
        

INTRODUCTION

HEME OXYGENASE (HO) ENZYMES regulate cellular heme
and iron levels by catalyzing the rate-limiting reaction

in heme catabolism: the oxidative cleavage of b-type heme
molecules to yield equimolar quantities of biliverdin IXa,
carbon monoxide (CO), and iron. In a non– rate-limiting re-
action, biliverdin is subsequently converted to bilirubin by
the action of biliverdin reductase. One mammalian isoform,

HO-1, is widely recognized as a ubiquitous protective en-
zyme under various conditions of cellular stress. Although
the cytoprotective function of HO-1 has been largely attrib-
uted to its ability to eliminate the prooxidant heme molecule
and to generate catalytic products with antioxidant, anti-
inflammatory, antiapoptotic, and cell-signaling properties,
manifestation of this cytoprotection is critically dependent
on the stimulation of HO-1 expression in response to the
stress environment.
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ABSTRACT

Recent investigations into the regulation of heme oxygenase-1 gene (hmox-1) transcription have exposed
mechanisms of increasing diversity and complexity worthy of a gene whose expression is modulated by a
seemingly endless array of physiological, pathophysiological, and nonphysiological agents and conditions. For
instance, contrary to initial and prevalent assumptions that inducer-dependent gene stimulation is mediated
principally by the positive action of transcription activators, it now appears that such induction may occur
secondarily to deactivation of the repressor protein, Bach1. As a further complication, heme and cadmium,
two potent inducers of the hmox-1 gene, inhibit Bach1 function by different mechanisms—by inhibition of
DNA binding or promotion of nuclear export, respectively. Bach1 also plays a role in signal-dependent hmox-1
gene repression, an increasingly appreciated phenomenon that is manifested in a species- and cell-specific
manner. Although extreme concentrations of the heme oxygenase-1 protein resulting from the opposing phe-
nomena of gene activation and repression have physiological consequences, even minor modulation in the
level of this enzyme, as elicited by variations in the length of a dinucleotide repeat region within the human
hmox-1 promoter, may be of clinical relevance. Finally, mechanistic diversity is also apparent in the type and
combination of protein kinase-dependent, signal transduction pathways used during hmox-1 gene activation.
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A variety of physiological and nonphysiological stressors,
including the substrate heme, endotoxin, inflammatory cy-
tokines, long-wavelength (320–380 nm) ultraviolet A radia-
tion (UVA), hyperthermia, and heavy metals, stimulate HO-1
expression and activity, primarily via activation of the hmox-1
gene (2). Studies on the gene activation process have revealed
multiple and varied mechanisms of gene regulation, a com-
plexity that was readily evident in the presentations at the In-
ternational Conference on Heme Oxygenase: Regulation,
Function and Clinical Applications. In this report, we sum-
marize the more compelling data on hmox-1 gene regulation
presented at the conference and organize this information into
three specific topics that represent the more recent advances
in the field: (a) a mechanism of gene activation based on dere-
pression, (b) atypical regulatory features of the human hmox-1
gene; and (c) the diversity of protein kinase-dependent signal-
ing cascades used during hmox-1 gene activation.

INDUCTION OF THE MURINE HMOX-1
GENE BY DEREPRESSION

Analysis of the mouse hmox-1 locus, the best character-
ized among the various hmox-1 genes, has identified a 10-bp
DNA sequence motif, termed the stress response element
(StRE), that is present in multiple copies within two upstream
enhancer regions and that mediates transcription activation in
response to almost all HO-1 inducers thus far tested. Among
these inducers are agents or conditions as diverse as heme,
lipopolysaccharide, diesel exhaust particles, nitric oxide
(NO), and various quinones and electrophiles. The StREs1 are
targets of multiple dimeric proteins generated by intrafamily
homodimerization or intra- and interfamily heterodimeriza-
tion of individual members of the Jun, Fos, CREB, ATF, Maf,
and Cap’N’Collar–basic-leucine zipper (CNC-bZIP) sub-
classes of the basic-leucine zipper superfamily of transcrip-
tion factors. Accumulating evidence argues for a particularly
important role of CNC-bZIP factors in inducer-dependent
hmox-1 gene regulation (2).

Mammalian CNC-bZIP proteins, characterized by a se-
quence domain (i.e., the CNC domain) homologous to a re-
gion within the fruit fly homeotic selector protein encoded by
the cap’n’collar gene, include p45, nuclear factor–erythroid 2
(NF-E2)-related factor 1 (Nrf1), Nrf2, Nrf3, Bach1, and
Bach2. CNC-bZIP proteins do not form intrafamily dimers
and heterodimerize most prominently with “small” Maf pro-
teins, including MafF, MafG, and MafK (37). For example, the
p45·MafK heterodimer constitutes the erythroid-specific tran-
scription factor NF-E2, a protein that binds to the locus con-
trol regions of the b-globin gene. Small Maf proteins do not
contain transcription activation domains and, thus, the tran-
scription activity of NF-E2-type factors is derived from the
CNC-bZIP subunit. One CNC-bZIP factor in particular, Nrf2,

contains a potent transcription activation domain and has
been implicated in hmox-1 gene induction in response
to multiple agents, including heme, heavy metals, arsenite,
curcumin, 15-deoxy-D12,14-prostaglandin J2, and various
electrophiles (2).

Unlike Nrf2, Bach proteins do not harbor canonical tran-
scription activation domains, and therefore Bach·small Maf
dimers would be expected to function as repressors, rather
than activators, when bound to target sequences. Recent stud-
ies by Igarashi and colleagues (40, 42, 53, 54) have con-
firmed this expectation and also revealed that Bach1-
mediated repression plays a critical role in the regulation of
HO-1 expression.

Regulation by heme

Initial experiments demonstrated that Bach1·MafK dimers
bind to the hmox-1 StREs and that this binding leads to re-
pression of a linked reporter gene. This repressive activity of
Bach1 was even more convincingly substantiated by gene-
targeting experiments in mice that revealed that loss of Bach1
function was sufficient to uncouple hmox-1 from stress-
responsive control, resulting in constitutive expression of HO-1.
Importantly, Bach1 repressor activity is dominant over the ac-
tivator function of other StRE-binding proteins, such as Nrf2,
effectively maintaining hmox-1 activity at low levels under
normal conditions (53).

Aside from its ability to bind to the StREs, another feature
of Bach1 that is both critical and relevant to hmox-1 gene
regulation is that, in vitro, it binds heme—the prototypical
HO-1 inducer—with high affinity (KD = 140 nM for recom-
binant Bach1). Importantly, heme binding inhibits the DNA-
binding activity of Bach1, suggesting a simple model for in-
duction of HO-1 expression: inactivation of Bach1-mediated
hmox-1 gene repression by increased cellular levels of heme
(40). Evidence in support of this model was presented by
Kazuhiko Igarashi. Analysis of the hmox-1 locus in NIH3T3
fibroblasts indicated that this gene is not repressed by hy-
poacetylation of the chromatin microenvironment, but rather
exists in a preactivated state as the H3 histones at both the
StRE-containing enhancer and the proximal promoter re-
gions were hyperacetylated irrespective of gene activity. In
contrast, de novo hyperacetylation and hypermethylation of
H3 was induced in the transcribed region upon exposure of
cells to heme. Basal level repression of transcription, there-
fore, is mediated primarily by Bach1. Using chromatin im-
munoprecipitation (CHIP) assays, Igarashi and colleagues
demonstrated that, as observed in vitro, heme also promotes
displacement of Bach1 from the hmox-1 enhancers in vivo,
resulting in gene derepression.

Given the preactivated status of the chromatin structure even
under unstimulated conditions, it is not unreasonable to ask if
removal of Bach1 from the hmox-1 enhancers is sufficient to
promote optimal hmox-1 gene activity. The CHIP assays noted
above revealed that displacement of Bach1 from the hmox-1
StREs by heme was followed by binding of Nrf2 (presumably
as Nrf2·small Maf dimers) to these elements, suggesting that
high level gene transcription also requires the subsequent ac-
tion of an StRE-binding protein with activator function. This
idea is consistent with the results of Alam et al. (4), who
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1The StRE is structurally and functionally similar to the Maf re-
sponse element (MARE) and the antioxidant response element (ARE)
and, to varying degrees, all three terms have been used interchangeably
to describe the inducer-responsive cis-acting sequences of the hmox-1
gene. For historical reasons and to avoid confusion, the StRE nomen-
clature has been used exclusively in this report.
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demonstrated that Nrf2 is necessary for hmox-1 gene induc-
tion by heme in rat kidney proximal tubular cells.

Regulation by cadmium

If Bach1-mediated repression of the hmox-1 gene is a gen-
eral and ubiquitous phenomenon, then one obvious question
is how nonheme HO-1 inducers inactivate Bach1 protein.
Given the multiplicity and the varied nature and structure of
HO-1 inducers known to act via the StRE, it is unlikely that
all such agents bind to Bach1 to inhibit its activity. One ap-
pealing possibility is that these inducers act indirectly by in-
creasing the intracellular concentration of inhibitory heme
molecules, by either promoting release of heme moieties
from hemoproteins or mobilizing a putative “free” heme
pool. This type of regulation is reminiscent of a general hy-
pothesis proposed almost 30 years ago that induction of HO
activity by nonheme agents occurs secondarily to the release
of heme from cytochrome P-450. This proposition was chal-
lenged early on and, as noted by Mahin Maines (34), is “en-
cumbered by considerable exceptions.”

Data presented by K. Igarashi at the conference, and now
published (54), also do not support the heme-dependent
mechanism noted above at least in the case of cadmium, a po-
tent HO-1 inducer. Rather these data argue that cadmium
sponsors hmox-1 derepression by promoting export of Bach1
from its site of action, the nucleus. Interestingly, cadmium-
induced export of Bach1 is mediated in trans by the C-terminal
region that is conserved between Bach1 and Bach2. Not sur-

prisingly, cadmium also promotes nuclear export of Bach2,
suggesting that this agent can alleviate any potential repres-
sion of the hmox-1 gene mediated by Bach2. As cadmium,
like heme, stimulates Nrf2 expression by inhibiting its degra-
dation via the ubiquitin–proteasomal pathway (52), the net
effect of these processes will be a relatively greater nuclear
abundance of StRE activators (e.g., Nrf2·small Maf dimers)
compared with StRE repressors (e.g., Bach·small Maf dimers),
resulting in hmox-1 gene activation.

A general model for hmox-1 gene activation

Based on the studies with heme and cadmium, we propose
a simple but general model for inducer-dependent activation
of the murine hmox-1 gene (Fig. 1). As noted earlier, even in
nonstimulated cells, the hmox-1 promoter and enhancers al-
ready exist in a transcriptionally competent state as judged by
the acetylation status of the H3 histone. Presumably, in this
“open” conformation, the promoter can accommodate RNA
polymerase II and the basic transcription machinery, which
may even mediate a low basal rate of gene activity. Then, in
the simplest model, the eventual rate of transcription in both
nonstimulated and stimulated cells will be largely dependent
on the transcription competency of the protein(s) bound at the
StREs. Transcription activators, such as Nrf2, by interacting
directly with the basic transcription machinery or indirectly
via recruitment of coactivators, would sponsor high rates of
transcription. On the other hand, transcriptionally inert pro-
teins, such as Bach and small Maf isoforms, would be unable
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FIG. 1. A general model for hmox-1 gene activation. In nonstimulated cells, the chromatin status of the gene permits access
by RNA polymerase II and the basal transcription machinery (Pol II/BTM), which may promote low levels of transcription. Nrf2
(N) is rapidly degraded by the 26S proteasome (P), and the relatively more abundant Bach1 (B) binds to the StREs (S) as
Bach1·Small Maf (hatched ovals) dimers. Bach1 cannot stimulate, and may even further repress through recruitment of corepres-
sors (CoR) (9), the rate of transcription. Upon cellular stimulation, heme (H)-type inducers bind to Bach1 and either prevent its
interaction with, or displace it from, the StREs. Furthermore, cadmium (Cd)-type inducers promote nuclear export of Bach1. Si-
multaneously, these stimuli inhibit Nrf2 degradation, permitting greater nuclear abundance of this activator. Nrf2, as Nrf2·Maf
dimers, binds to the StREs and increases the rate of transcription by interacting with the BTM or recruitment of coactivators
(CoA) (26) or both. TATA, TATA box.
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to stimulate the basal rate of transcription and may even fur-
ther depress this default level of gene activity by active re-
pression mechanisms. Clearly, in this model, the competition
between various StRE-binding proteins for StRE occupancy
is the primary determinant of the level of gene activity. In
nonstimulated cells, we suggest that this competition favors
occupancy by factors such as Bach1·Maf or Bach2·Maf dimers
for at least two general reasons. Firstly, CNC-bZIP·small Maf
factors are relatively more stable dimers and/or bind to StREs
with higher affinities than other factors, such as Maf·Maf or
Jun·Jun dimers. Secondly, transcription factors with potent
activation domains in general (36), and some StRE binding
activators specifically (e.g., Nrf2, c-Jun, c-Fos) (4, 18, 52),
are highly unstable proteins that are maintained at exceed-
ingly low cellular concentrations under normal conditions.
Conversely, DNA-binding proteins lacking such domains
(e.g., Bach1 and small Maf proteins) would be expected to
accumulate to relatively greater abundancies.

We further suggest that cellular stimulation by HO-1 in-
ducers alters the prevailing equilibrium to one that favors
StRE occupancy by activators such as Nrf2·Maf dimers. This
alteration is achieved by the action of a two-pronged mecha-
nism. On the one hand, HO-1 inducers increase the relative
abundancy of Nrf2, presumably by inhibiting its proteasomal
degradation. Simultaneously, these agents limit Bach1 occu-
pancy, either by inhibiting its DNA-binding activity or by
promoting nuclear export. Of course, other as of yet unchar-
acterized mechanisms may also contribute to inducer-
mediated stimulation of Nrf2 activity and diminution of
Bach1 activity. The net effect of these concerted operations
will be the exchange of factors at the StREs and an increase
in the rate of hmox-1 transcription. Eventually, lessening of
the stress environment either by termination of exposure or
by sequestration, cellular extrusion, or metabolic inactivation
of the stress agent will cause a reversal of these processes and
a return to the default state observed in nonstimulated cells.

DISTINCTIVE CHARACTERISTICS 
IN THE REGULATION OF THE HUMAN

hmox-1 GENE

The number, location, and sequence of the StREs are es-
sentially conserved between the mouse and human hmox-1
genes, suggesting that the StRE pathway also plays a domi-
nant role in induction of human HO-1 expression. Support for
this contention is provided by recent reports implicating the
StRE sequences and Nrf2 in activation of the human hmox-1
gene by shear stress (10) and gold compounds (25). Overall,
however, analysis of the human StRE pathway is limited, and
further experimentation will be required to determine the im-
portance of this regulatory system. Indeed, as was evident at
the conference, recent studies on the human hmox-1 gene
have focused more on the potential mechanistic differences in
the regulation of this gene compared with that of its rodent
counterparts. For instance, Anupam Agarwal and colleagues
provided evidence for the existence of previously uncharac-
terized regulatory loci, including an intragenic enhancer and
an oxidized low-density lipoprotein-responsive region (19, 20).

Although it is presently unclear if these are regulatory se-
quences specific to the human hmox-1 gene, they are
certainly distinct from the StRE-containing enhancers. Two
additional characteristics of the human hmox-1 gene were
highlighted by the presentation of Shigeki Shibahara and col-
leagues: (a) cell-specific repression of human HO-1 expres-
sion by agents, such as hypoxia, interferon-g, and hyperther-
mia, that typically promote induction of HO-1 expression
in rodent cells; and (b) fine-tuning of human hmox-1 gene
transcription by a highly polymorphic dinucleotide repeat
sequence.

Regulated hmox-1 gene repression

Mechanism of human hmox-1 gene repression
by hypoxia. Expression of human HO-1 is inducible or re-
pressible, depending on cell type or cellular microenvironment
(47). For example, expression of HO-1 is reduced by hypoxia
in several types of cultured human cells (29, 39), induced in
human dermal fibroblasts (43), and unaffected in explants of
normal human chorionic villi from term placentas (5). These
results expose underlying intertissue differences in the regula-
tion of HO-1 expression by hypoxia. Interestingly, Bach1 is
consistently induced in cultured human cells in which HO-1
expression is repressed by hypoxia, suggesting that Bach1 may
be involved in hypoxia-mediated hmox-1 down-regulation.
Support for this hypothesis was recently provided by Kitamuro
et al. (29), who showed that Bach1 and one of the conserved
StREs noted above mediate this down-regulation. Notably, the
mechanism of hypoxia-mediated hmox-1 repression appears to
represent a specific variation of the general model of gene acti-
vation depicted in Fig. 1 insofar as the repression is achieved
by altering the relative abundancy or availability of the Bach1
repressor.

In contrast to that observed in human cells, hypoxia coordi-
nately induced expression of both HO-1 and Bach1 mRNAs
in cultured rat and monkey cells, demonstrating that in-
creased expression of Bach1 does not automatically result in
inhibition of hmox-1 transcription (29). Given that the Bach1
binding sites (i.e., StREs) are essentially conserved between
rodent and primate hmox-1 genes, the species-specific varia-
tion in the hypoxia response suggests other factors—for in-
stance, inhibitory proteins in rodent and monkey cells or
corepressors in human cells—influence Bach1 activity and
ultimately control the response of the hmox-1 gene in certain
circumstances.

Similar to hypoxia, HO-1 expression is repressed in cul-
tured human cells in response to interferon-g (29, 55) or an
iron chelator, desferrioxamine (29, 39), each of which in-
duces Bach1 expression. Whether Bach1 is involved in the re-
pression of HO-1 expression by these agents, however, re-
mains to be investigated.

Human hmox-1 gene repression by hyperther-
mia. The proximal promoter region of the rat hmox-1 gene
contains a functional heat shock element (HSE), and HO-1
mRNA expression and activity are increased in rat cells by heat
shock (48). Moreover, hyperthermia induces the expression of
HO-1 mRNA and protein in the rat brain (13). Thus, rat HO-1
is considered a bona fide heat shock protein. In contrast, HO-1
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mRNA expression and activity are not inducible by heat shock
in many types of human cells despite the fact that the human
hmox-1 promoter contains a potential HSE (41, 49, 61). For ex-
ample, in human alveolar macrophages isolated from lavage
fluid, heat shock increased the expression of HSP70, but in-
stead reduced the expression of HO-1 protein (41). Moreover,
HO activity was not induced by heat shock in cultured human
cells (57, 61).

The lack of HO-1 induction by hyperthermia in human
cells is intriguing as fever is an evolutionary conserved re-
sponse in host defense. Okinaga et al. (41) have suggested
that the sequences flanking the human hmox-1 HSE have
evolved to prevent the hyperthermia-mediated induction of
HO-1 expression, possibly to limit the accumulation of heme
degradation products, an abundance of which may be toxic
under certain circumstances. One such condition may be
cerebral malaria, where overproduction of the heme degrada-
tion products during the associated fever may be toxic to the
brain (47, 50).

Physiological significance of hmox-1 gene re-
pression. Expression levels of HO-1 may affect the intra-
cellular heme pool, which in turn influences the availability of
heme for the synthesis of various hemoproteins, such as solu-
ble guanylate cyclase and cyclooxygenase (1, 16). In addition,
the repression of HO-1 expression may transiently increase the
intracellular heme levels, which may facilitate binding of heme
to Bach1, thereby derepressing transcription of the target genes
of Bach1 (40). Thus, the suppression of HO-1 production is re-
sponsible for the feedback regulation of heme catabolism me-
diated by intracellular heme (47). In addition to the secondary
effects of heme availability, there are two direct consequences
of the inhibition of HO-1 expression. This repression reduces
energy expenditure consumed during oxidative catabolism of
heme and also prevents the local accumulation of CO, iron, and
bilirubin beyond acceptable threshold levels (47). In the latter
scenario, because HO-1 is responsible for the turnover of iron
that is essential for cell proliferation, repression of this enzyme
could restrict iron supply to cancer cells or certain pathogens,
such as bacteria and protozoa, harbored by a host.

Fine-tuning of human hmox-1 gene transcription

To date, two distinct polymorphisms have been identified
within the human hmox-1 gene promoter: (a) variability in the
length of a GT dinucleotide repeat region and (b) a single nu-
cleotide polymorphism (2413A → T) (47). Whereas the func-
tional consequence of the single nucleotide polymorphism is
currently unknown, the (GT)n polymorphism may be of signif-
icant clinical relevance. The GT repeat lengths have been clas-
sified into three separate alleles, i.e., S (small) (<27 repeats),
M (medium) (27–32), and L (long) ($33), and initial studies
by Shibahara and colleagues revealed an association between
the L alleles and susceptibility to pulmonary emphysema (59).
Subsequent reports, including data provided by Oswald Wag-
ner and colleagues at the conference, have documented an as-
sociation between the (GT)n polymorphism and various dis-
eases, including restonosis after balloon angioplasty and
abdominal aortic aneurysm (14, 45, 46). In general, adverse
outcomes are associated with the L/L allele, whereas benefi-
cial outcomes are associated with the S/S allele.

The simplest explanation for the above correlations is that
the L/L genotype leads to reduced production of the cytopro-
tective HO-1 enzyme, an idea based on the experiments of Ya-
mada et al. (59), who showed that the “small” hmox-1 pro-
moter conferred greater basal activity and hydrogen peroxide
responsiveness to a linked reporter gene than the “long” pro-
moter. Given the limitations of promoter/reporter gene trans-
fection assays, the recent report by Hirai et al. (21) demon-
strating a comparable behavior of the endogenous hmox-1 L/L
and S/S alleles is reassuring. In this study, lymphoblastoid cell
lines were established from human subjects possessing either
the S/S or L/L alleles. Although no statistical difference was
observed between the S/S and L/L alleles with respect to basal
HO-1 mRNA production or enzyme activity, the S/S allele was
associated with greater expression of HO-1 in response to hy-
drogen peroxide exposure and protection of the lymphoblas-
toid cells from apoptosis during such exposure. These data
provide more convincing proof for the notion that the short
(GT)n alleles are associated with relatively higher levels of
HO-1 expression and presumably greater production of the cy-
toprotective mediators biliverdin, bilirubin, and CO. Interest-
ingly, the long (GT)n alleles may provide a beneficial role
under certain circumstances, such as cerebral malaria (47),
where reduced expression of HO-1 may be an important de-
fense mechanism. Of note, the mouse and rat hmox-1 promot-
ers do not harbor dinucleotide repeats at positions comparable
to the human repeats. The murine gene does contain a pen-
tanucleotide TCTCT repeat in this region, but no particular
function has yet been ascribed to these sequences (3).

SIGNALING PATHWAYS UTILIZED FOR
hmox-1 GENE ACTIVATION

Although heme may function as a ligand and interact di-
rectly with a sequence-specific DNA binding protein (i.e.,
Bach1) to activate the hmox-1 gene, this mode of action is
not, nor can be, utilized by the majority of HO-1 inducers.
Rather, as accumulating evidence indicates, most inducers
elicit increased HO-1 expression by activating one or more
signaling cascades that eventually converge on transcription
activators (or repressors) that regulate the hmox-1 gene. Aside
from such transcription factors and their cognate binding
sites, other components of the signal transduction pathways
that have been identified include various receptors, second
messenger molecules, protein kinases, and phosphatases.
Given the multiplicity and complexity of the signaling cas-
cades used, the present discussion will, of necessity, focus on
select pathways and kinases involved in hmox-1 gene regula-
tion in liver-derived cells and those involved in the response
to UVA irradiation, as highlighted in the presentations by S.
Immenschuh and R. Tyrrell.

Protein kinases that mediate hepatic 
HO-1 induction by cyclic nucleotides

The second messengers cyclic AMP (cAMP) and cyclic
GMP (cGMP) play a major role in the intracellular signal
transduction events of various hormones and extracellular
stimuli. Elevation of these cyclic nucleotides activates the
downstream kinases cAMP-dependent protein kinase A
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(PKA) and cGMP-dependent protein kinase G (PKG), re-
spectively. Bakken et al. (6) initially showed that treatment
with glucagon, as well as dibutyryl cAMP, induces hepatic
HO enzyme activity in rats. More recently, Immenschuh and
colleagues have observed that HO-1 expression is also in-
duced by cAMP in primary cultures of rat hepatocytes, an ef-
fect that is mediated by a cAMP response element/activator
protein-1 site within the rat hmox-1 proximal promoter and
occurs via activation of the PKA signaling pathway (22, 24).
This response and mechanism are not limited to hepatocytes
as PKA-dependent, cAMP-mediated hmox-1 gene activation
is also observed in cultured vascular smooth muscle cells
(11). Furthermore, the PKA signaling pathway not only is in-
volved in cAMP-dependent induction, but also participates in
hmox-1 gene activation by oxidized phospholipids in human
umbilical vein endothelial cells (31).

The signaling gas, NO, can induce HO-1 expression in
multiple tissue and cell types, including the intact liver (38)
and isolated hepatocytes (28). At least in certain cellular con-
text, this induction is controlled at the level of gene transcrip-
tion (17). As NO potently stimulates soluble guanylate cy-
clase activity, resulting in high levels of cGMP production, it
is not unreasonable to expect that cGMP serves as a second
messenger for NO-mediated hmox-1 gene activation. Consis-
tent with such a mechanism, cGMP treatment itself increases
hmox-1 gene transcription, via activation of PKG, not only in
hepatocyte cultures (23), but also in endothelial cells (44). It
should be noted, however, that NO can induce HO-1 expres-
sion independent of cGMP in some experimental settings (17,
28). Nonetheless, it is apparent that both PKA and PKG sig-
naling pathways are involved in the induction of HO-1 ex-
pression in hepatic cells.

Role of mitogen-activated protein kinases
(MAPKs) in stress-dependent hmox-1 gene
activation in hepatic cells

An important role for stress-mediated cellular responses
has been ascribed to MAPKs, a family of serine-threonine
protein kinases that couple extracellular signals to intracellu-
lar events, such as gene expression, cell proliferation, and
apoptosis. Three major subfamilies of MAPKs—extracellular
regulated signal–kinases (ERKs), c-Jun N-terminal kinases
(JNKs), and p38 kinases—have been identified and exten-
sively studied. MAPKs are activated via phosphorylation of
their threonyl and tyrosyl residues by MAPK kinases
(MKKs), which, in turn, are phosphorylated and activated by
the upstream MKK kinases (MKKKs) (32).

As to the regulatory role of MAPKs in HO-1 expression,
divergent results have been reported for stress-dependent
stimulation of hmox-1 gene activity in hepatic cells from dif-
ferent species. For instance, Kong and co-workers have im-
plicated several MKKKs, including MEKK1 (MAPK/ERK
kinase 1), TAK1 (transforming growth factor-b-activated ki-
nase 1), and ASK1 (apoptosis signal-regulated kinase 1), in
arsenite-mediated, Nrf2-dependent HO-1 up-regulation in human
HepG2 hepatoma cells (62). Furthermore, this response is, in
part, dependent on the activity of JNK1 and its associated up-
stream kinase MKK4, but apparently does not require p38a
or its associated upstream kinase MKK3. On the other hand,
stimulation of HO-1 expression by arsenite in rat hepatocytes

requires signaling through both the JNK and MKK3/p38
pathways (27). Whereas JNK1 apparently mediates this in-
duction via activation of c-Jun, the role of the p38 kinase
pathway is less straightforward. Whereas the p38g isoform
stimulates rat hmox-1 promoter activity, the p38a, b, and d
isoforms function as negative regulators. Interestingly, a con-
served E-box sequence that binds to the transcription regula-
tor Max in rat hepatocyte nuclear extracts is required for both
p38-dependent stimulation and inhibition of promoter activ-
ity. Presumably, the Max dimerization partner ultimately de-
termines the regulatory outcome of p38 signaling. Finally,
yet another combination of MAPKs—ERK and JNK family
members—has been implicated in the activation of the hmox-
1 gene by arsenite in chicken hepatocytes (12). These studies
clearly point to species-specific differences in the utilization
of MAPK signaling cascades and their target transcription
factors during stress-dependent induction of HO-1 expression
in the hepatic environment.

Activation of signaling cascades by UVA radiation

UVA (320–380 nm) radiation is an oxidizing carcinogen
(56), and most of its biological effects are dependent on oxy-
gen. Singlet oxygen is a crucial intermediate in UVA-induced
cell killing (58), and several lines of evidence, although indi-
rect, strongly indicate that it is an early intermediate in UVA
induction of the hmox-1 gene (7). The next steps in the pro-
cess have not been firmly established, but appear to involve
lipid oxidation products and metabolites (8). Oxidized
lipids such as hydroxynonenal, as well as those found in
oxidized low-density lipoprotein (e.g., 13-hydroperoxyoc-
tadecadienoic acid) (20) and oxidized membrane phospho-
lipids (e.g., oxidized 1-palmitoyl-2-arachidonyl-sn- glycero-
3-phosphorylcholine) (31), are potent inducers of HO-1
expression, but there is evidence that enzymatic processing
of UVA-damaged lipids to prostaglandins via the phospholi-
pase A2/cyclooxygenase pathway may also be critical to UVA
activation (8). Prostaglandins are strong inducers of HO-1
(15, 33). Finally, ceramides may also be involved because
they are generated by UVA (60) and have been implicated in
UVA activation of the ICAM-1 gene (15). The predominant
pathways undoubtedly vary with cell type, and the underlying
factors controlling this remain to be elucidated.

Given that UVA can generate, via both enzymatic and
nonenzymatic mechanisms, a plethora of lipid intermediates
with potential involvement in signaling pathways, it is not
surprising that reports on UVA-induced signaling are com-
plex and often discordant. Under the appropriate conditions,
UVA can clearly lead to activation of each of the three major
classes of MAPKs in both fibroblasts and epidermal cells
(30, 33, 51). Although there are reports that UVA radiation
activates both JNK2 and p38, but not ERKs, in human fibro-
blasts (30), others report the selective activation of only p38
kinases (33). In other studies (63, 64) in which phosphoryla-
tion of specific amino acids in the autoinhibitory domains of
specific kinases were studied, UVA-activated ERKs, JNKs,
p38, and phosphatidylinositol 3-kinases were all involved in
phosphorylation and activation of the S6 ribosomal protein
kinase, p70S6K, whereas only activated ERKs and JNKs, but
not p38 kinase, were involved in phosphorylation and activa-
tion of the p90RSK kinase. Because UVA responses appear to
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be mediated primarily by singlet oxygen, additional insight
should be provided by looking at the effects of singlet oxygen
alone on the signaling pathways. Again p38 kinase and JNKs
(30), as well as ERKs, appear to be activated by pure singlet
oxygen in fibroblasts.

The exact pathway(s) by which hmox-1 is activated by
UVA in human fibroblasts is not clear, although various ki-
nases are probably involved. UVA activates protein kinase C
(35), which in turn has an antiapoptotic influence possibly
linked to the antiapoptotic properties of HO-1. Interestingly,
studies with kinase inhibitors (Tanew and Tyrrell, unpub-
lished observations) have implicated certain protein kinase C
isoforms in the UVA-mediated up-regulation of HO-1. The
precise balance of pro- and antiapoptotic events following
UVA radiation will clearly depend on cell type and dose. Elu-
cidating how this balance is controlled is a key to understand-
ing the carcinogenic properties of UVA.

SUMMARY AND FUTURE PROSPECTS

The discovery of Bach1 as a basal and signal-induced re-
pressor of the hmox-1 gene and of derepression as a compo-
nent of the transcription activation mechanism has unfolded a
new chapter in the field of hmox1 gene regulation accompa-
nied by, as is often the case with new concepts, a long list of
unanswered questions. For instance, is Bach1 a dominant and
ubiquitous repressor of the hmox-1 gene? If so, how do HO-1
inducers other than heme and cadmium inactivate this repres-
sion? Some stimuli such as UVA radiation, which are known
to promote heme release from intracellular proteins, may act
indirectly though the liberated heme. Whether there are suffi-
cient amounts of such “releasable” heme in all cell types,
however, is a fair question. If the mechanism by which cad-
mium inhibits Bach1 activity is any indication, nuclear extru-
sion may be a more common mechanism utilized by other
HO-1 inducers to promote gene derepression. There is no in-
dication that such a mechanism requires cadmium-Bach pro-
tein interaction, but rather is dependent on the ERK signaling
cascade (54). Of course, one cannot exclude the possibility of
other mechanisms for Bach1 inactivation, such as inhibition
of interaction with corepressor molecules. Heme and cad-
mium induce the hmox-1 gene not only by inhibiting Bach1
repressor activity, but also by promoting activator (e.g., Nrf2)
function. Whether such duality is a common feature of HO-1
inducers remains to be determined. In principle, the inducer-
responsive activator in such a concerted mechanism need not
be Nrf2 or even an StRE-binding protein and could act
through a distinct cis-element as appears to be the case for
oxidized low-density lipoprotein. The identification of Bach1
as signal-induced repressor raises additional questions about
its function. The most immediate of these is whether Bach1
also mediates repression of the human hmox-1 gene in re-
sponse to interferon-g and desferrioxamine.

The signal transduction pathways activated by HO-1 induc-
ers that culminate in gene induction are now being eluci-
dated. So far, only a limited number of stimuli and cell types
have been subjected to this sort of analysis. If results from
these limited studies are any indication, however, the majority
of HO-1 inducers are likely to use a complex network of pro-

tein kinases (and phosphatases)—the exact combination of
which will vary depending on the nature of the inducing
agent and the type and species of the cells under investiga-
tion—to promote hmox-1 gene activation. Finally, although
the prevailing assumption in this field has been that the sig-
naling cascades stimulated by HO-1 inducers ultimately im-
pinge on the function of various transcription activators, it is
now abundantly clear that one must also examine the effects
of these pathways on repressor activity.

ABBREVIATIONS

cAMP, cyclic AMP; cGMP, cyclic GMP; CHIP; chromatin
immunoprecipitation; CNC-bZIP, Cap’N’Collar–basic-
leucine zipper; CO, carbon monoxide; ERK, extracellular signal-
regulated kinase; hmox-1, heme oxygenase-1 gene; HO, heme
oxygenase; HSE, heat shock element; JNK, c-Jun N-terminal
kinase; MAPK, mitogen-activated protein kinase; MKK,
MAPK kinase; MKKK, MAPK kinase kinase; NF-E2, nu-
clear factor–erythroid 2; NO, nitric oxide; Nrf, NF-E2-related
factor; PKA, protein kinase A; PKG, protein kinase G; StRE,
stress response element; UVA, ultraviolet A.
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