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The ubiquitin-conjugating enzyme UBE2E3 and 
its import receptor importin-11 regulate the 
localization and activity of the antioxidant 
transcription factor NRF2
Kendra S. Plafker and Scott M. Plafker
Free Radical Biology and Aging Program, Oklahoma Medical Research Foundation, Oklahoma City, OK 73104

ABSTRACT The transcription factor NF-E2 p45–related factor (Nrf2) induces the expression 
of cytoprotective proteins that maintain and restore redox homeostasis. Nrf2 levels and activ-
ity are tightly regulated, and three subcellular populations of the transcription factor have 
been identified. During homeostasis, the majority of Nrf2 is degraded in the cytoplasm by 
ubiquitin (Ub)-mediated degradation. A second population is transcriptionally active in the 
nucleus, and a third population localizes to the outer mitochondrial membrane. Still unre-
solved are the mechanisms and factors that govern Nrf2 distribution between its subcellular 
locales. We show here that the Ub-conjugating enzyme UBE2E3 and its nuclear import recep-
tor importin 11 (Imp-11) regulate Nrf2 distribution and activity. Knockdown of UBE2E3 re-
duces nuclear Nrf2, decreases Nrf2 target gene expression, and relocalizes the transcription 
factor to a perinuclear cluster of mitochondria. In a complementary manner, Imp-11 functions 
to restrict KEAP1, the major suppressor of Nrf2, from prematurely extracting the transcrip-
tion factor off of a subset of target gene promoters. These findings identify a novel pathway 
of Nrf2 modulation during homeostasis and support a model in which UBE2E3 and Imp-11 
promote Nrf2 transcriptional activity by restricting the transcription factor from partitioning 
to the mitochondria and limiting the repressive activity of nuclear KEAP1.

INTRODUCTION
Oxidative stress is widely held to be a primary contributor to the 
etiology and progression of numerous pathological conditions, in-
cluding certain cancers, neurodegenerative disorders, diabetic 
retinopathy, and age-related macular degeneration (Kowluru and 
Chan, 2007; Guglielmotto et al., 2009; Branco et al., 2010; Plafker, 

2010). As a consequence, significant efforts have been directed at 
documenting and understanding how cells respond to oxidative 
challenge and damage. At the nexus of the intracellular endoge-
nous antioxidant defense system is the cap-N-collar transcription 
factor, NF-E2 p45–related factor (Nrf2). Nrf2 induces the expression 
of phase II genes that encode for a host of cytoprotective antioxi-
dant and detoxifying enzymes, chaperones, and proteasomal sub-
units (reviewed in Hayes and Dinkova-Kostova, 2014). These factors 
cooperate to maintain and, when necessary, restore cellular redox 
homeostasis by neutralizing free radical stress and facilitating the 
elimination of damaged proteins, lipids, DNA, and organelles. Nrf2 
is highly expressed in muscle, kidney, and lung, with lower levels 
present in other organs (Moi et al., 1994).

During redox homeostasis, Nrf2 levels are suppressed by the 
ubiquitin (Ub) proteolytic system (UPS). The UPS consists of an en-
zyme cascade that attaches one or more Ub molecules onto sub-
strates. The fate of a Ub-tagged substrate varies, depending on 
the site of attachment, the number of Ub molecules conjugated, 
and the particular configuration(s) of Ub polymers attached. The 
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restricting the transcription factor from partitioning to the mitochon-
dria and limiting the repressive activity of nuclear KEAP1.

RESULTS
The UPS plays a central role in countering oxidative stress. It does so 
by degrading oxidatively damaged proteins (e.g., Dudek et al., 
2005) by regulating the stability of cytoprotective proteins (e.g., 
HIF1α; Salceda and Caro, 1997; Huang et al., 1998; Ohh et al., 
2000). Chief among these protective proteins is Nrf2, the master 
antioxidant transcription factor. We previously reported that the hu-
man Ub-conjugating enzyme UBE2E3 contains a putative redox-
sensing cysteine that enables the enzyme to directly bind, stabilize, 
and activate Nrf2 (Plafker et al., 2010). These studies used overex-
pressed wild-type (wt) and mutant forms of UBE2E3. The present 
study was undertaken to determine the mechanisms by which en-
dogenous UBE2E3 modulates Nrf2.

Nrf2 drives both the constitutive and stress-induced expression 
of a battery of antioxidant and detoxification enzymes, chaperones, 
and proteasome subunits (Kensler et al., 2007; Li and Kong, 2009; 
Hayes and Dinkova-Kostova, 2014). We therefore first tested 
whether endogenous UBE2E3 affects Nrf2 target gene expression 
in either homeostatic or oxidatively challenged cells. Human retinal 
pigment epithelial cells immortalized with telomerase (RPE-1 cells) 
were transfected with either a control siRNA (siCON) or siUBE2E3, 
an siRNA that suppresses UBE2E3 expression (Plafker et al., 2008). 
The efficiency of siUBE2E3 in reducing expression of the enzyme is 
shown at the mRNA level (Figure 1), as well as by Western blotting 

canonical pathway regulating Nrf2 polyubiquitylation and degra-
dation is mediated by the multisubunit, E3 ligase Cul3KEAP1 (Itoh 
et al., 1999; McMahon et al., 2003; Kobayashi et al., 2004; Zhang 
et al., 2004; Furukawa and Xiong, 2005). The core unit of Cul3KEAP1 
comprises the cullin 3 (Cul3) scaffold, KEAP1, and ring of cullin 1 
(ROC1). KEAP1 is a substrate adaptor that binds to an N-terminal 
domain of Cul3 and functions to recruit Nrf2 to the ligase 
(Kobayashi et al., 2004; Zhang et al., 2004). In an analogous man-
ner, ROC1 binds to a C-terminal domain of Cul3 and recruits a 
Ub-conjugating enzyme (E2), charged at its active site with Ub, to 
the complex (Ohta et al., 1999; Reynolds et al., 2008). Through a 
series of conformational changes, as well as the dynamic attach-
ment and removal of a Ub-like modifier called Nedd8 (e.g., Saha 
and Deshaies, 2008; Boh et al., 2011), Cul3KEAP1 decorates Nrf2 
with polymers of Ub, and ubiquitylated Nrf2 is then delivered to 
the 26S proteasome for degradation.

In response to an oxidative stress, Nrf2 and KEAP1 dissociate 
from the Cul3KEAP1 complex. This dissociation results in the stabiliza-
tion of Nrf2 and its translocation into the nucleus. Nuclear Nrf2 com-
plexes with multiple different small Maf proteins and the heterodim-
ers bind to the antioxidant response elements (AREs) resident within 
the promoters of phase II target genes (Itoh et al., 1997; Motohashi 
et al., 2004; Katsuoka et al., 2005). The expression of these cytopro-
tective proteins, in turn, restores redox equilibrium (reviewed in 
Sykiotis and Bohmann, 2010; Hayes and Dinkova-Kostova, 2014). 
Once homeostasis is restored, KEAP1 removes Nrf2 from the nu-
cleus and returns it to the cytoplasm for degradation (Li et al., 2005; 
Velichkova and Hasson, 2005; Sun et al., 2007). In addition to shut-
tling between Cul3KEAP1 in the cytoplasm and phase II gene promot-
ers in the nucleus, a population of Nrf2 associates with mitochondria 
via phosphoglycerate mutase/protein phosphatase 5 (PGAM5), a 
resident mitochondrial outer membrane protein (Lo and Hannink, 
2008). The function of this mitochondrial population is unknown, as 
are the factor(s) that regulate partitioning of Nrf2 between the nu-
cleus and mitochondria.

In a previous study (Plafker et al., 2010), we discovered that the 
conserved metazoan E2, UBE2E3 (also known as UbcM2, UbcH9), 
regulates Nrf2 stability and activity during oxidative challenge. 
These overexpression studies identified a critical cysteine of UBE2E3, 
Cys-136, that, when modified with N-ethylmaleimide or mutated to 
a hydrophobic amino acid (e.g., phenylalanine, tryptophan), pro-
moted binding of the enzyme to Nrf2 in the nucleus. The functional 
consequence of this binding was an increase in the half-life and ac-
tivation of the transcription factor. These findings imply that Cys136 
of UBE2E3 is oxidatively modified in stressed cells and that endog-
enous UBE2E3 contributes to the cytoprotective capacity of Nrf2.

In the work presented here, we address the role of endogenous 
UBE2E3 in Nrf2 distribution and function. Using small interfering RNA 
(siRNA), immunofluorescence, Nrf2 activity assays, and coprecipita-
tion assays, we discovered that endogenous UBE2E3 is required for 
the nuclear accumulation and transcriptional activity of Nrf2. Knock-
down of the enzyme leads to a reduction in both the basal and induc-
ible levels of nuclear Nrf2 and a concomitant reduction in Nrf2 target 
gene expression. The decrease in nuclear Nrf2 is accompanied by a 
redistribution of the transcription factor to a perinuclear “hot spot,” 
as well as to collapse of the mitochondrial network to the same peri-
nuclear location. We further demonstrate that importin-11 (Imp-11), 
the nuclear import receptor for UBE2E3, restricts KEAP1 from prema-
turely extracting Nrf2 off of target gene promoters. Collectively these 
findings identify a novel mechanism by which the Nrf2 antioxidant 
defense system is fine-tuned and support a model in which UBE2E3 
and Imp-11 promote the nuclear accumulation and activity of Nrf2 by 

FIGURE 1: Depletion of UBE2E3 reduces Nrf2 target gene 
expression. (A) Quantitative PCR data generated from RPE-1 cells 
treated with siCON (blue bars) or siUBE2E3 (red bars). Specific 
primers were used to amplify the Nrf2 target genes NQO1, GCLC, 
GCLR, and HO-1, as well as UBE2E3. (B) Same as A, except that cells 
were treated for 4 h with tBHQ (oxidant) before harvesting. For A and 
B, all samples were done in triplicate and results pooled from three 
independent experiments. Error bars represent ± SD, and asterisks 
denote statistical significance by ANOVA (p < 0.05).
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levels (Supplemental Figure S1), we per-
formed Nrf2-specific DNA affinity precipi-
tation assays to determine whether UBE2E3 
contributes to the anchoring of Nrf2 at the 
AREs resident in the promoters of target 
genes. Lysates from siCON- or siUBE2E3-
treated cells exposed to tBHQ (to stabilize 
Nrf2) were combined with a 41–base pair, 
double-stranded DNA probe representing 
the ARE sequence from the NQO1 pro-
moter. The probe was biotinylated and im-
mobilized on a streptavidin affinity matrix. 
The stringency of the assay was established 
by demonstrating that the wt probe pre-
cipitated endogenous Nrf2, whereas a mu-
tant probe did not (Figure 2A). We ob-
served a small but reproducible decrease 
in Nrf2 recovery from siUBE2E3-treated 
lysates compared with control lysates 
(Figure 2B, compare lanes 2 and 4). In con-
trast, supplementing untreated lysates with 
recombinant UBE2E3 did not affect the 
amount of Nrf2 precipitated by the probe 
(unpublished data). These data indicate 
that although UBE2E3 is not absolutely re-
quired for anchoring Nrf2 at the AREs of 
target genes, the enzyme does contribute 
to the amount of Nrf2 that stably associates 
with target promoter sequences. Given 
that we previously demonstrated that 
UBE2E3 is imported into the nucleus by the 
transport receptor Imp-11 (Plafker and 
Macara, 2000), we also examined the con-
sequences of Imp-11 knockdown in this as-
say. Of interest, knockdown of Imp-11 re-
duced the amount of Nrf2 precipitated by 
the ARE probe (Figure 2B, lane 6). Imp-11 
knockdown efficiency was demonstrated 
by real-time PCR analysis (see later discus-
sion of Figure 6C), as we could not detect 
endogenous Imp-11 in RPE-1 lysates with 
multiple antibodies.

To corroborate the modest effect of UBE2E3 loss on Nrf2 pre-
cipitation by the DNA probe, we performed a similar assay in which 
a tBHQ-treated cell lysate was divided in half. One aliquot was incu-
bated with α-UBE2E3 to immunodeplete the enzyme, and a second 
aliquot was mock immunodepleted. These lysates were then used in 
the foregoing DNA affinity precipitation assay. Consistent with the 
siRNA experiments, removal of the enzyme from the lysate mod-
estly but reproducibly reduced the amount of Nrf2 precipitated by 
the probe (Figure 2C, top blot and graph). The efficiency of the im-
munodepletion was demonstrated by Western blotting (Figure 2C, 
bottom blot).

We next tested whether UBE2E3 affects the nuclear accumulation 
of Nrf2 in homeostatic or oxidatively stressed cells. RPE-1 cells were 
treated with siCON or siUBE2E3 and subsequently exposed to ve-
hicle (ethanol) or tBHQ. After fixation and permeabilization, the cells 
were immunostained to quantify levels of Nrf2 in the nucleus. Nu-
clear Nrf2 accumulation was largely suppressed in both vehicle-
treated siCON and siUBE2E3 cells (Figure 3A, c and i) consistent with 
constitutive degradation of the transcription factor during homeo-
stasis (Itoh et al., 1999; McMahon et al., 2003; Zhang et al., 2004). Of 

(Figure 2B). At 3 d post–siRNA treatment, cells were exposed to ve-
hicle or tert-butylhydroquinone (tBHQ), a prooxidant that stabilizes 
and activates Nrf2 (Lee et al., 2001). UBE2E3 knockdown reduced 
both the basal and oxidant-induced transcriptional activity of Nrf2 
(Figure 1, A and B, respectively). mRNA levels of three canonical 
Nrf2 target genes—NAD(P)H:quinone oxidoreductase 1 (NQO1), 
glutamylcysteine ligase catalytic subunit (GCLC), and glutamyl-
cysteine ligase modifier subunit (GCLM)—were suppressed by 20–
60% in homeostatic cells (Figure 1A) and similarly in tBHQ-treated 
cells (Figure 1B). The amplitudes of these changes in target gene 
expression are on scale with perturbations in other Nrf2 regulators 
(e.g., Ma et al., 2012; Villeneuve et al., 2013). Of interest, induction 
of a fourth target gene, heme oxygenase-1 (HO-1), was negatively 
affected after tBHQ treatment, but no statistically significant reduc-
tion occurred during homeostasis. Such differential effects on HO-1 
induction and other target genes have been reported (e.g., Komatsu 
et al., 2010) and highlight the diversified nature of ARE promoters 
and regulatory mechanisms (Malhotra et al., 2010).

After ruling out that the decrease in Nrf2 target gene expres-
sion after UBE2E3 depletion was due to a reduction in total Nrf2 

FIGURE 2: UBE2E3 or Imp-11 depletion reduces Nrf2 anchoring at ARE. (A) Nrf2 DNA affinity 
precipitation assay done by combining tBHQ-treated RPE-1 lysates with streptavidin (STV) 
beads coated with biotinylated oligonucleotides corresponding to either wt or mutant (mut) 
ARE of NQO1. Input is shown in lane 1, Nrf2 precipitated by wt NQO1 ARE in lane 2, and Nrf2 
precipitated by mut NQO1 ARE in lane 3. Nrf2 was detected by Western blotting with an α-Nrf2 
antibody. (B) Same assay as A using bead-immobilized, wt ARE NQO1 oligonucleotides and 
lysates from RPE-1 cells treated with siCON (lanes 1 and 2), siUBE2E3 (lanes 3 and 4), or 
siImp-11 (lanes 5 and 6). Cells were treated with ethanol (lanes 1, 3, and 5) or tBHQ (lanes 2, 4, 
and 6). Top and middle panels, α-Nrf2 Western blots; bottom, α-UBE2E3 Western blot 
demonstrating knockdown of the enzyme. (C) Same assay as B using a single, tBHQ-treated, 
RPE-1 lysate that was divided into equal aliquots and either mock or UBE2E3 immunodepleted 
before being combined with bead-immobilized, wt ARE NQO1 oligonucleotides. Top, α-Nrf2 
blot shows ARE bound Nrf2; middle, α-Nrf2 blot shows input and Nrf2 remaining postdepletion; 
bottom, α-UBE2E3 blot shows input and amount of enzyme remaining postdepletion. Graph on 
the right shows quantitation of ARE-bound Nrf2 from three independent experiments. Asterisk 
denotes statistical significance by Student’s t test. All experiments reported in this figure were 
done a minimum of three independent times.
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the ratio of nuclear:cytoplasmic Nrf2 (Sup-
plemental Figure S1B), confirmed the obser-
vations from the photomicrographs. Strik-
ingly, the reduced nuclear Nrf2 in siUBE2E3 
cells was typically accompanied by an accu-
mulation of the transcription factor at a peri-
nuclear “hot spot” (Figure 3A, i and l, white 
arrows). These data highlight that although 
depletion of UBE2E3 does not decrease to-
tal Nrf2 levels (Supplemental Figure S1), loss 
of the enzyme lowers the amount of nuclear 
Nrf2 in homeostatic and oxidatively stressed 
cells due to a redistribution of the transcrip-
tion factor to a perinuclear locale.

Because Nrf2 can associate with PGAM5, 
an atypical protein phosphatase embedded 
in the outer mitochondrial membrane (Lo 
and Hannink, 2006, 2008; Takeda et al., 
2009), we next assessed whether the cyto-
plasmic Nrf2 redistribution induced by 
UBE2E3 knockdown was associated with 
the mitochondrial network. Strikingly, knock-
down of UBE2E3 in unstressed cells induced 
the normally reticular mitochondrial network 
to dramatically reorganize and collapse into 
a juxtanuclear cluster (Figure 4A, b). Costain-
ing for mitochondria and Nrf2 revealed that 
both occupied the same perinuclear region 
(Figure 4A, b–d). Furthermore, codepletion 
of UBE2E3 and Nrf2 blocked the mitochon-
drial redistribution, indicating that Nrf2 is 
necessary for the mitochondrial collapse in-
duced by UBE2E3 depletion (Figure 4, B, h, 
and C). This effect was observed in RPE-1 
cells, as well as in HeLa cells (Figure 4C), and 
similarly occurred in response to tBHQ-
induced oxidative stress (unpublished data). 
Together these findings show that 1) UBE2E3 
promotes the nuclear accumulation of Nrf2 
during both homeostasis and oxidative 
stress, 2) depletion of UBE2E3 induces the 
mitochondrial network and Nrf2 to co-pop-
ulate a juxtanuclear area and alters the ratio 
of nuclear to mitochondrial Nrf2, and 3) re-
distribution of the mitochondrial network 
requires Nrf2 and/or expression of its target 
genes.

Our previous work established that 
UBE2E3 depletion causes cell cycle arrest 
characterized by an increase in the cell cycle 
inhibitor p27Kip1 (Plafker et al., 2008). We 
therefore tested whether the mitochondrial 
redistribution induced in siUBE2E3-treated 

cells was related to this arrest. RPE-1 cells were treated with siCON 
or siUBE2E3 and 2–3 d later were incubated with the mitochondrial 
dye MitoTracker before fixation. In parallel, cells were serum starved 
overnight to induce a cell cycle arrest characterized by p27Kip1 ac-
cumulation. The results of these experiments showed that UBE2E3 
depletion and serum starvation each led to increased p27Kip1, 
consistent with cell cycle arrest and exit (Figure 5A, e and h), but 
yielded distinct changes in the distribution of the mitochondrial 
network. UBE2E3 suppression caused perinuclear accumulation of 

note, a low level of Nrf2 was detectable in the nuclei of control cells 
(Figure 3A, b and c) where it induces the basal expression of cytopro-
tective proteins. UBE2E3-depleted cells had less basal nuclear Nrf2 
(Figure 3, A, h and i, and B), consistent with the decreased basal ex-
pression of Nrf2 target genes observed in Figure 1A. tBHQ treat-
ment of siCON cells induced the stabilization and nuclear accumula-
tion of Nrf2 (Figure 3A, e and f) whereas cells depleted of UBE2E3 
showed reduced nuclear Nrf2 accumulation (Figure 3A, k and l). 
Quantification of Nrf2 nuclear accumulation (Figure 3B), as well as 

FIGURE 3: UBE2E3 depletion limits basal and induced nuclear accumulation of Nrf2. 
(A) Representative photomicrographs of RPE-1 cells treated with the indicated siRNAs and 
either ethanol (EtOH) or oxidant (tBHQ). Cells were fixed, permeabilized, and processed for 
α-Nrf2 immunostaining (b, e, h, and k). DNA was counterstained with DAPI (a, d, g, and j), and 
merged images of α-Nrf2 and DAPI are shown (c, f, i, and l). White arrowheads mark examples 
of perinuclear Nrf2 accumulation. Scale bar, 10 μm. (B) Graph of nuclear Nrf2 immunostaining as 
a function of treatment. Nuclear Nrf2 in >250 cells/condition was pooled from three 
independent experiments and quantified using Image J software. The amount of Nrf2 in the 
nuclei of siCON-treated cells exposed to EtOH was set at a value of 1. Asterisks denote 
statistically significant differences with p < 0.005. Error bars represent SD.
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alter mitochondrial distribution in unique ways, consistent with 
overlapping but distinct mechanisms underlying the altered mito-
chondrial phenotypes.

the mitochondria (Figure 5A, f, white arrows), whereas serum star-
vation caused mitochondrial swelling and a vesicular appearance 
(Figure 5A, i). These data reveal that different inducers of p27Kip1 

FIGURE 4: UBE2E3 depletion induces Nrf2-dependent reorganization of the mitochondrial network. (A) Representative 
photomicrographs of RPE-1 cells that were treated with siUBE2E3 and 2 d later processed for labeling with DAPI (a) and 
antibodies against the mitochondrial protein Tom20 (b) and Nrf2 (c). A merge of a–c is shown (d). White arrows mark 
examples of perinuclear colocalization of mitochondria and Nrf2 (d). (B) Representative photomicrographs of RPE-1 cells 
treated with the indicated siRNAs. At 2 d post–siRNA transfection, live cells were incubated with MitoTracker to label 
mitochondria (b, d, f, and h), and 30 min later, the cells were fixed and permeabilized, and the DNA was counterstained 
with DAPI (a, c, e, and g). White arrows mark examples of clustered mitochondria (d). Scale bars, 10 μm (A, B). 
(C) Graphs charting the fraction of cells with clustered mitochondria (i.e., clustered/total number of cells) as a function 
of siRNA treatment in HeLa cells (left) and RPE-1 cells (right). More than 250 cells pooled from three independent 
experiments were analyzed for each condition. Asterisks denote statistically significant differences with p < 0.005, 
and error bars represent SD.
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To further investigate the regulation of Nrf2 by UBE2E3, we 
analyzed whether the enzyme influenced the distribution of KEAP1, 
the primary regulator of Nrf2 stability, localization, and function. 
KEAP1 recruits most nascently synthesized Nrf2 for ubiquitylation 
and subsequent degradation by the proteasome (Itoh et al., 1999; 
McMahon et al., 2003; Zhang et al., 2004) and additionally re-
presses Nrf2 transcriptional activity by removing it from target 
gene promoters and returning the transcription factor to the cyto-
plasm for degradation (Sun et al., 2007). Thus KEAP1 must shuttle 
between the cytoplasm and nucleus to restrict both the basal and 
inducible activity of Nrf2. UBE2E3 also constitutively shuttles in 
and out of the nucleus (Plafker and Macara, 2000), and we there-
fore examined the effect of UBE2E3 on the nucleocytoplasmic traf-
ficking of KEAP1. To do this, we took advantage of the fungal me-
tabolite leptomycin B (LMB), an inhibitor of the Crm1 pathway that 
mediates KEAP1 nuclear export (Velichkova and Hasson, 2005). As 
expected, treatment of cells with LMB trapped KEAP1 inside the 
nucleus (Figure 6A, h). We quantified the nuclear accumulation of 
KEAP1 in both control and UBE2E3-depleted cells and found that 

To determine whether the mitochondrial redistribution induced 
by UBE2E3 depletion requires p27Kip1 elevation, we performed 
rescue experiments in which cells were co–knocked down for both 
proteins. Effective p27Kip1 knockdown was confirmed by Western 
blotting (unpublished data). Quantification of mitochondrial peri-
nuclear accumulation showed that the alteration of mitochondrial 
distribution induced by loss of UBE2E3 was reversed by codeplet-
ing p27Kip1 (Figure 5, B, d, and C). Using a similar co-knockdown 
rescue strategy, we found that codepletion of Nrf2 reversed the 
p27Kip1 elevation induced by siUBE2E3 (Figure 5, D, h, and E). This 
rescue is consistent with the observation that suppression of Nrf2 
is required for the proliferation of intestinal stem cells in Drosophila 
melanogaster (Hochmuth et al., 2011) and can reverse the p27Kip1-
dependent arrest of vascular smooth muscle cells by nitro-linoleic 
acid (Villacorta et al., 2007). Collectively these results demonstrate 
that the affect of UBE2E3 loss on mitochondrial redistribution is 
mediated through a p27Kip1-dependent mechanism and that Nrf2 
depletion counters this pathway by suppressing the elevation of 
p27Kip1.

FIGURE 5: Mitochondrial redistribution induced by UBE2E3 knockdown is dependent on p27Kip1. (A) Representative 
photomicrographs of RPE-1 cells that were treated with siCON (a–c) or siUBE2E3 (d–f) or were serum starved (g–i). Live 
cells were labeled with MitoTracker for 30 min and then fixed and immunostained with anti-p27Kip1 (b, e, and h). DNA 
was counterstained with DAPI (a, d, and g). Experiments were done a minimum of three independent times. 
(B) Representative photomicrographs of cells treated with the indicated siRNAs and 2 d later labeled with MitoTracker 
to demonstrate that co-knockdown of p27Kip1 suppresses mitochondrial clustering induced by UBE2E3 depletion. 
Images captured with a 20× objective. (C) Quantitation of mitochondrial clustering from three independent repeats of 
experiment shown in B. More than 250 cells were analyzed for each condition. Asterisk denotes statistically significant 
differences with p < 0.013, and error bars represent SD. (D) Representative photomicrographs of cells treated with the 
indicated siRNAs and 2 d later labeled with MitoTracker to demonstrate that co-knockdown of Nrf2 suppresses the 
p27Kip1 elevation induced by UBE2E3 depletion. (E) Quantitation of p27Kip1 expression levels from three independent 
repeats of experiment shown in D. More than 250 cells were analyzed for each condition. Asterisk denotes statistically 
significant differences with p < 0.002, and error bars represent SD. Scale bars, 10 μm (A, B, D).
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of multiple target genes (Figure 6C, green bars). The finding that 
Imp-11 depletion affected the expression of only two of four target 
genes and affected HO-1 expression to a greater extent than even 
KEAP1 knockdown indicates that the affinity of Nrf2 for different 
AREs varies, as reported previously (Sun et al., 2009), and implies 
that Nrf2-occupied promoters are differentially sensitive to the influ-
ence of Imp-11 and/or KEAP1 nuclear activity.

To further investigate the relationship between UBE2E3, Imp-11, 
and KEAP1, binding studies were done using Flag-agarose beads 
and lysates from HEK293T cells overexpressing combinations of 
Flag-KEAP1, HA3-CUL3, myc-UBE2E3, and HA3-Imp-11. Flag-
KEAP1 coprecipitated HA3-CUL3 and myc-UBE2E3 (Figure 7A, lane 
7), as well as HA3-Imp-11 (Figure 7A, lane 6), but of interest, pull-
down of Imp-11 decreased HA3-CUL3 (Figure 7A, lanes 6 and 8) and 
effectively abrogated myc-UBE2E3 binding (Figure 7A, lane 8). This 
competitive binding indicates that Imp-11 interacts with KEAP1 in-
dependently of CUL3 and UBE2E3. Using this same transfection and 
coprecipitation strategy, we observed that Flag-KEAP1 coprecipi-
tated wt UBE2E3 but not the active-site mutant, (C145A) UBE2E3 
(Figure 7B, lane 5 vs. 6). These data indicate that KEAP1 selectively 
engages catalytically activated UBE2E3. We previously found that 
only catalytically activated UBE2E3, but not the C145A mutant 

knockdown of the enzyme reduced nuclear KEAP1 accumulation 
(Figure 6, A, h vs. j, and B).

Because LMB blocks KEAP1 export, the reduction of nuclear 
KEAP1 in UBE2E3-depleted cells links the enzyme to KEAP1 import. 
Sun et al. (2011) found that two transport receptors, KPNA6 and 
Imp-11, interacted with KEAP1 in a yeast two-hybrid screen and that 
KPNA6 mediates KEAP1 nuclear import after oxidative stress. The 
interaction between Imp-11 and KEAP1 was of particular interest to 
our work, as we had previously demonstrated that Imp-11 mediates 
UBE2E3 nuclear import (Plafker and Macara, 2000; Plafker et al., 
2004). Similar to UBE2E3 knockdown, siRNA-mediated knockdown 
of Imp-11 modestly reduced the nuclear accumulation of endoge-
nous KEAP1 in unstressed cells treated with LMB (Figure 6, A, l, and 
B). However, siImp-11 treatment did not negatively affect Nrf2 nu-
clear accumulation (Supplemental Figure S2). These results pre-
dicted that decreased nuclear KEAP1 would increase basal expres-
sion of Nrf2 target genes by reducing extraction of Nrf2 from ARE 
promoters. Consistent with this prediction, we observed an increase 
in the basal expression levels of a subset of Nrf2 target genes after 
Imp-11 knockdown (Figure 6C, red bars). As a positive control for 
increasing the residency of Nrf2 on target gene promoters, we 
knocked down KEAP1 and observed an increase in the expression 

FIGURE 6: UBE2E3 and importin-11 depletion reduce Keap1 nuclear accumulation. (A) Representative 
photomicrographs of RPE-1 cells that were treated with the indicated siRNAs and either vehicle (a–f) or LMB (g–l). At 
3 d posttransfection, the cells were fixed and immunostained with anti-KEAP1. DNA was counterstained with DAPI. 
Scale bar, 10 μm. (B) Graph of fold change in nuclear KEAP1 signal (y-axis) as a function of siRNA treatment (x-axis). 
Nuclear KEAP1 signal was quantified using ImageJ from >250 cells pooled from three independent experiments. 
Asterisks denote statistically significant differences with p < 0.005, and ns indicates not significant. Error bars represent 
SD. (C) Quantitative PCR data from RPE-1 cells treated with siCON, siImp-11, or siKEAP1. Specific primers were used to 
amplify the Nrf2 target genes NQO1, GCLC, GCLR, and HO-1, as well as Imp-11 and KEAP1. Of note, cells were not 
treated with prooxidant, and these results reflect basal levels of Nrf2 target gene expression. All samples were done in 
triplicate, and results are pooled from three independent experiments. Error bars represent ± SD, and asterisks denote 
statistical significance by ANOVA (p < 0.05).
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(which cannot be loaded with Ub), interacts 
with Imp-11 (Plafker et al., 2004). Together 
these binding data indicate that KEAP1 and 
Ub-charged UBE2E3 bind mutually exclu-
sively to Imp-11.

To determine whether complex forma-
tion between Imp-11 and KEAP1 is consis-
tent with an importin:cargo relationship (i.e., 
can be dissociated by Ran:GTP; e.g., Plafker 
and Macara, 2000), we performed binding 
studies in which anti-hemagglutinin (HA) 
beads were combined with transfected cell 
lysates containing HA3-Imp-11 and either 
Flag-KEAP1 or myc-UBE2E3. Washed com-
plexes were then challenged with either pu-
rified Ran:GTP or buffer containing GTP. 
Eluted Flag-KEAP1 and myc-UBE2E3 were 
captured, and Western blotting of bound 
and eluted fractions was done to determine 
the extent to which Ran:GTP disrupts Imp-
11 binding to KEAP1 and UBE2E3. As pre-
dicted, UBE2E3 was eluted by Ran:GTP 
(Figure 7C, lane 3) and resulted in decreased 
complex formation between the enzyme 
and Imp-11 (Figure 7C, compare lanes 4 
and 5). This result is consistent with Imp-11 
transporting and releasing UBE2E3 into the 
nucleus, a characteristic of canonical nuclear 
importin:cargo complexes (Plafker and Mac-
ara, 2000). In contrast, the Imp-11:KEAP1 
complex was resistant to Ran:GTP (Figure 
7C, compare lanes 7 and 8 and lanes 9 and 
10). These data indicate that KEAP1 is not a 
canonical import substrate of Imp-11 and, 
moreover, that the proteins can stably inter-
act in the nucleus.

DISCUSSION
Nrf2 expression is controlled at the transcrip-
tional, translational, and posttranslational 
levels (e.g., Kwak et al., 2002; Purdom-Dick-
inson et al., 2007; Sun et al., 2009). Post-
translational regulation is primarily via 
CUL3KEAP1 targeting of Nrf2 for degradation 
(Itoh et al., 1999; McMahon et al., 2003; 
Zhang et al., 2004). KEAP1 also removes 
Nrf2 from target gene promoters after resto-
ration of homeostasis (Sun et al., 2007). Nu-
merous secondary Nrf2 regulators have been 
identified, including p62/Sqstm1 (Komatsu 
et al., 2010), BRCA1 (Gorrini et al., 2013), 
PALB2/FANCN (Ma et al., 2012), PGAM5 (Lo 
and Hannink, 2008), and GSK-3β (Salazar 
et al., 2006), underscoring the need to bal-
ance Nrf2 activity with cellular redox status. 
We identified a novel mechanism of Nrf2-
KEAP1 regulation involving UBE2E3 and 
Imp-11. UBE2E3 is required for partitioning 
Nrf2 between the nucleus and mitochondria, 
and complementary to this, Imp-11 enhances 
basal Nrf2 transcriptional activity by restrict-
ing the nuclear function of KEAP1.

FIGURE 7: UBE2E3 and importin-11 conversely affect KEAP1-CUL3 complex formation. 
(A) HEK293T cells were transiently transfected with combinations of plasmids encoding Flag-
KEAP1, myc-UBE2E3, myc-Imp-11, and HA3-tagged Cul3. Lysates from the transfected cells were 
then combined with M2 Flag-agarose beads, and the bead-associated proteins were solubilized, 
resolved by SDS–PAGE, and analyzed by Western blotting with antibodies against the epitope 
tags (Flag IP). Aliquots of each starting lysate were similarly analyzed (Inputs). Nonspecific 
binding of proteins to M2 Flag-agarose beads is shown in lanes 1–4 of Flag IP samples. (B) Similar 
experimental design to A, comparing the binding of wt and catalytically inactive (C145A) 
myc-UBE2E3 to Flag-KEAP1. Experiments were done a minimum of three independent times. 
Smeared bands migrating above Flag-KEAP1 likely correspond to oxidized KEAP1 (Hong et al., 
2005). (C) Elution assay demonstrating that the binding of UBE2E3, but not KEAP1, to Imp-11 is 
sensitive to Ran:GTP. Transfected-cell lysates were combined with Flag-agarose, and precipitated 
complexes were challenged with GTP-containing buffer or recombinant Ran:GTP. Eluted proteins 
were captured and analyzed alongside proteins that remained bead-associated after the elution 
challenge. Top, probed with anti-HA to detect HA-tagged Imp-11; bottom, left, probed with 
anti-myc to detect myc-tagged UBE2E3; bottom, right, probed with anti-Flag to detect Flag-
tagged KEAP1. The migration of molecular weight markers is indicated.
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mitochondrial “hot spot” (Figure 4A). Stress-
induced, perinuclear accumulation of mito-
chondria has been observed after prolonged 
proteasome inhibition (Muqit et al., 2006; 
Radke et al., 2008) and hypoxia (Al-Mehdi 
et al., 2012). UBE2E3 depletion does not in-
duce an overt stress response (e.g., no in-
crease in Hsp60 or Hsp70; unpublished 
data), yet it does cause a p27Kip1-dependent 
cell cycle exit (Figure 5A; Plafker et al., 2008). 
Although this exit per se does not underlie 
the specific change in mitochondrial distri-
bution induced by UBE2E3 loss (Figure 5A), 
the elevation of p27Kip1 was necessary, as 
revealed by rescue experiments in which 
UBE2E3 and p27Kip1 were codepleted 
(Figure 5, B and C). Moreover, co-knock-
down of Nrf2 also rescues the clustering 
phenotype by suppressing p27Kip1 elevation 
(Figures 4, B and C, and 5, D and E). Together 
these data establish new links between 
UBE2E3, Nrf2, p27Kip1, and mitochondrial 
trafficking.

We propose a model for enhanced nu-
clear Nrf2 residency and activity by UBE2E3 
and Imp-11 (Figure 8). Imp-11 binds Ub-
charged UBE2E3 in the cytoplasm (Plafker 
et al., 2004), and the complex translocates 
into the nucleus, where it is dissociated by 
Ran:GTP. Released UBE2E3 then engages 
and promotes the activity of nuclear Nrf2, 
leaving Imp-11 to bind KEAP1. Once suffi-
cient target gene expression is achieved, 
KEAP1 dissociates from Imp-11, perhaps via 
binding to the export receptor Crm1 
(Velichkova and Hasson, 2005), and elutes 
Nrf2 from AREs in preparation for export to 
the cytoplasm (Sun et al., 2007). In the cyto-
plasm, the KEAP1-Nrf2 complex associates 
with CUL3, and Nrf2 is polyubiquitylated 

and targeted for degradation. If, however, UBE2E3 levels are low, a 
population of Nrf2 is spared from turnover and is instead distributed 
to the mitochondria. This model is supported by data showing that 
UBE2E3 stabilizes and activates Nrf2 in the nucleus (Plafker et al., 
2010). In addition, UBE2E3 knockdown decreases Nrf2 target gene 
expression under both basal and oxidative stress conditions (Figure 
1). This dampened transcriptional activity results from a decrease in 
nuclear Nrf2 (Figure 3) and a concomitant relocalization of Nrf2 to 
the mitochondria (Figure 4A). Within the nucleus, Imp-11 promotes 
Nrf2 transcriptional activity by restricting KEAP1 from prematurely 
extracting Nrf2 off target gene promoters. As a result, in lysates 
derived from Imp-11–depleted cells, more KEAP1 is available to 
limit Nrf2 coprecipitation by an ARE probe (Figure 2B). This nuclear 
function for Imp-11 requires binding KEAP1 in the presence of 
Ran:GTP, and indeed complex formation between the proteins is 
resistant to Ran:GTP dissociation (Figure 7C). As predicted by this 
model, complex formation between Imp-11 and KEAP1 is mutually 
exclusive, with Imp-11 binding to UBE2E3 (Figure 7A). A seemingly 
paradoxical result was that Imp-11 knockdown increased the induc-
tion of a subset of Nrf2 target genes (Figure 6C), whereas the model 
predicts decreased transcription based on unrestricted KEAP1 ac-
cess to nuclear Nrf2. However, the increased target gene expression 

There are three subcellular populations of Nrf2 (Jain et al., 2005; 
Lo and Hannink, 2008). The major share is cytoplasmic and engaged 
by CUL3KEAP1. A second population is nuclear and resides on target 
gene promoters. After oxidative challenge, CUL3KEAP1 is inhibited, 
and the distributions of the cytoplasmic and nuclear populations 
reverse, resulting in the expression of cytoprotective factors. The 
third population is associated with mitochondria, but its function 
and the factors that control it are largely unknown. It is clear, how-
ever, that Nrf2 and KEAP1 bind to the outer mitochondrial mem-
brane protein PGAM5 (Lo and Hannink, 2008). We found that 
UBE2E3 plays an essential role in restricting Nrf2 partitioning to the 
mitochondria under both basal and oxidative stress conditions 
(Figures 3 and 4). Relieving this restriction via UBE2E3 knockdown 
increases Nrf2 localization to mitochondria (Figures 3 and 4) and 
concomitantly reduces Nrf2 target gene expression (Figure 1). 
UBE2E3 accomplishes this at least in part by promoting the nuclear 
accumulation (Figure 3) and ARE residency of Nrf2 (Figure 2, B and 
C). These data advance our previous studies showing that UBE2E3 
interacts with Nrf2 in the nucleus to increase the half-life and activity 
of the transcription factor (Plafker et al., 2010).

Strikingly, UBE2E3 knockdown induced mitochondrial perinu-
clear redistribution accompanied by relocalization of Nrf2 to this 

FIGURE 8: Proposed model of UBE2E3:Imp-11 regulation of Nrf2 activity and distribution. Step 
1, Ub-charged UBE2E3 binds to Imp-11 and is transported into the nucleus. Step 2, in the 
nucleus, Ran:GTP binds to Imp-11 and dissociates the UBE2E3:Imp-11 complex. Step 3, the 
Imp-11-Ran:GTP complex binds KEAP1 and restricts it from prematurely retrieving Nrf2 from 
target gene promoters. Step 4, activated UBE2E3 engages Nrf2 on the AREs present in the 
promoters of target genes. Step 5, the export receptor Crm1 exports a KEAP1:Nrf2 complex to 
the cytoplasm. Step 6, in the presence of UBE2E3, exported KEAP1:Nrf2 associates with the 
CUL3 ligase to mediate Nrf2 ubiquitylation and degradation. Step 7, inefficient CUL3KEAP1 
activity (e.g., due to decreased UBE2E3 levels) promotes Nrf2 enrichment at the mitochondria. 
Of note, KEAP1 is shown as a single rectangle but is actually a dimer. Unresolved aspects of this 
model include the mechanisms by which 1) KEAP1 is released from Imp-11, 2) UBE2E3 enhances 
Nrf2 residency on target gene promoters, and 3) mitochondrial Nrf2 is shielded from CUL3KEAP1. 
Experimental evidence for steps 1, 2, 4, and 6 comes from our previous studies (Plafker and 
Macara, 2000; Plafker et al., 2004, 2009, 2010), step 5 comes from the work of others 
(Velichkova and Hasson, 2005; Sun et al., 2007), and steps 3, 4, and 7 come from the present 
report.
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either buffer containing GTP or buffer containing 100 μM GTP-loaded 
Ran. Reactions were incubated for 90 min at 4°C, and eluted proteins 
were captured and solubilized with 2× Laemmli buffer. Bead-bound 
proteins were washed with ice-cold phosphate-buffered saline (PBS) 
and similarly solubilized in preparation for Western blot analysis.

siRNA, immunofluorescence, mitochondrial cluster 
quantitation, and staining
Knockdown of proteins was achieved by siRNA transfection of RPE-1 
cells as previously described (Plafker et al., 2008). At 2–3 d post–
siRNA transfection, cells were fixed with 3.7% formaldehyde in PBS 
for 20 min at room temperature, permeabilized with either −20°C 
methanol for 2 min or 0.2% Triton X-100 in PBS for 10 min on ice. 
Cells were then blocked in 3% bovine serum albumin (BSA) in PBS 
before being incubated with primary antibodies at 4°C overnight. 
Alexa488 nm, Alex546 nm, and Alex647 nm-conjugated secondary anti-
bodies were used according to the manufacturer’s instructions (Life 
Technologies, Grand Island, NY). DNA was counterstained with 
4′,6-diamidino-2-phenylindole (DAPI). Cells were incubated with 
MitoTracker Red CMXROS (200 nM final concentration in media) for 
30 min at 37°C to label mitochondria in live cells. Epifluorescence 
images were captured using an inverted microscope (Eclipse 
TE2000; Nikon, Tokyo, Japan) as previously described (Plafker et al., 
2004) and processed with Photoshop CS, version 8 (Adobe, San 
Jose, CA).

Mitochondria were scored as clustered if the typical reticular net-
work was collapsed into an obvious perinuclear hot spot. If such a 
hot spot was not evident, a cell was scored as not clustered. Four or 
five fields of cells were randomly chosen for each experimental con-
dition, and graphs were compiled from ≥250 scored cells for each 
condition pooled from three independent experiments.

ARE binding
The ARE binding assay was performed as described (Sun et al., 
2009). For the combined immunodepletion/ARE binding experi-
ment shown in Figure 2C, RPE1 cells were plated in a 10- cm dish, 
grown to confluency, and treated with 50 μM tBHQ for 4 h. Cells 
were rinsed with PBS and lysed in 1 ml of RIPA1 buffer (50 mM Tris, 
pH 7.4, 1% NP40, 0.25% sodium deoxycholate, 150 mM sodium 
chloride, 1 mM EDTA, 1 mM PMSF), and insoluble debris was pel-
leted at 16,000 × g for 10 min at 4°C. A 500-μg amount of the 
cleared lysate was added to two tubes containing either 30 μl of 
anti-UBE2E3 antibody or PBS, rocked at 4°C for 1 h, and added to 
100 μl of protein A–Sepharose for 90 min. The resulting superna-
tants were used in the ARE binding assay.

Quantitative real-time PCR
siRNA-transfected RPE-1 cells were treated with either 50 μM tBHQ 
or ethanol for 4 h at 37°C. RNA was extracted from the cells using 
RNAqueous according to the manufacturer’s protocol (Life Tech-
nologies). One microgram of RNA was converted to cDNA using 
qScript cDNA Supermix (Quanta Biosciences, Gaithersburg, MD). 
Quantitative PCR was performed on a CFX96 thermocycler (Bio-
Rad, Hercules, CA) with 25 ng of cDNA, 150 nM final concentration 
of each primer, and iQ SYBR Green Supermix in a total volume on 
10 μl. The primers used were as follows: GCLM forward, 5′-AGT 
TCC CAA ATC AAC CCA GA-3′, and reverse, 5′-CCA TGT CAA 
CTG CAC TTC TAG T-3′; GCLC forward, 5′-CAG ACT TTG AGA 
ACT CTG CCT ATG-3′, and reverse, 5′-AAC ATT CCC TGC AAG 
ACA GC-3′; HO1 forward, 5′-CCA CCA AGT TCA AGC AGC TC-3′, 
and reverse, 5′-GCT CTG GTC CTT GGT GTC AT-3′; NQO1 for-
ward, 5′-GAG TCC CTG CCA TTC TGA AA-3′, and reverse, 5′-GTG 

may be explained by the modest decrease in KEAP1 import after 
Imp-11 knockdown (Figure 6, A and B). Reduced nuclear KEAP1 
would increase the residency time of Nrf2 on certain AREs. This ef-
fect of Imp-11 depletion on nuclear KEAP1 accumulation is likely 
due to disrupted import of UBE2E3 (Plafker et al., 2004). Increased 
cytoplasmic UBE2E3 binds to and stabilizes CUL3KEAP1 in the cyto-
plasm (Figure 7B; Plafker et al., 2009), thereby reducing KEAP1 dis-
sociation from CUL3, a necessary step for bulk KEAP1 import (Sun 
et al., 2007).

These studies additionally identify a new function for an import 
receptor. Imp-11 binds KEAP1 in the nucleus, and complex formation 
is resistant to Ran:GTP. Only one other mammalian import receptor is 
known to bind a nuclear cargo in the presence of Ran:GTP, and in this 
case, Imp-13 was determined to be a bidirectional transporter that 
delivers multiple cargoes to the nucleus but also exports translation 
initiation factor eIF1A from the nucleus (Mingot et al., 2001). Imp-11, 
however, is not exporting KEAP1, but instead regulating the extent 
with which KEAP1 engages nuclear Nrf2. This discovery expands the 
repertoire of functions for a nuclear import receptor and highlights a 
new mechanism for fine-tuning Nrf2 transcriptional activity.

Nrf2 regulation by UBE2E3 opens up many questions, perhaps 
the foremost being, How does UBE2E3 limit the mitochondrial tar-
geting of Nrf2 while also promoting Nrf2 nuclear residency and tran-
scriptional activity? One explanation is that two populations of 
UBE2E3 are involved; one, in the cytoplasm, enhances the CUL3KEAP1-
mediated turnover of de novo synthesized Nrf2, and the other, in 
the nucleus, augments Nrf2 residency on AREs. Depletion of 
UBE2E3 reduces Nrf2 degradation in the cytoplasm, and the excess 
transcription factor associates with PGAM5 on mitochondria. A sec-
ond possibility, based on the necessity for an intact UBE2E3 active 
site, is that the enzyme ubiquitylates factor(s) that promote Nrf2 
nuclear entry and/or retention. Thus, in the absence of UBE2E3, less 
Nrf2 is in the nucleus and more is in the cytoplasm available for 
capture by PGAM5 at the mitochondria. The mitochondrial “hot 
spot” induced by UBE2E3 knockdown would create a high local 
concentration of PGAM5 that could compete with CUL3KEAP1 for cy-
toplasmic Nrf2. Future experiments will discriminate between these 
and other models.

MATERIALS AND METHODS
Western blotting
Proteins were boiled in Laemmli buffer, resolved by SDS–PAGE, and 
transferred to nitrocellulose. Blots were blocked in 5% nonfat milk/
TBST (0.1% Tween-20 in Tris-buffered saline) before incubation with 
primary antibodies. Anti-Flag M2-HRP was diluted 1:5000 in TBST, 
anti-Myc 9E10 was used at 1:500, and anti-HA 12CA5 was used at 
1:1000. Anti-Nrf2 and anti-UBE2E3 antibodies were used as previ-
ously described (Plafker et al., 2008; Ziady et al., 2012).

Transfections, immunoprecipitations, and Ran:GTP elutions
HEK293T cells were transfected by the calcium phosphate method 
(Chen and Okayama, 1987). For immunoprecipitations, cells were ly-
sed in 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton 
X-100, and 1 mM phenylmethylsulfonyl fluoride (PMSF) and centri-
fuged at 16,000 × g, and the resulting supernatant was mixed with 
anti-Flag M2 agarose (#A2220; Sigma-Aldrich, St. Louis, MO). After 
binding at 4°C for 3 h, the bead-associated proteins were washed 
with ice-cold lysis buffer before being solubilized in 2× concentrated 
Laemmli buffer and processed for western blotting. The Ran:GTP elu-
tion experiments were performed similarly to previous studies (Plafker 
and Macara, 2000). Briefly, bead-bound complexes were immuno-
precipitated from transfected HEK293T cells and combined with 
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hydrogenase forward, 5′-GAA GGT GAA GGT CGG AGT CA-3′, 
and reverse, 5′-AAT GAA GGG GTC ATT GAT GG-3′; UBE2E3 for-
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