protein [VCP]) is an ATPase associated with various
cellular activities (AAA�) chaperone that uses the energy of ATP binding and hydrolysis
to segregate ubiquitylated polypeptides from other biomolecules (27, 28). This segre-
gase function of p97 is central to a number of critical biological functions, including
transcription factor regulation, ubiquitin proteasome system (UPS)-mediated degrada-
tion, and autophagosome maturation (29–33). These functions indicate that p97 may
be involved in the regulation of NRF2, which would have important clinical implications
for a p97 inhibitor that recently entered clinical trials (34, 35). If p97 were to regulate
NRF2, then inhibition of p97 would cause an increase in NRF2 levels, possibly leading
to enhanced drug resistance. Understanding this mechanism would help to combat
this, for instance, by coadministration of an NRF2 inhibitor with a p97 inhibitor. For this
reason, we studied the cross talk between p97 and NRF2. Our studies reveal that p97
negatively regulates NRF2 through the canonical pathway. The interaction between
p97 and NRF2 is ubiquitin dependent and requires the ubiquitin-binding p97 heterodi-
meric cofactors NPL4 and UFD1. Additionally, UBXN7 is required to form the connection
between CUL3 and p97. Adding mechanistic details to the understanding of the
regulation of NRF2 offers new possibilities for drug design and potential synergistic
drug development opportunities.

RESULTS
Reduction of the p97 level or activity leads to increased levels of NRF2 and its

target genes. Because p97 is a ubiquitin-targeted AAA� chaperone and also facilitates
autophagosome maturation (27), it was hypothesized that p97 may be involved in
NRF2 regulation. To test this, several cell lines, including a human bronchial epithelial
cell line (HBE), non-small-cell lung cancer cell lines (H1299 and A549), and an osteo-
sarcoma cell line (U2OS), were subjected to immunoblot analyses to compare the
protein levels of p97. We found that H1299 cells had the highest level of p97 and the
lowest level of NRF2, making them the most suitable cells for further research (Fig. 1a).
Next, the expression of p97 was silenced in H1299 cells by use of four different small
interfering RNAs (siRNAs) to exclude off-target effects of the p97 siRNAs; for further
experiments, only p97 siRNA#7 was used, since differences among siRNAs were modest
(Fig. 1b). As shown, increases in the levels of NRF2 and its target gene products,
glutamate-cysteine ligase, modifier subunit (GCLM), and heme oxygenase 1 (HO-1),
were observed when p97 expression was reduced (Fig. 1b). In contrast, no effects on
KEAP1 protein levels were observed (Fig. 1b). Similar results were obtained with HBE
cells (not shown); however, in A549 and U2OS cells, knockdown of p97 showed little
effect on NRF2, GCLM, and HO-1 levels (data not shown). This was likely caused by low
endogenous levels of p97, indicating inefficient p97 knockdown. To test if p97 activity
is necessary to regulate NRF2, H1299 cells were treated with CB-5083, a potent and
highly selective p97 inhibitor that is currently in clinical trials (34). Protein levels of NRF2
(peak induction at 4 to 8 h) and GCLM (peak induction at 16 h) increased in a
dose-dependent manner when the activity of p97 was inhibited (Fig. 1c). Similarly, in
A549, HBE, and U2OS cells treated with CB-5083, dose-dependent increases in NRF2
levels were observed (Fig. 1d). To explore the requirement of KEAP1 in the p97-
mediated negative regulation of NRF2, H1299 KEAP1 knockout (KEAP1�/�) cells were
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generated using the clustered regularly interspaced short palindromic repeat (CRISPR)
gene editing technique. The results showed that knockdown of p97 had no effect on
NRF2, GCLM, or HO-1 levels in KEAP1�/� cells compared to those in wild-type (WT)
H1299 cells (Fig. 1e). Collectively, these results indicate that p97 negatively regulates
the NRF2 signaling pathway in a KEAP1-dependent manner in the cell lines tested.

p97 interacts with NRF2 in a ubiquitin-dependent manner. Given our observa-
tion that p97 regulates NRF2, we hypothesized that p97 physically interacts with
ubiquitylated NRF2. To test this, H1299 cells were transfected with control siRNA, p97
siRNA, or NRF2 siRNA (to knock down endogenous NRF2 expression) and then cotrans-
fected with vectors containing hemagglutinin (HA)-tagged wild-type NRF2 (NRF2-WT)
or HA-tagged NRF2-K7 (a ubiquitylation-defective NRF2 mutant in which the seven
ubiquitin-accepting lysines are replaced by alanines) (5). Immunoblot analysis was
performed to detect the expression of NRF2 and its target genes (Fig. 2a). Even though
the reduction of NRF2 was modest (�50%), the expression levels of NRF2-WT and -K7
were sufficiently high to render the results significant. The data indicate that p97
decreases NRF2 levels and function only when the ubiquitin-receiving lysines in NRF2
are intact. Furthermore, to determine if p97 was in the complex with NRF2 and the
requirement of NRF2 ubiquitylation, HA-tagged NRF2-WT or HA-tagged NRF2-K7 was
coexpressed (with the levels adjusted to be equal) with FLAG-tagged p97. Reciprocal
immunoprecipitation analyses indicated an interaction between p97 and NRF2-WT but
not between p97 and NRF2-K7 (Fig. 2b). These results indicate that p97 interacts only
with ubiquitylated NRF2, resulting in negative regulation of NRF2. Furthermore, to
confirm that p97 was in the same complex as ubiquitylated NRF2, immunoprecipitation
analyses of endogenous p97 and NRF2 were performed on WT and KEAP1�/� H1299

FIG 1 Reduction of the p97 level or activity leads to increased levels of NRF2 and its target genes. (a) Protein levels of NRF2 and p97 were examined by
immunoblot analysis for two lung adenocarcinoma cell lines (A549 and H1299), a normal bronchial epithelial cell line (HBE), and an osteosarcoma cell line
(U2OS). (b) H1299 cells were transfected with a scrambled siRNA (control [Ctrl]) or one of four different p97 siRNAs (#6, #7, #9, and #10; see Materials and
Methods for details) for 48 h. Total cell lysates were used for immunoblot analysis with antibodies against the indicated proteins. In this panel, NRF2 appears
as a single band because the protein lysates were resolved in 4 to 12% gradient gels. All other NRF2 bands appear as two bands because they were resolved
in 7.5% gels. (c) H1299 cells were treated for 8 h (left) or 16 h (right) with the indicated doses of the p97 inhibitor CB-5083. Total cell lysates were subjected
to immunoblot analyses. (d) HBE, A549, and U2OS cells were treated with the p97 inhibitor CB-5083 for 8 h. NRF2 expression was detected by immunoblot
analysis. (e) H1299 KEAP1 knockout (KEAP1�/�) cells were generated using CRISPR-Cas9 gene editing. Wild-type (WT) and KEAP1�/� cells were transfected with
Ctrl or p97 siRNA for 48 h. Total cell lysates were subjected to immunoblot analyses.
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cells. The interaction between p97 and NRF2 was detected only in WT cells, not in
KEAP1�/� cells, suggesting that p97 extracts ubiquitylated NRF2 from the KEAP1-CUL3
E3 complex (Fig. 2c).

p97 facilitates ubiquitin-mediated degradation of NRF2. Based on the known
function of p97 and our observation that p97 interacts with ubiquitylated NRF2, we
hypothesized that p97 functions as a macromolecular machine that extracts ubiquity-
lated NRF2 from the KEAP1-CUL3 E3 complex to deliver it to the 26S proteasome for
degradation. To test this possibility, the effect of p97 knockdown on ubiquitylated NRF2
levels was examined in detail. H1299 cells were transfected with HA-ubiquitin (HA-Ub)
and NRF2 along with p97 siRNA and then treated with MG132 for 4 h before harvest to
block the degradation of ubiquitylated NRF2. Immunoblot analysis with total cell lysate
confirmed the p97 knockdown and the blockage of NRF2 degradation by MG132 (Fig.
3a, bottom panel). Next, NRF2 was immunoprecipitated, and ubiquitylated NRF2 was
detected by immunoblot analysis with an anti-HA antibody. A much higher level of
ubiquitylated NRF2 was observed in the p97 siRNA-transfected cells (Fig. 3a), suggest-
ing that p97 modulates the level of ubiquitylated NRF2. To further confirm this and to
ensure that the effects observed were not an artifact of exogenous protein expression,
the same experiment was carried out on endogenous NRF2 and ubiquitin. Again, an
increase in ubiquitylated NRF2 was clearly present when cells were transfected with
p97 siRNA (Fig. 3b). Finally, to test the role of p97 in enhancing the degradation of
NRF2, the half-life of NRF2 was measured. H1299 cells were transfected with control
siRNA or p97 siRNA and then treated with cycloheximide for the indicated times. The
relative amounts of NRF2 at different time points were calculated from the immunoblot
analysis and plotted to determine the half-life of NRF2. In p97 siRNA-transfected cells,
the half-life of NRF2 increased from 20.5 min to 31.4 min (Fig. 3c). Collectively, these
data suggest that p97 facilitates the degradation of NRF2.

p97 is involved in the canonical NRF2 pathway. As discussed above, NRF2 can be
modulated in a canonical, UPS-mediated manner or in a noncanonical, autophagy-
mediated manner. Because p97 has been implicated in both of these pathways, we
sought to differentiate how p97 modulates NRF2. First, KEAP1 expression was knocked
down, and as expected, NRF2 levels increased, since KEAP1-mediated ubiquitylation of
NRF2 was abolished. Moreover, no further increase in NRF2 was seen when both KEAP1
and p97 expression was knocked down (Fig. 4a). Since KEAP1 is an essential component
of both the canonical and noncanonical regulation of NRF2, p62 expression was also
knocked down to test if p97 worked through the noncanonical pathway. siRNA-

FIG 2 p97 interacts with NRF2 in a ubiquitin-dependent manner. (a) H1299 cells were first transfected with p97 siRNA, NRF2 siRNA (to knock down endogenous
NRF2), or both siRNAs for 24 h and then transfected with a plasmid containing either HA-tagged NRF2-WT or HA-tagged NRF2-K7 for another 24 h. Total cell
lysates were subjected to immunoblot analysis. (b) H1299 cells were transfected with a plasmid containing FLAG-tagged p97 and a plasmid for either HA-tagged
NRF2-WT or HA-tagged NRF2-K7 for 24 h. Different amounts of NRF2-WT and NRF2-K7 were used in the presence or absence of p97 to ensure equal expression
of total NRF2. Cell lysates were used for reciprocal immunoprecipitation (IP) and immunoblot (IB) analyses. (Left) p97 was immunoprecipitated with an anti-FLAG
antibody, and NRF2 was detected using an anti-HA antibody. (Right) NRF2-WT or NRF2-K7 was immunoprecipitated using an anti-HA antibody, and p97 was
detected using an anti-FLAG antibody. (Bottom) An aliquot of total cell lysate was used for immunoblot analysis with an anti-FLAG (p97) or anti-HA (NRF2)
antibody. (c) H1299 WT and KEAP1�/� cells were treated with 10 �M MG132 for 4 h to block degradation of ubiquitylated NRF2 before harvest. Cell lysates were
subjected to immunoprecipitation analyses with anti-p97 or anti-NRF2 antibodies. Isotype IgG was used as a negative control, and anti-KEAP1 antibody was
used as a positive control.
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mediated knockdown of p62 had no effect on the inverse relationship between p97
and NRF2 (Fig. 4a). These results are consistent with the mRNA expression levels of the
NRF2 downstream genes GCLM and HMOX-1 (the gene that encodes HO-1) as analyzed
by quantitative reverse transcription-PCR (qRT-PCR) (Fig. 4b). These data suggest that
the negative effects of p97 on NRF2 are KEAP1 dependent and operate independently
of the p62-mediated noncanonical autophagy pathway. Consistent with this, blocking
autophagy by use of bafilomycin (Baf) failed to alter the effects of p97 knockdown on
NRF2 upregulation (Fig. 4c). As shown, when p97 was knocked down, an increase of
NRF2 was observed in control (Ctrl) cells, with a further increase in the NRF2 level in
Baf-treated cells, at both the 4-h and 16-h time points (Fig. 4c). The same trend was
observed in the analysis of mRNA levels of GCLM and HMOX-1 by qRT-PCR (Fig. 4d).
These results further support the canonical pathway as the intersection between p97
and NRF2. Additionally, the canonical activator sulforaphane (SF) was used to confirm
that the effect of p97 on NRF2 is through the canonical pathway. SF increased the level
of NRF2, but there was no further increase when p97 was knocked down (Fig. 4b). This
is most likely due to the observations that SF blocks KEAP1-mediated ubiquitylation of
NRF2 (5) and that nonubiquitylated NRF2 is not a substrate of p97. These data also
indicate that p97 works in the canonical NRF2 pathway.

Decreased levels of the p97 cofactors UFD1 and NPL4 and the UBA-UBX
protein UBXN7 lead to increased expression of NRF2 and NRF2 target genes. Next,
we sought to identify the critical p97 cofactors involved in this regulatory process.
Because NRF2 is regulated in a ubiquitin-dependent manner, it was reasoned that the
heterodimeric pair UFD1/NPL4 was one likely candidate, as this pair has been shown to
direct p97 to ubiquitylated proteins to be extracted (36). Indeed, knockdown of UFD1
increased the protein levels of NRF2, GCLM, and HO-1, as determined by immunoblot
analysis (Fig. 5a), and increased protein levels and nuclear translocation of NRF2, as
shown by immunofluorescence assay (Fig. 5b). Since NRF2 is regulated by a CUL3 E3

FIG 3 p97 facilitates ubiquitin-mediated degradation of NRF2. (a) Ubiquitylation of ectopically expressed NRF2. H1299 cells were first
transfected with p97 siRNA for 24 h and then transfected with expression vectors for FLAG-NRF2 and HA-ubiquitin (HA-Ub) for an
additional 24 h. Before harvest, cells were treated with 10 �M MG132 for 4 h to block degradation of ubiquitylated NRF2. NRF2 was
immunoprecipitated using an anti-FLAG antibody, and immunoprecipitated NRF2 was subjected to immunoblot analysis with an anti-HA
antibody. (Bottom) An aliquot of total cell lysate was used for immunoblot analysis. (b) Ubiquitylation of endogenous NRF2. H1299 cells
were transfected with p97 siRNA for 48 h. NRF2 was immunoprecipitated with an anti-NRF2 antibody, and immunoprecipitated NRF2 was
subjected to immunoblot analysis with an antiubiquitin (anti-Ub) antibody for detection of endogenous ubiquitylated NRF2. (Bottom) An
aliquot of total cell lysate was used for immunoblot analysis. (c) H1299 cells were transfected with a scrambled siRNA (Ctrl siRNA) or p97
siRNA for 48 h. Cells were treated with cycloheximide for the indicated time before harvest. (Top) Total cell lysates were subjected to
immunoblot analysis. (Bottom) NRF2 and GAPDH levels were determined by densitometry, and the level of NRF2 relative to that of GAPDH
was plotted as a function of time to determine the half-life of NRF2. NRF2:S, short exposure; NRF2:L, long exposure.
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complex and a proteomic investigation from the Deshaies group indicated that UBA-
UBX proteins are associated with the p97-cullin E3 ligase network (37, 38), a series of
siRNAs targeting UBA-UBX proteins was tested for effects on NRF2. Knockdown of
UBXN7 (a UBA-UBX protein) led to increases of NRF2, GCLM, and HO-1 by both
immunoblot analysis (Fig. 5a) and immunofluorescence assay (Fig. 5b). In contrast,
knockdown of UBXN7 had no effects on KEAP1 or p62 protein levels. Furthermore, in
the presence of siRNA targeting the p97, UFD1, or UBXN7 gene, the mRNA levels of
GCLM and HMOX-1 were increased relative to those in the presence of control siRNA
(Fig. 5c). In contrast, NRF2 and KEAP1 mRNA levels were not affected, which is consistent
with the fact that NRF2 is typically regulated posttranslationally at the level of protein
stability.

DISCUSSION

Careful regulation of oxidative stress is critical to organismal well-being. The dietary
and chemical modulation of the KEAP1-NRF2-ARE pathway to boost cellular defense
mechanisms and confer protection against various diseases has been well documented
(39–41). Typically, this takes the form of small electrophilic modifiers, such as sul-
foraphane, which covalently modify the sensory cysteines of KEAP1, preventing ubiq-
uitylation of NRF2 and leading to activation of the NRF2-mediated cellular protective
response (42). More recently, it was revealed that activation of NRF2 is not always
positive. When this activation goes unchecked, NRF2 can confer a survival advantage to
cells and lead to excessive growth (43). This dark side of NRF2 actually suggests that,

FIG 4 p97 is involved in the canonical NRF2 pathway. (a and b) H1299 cells were transfected with the indicated siRNAs for
48 h. Total cell lysates were subjected to immunoblot analysis (a) and qRT-PCR analysis of GCLM and HMOX-1 (the gene
encoding HO-1) (b). (c and d) H1299 cells were transfected with p97 siRNA for 48 h, followed by a 4-h or 16-h treatment
with the autophagy blocker bafilomycin (Baf) (100 nM for 4 h or 50 nM for 16 h) or the canonical NRF2 activator sulforaphane
(SF) (5 �M for 4 h or 2.5 �M for 8 h). Total cell lysates were subjected to immunoblot analysis (c) and qRT-PCR analysis of
GCLM and HMOX-1 (for the 16-h treatment only) (d). Results were obtained from three independent experiments. *, P � 0.05
compared to control.
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in certain contexts, NRF2 inhibitors might be of benefit to cancer treatment, as
supported by in vitro and in vivo evidence (44, 45). These examples argue for a
continued need to dissect the details of the NRF2 pathway to develop new treatments
and refine existing ones.

In the present study, we identified a critical link between NRF2, p97, and protea-
somal degradation. siRNA-mediated knockdown of p97 and chemical inhibition of p97
activity led to increases in NRF2 levels. Further exploration of this connection by use of
siRNAs showed that p97 employs the heterodimeric cofactor complex UFD1/NPL4. The
proteins of this complex are the best-studied p97 cofactors and have been shown to
target p97 to ubiquitylated substrates (46). Further, UBXN7 was also shown to be
required for p97-mediated NRF2 regulation. Previous work has shown an interaction
between p97, UBXN7, CUL2, and HIF1� (47). However, UBXN7 showed an effect
opposite that of p97, i.e., UBXN7 knockdown decreased HIF1� levels (37). The signifi-
cance of this complex biology remains unclear. In the present case, UBXN7 is inversely
correlated with NRF2 levels, giving the first clear link between a UBA-UBX protein, p97,
a CUL-containing E3 ligase, and a transcription factor. The structural details of this
complex require further investigation, including the precise mode of interaction be-
tween p97, each cofactor, and the CUL3 complex, as well as the need for both a UBA
domain and UFD1/NPL4, both of which have been demonstrated to bind to ubiquitin.
In addition, our data clearly demonstrate that p97 negatively regulates NRF2 by

FIG 5 Decreased levels of p97, UFD1/NPL4, and UBXN7 increase NRF2 signaling. (a to c) H1299 cells were transfected with the indicated siRNA
for 48 h. (a) Total cell lysates were subjected to immunoblot analysis. (b) Cells were grown on glass coverslips for 48 h and then were subjected
to indirect immunofluorescence analysis using an anti-NRF2 antibody. Hoechst 33258 was included to label nuclei. (c) Total RNA was extracted
and reverse transcribed, and equal amounts of cDNA were used for qRT-PCR. *, P � 0.05 compared to Ctrl siRNA. The experiments were repeated
three times, each with duplicate samples. (d) Model of the p97-mediated extraction of NRF2 from the KEAP1-CUL3-RBX1 complex for proteasomal
degradation in the canonical NRF2 pathway. NRF2 is recruited to the KEAP1-CUL3-RBX1 E3 ligase complex by KEAP1, leading to ubiquitylation
of NRF2, which is segregated from the complex by p97. UBXN7 acts as a scaffold protein that brings together all the components, which we
propose to take place by the following model. The UIM domain binds to NEDDylated (NEDD8) CUL3 (in green), the UBA domain binds to
ubiquitylated NRF2, and the UBX domain recruits p97 through interaction with the p97 N-terminal domain. The UFD1/NPL4 heterodimer likely
binds to both the p97 N-terminal domain and NRF2, bringing these two proteins into close proximity. This allows p97 to act as an ATP-driven
motor to extract ubiquitylated NRF2 from the KEAP1-CUL3 complex to deliver it to the 26S proteasome for degradation.
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extracting ubiquitylated NRF2 from the KEAP1-CUL3 E3 complex. However, it is cur-
rently undefined if p97 is able to extract ubiquitylated NRF2 from other E3s, such as the
�TrCP-CUL1 complex, the endoplasmic reticulum (ER) membrane-associated E3 HRD1,
and possibly other E3s that have yet to be identified (48–50).

Importantly, a series of genetic p97 variants have been linked to a multisystem
disorder called inclusion body myopathy associated with Paget’s disease of bone and
frontotemporal dementia (IBMPFD) (51). In this autosomal dominant lethal disorder,
mutations in p97 lead to compromised autophagosome maturation. Blocked au-
tophagy was shown to lead to increased NRF2 levels through the noncanonical
p62-dependent pathway (18). Therefore, we tested if p97 downregulated NRF2 through
the autophagic pathway. Using a series of genetic and chemical approaches, we were
able to establish that loss of p97 function does not lead to increased NRF2 through the
autophagic route.

We thus put forth the following model for the canonical regulation of NRF2 by p97.
NRF2 is recruited to the KEAP1-CUL3-RBX1 E3 ligase complex by KEAP1, and this leads
to ubiquitylation of NRF2, which is segregated from the complex by p97. UBXN7 acts
as a scaffold protein that brings together all the components, which we propose to take
place as follows: the UIM domain binds to NEDDylated (NEDD8) CUL3, the UBA domain
binds to ubiquitylated NRF2, and the UBX domain recruits p97 through interaction with
the p97 N-terminal domain. The UFD1/NPL4 heterodimer likely binds to both the p97
N-terminal domain and NRF2, bringing these two proteins into close proximity. This
allows p97 to act as an ATP-driven motor to extract ubiquitylated NRF2 from the
KEAP1-CUL3 complex to deliver it to the 26S proteasome for degradation (Fig. 5d).

This is the first example of cross talk between NRF2 and p97 and is also the first
example of UBXN7 working in concert with p97 to directly regulate a transcription
factor. This process has important implications for chemotherapy (52). Currently, the
compound CB-5083 is in clinical trials for treatment of a variety of malignancies, but as
we have shown, this compound increases the level of NRF2 in multiple cancer cell lines.
Upregulation of NRF2 may very well lead to increased drug resistance by decreasing the
intracellular concentration of CB-5083 through increased detoxification and excretion
and by enhancing cellular defense mechanisms (damage repair, redox homeostasis,
and energy balance) (1). Accordingly, a recent study found that multiple myeloma cells
resistant to proteasome inhibitors significantly upregulated proteins involved in redox
homeostasis, protein folding and destruction, and metabolic regulation (53). Moreover,
the protein with the highest induction was the P-glycoprotein multidrug resistance-
associated protein 1 (MDR1; also known as ABCB1), encoded by an NRF2 target gene,
further supporting the notion that drug-induced NRF2 upregulation leads to cancer cell
chemoresistance (53, 54). Here we put forth the possibility that treatment with p97 or
proteasome inhibitors will be more efficacious if it is coupled with an NRF2 inhibitor,
such as brusatol (45), to overcome resistance.

MATERIALS AND METHODS
Chemicals, antibodies, and cell culture. Bafilomycin (Baf) was purchased from Sigma, CB-5083 (p97

inhibitor) was a generous gift from the Deshaies lab, and sulforaphane (SF) was purchased from Santa
Cruz Biotechnology. Primary antibodies against NRF2, KEAP1, p97, GCLM, HO-1, p62, UFD1, UBXN7, and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and horseradish peroxidase (HRP)-conjugated
secondary antibodies were purchased from Santa Cruz Biotechnology. Antibody against the hemagglu-
tinin (HA) epitope was obtained from Trevigen. Antibody against LC3 was obtained from Sigma. The
Alexa Fluor 488-conjugated secondary antibody was obtained from Invitrogen. HBE cells were obtained
from Dieter Gruenert, whose lab generated and characterized them; the rest of the cells were purchased
from the American Type Culture Collection (ATCC), where they were tested and authenticated by short
tandem repeat (STR) analysis. All cells were maintained at 37°C in a humidified incubator containing 5%
CO2. H1299 and A549 cells were grown in RPMI 1640 medium supplemented with 10% fetal bovine
serum (FBS; Atlanta Biological) and 0.1% gentamicin (Invitrogen). HBE cells were maintained in minimal
essential medium (MEM) supplemented with 10% FBS, 1% L-glutamine, and 0.01% gentamicin. U2OS cells
were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS, 1%
L-glutamine, and 0.01% gentamicin.

Generation of H1299 KEAP1�/� cells. H1299 KEAP1 knockout (KEAP1�/�) cells were generated using
CRISPR-Cas9-mediated gene editing (55, 56). Two single guide RNA (sgRNA) sequences targeted coding
sequences near the promoter region of KEAP1 (sgRNA-A, 5=-AGCGTGCCCCGTAACCGCAT-3=; and sgRNA-B,
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5=-GATCTACACCGCGGGCGGCT-3=). These sgRNAs were cloned into the pSpCas9(BB)-2A-GFP plasmid.
H1299 cells were cotransfected with 1 �g of the pSpCas9(BB)-2A-GFP plasmid carrying sgRNA-A and 1
�g of the pSpCas9(BB)-2A-GFP plasmid carrying sgRNA-B. Green fluorescent protein (GFP)-positive cells
were isolated using fluorescence-activated cell sorting (FACS) and plated at low confluence for colony
isolation. Individual clones were expanded, and the genomic DNA for KEAP1 was sequenced. Finally, the
KEAP1 knockout was further confirmed by examining protein expression of KEAP1 and NRF2 by
immunoblotting.

Construction of recombinant DNA molecules. The p97 expression vectors were constructed by
cloning a PCR-generated fragment into the pCMV-HA vector (Invitrogen) or pFlag-CMV (Sigma). The
sequences were confirmed by direct nucleotide sequencing. NRF2-WT and NRF2-K7 were described
previously (5).

Transfection of siRNA and cDNA. Transfection of cDNA was performed using Lipofectamine 3000
(Invitrogen). Hiperfect (Qiagen) was used for transfection of small interfering RNA (siRNA). NRF2 siRNA
(SI03246614; targets the 3= untranslated region [UTR] to knock down endogenous NRF2 only), p97 siRNA
(GS7415; contains siRNA#6, siRNA#7, siRNA#9, and siRNA#10), p97 siRNA#6 (SI03019618), p97 siRNA#7
(SI03019730), p97 siRNA#9 (S103149657), p97 siRNA#10 (S104350444), p62 siRNA (SI03116750), KEAP1
siRNA (SI03246439), UFD1 siRNA (GS7353; contains four siRNAs, namely, SI04251030, SI04138624,
SI04132583, and SI03213133), UBXN7 siRNA (1027416; contains four siRNAs, namely, S100455364,
S100455371, S100455378, and S100455385), and control siRNA (Ctrl; 1027281) were purchased from
Qiagen. p97 siRNA#7 was used for all the data presented in this article.

mRNA extraction and real-time qRT-PCR. Total mRNA was extracted using TRIzol (Invitrogen)
according to the manufacturer’s instructions. cDNA was synthesized using equal amounts of mRNA and
a Transcriptor first-strand cDNA synthesis kit (Promega). The detailed primer sequences are shown in
Table 1.

The real-time PCR (RT-PCR) conditions were as follows: one cycle of initial denaturation (95°C for 3
min), 40 cycles of amplification (95°C for 10 s, 60°C for 20 s, and 72°C for 5 s), melting curve analysis (95°C
for 5 s, 65°C for 1 min, and 97°C continuously), and a cooling period (40°C for 30 s). Mean crossing point
(Cp) values were determined and normalized to the respective Cp values for the GAPDH reference gene.
Data are presented as fold changes in gene expression compared to that of the control siRNA group. The
RT-PCR analyses were repeated in three independent experiments performed in duplicate. Data are
shown as means � standard deviations (SD).

Immunoblot analysis, ubiquitylation assay, and protein half-life. Cells were harvested in sample
buffer (62.5 mM Tris-HCl [pH 6.9], 3% SDS, 10% glycerol, 5% beta-mercaptoethanol, and 0.1% bromophe-
nol blue). After sonication, cell lysates were resolved by SDS-polyacrylamide gel electrophoresis (PAGE)
and subjected to immunoblot analysis. For the endogenous ubiquitylation assay, H1299 cells were
transfected with control or p97 siRNA for 48 h. For the exogenous ubiquitylation assay, H1299 cells were
transfected with control or p97 siRNA for 24 h and then cotransfected with expression vectors for
HA-tagged ubiquitin, NRF2, and KEAP1. After 24 h, cells were treated with 10 �M MG132 for 4 h. Cells
were harvested in buffer containing 2% SDS, 150 mM NaCl, 10 mM Tris-HCl (pH 8.0), and 1 mM
dithiothreitol (DTT) and immediately boiled. The lysates were then diluted 5-fold in buffer without SDS
and incubated with an anti-NRF2 antibody. Immunoprecipitated proteins were analyzed by immuno-
blotting with an antibody against the HA epitope. To measure the half-life of NRF2, H1299 cells were
transfected with either control or p97 siRNA for 48 h, and then 50 �M cycloheximide was added to block
de novo protein synthesis. Total cell lysates were collected at different time points and subjected to
immunoblot analysis with antibodies against NRF2, p97, and GAPDH. The relative intensities of the bands
were quantified using a ChemiDoc CRS gel documentation system and Quantity One software from
Bio-Rad (Hercules, CA).

Immunoprecipitation. H1299 cells were transfected with empty vector or a vector expressing
NRF2-WT, NRF2-K7, or FLAG-tagged p97. Cell lysates were collected at 24 h posttransfection in radio-
immunoprecipitation assay (RIPA) buffer containing 10 mM sodium phosphate (pH 8.0), 150 mM NaCl,
1% Triton X-100, 1% sodium deoxycholate, and 0.1% SDS. DTT (1 mM), 1 mM phenylmethylsulfonyl
fluoride (PMSF), and a protease inhibitor cocktail (PIC) (Sigma) were also added to the RIPA buffer. Cell
lysates were incubated with 1 �g of antibody and 10 �l of protein A-agarose beads on a rotator at 4°C
overnight. To detect protein expression in the total cell lysates, 10 �l of cell lysate in RIPA buffer was
mixed with 10 �l of 2� sample buffer (62.5 mM Tris-HCl [pH 6.9], 3% SDS, 10% glycerol, 5% beta-
mercaptoethanol, 0.1% bromophenol blue) and boiled for 5 min. The immunoprecipitated complexes
were washed with RIPA buffer with DTT, PMSF, and PIC three times and eluted in sample buffer by boiling
for 5 min. Samples were then resolved by PAGE and subjected to immunoblot analysis.

TABLE 1 Primers used in this study

Target gene

Primer sequence

Forward Reverse

NRF2 ACACGGTCCACAGCTCATC TGTCAATCAAATCCATGTCCTG
KEAP1 ACCACAACAGTGTGGAGAGGT CGATCCTTCGTGTCAGCAT
GCLM GACAAAACACAGTTGGAACAGC CAGTCAAATCTGGTGGCATC
HMOX-1 AACTTTCAGAAGGGCCAGGT CTGGGCTCTCCTTGTTGC
GAPDH CTGACTTCAACAGCGACACC TGCTGTAGCCAAATTCGTTGT

p97 Negatively Regulates NRF2 Molecular and Cellular Biology

April 2017 Volume 37 Issue 8 e00660-16 mcb.asm.org 9

http://mcb.asm.org


Immunofluorescence assay. For indirect immunofluorescence assay, cells were grown on glass
coverslips (Fisher Scientific) in 35-mm dishes (BD Biosciences). Cells were fixed in prechilled methanol for
20 min. NRF2 was detected using an anti-NRF2 antibody and an Alexa Fluor 488-conjugated anti-rabbit
secondary antibody. Nuclei were stained using Hoechst 33258. All images were taken at room temper-
ature with a Zeiss Observer.Z1 microscope using a 63� oil immersion Plan-Apochromat objective (Zeiss).
Images were acquired with Slidebook 4.2.0.11 software (Intelligent Imaging Innovations, Inc.).

Statistical analysis. For qRT-PCR analyses, results are presented as means � SD for at least three
independent experiments performed in duplicate or triplicate. Statistical tests were performed using
SPSS 10.0. Unpaired Student’s t tests were used to compare the means for two groups. One-way analysis
of variance was applied to compare the means for three or more groups. P values of �0.05 were deemed
significant.
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