Am J Physiol Renal Physiol 284: F743–F752, 2003.
First published November 26, 2002; 10.1152/ajprenal.00376.2002.

Heme activates the heme oxygenase-1 gene in renal
epithelial cells by stabilizing Nrf2
Jawed Alam,1,2 Erin Killeen,1 Pengfei Gong,1 Ryan Naquin,1 Bin Hu,1
Daniel Stewart,1,2 Julie R. Ingelfinger,3 and Karl A. Nath4
1

Department of Molecular Genetics, Ochsner Clinic Foundation, New Orleans 70121; 2Department of
Biochemistry and Molecular Biology, Louisiana State University Health Sciences Center, New Orleans,
Louisiana 70112; 3Pediatric Nephrology Unit, Massachusetts General Hospital, Boston, Massachusetts 02114;
and 4Division of Nephrology, Mayo Clinic Foundation, Rochester, Minnesota 55905
Submitted 18 October 2002; accepted in final form 19 November 2002

with a redox active iron center, is
a lipophilic molecule of limited solubility in aqueous
environments.1 Consequently, it is typically associated
with (either covalently or noncovalently), and functions as a cofactor for, various proteins such as hemoglobin, myoglobin, mitochondrial and microsomal cytochromes, catalases, nitric oxide synthase, guanylate
cyclase, and cyclooxygenases (11, 36, 48). In this capacity, heme is essential for many biological activities,
including oxygen transport, energy production, and
xenobiotic detoxification. Tissue damage or cell injury,
either in pathological states or in response to noxious

stimuli, can destabilize heme proteins, resulting in
altered associations and even release of the heme moiety. Due to its lipophilic nature and the reactive iron
molecule, “free” heme can damage cellular components
and disrupt cellular function through mechanisms that
are, at least in part, prooxidant in nature (9, 10, 20,
39–41). For instance, heme is known to promote oxidative degradation of proteins (2) and DNA (1) and
amplify hydrogen peroxide-mediated endothelial cell
dysfunction (11).
Elimination of excess free heme is essential for maintenance of cellular integrity and is largely the responsibility of heme oxygenases (HOs), enzymes that catalyze the initial and rate-limiting step in heme
catabolism, the oxidative cleavage of the porphyrin
ring to generate biliverdin IX␣ with the release of the
heme iron and carbon monoxide. Of the two functional
HO isoforms thus far identified (HO-1 and HO-2) (32),
HO-1 plays a particularly important role in this process as the expression of this protein, and consequently
overall HO activity is potently stimulated in response
to heme. In addition to the substrate, a variety of
physiological and nonphysiological stimuli such as inflammatory cytokines, hyperthermia, UV-irradiation,
heavy metals, and arsenite, all of which are potentially
injurious to cells and can lead to heme protein instability, also induce HO-1 expression. Induction of HO-1
is regulated primarily at the level of ho-1 gene transcription.
Our previous studies have demonstrated the importance of induction of HO-1 expression and of ensuing
HO activity in the protection against heme-mediated
injury. For instance, in experimental rhabdomyolysis
and hemolysis, heme molecules derived from myoglobin and hemoglobin released during injury to skeletal
muscle and red blood cells, respectively, readily accumulate in kidney epithelial cells and lead to renal
dysfunction. Prior induction of HO-1 in this experimental model, however, protected rats from renal failure
and mortality; the opposite effect was observed after
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Alam, Jawed, Erin Killeen, Pengfei Gong, Ryan Naquin, Bin Hu, Daniel Stewart, Julie R. Ingelfinger, and
Karl A. Nath. Heme activates the heme oxygenase-1 gene in
renal epithelial cells by stabilizing Nrf2. Am J Physiol Renal
Physiol 284: F743–F752, 2003. First published November 26,
2002; 10.1152/ajprenal.00376.2002.—The mechanism of heme
oxygenase-1 gene (ho-1) activation by heme in immortalized
rat proximal tubular epithelial cells was examined. Analysis
of the ho-1 promoter identified the heme-responsive sequences as the stress-response element (StRE), multiple copies of which are present in two enhancer regions, E1 and E2.
Electrophoretic mobility shift assays identified Nrf2, MafG,
ATF3, and Jun and Fos family members as StRE-binding
proteins; binding of Nrf2, MafG, and ATF3 was increased in
response to heme. Dominant-negative mutants of Nrf2 and
Maf, but not of c-Fos and c-Jun, inhibited basal and hemeinduced expression of an E1-controlled luciferase gene. Heme
did not affect the transcription activity of Nrf2, dimerization
between Nrf2 and MafG, or the level of MafG, but did stimulate expression of Nrf2. Heme did not influence the level of
Nrf2 mRNA but increased the half-life of Nrf2 protein from
⬃10 min to nearly 110 min. These results indicate that heme
promotes stabilization of Nrf2, leading to accumulation of
Nrf2 䡠 MafG dimers that bind to StREs to activate the ho-1
gene.
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MATERIALS AND METHODS

Materials. Tissue culture media were from Life Technologies, and fetal bovine serum was obtained from Mediatech.
Restriction endonucleases and other DNA-modifying enzymes were purchased from either Life Technologies or New
England Biolabs. Oligonucleotides were synthesized by Integrated DNA Technologies. Radiolabeled nucleotides were obtained from NEN. Reagents for luciferase assays were purchased from Sigma Chemical. MafG antisera were kindly
provided by Dr. V. Blank, and anti-rat HO-1 was obtained
from StressGen Biotech. All other antibodies were purchased
from Santa Cruz Biotechnology. All other chemicals were
reagent grade.
Plasmids. The wild-type and mutant ho-1 promoter/luciferase fusion constructs have been described previously (7).
pFRluc, containing 5 tandem copies of the Gal-4 binding site,
was obtained from Stratagene. Plasmid pCMV/␤-gal, encoding the Escherichia coli ␤-galactosidase gene, was kindly
provided by Dr. Ping Wei. Construction of the dominantnegative mutants of Nrf2 and c-Jun has been previously
reported (6). The dominant mutant of MafK (31) and the
A-Zip mutants derived from c-Fos and cAMP response element binding protein (CREB) sequences (3, 44) were kindly
provided by Drs. Stuart Orkin and Charles Vinson, respectively. Mammalian two-hybrid vectors pEG, containing the
DNA-binding domain of Gal-4 (Gdbd), and pAD, containing
the transcription activation domain of Nrf2, have been described (19). Full-length human MafG (kindly provided by
Dr. Volker Blank), full-length mouse Nrf2 (amino acid residues 1–597), or truncated Nrf2 (⌬N, amino acids 329–597)
were cloned in-frame with the Gdbd in pEG. Full-length rat
HO-1 and MafG sequences were also cloned into the pAD
vectors.
Cell culture, transfection, and enzyme assays. Immortalized rat proximal tubular epithelial cells (IRPTCs), developed
and characterized as previously described (51), were cultured
in a humidified atmosphere (95% air, 5% CO2) at 37°C in
DMEM containing 0.1% glucose, 0.1 mM nonessential amino
acids, 5% fetal bovine serum, and 50 g/ml gentamicin.
Transient transfections were carried out with Fugene6 transfection reagent (Roche Molecular Biochemicals) according to
the manufacturer’s recommendations. Briefly, cells were
seeded (7 ⫻ 104/well) in 12-well plates and, 20 h after plating,
cells in each well were transfected with a FuGene6-DNA
AJP-Renal Physiol • VOL

mixture consisting of 50 ng of the luciferase plasmid, 25 ng of
pCMV␤-gal and 175 ng of empty vector, or the indicated
effector plasmid. The transfection media were removed 24 h
later, and the cells were exposed to vehicle [DMSO, final
concentration of 0.5% (vol/vol)] or 10 M heme in DMSO for
5 h in serum-free medium. Preparation of cell extract and
measurement of reporter enzyme activities were carried out
as described (4).
Electrophoretic mobility shift assay. IRPTCs were seeded
(1 ⫻ 106 cells/10-cm plate) and cultured for 48–72 h in
complete medium and then treated with vehicle or 10 M
heme in serum-free medium for 3 h. Whole cell extracts
(WCEs) were prepared as described previously (16). The
standard binding reaction mixture (12.5 l) contained 18 mM
HEPES (pH 7.9), 80 mM KCl, 2 mM MgCl2, 10 mM DTT, 10%
glycerol, 0.2 mg/ml bovine serum albumin, 160 g/ml poly(dIdC), 20,000 counts per minute [␥-32P]ATP-labeled probe, and
3.5–5 g of WCE. Reaction mixtures were incubated at 25°C
for 20 min and analyzed by native 5% polyacrylamide gel
electrophoresis and autoradiography as described previously
(16, 37). A double-stranded oligonucleotide containing the
sequence 5⬘-TTTTCTGCTGAGTCAAGGTCCG-3⬘ was used
as a probe in EMSA reactions (core StRE sequence is underlined). In supershift assays, 1 l of preimmune serum or
anti-MafG serum and preimmune IgG or anti-transcription
factor IgG (2 g/l) were added to the reaction mixture and
incubated for 20 min at room temperature before electrophoresis.
Protein and RNA blot analyses. IRPTCs were plated in
10-cm (1 ⫻ 106 cells) or in six-well plates (2 ⫻ 105 cells/well)
and cultured for 48–72 h. The culture media were removed,
and cells were exposed to vehicle or 10 M heme for 0–4 h in
serum-free medium. Whole cell, cytoplasmic, and nuclear
protein extracts were prepared as previously described (15).
Extracts were electrophoresed on a 4–12% gradient SDSPAGE gel (Invitrogen), and proteins were transferred to a
polyvinylidene difluoride membrane. The membrane was
blocked overnight in Tris-buffered saline containing 0.1%
(vol/vol) Tween 20 and 5% (wt/vol) nonfat dry milk and then
incubated with the primary antibody (1:1,000 dilution) for
3 h. Treatment with the secondary antibody and antigen
detection were carried out using the ECL system (Amersham
Pharmacia Biotech) according to the manufacturer’s recommendations. Total RNA was isolated by the procedure of
Chomczynski and Sacchi (12), and RNA dot blot analysis was
carried out as previously described (7). Successive hybridizations were carried on the same filter using cDNA probes
encoding mouse Nrf2, rat HO-1, and rat ribosomal protein
S3. Hybridization signals were quantified using a phosphorimager (Packard). Relative mRNA levels were calculated
after correcting for RNA adsorption by normalizing the primary hybridization signals with the S3 signal.
RESULTS

StREs within the E1 and E2 enhancers mediate
heme-dependent activation of the ho-1 gene. We have
previously isolated and characterized a 15-kbp region
of the mouse ho-1 gene (5) and identified two 5⬘-distal
enhancer regions, E1 and E2, that mediate gene activation in response to nonheme HO-1 inducers such as
cadmium (7) and 15-deoxy-⌬12,14-prostaglandin J2 (17)
(Fig. 1). Both E1 and E2 contain three copies each of a
sequence motif termed the StRE; core StRE consensus
sequence ⫽ 5⬘-[(T/C)GCTGAGTCA-3⬘] that are essential for induction by these agents. To characterize the
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pharmacological inhibition of HO activity (38, 53). Furthermore, we have directly demonstrated the indispensability of HO-1 induction in protecting against
heme protein toxicity by showing that ho-1-targeted
mice are exquisitely sensitive to such insults (41).
Although the cytoprotective function of HO-1 activity
during heme-mediated cellular injury is now readily
obvious and has been experimentally verified in multiple studies, the mechanism by which heme activates
the ho-1 gene, in the kidney or other organs, is less well
understood. Here we examine this mechanism in renal
proximal tubular epithelial cells and show that hemedependent ho-1 gene activation is mediated by the
stress-responsive DNA elements (StREs) and transcription factor Nrf2. Additional studies indicate a
novel mechanism for regulation of Nrf2 activity and
subsequent ho-1 gene activation, namely posttranscriptional stabilization of the Nrf2 polypeptide in response to heme.

HEME INDUCTION OF THE HO-1 GENE

mechanism of ho-1 gene activation by heme and to
determine the role of StREs in this response, we examined the transcription activity of the wild-type mouse
ho-1 promoter and appropriate mutants in reporter
gene transfection assays. As shown in Fig. 1, expression of pHO15luc, a chimera containing the full-length
15-kbp promoter and the firefly luciferase gene, was
stimulated ⬃12-fold after treatment of IRPTCs with 10
M heme, a concentration that elicited maximal induction (data not shown). Targeted deletion of the E1
enhancer (⌬E1) inhibited heme responsiveness by
⬃75%, whereas deletion of the E2 fragment reduced
induction by only 25%, indicating a greater importance
of E1 in this response. Both enhancers, however, are
required for optimal induction since deletion of E1 and
E2 completely abolished heme responsiveness and also
drastically attenuated basal luciferase activity. The
specificity of this response is demonstrated by the fact
that deletion of sequences between ⫺1.3 kb and ⫺3.5
kb (⌬B) only minimally affected basal and heme-induced luciferase expression.
The heme-dependent transcription activities of E1
and E2 were tested directly using constructs in which
each of the enhancers was fused to the minimal ho-1
promoter (⫺44 to ⫹73). In this context, E1 and E2
AJP-Renal Physiol • VOL

mediated an ⬃16- and 20-fold stimulation, respectively, of luciferase expression. Mutation of all three
StREs in either enhancer (E1-M739 or E2-M45) reduced basal activity and abolished heme inducibility.
Furthermore, a synthetic regulatory sequence composed of three tandem copies of an individual StRE (3⫻
StRE) was as responsive as the full-length ho-1 promoter. Mutation of the first three residues within the
core StRE (3⫻ StRE-M2) completely abrogated hemedependent gene activation. From these results, we conclude that the StRE is sufficient and necessary for
heme-mediated ho-1 gene induction in IRPTCs.
StRE-binding activities in IRPTCs. EMSA reactions
using WCEs from IRPTCs were carried out to identify
DNA-binding proteins potentially responsible for
heme-mediated ho-1 gene induction. With the use of
extracts from vehicle-treated cells, six SRE-protein
complexes of relatively similar intensities were typically observed (Fig. 2, lane b). Heme treatment of
IRPTCs significantly altered the subsequent EMSA
profile: some of the “control” complexes (complexes 1, 3,
and 4) decayed while an apparently novel complex (Fig.
2, arrow) was formed in a time-dependent manner. Of
course, it is possible that this band represents multiple
distinct, but comigrating, complexes. The abundance of
other complexes (e.g., 5 and 6) varied among experiments, and their apparent increase in response to
heme was not observed consistently (for instance, see

Fig. 2. StRE-binding activities in IRPTCs: IRPTCs were treated
with 10 M heme for the indicated time period (lanes b–g). Preparation of cell extracts and EMSA reactions were carried out as
described in MATERIALS AND METHODS. The DNA-protein complexes
typically observed in untreated cells (1–6) and the heme-induced
complex (arrow) are indicated. Lane a, no protein extract.
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Fig. 1. Identification of the ho-1 promoter regions responsible for
heme-mediated gene induction. Plasmid pHO15luc contains ⬃15 kbp
of the 5⬘-flanking region of the mouse ho-1 gene fused to the firefly
luciferase (Luc) reporter gene. The relative locations of the previously identified E1 and E2 enhancers are indicated. Derivatives of
pHO15luc, generated by internal deletion of the promoter, and other
fusion constructs are diagrammed. X, mutation of the stress-response elements (StREs) within the indicated regulatory region.
Transfection and treatment of immortalized rat proximal tubular
epithelial cells (IRPTCs) were carried out as described in MATERIALS
AND METHODS. Aliquots representing 8% and 4% of the cell extracts
were used for luciferase and ␤-galactosidase assays, respectively.
Background luciferase activity (from mock-transfected cells) was
subtracted from each experimental measurement, and the resulting
value was corrected for variation in transfection efficiency by normalization with background-subtracted ␤-galactosidase activity.
Normalized luciferase activity in the absence of heme (basal) was
arbitrarily assigned a value of 100 for each wild-type plasmid; fold
induction by heme is provided for each construct. Each data point
represents the mean from at least 3 independent experiments. SE
varied from 8–22%.
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Fig. 3). The specificity of the complexes generated was
confirmed using wild-type and mutant StRE oligonucleotides in competition experiments (data not shown).
Multiple basic region/leucine zipper proteins bind to
StRE. The consensus StRE resembles the consensus
binding sites for the Fos and Jun [TGA(G/C)TCA] (27),
activating transcription factor (ATF)/CREB (TGACGTCA)
(18), Maf [TGCTGA(G/C)TCAGCA or TGCTGACGTCAGCA] (28), and Cap ‘N’ Collar (CNC)-basic region/
leucine zipper (bZIP) [(T/C)GCTGA(G/C)TCA(C/T)] (8)
subfamilies of bZIP transcription factors that function
as homo- or heterodimers. For instance, Fos family
members dimerize most commonly with Jun proteins,
and CNC-bZIP factors such as Nrf1 and Nrf2 dimerize
most efficiently with small Maf proteins, including
MafG and MafK. “Supershift” EMSA reactions using
antibodies directed against bZIP proteins were carried
out to identify specific StRE-binding proteins (StREBPs) and potential heme-responsive transcription factor(s). Of several factors tested, only Fos and Jun
proteins were consistently detected in control complexes (Fig. 3, top, lanes 11 and 12). These proteins
were also detected in the “heme” complexes, and the
intensity of the supershifted bands did not change
appreciably in response to heme (bottom). Because
pan-Fos and pan-Jun antibodies were used, individual
family members were not identified in this analysis.
Heme-induced StRE-BPs included Nrf2, MafG, and
ATF3 (the latter exhibited a weak signal but was
consistently observed in multiple experiments,
AJP-Renal Physiol • VOL

Fig. 4. Dominant-negative mutants of Nrf2 and MafK inhibit E1
activity. IRPTCs were transfected, treated with vehicle or heme, and
processed as described in MATERIALS AND METHODS and in the legend
to Fig. 1. Data are presented as percent of normalized luciferase
activity in the absence of exogenous dominant-negative mutants,
and each data point represents the average ⫾ SE from 3–5 independent experiments. CREB, cAMP response element binding protein.

284 • APRIL 2003 •

www.ajprenal.org

Downloaded from http://ajprenal.physiology.org/ by 10.220.32.247 on August 27, 2017

Fig. 3. Identification of SRE-binding proteins using antibody supershift EMSA. Extracts prepared from IRPTCs treated with vehicle
(DMSO) or with 10 M heme for 3 h were used in EMSA reactions.
Supershift analysis using preimmune IgG (pre IgG) or antibodies
(Ab) directed against the indicated transcription factors was carried
out as described in MATERIALS AND METHODS. * Supershifted complexes. The control complexes (1–6, top) are identified, and the
corresponding migration positions of some of these complexes are
indicated in the heme-treated panel. NS, nonspecific complex; lane 1,
no protein extract. ATF, activating transcription factor.

whereas MafG was observed inconsistently in the control complexes but was routinely detected at higher
intensity in the heme complexes). Other transcription
factors tested, including Nrf1, MafK, ATF1, ATF2, and
ATF4, were not detected in the absence or presence of
heme.
Inhibition of gene activity by dominant-negative mutants of Nrf2 and Maf. To explore the functional role of
the StRE-BPs identified in Multiple basic region/
leucine zipper proteins bind to StRE in heme-regulated
ho-1 gene expression, we examined the effect of appropriate dominant-negative mutants (DNMs) on E1 transcription activity. Because Fos family members do not
homodimerize and heterodimerize most efficiently
with Jun proteins, the Fos DNM would be expected to
directly inhibit endogenous Jun factors. Conversely,
the Jun DNM would be expected to inhibit Fos family
members. As shown in Fig. 4, overexpression of the Fos
or Jun DNM did not appreciably alter basal or hemedependent E1 activity, suggesting that such proteins
are not involved in heme-mediated gene activation.
The CREB DNM, which would most efficiently inhibit
CREB/ATF-type factors, increased basal luciferase activity but did not influence heme-induced luciferase
expression. On the other hand, the Nrf2 and MafK
DNMs, which would most effectively inhibit small Maf
and CNC-bZIP proteins, respectively, significantly attenuated both basal and heme-dependent luciferase
activity. The MafK DNM was more effective in inhibiting heme-dependent luciferase activity than basal
activity (13 and 42% of controls, respectively), whereas
the Nrf2 DNM exhibited similar inhibitory activities
toward both heme-induced and basal luciferase expression (8 and 13% of controls, respectively). Although a
DNM of MafK was used in this experiment, an analogous mutant of MafG would be expected to behave in a
similar manner because of the structural and func-
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Fig. 5. Heme induces expression of Nrf2. IRPTCs were treated with
DMSO (D) or heme (H) for the indicated time period. Whole cell
extracts (A) or cytoplasmic (C; B) and nuclear (N) fractions were
prepared and subjected to Western blot analysis using the indicated
antibodies as described in MATERIALS AND METHODS. Tub, ␣-tubulin;
H1, histone H1; HO-1, heme oxygenase-1.
AJP-Renal Physiol • VOL

6-10). However, no Nrf2 was detected in the cytoplasmic fraction (lanes 1-5) at any time point tested using
this assay. The integrity of the cytoplasmic and nuclear
fractions was confirmed by analysis of the compartment-specific ␣-tubulin and histone H1 proteins.
Heme decreases the rate of Nrf2 degradation. To
delineate the mechanism of Nrf2 induction, we first
examined the effect of heme on the level Nrf2 mRNA.
As shown in Fig. 6A, treatment of IRPTCs with heme
for up to 4 h did not alter the steady-state level of Nrf2
transcripts. As expected, HO-1 mRNA abundance increased by ⬎40-fold during this period. This result
suggests that heme regulates Nrf2 expression by a
posttranscriptional mechanism(s). Pulse labeling experiments indicated that heme does not influence the
rate of Nrf2 synthesis (data not shown), suggesting it
may regulate Nrf2 stability. Nrf2 stability was examined by monitoring the decay of basal Nrf2 in the
absence of heme and of heme-induced Nrf2 in the
presence of heme after inhibition of protein synthesis
by cycloheximide. On the basis of these experiments,
the half-life (t1/2) of Nrf2 in unstimulated cells was
calculated to be ⬃9.7 min. Heme stimulation increased
the t1/2 to 107 min (Fig. 6B). Similar values were
obtained in pulse-chase experiments (data not shown).
As control, we monitored the induction and decay of
JunD, both of which were not appreciably altered in
response to heme (Fig. 6C).
Heme does not stimulates the transcription activity of
Nrf2 nor does it affect Nrf2 䡠 MafG dimerization. Because heme could potentially regulate Nrf2 and MafG
function at additional levels, we also examined the
effects of this agent on the transcription activity and
heterodimerization potential of Nrf2 and MafG by
mammalian one-hybrid and two-hybrid assays. For
these experiments, transcription factor sequences were
fused in-frame to the Gdbd, and the fusions were tested
for their ability to trans-activate a luciferase reporter
gene under the control of five copies of the Gal-4 recognition sequence. Additionally, for two-hybrid assays,
appropriate sequences were cloned into the pAD “activation domain” vector and tested for their ability to
interact with, and potentiate the activity of, Gdbd
fusions. The parent Gdbd vector does not encode a
transcription activation domain and thus did not promote luciferase expression (Fig. 7). Similarly, MafG
also does not contain such a domain, and the GdbdMafG was transcriptionally inactive. Nrf2, on the other
hand, encodes a potent activation domain and sponsored a high level of luciferase activity. Nrf2-mediated
trans-activation, however, was not affected by heme.
Deletion of the NH2-terminal half of Nrf2 eliminates
the activation domain, resulting in a protein (Nrf2⌬N)
with no transcription activity. Nrf2⌬N does retain the
leucine zipper dimerization domain, and association
with the AD-MafG fusion elicited a high level of luciferase activity. AD-MafG also readily dimerized with
full-length Nrf2; the rate and/or the extent of
Nrf2 䡠 MafG dimerization, however, was not affected by
heme. HO-1 is not expected to associate with Nrf2 and
was used as a negative control for these studies.
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tional similarities of small Maf proteins (35). Because
MafG, but not MafK, was detected in the EMSA analysis, we conclude that Nrf2 䡠 MafG heterodimers are at
least partly responsible for ho-1 gene activation in
response to heme.
Heme stimulates Nrf2 expression. To explore the
mechanism(s) by which heme regulates Nrf2 䡠 MafG
function, we first examined the effect of this agent on
the steady-state level of each of these proteins. As
shown in Fig. 5A, the abundance of Nrf2, but not of
MafG, in WCEs increased in a time-dependent manner
after treatment of IRPTCs with 10 M heme. At the
last time point tested, Nrf2 levels were ⬎10-fold higher
than in untreated cells. The temporal pattern of Nrf2
induction was qualitatively similar to that observed for
HO-1. Previous studies (13, 22, 25, 46, 55) have suggested that Nrf2 is sequestered in the cytoplasm in an
inactive form, and oxidants and xenobiotics activate
Nrf2 in part by permitting transport into the nucleus.
To determine whether heme regulates Nrf2 activity in
this manner, we monitored Nrf2 levels in cytoplasmic
and nuclear extracts of cells treated with vehicle
(DMSO) or heme for different time periods. The underlying assumption of this experiment is that regulated
transport would reveal a time-dependent decay in the
level of cytoplasmic Nrf2 with a concomitant increase
in nuclear Nrf2. Low levels of Nrf2 were observed in
the nuclear fraction, and this level increased substantially after 3 h of treatment with heme (Fig. 5B, lanes
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DISCUSSION

Fig. 6. Posttranscriptional regulation of Nrf2 expression by heme. A: heme
does not affect the steady-state level of Nrf2 mRNA. IRPTCs were treated
with 10 M heme for the indicated time period. Total RNA (5-g portions)
was dot blotted onto a nylon membrane and successively hybridized to the
indicated cDNA probes. Hybridization signals were detected and quantified with a phosphorimager. S3-normalized, relative mRNA levels for Nrf2
and HO-1 are presented. B and C: heme promotes stabilization of Nrf2 (B)
but not of JunD (C). IRPTCs were treated with DMSO (⫺Heme) or 10 M
heme in serum-free medium for 2 h. The treatment media were replaced
with the same media containing 100 g/ml of cycloheximide, and cells were
incubated at 37°C for the indicated time period. Twenty-microgram portions of nuclear extracts were analyzed by Western blotting as described in
MATERIALS AND METHODS. Protein extract (2.5 g) from HEK-293 cells
transfected with expression plasmids encoding mouse Nrf2 or mouse JunD
were used as positive controls (⫹). The migration of the molecular mass
(kDa) markers are indicated. Relative Nrf2 levels were quantified by
densitometry, and each data point represents the average value from 2
independent experiments.
AJP-Renal Physiol • VOL

On the basis of the data obtained in this study, we
propose the following model for ho-1 gene activation by
heme in renal epithelial cells (Fig. 8). In unstimulated
cells, Nrf2 is expressed at constitutive levels but rapidly degraded, either in the cytoplasm or after transit
into the nucleus. Other StRE-BPs (depicted by circles
and diamonds) bind to the ho-1 enhancers (squares)
and effectively repress, or otherwise permit only low
levels of, gene activity. One or more members of the
CREB/ATF family, not all of which were tested by
antibody supershift EMSA, may function in this capacity, as overexpression of the CREB DNM stimulates
basal transcription activity of the E1 enhancer (Fig. 4).
Other likely candidates of repressor StRE-BPs include
heterodimers between Bach1 and small Maf proteins
since the Bach1 䡠 MafK dimer is known to bind to the
ho-1 StREs, and targeted deletion of the bach1 gene
leads high constitutive expression of HO-1 mRNA and
protein in several organs (43, 50) (studies to determine
whether one or more of the 6 specific StRE/protein
complexes detected by EMSA in unstimulated IRPTCs
contain Bach1 protein are currently in progress). Upon
cellular stimulation, heme interferes with the Nrf2
degradation pathway, permitting accumulation of the
transcription factor in the nucleus, where it heterodimerizes with MafG. Nrf2 䡠 MafG heterodimers displace some of the repressor StRE-BPs bound to the
ho-1 enhancers and promote high rates of transcription. Additionally, heme may directly interfere with
the binding of repressor StRE-BPs, as was recently
demonstrated for Bach1 䡠 MafK heterodimers (43, 50).
Overall, heme-mediated activation of the ho-1 gene,
therefore, likely reflects the net effect of relief of re-

284 • APRIL 2003 •

www.ajprenal.org

Downloaded from http://ajprenal.physiology.org/ by 10.220.32.247 on August 27, 2017

Fig. 7. Heme does not stimulate the transcription activity of Nrf2 or
Nrf2 䡠 MafG dimerization. Transfection and treatment of IRPTCs,
preparation of cell extract, reporter enzyme assays, and data analysis were carried out as described in MATERIALS AND METHODS and in
the legend to Fig. 1. Plasmid pFRluc was used as the experimental
reporter gene. Equal mass amounts of the parent DNA-binding
domain of Gal-4 (Gdbd) and activation domain (AD) plasmids or the
fusion plasmids were used in the indicated mixtures. Luciferase
activities were normalized to that obtained with the Gdbd-Nrf2
fusion. Data are presented as means ⫾ SE; n ⫽ 3–4. Nrf2⌬N,
NH2-terminal deleted Nrf2.
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Fig. 8. Model of ho-1 gene regulation
in the absence (A) or presence (B) of
heme. N, Nrf2; M, MafG; H, heme. See
text for additional details.
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heme-dependent regulation of the thioredoxin gene
(trx) in K562 human erythroleukemia cells (29). Activation of the trx gene is also proposed to be mediated by
Nrf2 and an antioxidant response element (ARE), 5⬘TGCTGAGTAAC-3⬘, that is very similar to the ho-1
StREs. Furthermore, as proposed for the ho-1 gene (see
Fig. 8), activation of the trx gene also involves exchange of factors bound at the ARE. In unstimulated
K562 cells, a dimer composed of a small Maf protein
and the CNC-bZIP factor NF-E2p45 is proposed to
occupy the trx ARE. Upon heme stimulation, an
Nrf2 䡠 small Maf heterodimer replaces the p45 䡠 Maf factor and promotes higher levels of transcription. It is
unlikely that the p45 䡠 Maf dimer plays a similar role in
ho-1 gene regulation in IRPTCs. Normal expression of
p45 is limited to the erythroid lineage cells (8), and we
did not detect this protein in antibody supershift
EMSA assays (data not shown). On the other hand,
activator protein-1 (Fos/Jun) proteins may function in
this capacity since these proteins were identified as
StRE-BPs in unstimulated IRPTCs. Interestingly, Fos/
Jun factors did not bind to the trx ARE either in
unstimulated or heme-stimulated K562 cells, pointing
to mechanistic differences between ho-1 and trx gene
activation by heme.
The mechanism described here differs from that proposed for trx gene activation in an even more fundamental respect, namely the process by which heme
modulates Nrf2 activity. The prevailing model for the
regulation of Nrf2 function stipulates that, under normal conditions, Nrf2 exists in an inactive, cytoplasmlocalized state, in part or fully as a consequence of
binding to the cytoskeleton-associated protein Keap1
(25, 30). On cellular stimulation by xenobiotics, electrophiles, or oxidative stress-generating agents, the cytoplasmic-retention mechanism is inactivated, and
Nrf2 is transported to the nucleus by an as yet uncharacterized mechanism(s) but one that, under certain
circumstances, may involve protein kinase C-mediated
phosphorylation of Nrf2 (22). In the nucleus, Nrf2
dimerizes with other bZIP factors, including Jun (52),
ATF4 (19), and small Maf proteins (23, 33), and the
resulting heterodimers bind to response elements to
regulate target gene transcription.
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pression (i.e., inhibition of repressor StRE-BPs) and
the positive action of Nrf2. Although renal epithelial
cells, a relevant target for heme released during hemolysis or rhabdomyolysis, were used in the present
study, we suspect that the mechanism described herein
is generally operative in other cell types since hememediated activation of the ho-1 gene is an ubiquitous
phenomenon.
How does heme stabilize Nrf2? We consider it unlikely that the heme molecule directly associates or
interferes with a component of the Nrf2 degradation
pathway as other, structurally distinct HO-1 inducers,
including cadmium and arsenite, also promote Nrf2
stability (Stewart, Killeen, and Alam, unpublished observations). All of these agents have in common the
ability to generate cellular oxidative stress, and it is
probably this common condition, or more precisely, a
signal generated during this state, that triggers the
stabilization process. In a prooxidant state, increased
Nrf2 levels and activity would result in activation of
select genes encoding proteins, such as NAD(P)H:quinone oxidoreductase, ␥-glutamylcysteine synthase, or
glutathione S-transferase, with antioxidant and xenobiotic detoxification activities (14, 24). Induction of
HO-1 would represent one component of this homeostatic response. Increased HO-1 activity will lead to
elimination of the prooxidant heme molecules, those
internalized from the extracellular environment and
those released intracellularly on destabilization of
heme proteins. In certain context, induction of HO-1 is
accompanied by increased synthesis of apoferritin (38),
which can sequester the released heme iron. Additionally, HO-1-catalyzed degradation of heme generates
the antioxidants biliverdin and bilirubin (49), promoting further abatement of the oxidative environment.
Attenuation of the oxidative stress, and return to a
normal reducing environment, will lead to resumption
of normal Nrf2 degradation and downmodulation of
target genes such as HO-1.
In this study (and as illustrated in Fig. 8), we have
identified the StREs and transcription factor Nrf2 as
the key components of the heme-dependent ho-1 gene
regulatory circuit. In this and other respects, the proposed mechanism is remarkably similar to that for
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terization of the mechanism of Nrf2 stabilization, the
latter residing beyond the scope of the present study.
In summary, our studies provide, to the best of our
knowledge, the first mechanistic analysis of hememediated ho-1 gene activation in renal epithelial cells,
in the course of which we have identified the key
components of this regulatory circuit, namely the
StREs and transcription factor Nrf2. In addition, we
have uncovered a novel system, heme-dependent stabilization of Nrf2 protein, for regulation of Nrf2 activity; notably, Nrf2 function is regulated primarily by
posttranslational processes, both at the level of subcellular compartmentalization and protein turnover. Our
findings add to the growing appreciation of the relevance of Nrf2 to mechanisms of renal injury, and, in
this regard, it is germane that Nrf2-deficient female
mice develop lupus-like autoimmune nephritis (54). In
light of our prior observations demonstrating the exaggeration of renal inflammation in stressed ho-1⫺/⫺ mutant mice (42) and our present observations attesting
to induction of HO-1 via Nrf2-dependent pathways, we
speculate that the development of lupus-like autoimmune nephritis in Nrf2-deficient mice reflects, at least
in part, an inability to induce HO-1, and thereby restrain inflammatory responses in the kidney.
We thank Margaret Overstreet for assistance in preparation of
the manuscript.
These studies were funded by Public Health Service National
Institutes of Health Grants DK-47060, HL-55552, HL-48455, DK58950, and DK-43135.
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