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Abstract

Little is known about either the basal or stimulated homeostatic mechanisms regulating nuclear

tenure of Nf-e2-related factor 2 (Nrf2), a transcription factor that mediates expression of over 200

detoxification genes. Our data show that stress-induced nuclear Nrf2 accumulation is largely from

de novo protein synthesis, rather than translocation from a pre-existing cytoplasmic pool. HepG2

cells were used to monitor nuclear Nrf2 24 hrs following treatment with the dithiol micronutrient

(R)-α-lipoic acid (LA; 50 μM), or vehicle. LA caused a ≥2.5-fold increase in nuclear Nrf2 within

1 hr. However, pretreating cells with cycloheximide (50 μg/ml) inhibited LA-induced Nrf2 nuclear

accumulation by 94%. Providing cells with the mTOR inhibitor, rapamycin, decreased basal Nrf2

levels by 84% after 4 hrs, but LA overcame this inhibition. LA-mediated de novo protein

translation was confirmed using HepG2 cells transfected with a bicistronic construct containing an

internal ribosome entry sequence (IRES) for Nrf2, with significant (P<0.05) increase in IRES use

under LA treatment. These results suggest that a dithiol stimulus mediates Nrf2 nuclear tenure via

cap-independent protein translation. Thus, translational control of Nrf2 synthesis, rather than

reliance solely on pre-existing protein, may mediate the rapid burst of Nrf2 nuclear accumulation

following stress stimuli.
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1. Introduction

Nf-e2-related factor 2 (Nrf2) is a transcription factor that regulates the expression of

multiple Phase II detoxification and antioxidant genes, and is thus critical for cellular stress

response [1]. While the Nrf2 gene is constitutively expressed and the protein contains a
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nuclear localization sequence [2], very little Nrf2 is typically found in the cell under

quiescent conditions. The mechanism associated with Nrf2 nuclear accumulation under both

quiescent and stress-induced conditions is complex and only currently being elucidated. It is

thought that oxidation of or electrophilic addition to critical sulfhydryls on Keap1, a Kelch-

like actin-binding protein that bridges Nrf2 to the Cul3 E3 ubiquitin ligase [3, 4], may

prevent Nrf2 association or else causes its release from the Keap1 complex [5–7]. Either

scenario increases Nrf2 half-life [8], which allows for enhanced nuclear accumulation and

expression of stress response genes [9], including NAD(P)H quinone oxidoreductase-1

(nqo1), heme oxygenase-1 (ho1), and those associated with glutathione (GSH) synthesis

(both the catalytic [gclc] and modulatory [gclm] subunits of glutamate-cysteine ligase, and

glutathione synthetase). Indeed, Keap1 knockout mice demonstrate the importance of

Keap1, as tissue from these animals exhibits constant and excessive nuclear Nrf2 even

during times of quiescence, and the result is lethal [10].

In addition to Nrf2 regulation via Keap1 thiol redox control, previous studies revealed that

protein kinase C (PKC)-induced Nrf2 phosphorylation at Ser40 causes its disassociation

from Keap1 [11, 12], indicating that kinase-dependent stress signaling may regulate Nrf2 by

discouraging Keap1-mediated degradation. However, it is not clear whether Nrf2

phosphorylation affects its nuclear accumulation [11]. Thus, Nrf2 activation may be subject

to numerous redox and signal transduction-associated stimuli to elicit Nrf2 nuclear

accumulation and induction of stress response genes.

Despite this evidence, it is difficult to understand how Keap1 redox interactions and/or Nrf2

phosphorylation solely are responsible for enhanced Nrf2 nuclear tenure following a

stimulus. Cellular Nrf2 levels are generally quite low under basal conditions, making it

difficult to account for the large and rapid stress-induced increases in nuclear Nrf2

ostensibly coming from an existing pool of Keap1-tethered Nrf2. More specifically, Eggler

et al. found that mutation of critical cysteine residues was insufficient to release Nrf2 from

Keap1 [13], therefore calling into question the exclusive redox-dependent nature of the

Keap1/Nrf2 complex. The question remains whether other potentially significant pathways

are involved in enhancing nuclear Nrf2 levels after a stimulus. In this regard, the recent

work by Kong and coworkers is instructive, as this group showed that Nrf2 mRNA has an

internal ribosome entry sequence (IRES) [14], suggesting that Nrf2 translation would

continue even under high stress insults that typically halt global translation. IRESs are

present in genes vital for stress response and survival, and they allow the translational

machinery to bypass the 7-methyl-guanosine cap at the 5′ end of mRNAs by providing an

internal site for ribosomal binding, which is known as “cap-independent translation.”

Previous research on Nrf2 nuclear accumulation has elucidated the mechanism of its

proteasomal degradation, but little is known about how Nrf2 translation is regulated. Thus,

the full mechanism involved in stress-mediated Nrf2 nuclear accumulation has yet to be

divulged.

Because of these significant gaps in knowledge, the current study was undertaken to

determine whether Nrf2 protein synthesis is part of the stimulus-induced mechanism

associated with nuclear Nrf2 accumulation. Using the HepG2 liver cell line, this report

shows that (R)-α-lipoic acid (LA), a dithiol redox-active compound known to induce Phase
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II detoxification enzymes in an Nrf2-dependent manner, elicits nuclear accumulation of

Nrf2 by 1) increasing the half-life of Nrf2 protein and 2) markedly enhancing translation of

Nrf2 from its existing hepatic mRNA pools. Synthesis of Nrf2 protein at the basal level was

blocked by rapamycin, an inhibitor of cap-dependent translational initiation, but LA-induced

Nrf2 synthesis was rapamycin-independent. Use of a bicistronic construct containing the

IRES of Nrf2 confirmed that LA was able to activate cap-independent translation of Nrf2.

These results thus represent a novel and potentially significant addition to the existing

knowledge of how Nrf2 functions to meet environmental challenges.

2. Materials & Methods

2.1. Cell culture

Cell culture-approved chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA)

except where noted. The human hepatic carcinoma cell line, HepG2, was maintained with

EMEM (ATCC), 10% FBS, 2 mM l-glutamine, and antibiotics. Cells were maintained in a

37 °C incubator with 5% CO2. Media was changed at the end of each day, at least 12 hours

before an experiment, to eliminate artifactual stimulation from fresh media components.

2.2. Chemical treatments

(R)-α-lipoic acid was obtained from MAK Wood, Inc. (Grafton, WI, USA). A 50 mM

solution was made in dimethyl formamide (DMF) vehicle, and LA was added to cell culture

media at 1:1000 for a concentration of 50 μM. Cycloheximide (CHX) was solubilized in

DMF and used at 50 μg/ml. Rapamycin (Calbiochem, IC50 = 50 pM) was used to inhibit

mTOR complex 1 (mTORC1) and was supplied at 10 nM final concentration to cells at least

2 h prior to LA treatment. Vehicle treatments were used as controls. PS341 (bortezomib), a

boronic acid that acts as a very potent proteasome inhibitor [15], was a gift of Millennium

Pharmaceuticals (Cambridge, MA, USA) and was solubilized in DMF and provided to cells

at 50 nM final concentration.

2.3. Whole cell lysates and nuclear extracts

For whole cell lysates, cells were harvested by scraping, washed in phosphate buffered

saline (PBS), and sonicated in TNSEV buffer (50 mM Tris, pH 7.5, 1% NP-40 (v/v), 100

mM NaCl, 2 mM EDTA, 2 mM sodium orthovanadate) containing protease and phosphatase

inhibitors. For nuclear extracts, cells were harvested, washed, and cell pellets were allowed

to swell for 15 minutes in Hypotonic Buffer (10 mM HEPES, pH 7.9, 10 mM KCl, 1.5 mM

MgCl2, plus freshly added protease and phosphatase inhibitors). Plasma membranes were

disrupted by adding 0.6% (v/v) Igepal and vortexing, then nuclei were pelleted by

centrifugation at 12,000 rpm for 1 min. at 4°C. The cytosolic fraction was removed and

nuclei were washed and resuspended in the buffer with Igepal. The method is described in

detail in Shay et al. [16].

2.4. Immunoblotting

Lysates were prepared as described above, sonicated, and proteins were solubilized for

PAGE in Laemmli loading buffer containing SDS. Samples were heat-denatured for 5 min.

at 100°C. Normalized amounts of protein (30 μg/lane) were run on SDS-PAGE and
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transferred to PVDF membranes with a semi-dry blotter. Membranes were blocked in PBS

containing 1% Tween-20 with either 5% nonfat dry milk or 3% BSA, incubated with

primary antibodies for 2 h at room temperature, washed, and incubated with secondary

antibodies for 1 h at room temperature, washed, incubated with chemiluminescence

reagents, exposed to film, and developed. Antibodies made to the following proteins were

used: Nrf2 (H-300) and Keap1 (C-20) (Santa Cruz Biotech, USA), 4EBP1, Phospho-

T-37/46-4EBP1, Lamin A/C, and LDHA (Cell Signaling Technology, Beverly, MA, USA),

and Actin (Sigma-Aldrich). The primary antibodies were diluted in PBS-Tween for blotting.

Blots were densitometrically analyzed with ImageJ software from NIH.

2.5. RT-qPCR

For quantitative analysis of mRNA in cells, total RNA was isolated from HepG2 cells using

the RNAeasy Mini Kit (Qiagen, Valencia, CA, USA). RNA (2 μg) was reverse transcribed

using the RETROscript kit (Ambion, Austin, TX, USA) and the provided polyadenylate

primers. TaqMan primers specific to NQO1, GCLC, NFE2L2 and β-actin were obtained

from Applied Biosystems (Austin, TX, USA). PCR amplification reactions were assembled

using the TaqMan Gene Expression Array Master Mix per the manufacturer’s instructions.

Reactions were run on an MJ Research DNA Opticon 2 (Bio-Rad, Hercules, CA, USA) for

40 cycles. Messenger RNA levels were estimated by the ΔΔCT method (where CT is cycle

threshold) from the β-actin internal standard and are represented as percent change from

untreated cells.

2.6. Transfection of bicistronic vector and measurement of luciferase activity

A bicistronic vector containing human Nrf2’s 5′ UTR and part of the ORF (−83 through

+45) in the intercistronic region was used as described in Li et al. [14]. As a control to rule

out ribosomal read through, an additional vector with a hairpin structure upstream of the

Nrf2 5′ UTR was used, and cryptic promoter activity was also ruled out [14]. HepG2 cells

were transfected in 96-well plates using Jet-PEI (Polyplus-transfection SA, Illkirch, France)

according to the manufacturer’s instructions. The Dual-Luciferase Reporter Assay System

(Promega, Madison, WI, USA) was used to measure the activities of Renilla luciferase

(Rluc) and firefly luciferase (Fluc). Eighteen hours post-transfection, cells were washed in

HBSS and lysed with 20 μl passive lysis buffer. A SpectraMax L luminometer (Molecular

Devices, Sunnyvale, CA) was used to measure the Fluc and Rluc intensities. To measure the

Fluc activities, 20 μl lysate was mixed with 100 μl Luciferase Assay Reagent II to generate a

stabilized luminescent signal. After the Fluc luminescence was quantified, the Fluc reaction

was quenched and the Rluc was simultaneously initiated by adding 100 μl Stop & Glo

Reagent. Rluc/Fluc activities were normalized by total protein concentration.

2.7. Statistics

Statistical analysis was performed with GraphPad Prism 5.0 software (GraphPad, San

Diego, USA). At least 3 replicates were performed for each experiment. Student’s t-test,

one-way ANOVA, and two-way ANOVA were used to determine statistical significance,

with Bonferroni’s or Tukey’s post hoc test. Results were considered significant if the P

value was <0.05.
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3. Results

3.1. Nrf2 accumulates in both cytoplasmic and nuclear compartments under proteasome
inhibition

We used a relevant cell model for oxidative stress response and detoxification, the

transformed hepatocyte cell line HepG2, to define the characteristics of steady-state nuclear

Nrf2 homeostasis during quiescence and under stimulated conditions. While it is generally

accepted that Nrf2 responds to a variety stresses by accumulating in the nucleus, relatively

little is known about Nrf2 homeostasis under basal conditions, except that it is subject to

rapid proteasomal degradation [8, 17, 18]. We therefore determined baseline Nrf2 turnover

characteristics by treating cells with PS341 or cycloheximide (CHX) to inhibit Nrf2

degradation or synthesis, respectively. Treating cells for 4 hrs with 50 nM PS341 resulted in

a 3- and 17-fold increase in cytoplasmic and nuclear Nrf2 levels, respectively, relative to

vehicle treatment (Figure 1A). Keap1 is also subject to proteasomal degradation, but 4 h

PS341 did not produce a noticeable increase in either cytoplasmic or nuclear Keap1 (Figure

1A) under these specific conditions. The enrichment in Nrf2 nuclear accumulation suggests

that no inducer of Nrf2 is necessary to initiate nuclear Nrf2 translocation, which

corroborates the observation that Nrf2 has a constitutively active nuclear localization signal

[2]. Further, it is notable that Nrf2 also accumulates in the cytoplasm when degradation is

inhibited, though the ways in which this pool differs from the nuclear pool remain unknown.

The nuclear Nrf2 that accumulates in the nucleus under PS341 is active, as evidenced by

increased transcript profiles of gclc and nqo1, two quintessential Nrf2-mediated Phase II

detoxification genes (Figure 1B).

Vehicle-treated cells displayed very little Nrf2, so we sought to determine the half-life of

Nrf2 in our model. Monitoring the rate of Nrf2 loss over time under CHX treatment

demonstrated that nuclear Nrf2 has a nominal half-life in HepG2 cells of ~12 min. as shown

in the graph in Figure 1C, which is in accordance with the whole-cell Nrf2 half-life in

previous studies [8]. Cytoplasmic Nrf2 was below detection levels in the accompanying

western blot. Based on these results using inhibitors of protein synthesis and degradation, it

appears that Nrf2 is continuously produced and will spontaneously accumulate in the

nucleus if it is not degraded.

3.2. LA-mediated Nrf2 nuclear accumulation characteristics

For cell stimulation, we used LA, a dithiol compound that initiates Nrf2-mediated

expression of glutathione synthesizing genes [19, 20]. A low, physiological dose of LA (50

μM) [21] resulted in a 2.5-fold (P<0.05) increase in protein levels of Nrf2 in the nuclei of

HepG2 cells within 1 hr after treatment (Figure 2A). Nrf2 levels remained elevated even 24

h following LA treatment in HepG2 cells, but did not result in changes to Nrf2 transcript

levels up to 8 hrs after the stimulus relative to vehicle treatment (Figure 2B). This shows that

LA elicits a rapid, sustained increase in nuclear Nrf2 levels, which is not from an induction

of Nrf2 gene expression.

LA-induced nuclear Nrf2 accumulation was sufficient to increase transcript profiles of the

Nrf2-regulated genes gclc and nqo1 (Figure 2B), showing that LA did indeed induce

Shay et al. Page 5

Biochim Biophys Acta. Author manuscript; available in PMC 2014 May 07.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



sufficient Nrf2 to perform its transcriptional function. Thus, conditions were defined for

both steady-state nuclear homeostasis under both basal conditions and stemming from a

physiologically relevant stimulus.

3.3. LA-induced Nrf2 nuclear accumulation requires new protein synthesis

Next, we asked whether the Nrf2 protein found in the nucleus in both quiescent and LA-

stimulated conditions stemmed from alterations in Nrf2 half-life (reflecting less interaction

with Keap1), newly translated protein, or both. For monitoring Nrf2 half-life under a

stimulus, cells were incubated with LA (50 μM) for 1 hr prior to adding CHX, after which

samples were taken at the times indicated. Under these conditions, Nrf2 T1/2 was

approximately 55 min. (Figure 3A), which was more than 4 times longer than that observed

under quiescent conditions (see Fig. 1C); however, it must be noted that the prolonged

stimulus-induced T1/2 alone could not account for the sustained nuclear Nrf2 tenure

observed in Figure 2A.

To determine whether the Nrf2 accumulation resulted from sequestered cytoplasmic pools or

from newly synthesized protein stemming from the LA stimulus, CHX was added prior to

LA stimulation. If pre-existing Nrf2 translocates to the nucleus upon LA treatment, there

would be an elevation of nuclear Nrf2 levels despite the addition of CHX. In contrast, results

showed that no Nrf2 accumulated in the nucleus (Figure 3B) under CHX interdict

(P<0.0001), nor was any increase in Nrf2 observed in the cytoplasm after LA. Interestingly,

an overall loss of nuclear Nrf2 is observed under CHX vs. vehicle alone (P<0.0001). This

was likely because of proteasomal degradation where basal levels of Nrf2 are being

degraded and are not being renewed. These results show that LA, in addition to increasing

nuclear Nrf2 half-life from ~12 to ~55 min., also surprisingly induces new Nrf2 protein

synthesis. Keap1, in contrast, was not changed with LA treatment (Figure 3B). To further

examine the implications of these results, the combination of proteasome inhibition and LA

stimulation was tested. When HepG2 cells were treated with both LA and PS341,

significantly (P<0.05) more Nrf2 nuclear accumulation occurred vs. either treatment alone

(Figure 3C), confirming that LA plays a dual role in increasing Nrf2 protein levels.

3.4. LA overcomes translational inhibition by rapamycin and induces use of Nrf2’s IRES

To further assess a potential LA-dependent translational mechanism, we determined whether

inhibiting mTORC1, the serine/threonine kinase that mediates cap-dependent translation,

modulates LA-stimulated nuclear Nrf2 levels. Using the macrolide rapamycin to inhibit

mTORC1, we observed a steady decrease in whole-cell Nrf2 levels over time (Figure 4A).

This indicates that Nrf2 translation in unstimulated cells, Nrf2 translation is cap-dependent

and regulated by mTORC1. However, pretreating cells with rapamycin to inhibit mTORC1

did not prevent an LA-induced Nrf2 protein increase (Figure 4A), which shows that LA

overcomes mTORC1 inhibition to increase Nrf2 levels.

In light of these results and those showing that Nrf2 half-life was lengthened following LA

treatment (Figure 3A), further experiments were performed to determine whether the LA-

induced Nrf2 seen after pretreatment with rapamycin was pre-existing. Results showed that
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adding CHX first kept LA from overcoming rapamycin inhibition (Figure 4B). Thus, we

conclude that LA-induced Nrf2 accumulation largely resulted from newly synthesized Nrf2.

4EBP1 is a key protein for regulating cap-independent translation; when

hypophosphorylated, it sequesters eIF4E from binding to the 5′ cap of mRNAs. Thus,

phosphorylation of 4EBP1 promotes cap-dependent translation, while failure to

phosphorylate it (as under stress conditions) decreases global protein translation and only

cap-independent translation of stress-response and survival-related proteins can proceed. As

shown in Figure 4A, within 2 hrs, rapamycin reduced phosphorylation of T37/464EBP1

dramatically but not completely, which is in accordance with Yip et al. who state that this is

a function of mTOR’s structure [22]. In spite of the continued presence of Nrf2 under

rapamycin + LA, LA was not able to overcome rapamycin’s reduction of 4EBP1

phosphorylation (Figure 4A), indicating that LA does not promote cap-dependent translation

of Nrf2 by facilitating the re-phosphorylation of 4EBP1. LA alone caused no significant

change in phospho-4EBP1 (Figure 4C), and thus would not appear to affect the amount of

eIF4E available to bind the 5′ caps of mRNAs [23].

In the same time course of up to 4 hrs, LA stimulated nuclear accumulation of Nrf2 even in

the presence of rapamycin (Figure 5A). Although the results in Figure 4 show that this is

largely due to new Nrf2 protein synthesis and not solely reduced turnover, we sought to

separate these mechanisms. Because a recent report by Li et al. [14] showed that Nrf2 has an

IRES, we sought to determine whether this IRES is utilized to maintain Nrf2 translation

under LA treatment. For this determination, HepG2 cells were transfected with a bicistronic

vector in which the 5′ UTR of wild type Nrf2 was subcloned into the intercistronic region,

resulting in the production of Firefly Luciferase when the IRES is used (Figure 5B). Renilla

Luciferase is produced in response to cap-dependent translation. Transfected cells were

treated with rapamycin and/or LA in the same manner as performed in Figure 5A. LA

treatment markedly stimulated appearance of Firefly Luciferase (Figure 5C), which

qualitatively suggests that LA’s actions on translation were mediated through the IRES of

Nrf2. Interestingly, there was a small but significant (P<0.05) decrease in Renilla Luciferase

under not only rapamycin, but also LA or the combination of the two compounds. This

suggests that both modes of translation may operate, to some degree, depending on the

stimulus. Figure 5C confirms that the Nrf2 IRES is active in response to LA in spite of the

presence of rapamycin. These results further suggest that LA-dependent translational

changes to Nrf2 can occur even when mTORC1 activity is impaired. Taken together, these

data indicate that LA promotes cap-independent translation of Nrf2.

4. Discussion

Herein, we describe a novel means of explaining a stimulus-induced increase in Nrf2 levels

that must be considered an addition to the well-studied mechanism of Keap1/Nrf2

sequestration. In our model, rather than a large pool of existing Nrf2 being translocated to

the nucleus upon LA treatment, the majority of Nrf2 was newly synthesized via translational

mechanisms, without a concomitant increase in mRNA. This system of highly controlled

protein synthesis indicates that Nrf2 is an important molecule for stress response; the cell

can induce Nrf2 translation upon receiving a stress signal without having to induce
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transcription of Nrf2. Furthermore, Nrf2 can still be synthesized by cap-independent

translation if the mTORC1 system is repressed. As a stimulus, LA also facilitates a

lengthening of Nrf2 half-life. Keap1, which is associated with Nrf2 degradation, is thought

to be the limiting factor in the Nrf2/Keap1 system [24, 25], so a surfeit of newly synthesized

Nrf2 may overwhelm the ability of Keap1 molecules to bind it. In fact, our data show that

nuclear Nrf2 half-life increases to approximately 55 min. after LA treatment (Figure 3A),

which is notable, but is not long enough to account for Nrf2’s sustained nuclear tenure seen

in Figure 2A. Thus, our data point to a translational control mechanism which should also be

considered when evaluating the effects of other compounds that stimulate Nrf2 nuclear

accumulation.

These findings must be placed in context with the known regulatory mechanisms that affect

steady-state levels of Nrf2 in the nucleus. Nrf2 is constitutively expressed and its

transcription is not affected by the stressors or antioxidants that so affect its protein levels.

However, Nrf2 protein is subject to continual degradation by the Keap1-Cul3 ubiquitin

ligase system, such that high amounts of cellular Nrf2 are not seen on a basal level. Nrf2 has

nuclear localization signals (NLS) as well as nuclear export signals (NES) [2, 25–27]. Cells

expressing an Nrf2 construct with a mutated NES display nuclear localization of Nrf2 even

in the absence of a stimulus, while cells expressing an Nrf2 construct with a mutated NLS

cannot transport Nrf2 into the nucleus even under conditions that induce nuclear

accumulation of wild-type Nrf2 (i.e., 50 μM t-BHQ); instead, Nrf2 with a mutated NLS

remains cytoplasmic [2]. Under basal conditions, most cells show both cytoplasmic and

nuclear distribution of exogenously expressed wild-type Nrf2 [26].

Stresses shown to induce Nrf2 nuclear accumulation include the unfolded protein response

[28], viral infection [29], and oxidative/genotoxic stress (reviewed in [30]), which can

benefit from the upregulation of genes encoding Phase II enzymes. We have also shown that

LA induces the nuclear accumulation of Nrf2 in rat liver tissue and increases the

transcription of ARE-containing, Nrf2-driven genes [19]. As a dithiol electrophile, LA can

be considered a typical sulfhydryl inducer of Nrf2. In the event of a stress signal such as

treatment with LA, Nrf2 is localized in the nucleus. LA is a redox active compound, and

thiol modification of Keap1 has been proposed as a mechanism for catalyzing the release of

Nrf2 [6]. However, the precise mechanism(s) involved in Nrf2 nuclear tenure under a

stimulus has not been fully elucidated. Eggler et al. [13] and Hong et al. [31] have proposed

that thiol modification of Keap1 switches ubiquitylation from Nrf2 to Keap1, catalyzing not

so much a “release” of Nrf2 as a lack of available Keap1 to tether it. Certainly, our results

show that LA-induced nuclear accumulation of Nrf2 does not coincide with a rise in

cytoplasmic Nrf2, but with de novo synthesis of Nrf2. It is not known, however, whether the

thiol modification of Keap1 is enough to allow Nrf2 to localize to the nucleus. As

Kobayashi et al. [7] found that mutation of Keap1 cysteines 273 and 288 was insufficient to

cause Nrf2 release, although Nrf2 degradation was decreased and cytoplasmic accumulation

was observed. In none of our experiments did we observe an LA-induced increase in

cytoplasmic Nrf2. Further, the half-life of nuclear Nrf2 increased to 55 min. under LA

stimulus (Figure 3A), which is still quite short. Jain and Jaiswal [32] showed that Nrf2

nuclear export is mediated by phosphorylation by Fyn at Y568, and that Nrf2 must be

exported into the cytosol via its NES for Keap1-mediated degradation [2]. Although Keap1
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occurs in the nucleus of HepG2 and NIH3T3 cells [33], where 26S proteasomes are also

present [34], current evidence suggests that Nrf2 degradation takes place only in the

cytoplasmic compartment [32, 35]. Our results make sense in this context, as Nrf2 may have

translocated to the cytoplasm for Keap1-mediated degradation, explaining both its relatively

short (<1 hr) half-life and its cytoplasmic levels typically being below detection limits.

A recent paper by Sun et al. [36] implicates the protein KPNA6 in the nuclear import of

Keap1, thereby promoting the ubiquitination and degradation of Nrf2 and “resetting” the

basal levels of Nrf2. Because of this, siRNA knockdown of KPNA6 increases nuclear Nrf2.

While we did not test the effect of LA on the levels of KPNA6 itself, we did note that Keap1

half-life was not affected by LA treatment (Supplemental Figure 1A), nor did LA

significantly increase nuclear levels of Keap1 (Supplemental Figure 1B) at the dose and

times measured. More work will need to be done to determine the effect, if any, of LA on

KPNA6-mediated Keap1 import.

Examination of Nrf2 subcellular localization under proteasome inhibition showed that Nrf2

levels build up in both cytoplasm and nucleus without any stimulus (Figure 1A). The

combination of PS341 and LA treatment increased Nrf2 levels in comparison to either

compound alone (Figure 3C), confirming that LA does not merely prevent degradation of

existing Nrf2, which is in accordance with Nrf2 being newly translated in response to LA.

This is interesting in light of the important work done by Purdom-Dickinson et al., who

showed that H2O2 induces Nrf2 translation, but does not lengthen its half-life [37]. LA, by

contrast, does both. It is notable, however, that LA results in sustained Nrf2 nuclear tenure

for as long as 24 h in our model (Figure 2A), which cannot be explained solely by its

increase in half-life. Thus it appears that the majority of Nrf2 that accumulates in the

nucleus after LA treatment is newly translated.

Additionally, our data suggest that the mTORC1-mediated translational system is involved

in Nrf2 steady-state levels (Figures 4 and 5), but inhibition of this complex by rapamycin

cannot prevent translation of Nrf2 under LA-induced stimulation. These results are

significant, as mTORC1 is a major point of control for protein translation. In its activated

state, mTORC1 receives multiple input signals related to energy status and cellular stress

conditions [22]. Under permissive conditions, this complex catalyzes phosphorylation of

4EBP1, a regulator of cap-dependent protein translation, whereupon 4EBP1 is released from

eIF4E. Cap-dependent translation proceeds when unbound eIF4E binds the 7mGpppN cap

on the 5′ end of mRNAs, and eIF4G forms a bridge between this factor and the 40S

ribosomal subunit [38]. In the event of no available eIF4E, cap-independent translation can

still occur in certain mRNAs via IRESs [38], which vary in their use of particular initiation

factors, but do not require eIF4E [39]. These sequences are found in transcripts encoding

proteins that are important for cell stress response and survival, and a switch to conditions

favoring cap-independent translation results from various stress stimuli [40]. Kong and

coworkers found that Nrf2 contains an IRES [14], which further classifies Nrf2 as a vital

stress response gene. Our data fit with this interpretation as nuclear accumulation of Nrf2

resulted from an alteration of the mTOR pathway by LA. When Kong’s group used a dual

luciferase vector to measure the use of Nrf2’s IRES, H2O2 induced translation via both

mechanisms, but sulforaphane primarily used the IRES [14]. Our findings showed that usage
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of general cap-dependent translation did not increase after LA treatment, but there was a

marked increase in cap-independent translation of Nrf2 via its IRES, as measured by Firefly

Luciferase (Fig. 5C). A recent work by Zhang et al. [41] shows that the Sjögren Syndrome

Antigen B (SSB; also called La autoantigen) protein binds to the 5′ UTR of Nrf2 and

induces cap-independent translation under H2O2 treatment. SSB colocalizes with ribosomes

in a redox-sensitive manner. While we did not test our samples for the presence of this

binding protein, it is quite possible that LA, as a redox-active compound, could affect the

localization of SSB to increase Nrf2 protein translation.

In summary, the LA-induced nuclear accumulation of Nrf2 via a translational mechanism,

rather than that of an existing pool of cytoplasmic Nrf2, is a novel finding. The large

amounts of Nrf2 observed in the nucleus after stress stimuli do not appear to correlate with

the cytoplasmic levels of Nrf2 held by Keap1, and indeed, as posited by Pickett’s group,

constitutive synthesis of such a large pool of Nrf2 only to degrade it immediately would

represent an inefficient use of cellular energy [24]. Our data using LA provide evidence that

new protein synthesis, in addition to the inhibition of degradation, is crucial to increasing the

nuclear levels of Nrf2.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Nrf2 enters the nucleus without a stimulus but has a short half-life
A) Cytoplasmic and nuclear Nrf2 were assessed by western blot using protein from HepG2 cells incubated with 50 nM PS341

for the indicated times. Keap1 levels were also determined by western blot under these conditions. Nrf2 graphs show the means

± SE of 3 experiments. *P<0.04, **P<0.0002. B) RT-PCR analysis for gclc and nqo1 mRNA following PS341 time course, N=5

for each. *P<0.0001 vs. time 0. C) Cells were treated with 50 μg/ml cycloheximide (CHX) for the indicated times. Nrf2 levels

were determined by western blot and densitometry. Graph of nuclear Nrf2 shows the mean ± SE of 3 experiments.
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Figure 2. LA stimulates nuclear accumulation of Nrf2 without changes in its mRNA
A) HepG2 cells (N=3) were treated with 50 μM LA for up to 24 h prior to harvest. Nrf2 levels were determined by western blot

and densitometry. The graph of nuclear Nrf2 shows the mean ± SE. *P<0.05 vs. time 0. B) RT-PCR analysis for nrf2, gclc, and

nqo1 mRNA following an LA time course, N=5 for each. *P<0.05 vs. time 0.
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Figure 3. Nuclear accumulation of Nrf2 under LA requires new protein synthesis
A) HepG2 cells were treated with 50 μg/ml CHX for the indicated times after preincubation for 1 h with 50 μM LA. Nuclear

extracts were separated by SDS-PAGE, transferred to membranes, and probed for Nrf2, Keap1, and loading controls. The graph

shows the mean ± SE of 3 experiments. B) Cells were treated with vehicle only, 50 μM LA for 1 h, or pretreated with 50 μg/ml

CHX for 5 min. before 1 h treatment with LA or additional vehicle. Cell extracts were separated by SDS-PAGE, transferred to

membranes, and probed for Nrf2. The graph of nuclear Nrf2 shows the mean ± SE of 4 experiments. *P<0.0001 vs. vehicle and

†; †P<0.0001 vs. vehicle and *. C) Cells were preincubated with 50 nM PS341 for 1 h prior to a 4 h bolus of 50 μM LA or

vehicle. Cell extracts were run on SDS-PAGE and western blotting was performed for Nrf2. The graph of nuclear Nrf2 shows

the means ± SE of 3 experiments. *P<0.05 vs. vehicle and †; †P<0.05 vs. vehicle and *.
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Figure 4. LA overcomes translational inhibition of Nrf2 by rapamycin
A) Nrf2 was measured by western blot in whole cell extracts from HepG2 cells treated with 10 nM rapamycin. *P<0.05 vs. time

0. B) Nrf2 in whole cell extracts from cells pretreated with 10 nM rapamycin and then given CHX (50 μg/ml) or vehicle before

the addition of 50 μM LA. *P<0.0015 vs. time 0. C) Phospho-4EBP1 and total 4EBP1 were measured by western blot in cells

treated up to 4 h with 50 μM LA, P>0.05. All graphs show the means ± SE of 3 experiments.
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Figure 5. Nrf2 IRES is induced by LA during rapamycin treatment
A) HepG2 cells were preincubated with vehicle or 10 nM rapamycin before a time course of 50 μM LA. Nrf2 protein was

assessed by western blot. B) Adapted from Li et al. (14): wild-type 5′-UTR of human Nrf2 mRNA was subcloned into the

intercistronic region of a bicistronic vector containing a Rluc and a Fluc. 5′-UTR: 5′-untranslated region; (A)n: poly(A) tail;

ORF: open reading frame. C) Cells were transfected with the bicistronic vector in which the 5′UTR of Nrf2 is accessed only via

its IRES and Firefly Luciferase (Fluc) activity indicates cap-independent translation. Renilla Luciferase (Rluc) activity indicates

cap-dependent translation. Cells were treated as in (A) above, and dual luciferase activity was monitored by photon counting on

a SpectraMax luminescence plate reader. The graphs show the means ± SE of 3 experiments. *P<0.05 compared to vehicle in

Rluc samples. †P<0.05 compared to vehicle in Fluc samples.
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