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Abstract

Heme oxygenase-1 (HO-1) catalyzes the degradation of heme and forms antioxidant bile pigments
as well as the signaling molecule carbon monoxide. HO-1 is inducible in response to a variety of
chemical and physical stress conditions to function as a cytoprotective molecule. Therefore, it is
important to maintain the basal level of HO-1 expression even when substrate availability is
limited. We hypothesized that the HO-1 protein itself could regulate its own expression in a
positive feedback manner, and that this positive feedback was important in the HO-1 gene
induction in response to oxidative stress. In cultured NIH 3T3 cells, transfection of HO-1 cDNA or
intracellular delivery of pure HO-1 protein resulted in activation of a 15kb HO-1 promoter
upstream of luciferase as visualized by bioluminescent technology and increased HO-1 mRNA
and protein levels. These effects were independent of HO activity because an enzymatically
inactive mutant form of HO-1 similarly activated the HO-1 promoter and incubation with HO
inhibitor metalloporphyrin SnPP did not affect the promoter activation. In addition, HO-1 specific
SiRNA significantly reduced hemin and cadmium chloride mediated HO-1 induction. Furthermore,
deletion analyses demonstrated that the E1 and E2 distal enhancers of the HO-1 promoter are
required for this HO-1 auto-regulation. These experiments document feed-forward auto-regulation
of HO-1 in oxidative stress and suggest that HO-1 protein has a role in the induction process. We
speculate that this mechanism may be useful to maintain HO-1 expression when substrate is
limited and may also serve to up-regulate other genes to promote cytoprotection and to modulate
cell proliferation.
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INTRODUCTION

Heme oxygenase (HO) is the rate-limiting enzyme in heme degradation to biliverdin. This
reaction generates equimolar concentrations of ferrous iron, biliverdin and carbon monoxide
(CO). The inducible form, HO-1, is regulated by various stimuli such as heavy metals,
inflammation, UV radiation and oxidative stress (1, 2, 3, Ricchetti, 2004 #490, 4). Many
have suggested that HO-1 mediates its cytoprotective effects via the degradation of heme
and the formation of the reaction byproducts, however, when substrate availability is limited,
the cytoprotective functions of HO are difficult to explain and the induction of HO-1 should
not occur yet it does. Enzymatically inactive HO-1 mutant protein is cytoprotective against
hydrogen peroxide-induced oxidative stress (5). Furthermore, transfection of a cDNA
encoding for an inactive HO-1 mutant protein increases catalase gene expression, suggesting
a regulatory role for the HO-1 protein itself (5). Recent evidence documents nuclear
localization of a truncated form of the HO-1 protein after cleavage of the membrane bound
C-terminus (6). Nuclear extracts enriched with this form of HO-1 protein were devoid of
normal HO activity. This further suggests that there is a role for the HO-1 protein itself in
nuclear functions. Because HO-1 is readily inducible even when limited substrate is present,
we hypothesized that HO-1 protein could serve to regulate its own expression. Recent
studies showed that non-heme induced HO-1 does not alter cellular iron metabolism, further
suggesting non-enzymatic roles of HO-1 in cytoprotection (7). Autoregulation has been
demonstrated in various examples (8, 9) where this leads to amplification or maintenance of
gene function. Kravets et al have also reported that biliverdin reductase (BVR), which
catalyzes reduction of the HO activity product, biliverdin, to bilirubin, can induce the
expression of HO-1 protein, suggesting that various components of the bilirubin system
could regulate the expression of genes in the pathway (10).

Previous studies in rodents have identified key regulatory regions within the genomic
sequence upstream of the HO-1 gene. Distal enhancer (DE) 1 and DE2 located at —4kb and
-10 kb upstream of the transcription start site respectively are critical for HO-1 induction by
most stimuli, including heme, heavy metals, and hydrogen peroxide (11, 12). Both DE1 and
DE2 regions contain multiple stress-responsive elements (StRE) that represent binding sites
of regulatory proteins such as AP-1, Jun, CREB, Maf and the Cap’n’collar/basic-leucine
zipper (CNC-bZIP) transcription factors. Among the CNC-bZIP proteins, the NF-E2 related
factor-2 (Nrf2) functions as a transcriptional activator of HO-1 promoter whereas Bach-1
serves as negative regulator of HO-1 transcription (13-15). Several binding partners have
been reported to interact with Nrf2 and Bach-1 in response to different cellular stimulations.
It is conceivable that transcription regulatory protein complexes composed of multiple
factors are crucial to the regulation of HO-1 expression. MAPK signaling pathways have
been shown to be activated during HO-1 inductions including after ischemia-reperfusion
lung injury (16). It is important to test whether the MAPK pathways, including p38 and
ERK signaling, are involved in the HO-1 self regulation.

In this study, we evaluated whether transfection with HO-1 cDNA or intracytoplasmic
delivery of HO-1 protein could modulate the activation of a 15kb mouse HO-1 promoter
upstream of luciferase. By comparing the effects of a wild type (active) and inactive mutant
HO-1 protein, we determined whether HO enzymatic activity was required to mediate these
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effects. We also assessed the role of HO-1 protein on enhancing HO-1 gene transcription
resulting from common HO-1 inducers such as hemin and cadmium chloride. Furthermore,
we have identified the genomic regions in the HO-1 promoter that respond to HO-1 protein
and the essential domains within the HO-1 protein required for the self-activation. Lastly, we
examined the activation of MAPK signaling pathway in the process of this HO-1 self-
regulation.

EXPERIMENTAL PROCEDURES

Cell Culture

NIH 3T3 cells were obtained from American Type Culture Collection (Manassas, VA).
NIH3T3 cells stably transfected with a 15kb HO-1 promoter-luciferase construct (3T3-
HO-1//uc cells) were grown in Dulbecco's minimal essential medium (DMEM,; Life
Technologies, Rockville, MD) supplemented with 10% FBS and 1% antibiotic-antimycotic.

HO-1 cDNA constructs

Full-length rat HO-1 cDNA was amplified by PCR with primers 5’-
AGGATCCAGATGGAGCGCCCACAG and 3’-
GACTCGAGCCAGATCCTCTTCTGAGATG. The PCR product was cloned into the
BamHI/Xhol site of pcDNA3.1/His (Invitrogen) to generate HisHO1myc construct. The
HisHO1myc fragment was then subcloned into p3XFLAGCMYV (Sigma) to generate
HisHO1FLAG. A rat HO-1 cDNA (HisHO1mutFLAG) expressing an enzymatically inactive
HO-1 with a substitution of Histidine 25 to Alanine was derived from the HisHO1FLAG by
PCR using a site-directed mutagenesis kit from Stratagene (QuickChange 11, catalog #
200523-4).

Transient transfection with HO-1 cDNA

Transient transfection was performed in NIH3T3 cells using Lipofectamine 2000
(Invitrogen). Briefly, one day before transfection, 10° cells were seeded in 24-well plates
with antibiotics free growth medium. DNA (0.8 pg) and 2 ul of lipofectamine 2000 reagent
were diluted into 50 pl of DMEM separately. After 5 minutes incubation, the DNA and
lipofectamine solution were mixed and incubated for additional 20 minutes at room
temperature. The DNA/Lipofectamine complex was then added to the cells. Cells were
grown for 48 hours before being subjected to assays.

Intracytoplasmic delivery of HO-1 Protein

A GST HO-1 fusion construct was expressed in the E.coli strain BL21 (Invitrogen.).
Bacteria were grown to an OD of 0.6-0.8. Thereafter, the fusion protein was induced with
100 uM IPTG at 30°C. After 5 hrs, bacteria were harvested and sonicated for 5 minutes. The
fusion protein was purified using a GST-purification module (Amersham Biosciences,
Piscataway, NJ) according to the manufacturer’s instruction. Ten pg of GST HO-1 protein
was delivered in the 3T3-HO-1//uc cells using the Pro-Ject™ System (Pierce, Rockford, IL,
USA) as per the manufacturer. Briefly, the Pro-Ject™ reagent was solubized in 250pl
methanol. The methanol was evaporated overnight under a sterile hood and the dried Pro-
Ject was stored at —20°C until use. Purified HO-1 protein was diluted in PBS and added to
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the dried Pro-Ject reagent. After 5 minutes incubation, the mixture was added to the cell
culture medium with 5% serum. After 3 h, cells were washed with PBS, and maintained in
serum-free medium for the first 4 h of the incubation. Thereafter, 5% FBS was
reincorporated. In other experiments, purified mutant HO-1 protein (His25Ala) devoid of
catalytic activity (gift of Paul Ortiz de Montellano, UCSF, San Francisco, CA), was
delivered to the cells as described above.

siRNA mediated gene knockdown of HO-1

Control siRNA and HO-1 specific siRNA oligos were purchased from Dharmacon, Inc. The
sequences of the HO-1 siRNA were: 5-AAGCCACACAGCACUAUGUAACTAT-3" and 5'-
UUACAUAGUGCUGUGUGGCUUITAT-3'". siGLO Cyclophilin B siRNA (Cat #
D-001610-01) was used as control siRNA. Briefly, 5x10* HO-1//uc cells were plated in each
well of the 24-well dish one day prior to transfection. 100 nM of control and HO-1 siRNA
were transfected into each well using Lipofectamine 2000 (Invitrogen) as transfection
reagent. For each transfection, siRNA and Lipofectamine 2000 reagent were diluted with
serum-free medium in separate tubes, followed by mixing and incubation at room
temperature for 20 minutes. The mixture was added to each well of the HO-1//uc cells. After
72 hours of incubation, samples were assayed for HO-1 promoter activation and HO-1
protein levels.

Visualization of HO-1 promoter activation

After transfection or protein delivery, the 3T3-HO-1//uc cells were incubated with DMEM
containing 1% luciferin for 5 min. The cultures were imaged using the IVIS camera system.
(Xenogen, Alameda, CA). Pseudoimages of the photon emission were generated and light
intensity was expressed as a ratio to cell counts, as previously described (17).

Determination of protein levels

Western blot analysis was performed as previously described (18) to evaluate HO-1
immunoreactive protein. Equal loading of 10ug of total cell lysate protein was verified with
Coomassie blue staining and Western blot analysis using GAPDH or actin antibodies.
Quantification of the protein signal was performed using densitometry (PDI, Sunnyvale,
CA) and analyzed as HO-1to actin or HO-1 to GAPDH ratios.

HO activity assay

To determine whether HO activity was altered with delivery of HO-1 protein, CO
production, as a marker of HO activity, was measured using gas chromatography as
previously described (19).

Statistical Analysis

To allow for comparisons between treatment groups, the null hypothesis that there was no
difference between treatment means was tested by a single factor analysis of variance for
multiple groups or unpaired ¢test for two groups (Statview 4.02, Abacus Concepts, Inc.,
Berkeley, CA). Statistical significance (p < 0.05 or p<0.001) between and within groups was
determined by means of the Fischer method of multiple comparisons.
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RESULTS
HO activity inhibitor does not inhibit the HO-1 promoter activation by HO-1 protein

Previously we have published that under certain stress conditions such as hypoxia and hemin
exposure, HO-1 protein can migrate into the nucleus and modulate gene transcription. HO-1
protein can also activate its own promoter in cultured cells (6). Many of the HO reaction
byproducts have signaling effects (20-22). To understand whether the HO-1 byproducts or
HO-1 protein itself activate its own transcription, cells were incubated with an inhibitor of
HO-activity, tin protoporphyrin (SnPP, 20uM), prior to HO-1 protein delivery. We used
NIH3T3 cells that were stably transfected with a luciferase reporter driven by a 15kb HO-1
promoter (3T3-HO-1//uc). Luciferase activity in these cells directly correlates with the HO-1
promoter activation and can be measured by the photon emission with In Vivo Imaging
System (IVI1S). Incubation of cells with SnPP resulted in a 30% inhibition in HO activity in
both untransfected 3T3-HO-1//uc cells and after HO-1 protein delivery (Figure 1A).

We used Pro-ject, a lipid-based protein delivery system (Pierce), to deliver pure HO-1
protein intracytoplasmically into the 3T3-HO-1//uc cells and examined the effects on
activation of the HO-1//uc reporter. A GST-HO-1 fusion protein was expressed and purified
with a GST column followed by thrombin digestion to cleave the GST tag. Delivery of HO-1
protein was associated with increased HO-1 promoter activation in these cells. Compared to
untreated cells, the maximum HO-1 promoter activation (1.7 fold) was observed 12 h after
the HO-1 protein delivery (Figure 1B).

Despite the inhibition in HO activity, increased HO-1 promoter activation was observed after
HO-1 protein delivery as in cells not pre-incubated with SnPP (Figure 1B). The loss of HO
activity does not prevent HO-1 protein from activating its own promoter, suggesting that the
HO-1 enzymatic activity is not required for this function.

Enzymatic inactive HO-1 mutant can activate its own promoter

Full length HO-1 cDNA and 6XHis tag were cloned into expression vector with 3X C-
terminal FLAG tag to generate HisHO-1FLAG. Histidine 25 is the essential amino acid for
the enzymatic activity of HO-1 and mutation of this site completely abolishes the HO-1
catalytic activity(5). Using site-directed mutagenesis techniques, a mutant HO-1 cDNA
construct in which Histidine 25 was changed to Alanine (HisHO-1mutFLAG), was
generated, resulting in an enzymatically inactive HO-1. Expression of the wild type and
mutant cDNAs in 3T3-HO-1//uc cells after transfection was verified by Western Blot
analysis using anti-HO-1 and anti-His antibodies (data not shown). Both the wildtype and
mutant HisHO-1Flag constructs as well as the expression vector alone were transiently
transfected into 3T3-HO-1//uc cells. Twenty-four hours after transfection, luciferin was
added into the culture medium and luciferase activity was measured with IVIS. Transfection
of the 3T3-HO-1//uc cells with HO-1 cDNA was associated with a 3-5 fold increase in
HO-1 promoter activation compared with cells transfected with transfection reagent or
p3XFLAG vector, as demonstrated by increased photon emission (Figure 2A). When
transfected into the 3T3-HO-1//uc cells, this inactive mutant construct was associated with a
significant (2.2 fold) increase in HO-1 promoter activation (Figure 2A). Furthermore,
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intracytoplasmic delivery of enzymatically inactive HO-1 (His25Ala) mutant protein (gift
from Dr. Ortiz de Montellano, USCF) also resulted in significant activation of the HO-1
promoter (Figure 2B). To demonstrated that the activation of the HO-1 promoter was not due
to the project delivery procedure or non-specific protein effect, we included negative
controls such as cells that did not receive any protein (UT) or cells where other proteins
galatosidase (Gal), a FITC-labeled immunoglobulin (AB) or Pro-ject reagent alone (Proj)
were delivered (Figure 2C).

HO-1 protein is required for hemin and cadmium chloride mediated induction of the HO-1

promoter

HO-1 gene can be induced by a variety of stress conditions and agents such as hyperoxia,
hypoxia, UV radiation as well as hemin, inflammatory cytokines and heavy metals (1, 2, 3).
To determine whether HO-1 protein is involved in the signaling pathway of any of these
induction processes, SIRNA mediated gene knockdown was used to disrupt the endogenous
HO-1 expression during hemin and cadmium chloride mediated inductions. Transfection of
HO-1 specific siRNA oligonucleotides into 3T3-HO-1//uc cells dramatically reduced HO-1
protein levels within 72 hours (Figure 3A). Expression levels of HO-2 and GAPDH protein
were not affected by HO-1 siRNA transfection. In addition, control siRNA against
Cyclophillin B did not change the expression of HO-1 protein, indicating the specificity of
gene knock down with HO-1 siRNA (data not shown). Seventy-two hours after SIRNA
transfection, cells were incubated with 30uM hemin for 8 hours and the luciferase reporter
assay was performed. Hemin incubation resulted in 1.6 fold induction of HO-1 promoter
activity compared to control cells without hemin incubation (Figure 3B). Transfection with a
control siRNA oligonucleotide specific to Cyclophilin B did not affect hemin-mediated
induction of HO-1, however, siRNA against HO-1 significantly diminished the hemin-
mediated activation of the HO-1 promoter (Figure 3B). These results suggest that HO-1
protein is involved in the hemin-mediated induction of the HO-1 gene.

Similarly, transfection with a siRNA against HO-1 significantly diminished the cadmium
chloride mediated activation of the HO-1 promoter as compared to transfection with a
control siRNA oligonucleotide specific to Cyclophilin B (Figure 4). This suggests that HO-1
protein also plays a role in regulating cadmium chloride mediated HO-1 gene induction.
Overall, these findings suggest that HO-1 protein may modulate factors involved in HO-1
induction by various stresses.

HO-1-mediated promoter activation is regulated via the distal enhancers E1 and E2

To determine the genomic regions within the HO-1 upstream promoter that are regulated by
HO-1 protein, we analyzed luciferase reporter constructs containing mutations in the distal
enhancer regions. The distal enhancer (DE) 1 and 2 are important regulatory regions that are
important for most situations of HO-1 induction (1, 11, 13). Multiple transcription factor
binding sites have been identified within each of these enhancer regions. We therefore co-
transfected HO-1 cDNA with HO-1/luc mutants containing DE1 and DE2 deletions into
NIH3T3 cells. The luciferase expression was analyzed by photon emission with 1VIS.
Compared with the wildtype full length 15kb HO-1 promoter, DE1 mutation was associated
in a 31 % decrease whereas the DE2 mutation was associated with a 13% decrease in
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promoter activation. When both the enhancers are deleted, 74% of the promoter activation
was inhibited (Figure 3). These data indicate that HO-1 auto-regulation is synergistically
mediated via the DE1 and DE?2 regions.

HO-1 protein with C-terminal truncation can also activate the promoter

To determine the domains within HO-1 protein that are required for HO-1 promoter
activation, we compared the promoter activation activities of HO-1 cDNAs with different
truncations with that of the full length HO-1 cDNA (Figure 6). Previous studies in our group
(6) identified that HO-1 protein with a C-terminal truncation is the major isoform found in
the nucleus. When introduced into the cells, a C-terminal truncated protein lacking the last
23 amino acids (HO-1A23) increased the HO-1 promoter activity to 1.8 fold compared to
vector control. This was less than the degree of promoter activation achieved with
transfection of the full length HO-1 cDNA construct. The latter activated the HO-1 promoter
by 3.58 fold compared to the vector control. We also tested HO-1 with various deletions
from either the N- or the C-terminus (Figure 6A, 1-201, 202-867, 1-456, 465-867). None
of these constructs activated the HO-1 promoter. These data indicate that the intact HO-1
protein is required for full HO-1 promoter activation; however, C-terminal truncated isoform
can also facilitate the promoter activation.

Activation of MAPK pathways is not required in HO-1 self-regulation

MAP kinase pathways can be activated by oxidative stress (23-25). Specifically, p38 MAP
kinase pathway can be activated by CO and mediates the anti-inflammatory effects in LPS
induced inflammation (23) and ischemia-reperfusion lung injury (16, 24). Perhaps HO-1
protein could mediate activation of the HO-1 promoter, via CO induced p38 MAP kinase or
ERK activation. We therefore examined the activation of p38 and ERK pathways by
analyzing the phosphorylation status of both p38 and ERK after HO-1 transfection.
Compared to untransfected cells or cells transfected with the cloning vector alone, we found
no increase in either phosphorylated p38 or phosphorylated ERK (Fig. 7). These results
indicated that the p38 and ERK MAPK pathways are not required for HO-1 self-regulation.

DISCUSSION

In this paper, we demonstrate that HO-1 protein can regulate its own promoter independent
of its enzymatic activity. We document that this self-activation is involved in the HO-1 up-
regulation via the oxidants cadmium chloride and hemin. In addition, we have identified the
genomic regions in the HO-1 promoter that respond to HO-1 protein and the essential
domains within the HO-1 protein required for the self-activation.

Auto-regulation of the HO-1 gene is a novel observation. This process could facilitate
maintenance of basal levels of HO-1 protein even when substrate is limited. It would also
permit enhanced and prolonged activation of HO-1 expression after induction with various
stimuli. Nonetheless, expression of HO-1 would also need to be intermittently down-
regulated. Despite cytoprotection with low (less then five fold) HO activity induction, high
levels of HO-1 expression (greater than 15-fold) were associated with significant oxygen
cytotoxicity (26). The Bach-1 mediated negative regulation of HO-1 expression is one of the

Free Radic Biol Med. Author manuscript; available in PMC 2019 May 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Linetal.

Page 8

possible mechanisms to turn off the positive “feed forward” stimulation of HO-1 gene to
maintain a stable expression level of HO-1. There are many examples of positive and
negative self-regulation of gene expression including the early growth response factor
(Egr-1) (27), human chorionic gonadotropin (hCG) in the placenta (28), and the heat shock
protein Hsp70 under certain circumstances (29).

Although most previous studies have directly linked functions of HO-1 with its enzymatic
activity to degrade heme and to generate CO and bilirubin, we have found that HO-1 activity
inhibitor SnPP does not affect the HO-1 self-regulation. Furthermore, an enzymatically
inactive mutant HO-1 protein can also activate the HO-1 promoter to the same extent as the
wildtype form. We have previously documented that HO-1 can migrate into the nucleus
under certain stress conditions, such as exposure to hypoxia and incubation with hemin or
heme-hemopexin and this nuclear form of HO-1 is enzymatically inactive (6). When
delivered into the cells, both the wildtype and inactive HO-1 can modulate DNA binding
activity of transcription factors including AP-1 (6). Together, these data suggest that in
addition to heme degradation HO-1 may have other cellular functions including regulating
the expression of oxidative stress response genes.

Self-regulation of HO-1 could be mediated by direct protein-DNA interaction akin to the
action of other transcription factors. However, the structure of HO-1 does not reveal
traditional DNA binding motifs, a characteristic of most transcription factors. Direct HO-1
mediated transcriptional activation is less likely without a DNA binding motif as seen with
transcription factors (reviewed by (30)). Using EMSA and ChIP assays, we were not able to
detect direct binding of HO-1 protein to DE1, DE2 and PE regions of the HO-1 promoter.
Another potential mechanism could involve binding of HO-1 to a transcription factor or a
protein complex resulting in activation of the HO-1 promoter. Although HO-1 can bind to its
isoenzyme HO-2 (31), no reports demonstrate binding of HO-1 to known transcription
factors. In addition, preliminary co-immunoprecipitation experiments using FLAG-tagged
HO-1 protein did not reveal binding to Nrf2 nor to Bach-1, known HO-1 promoter
regulatory proteins. Another way by which the autoregulation could be mediated is through
the binding of HO-1 to other proteins, serving as the non-DNA binding protein of a
transcriptional factor complex as with the non-DNA-binding CBFf ubunit of the core
binding factor, which increases the affinity of the DNA-binding domain of CBFa for DNA
while making no direct contacts to the DNA (32).

Alternatively, increased HO-1 protein could perturb the cell and alter transcription factors
known to regulate the HO-1 promoter. The HO-1 promoter has consensus binding sequences
for many of the transcription factors. Therefore it is conceivable that activation of one of
these transcription factors by over-expression of HO-1 protein could result in downstream
effects on HO-1 transcriptional activation itself. DNA binding activity of AP-1, a key
transcription factor that can bind to HO-1 promoter, is increased after HO-1 is delivered into
the cells. Previous studies showed that during endoplasmic reticulum (ER) stress AP-1 is
activated via chaperone glucose-regulated protein 78 (Grp78) binding status to ER stress
sensor proteins such as IRE1 and ATF6 (33, 34). Despite the clear role of the byproducts of
the HO reaction including CO and bile pigments, in modulating transcription factors such as
NF-kB and STAT (35, 36), delivery of either catalytically active or inactive HO-1 also
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modulates these transcription factors (6). Therefore, these effects cannot be strictly attributed
to the byproducts of the HO reaction. How the inactive HO-1 protein mediates its effects on
transcription factors is not fully understood.

In the current work, we also demonstrate the lack of involvement of p38 MAP kinase and
ERK signaling in this auto-regulatory process. Others have clearly shown that CO released
from the HO reaction activated p38 MAP kinase, thereby altering many downstream
pathways (23, 24). ERK signaling is a common oxidative stress mediated response. In lung
epithelial cells, hyperoxia causes activation of the ERK1/2 MAPK pathway which leads to
caspase activation and cell death (37). However, levels of both phosphorylated p38 and
phosphorylated ERK remain unchanged after HO-1 over-expression, indicating that neither
pathway is involved in the HO-1 self-regulation process.

It is well documented that HO-1 can be induced by a variety of oxidant agents such as hemin
and cadmium. Using siRNA gene knockdown techniques to specifically reduce HO-1
expression, we have demonstrated that the HO-1 protein itself is involved in both the hemin
and cadmium induced HO-1 up-regulation (Fig 4, 5), suggesting that the HO-1 protein is
important to amplify its own levels during oxidative stress. Because HO-1 can migrate to the
nucleus during oxidative stress, it may be able to quickly modify the nuclear environment
and trigger increased gene expression including its own. This remains to be explored.

The regulation of HO-1 gene expression has been well characterized. The proximal enhancer
region as well as two 5' distal enhancer regions, DE1 and DE2, mediates transcriptional
activation of the HO-1 gene in response to various stimuli. Each enhancer region contains
multiple copies of the cis-acting stress responsive element (StRE), similar to the Maf
response element and binding sites of AP-1 class of transcription factors. Key regulators
through DE1 and DE2 include the Nrf2 transcription factor which can heterodimerize to Maf
and activate HO-1 gene transcription and Bach-1, a heme-regulated and hypoxia-inducible
basic leucine zipper protein to represses HO-1 gene expression by binding to the multiple
Maf recognition elements (MARES) on the HO-1 gene (38). Here we demonstrate that HO-1
auto-regulation is also mediated through the DE1 and DE2 regions in the HO-1s promoter. It
remains to be determined which specific site(s) on the promoter mediate the regulation. Our
experiments demonstrate that a C-terminally truncated inactive form of HO-1 can also
regulate HO-1 expression. This suggests that the protein itself is also a regulatory molecule
that does not rely on the HO-1 reaction byproducts to mediate its effects. Nonetheless, HO
activity can also mediate this process, as the full length HO-1 protein was most effective at
auto-regulation.

In summary, we document a critical role for the HO-1 protein itself in a feed forward
transcriptional regulation of its own gene and also demonstrate that HO-1 mediated
transcriptional activation plays a role in HO-1 induction by oxidants. The former may be a
mechanism by which basal levels of HO-1 are maintained in a substrate poor environment
and the latter may serve to prolong the induction of HO-1 with various stresses.
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Figure 1. Inhibition of HO activity did not affect the HO-1 promoter activation after HO-1
protein delivery
Cells were pre-incubated with SnPP, a potent inhibitor of HO activity. (A) HO activity in the

cells where HO-1 protein was delivered (HO-1) with or without SnPP. (B) A representative
image of photon emission and quantitative assessment of light intensity is shown. Values are
the mean + standard error of four separate determinations. Values are expressed as a fold of
untransfected (UT) controls. *P<0.05 vs. UT. (C) A representative Northern blot illustrating
HO-1 mRNA steady state levels 4 to 24 h after delivery of HO-1 protein is shown. The
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housekeeping gene B-actin demonstrates equal loading. C: control cells receiving Pro-ject
reagent alone.
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Figure 2. Inactive HO-1 protein also increases the HO-1 promoter activity
(A) 3T3-HO-1/luc cells were transiently transfected with pCMV vector, HO-1 cDNA

(HO-1) and an enzymatically inactive HO-1 mutant in which Histidine 25 was substituted
with Alanine (HO-1 H-A). A representative pseudoimage of photon emission is shown in the
upper panel. Western blot analysis showed the 40 KD transfected HO-1 fusion proteins and
the 32 KD endogenous HO-1 protein. Actin was used for loading control. Quantitation of
the photon emission is shown in the lower panel. (B) Wildtype and inactive HO-1 proteins
were delivered into 3T3-HO-1/luc cells. A representative pseudoimage of photon emission is
shown in the upper panel. A representative Western blot of HO-1 immunoreactive protein is
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shown in the middle panel. Quantitation of the photon emission is shown in the lower panel.
UT: untransfected; HO-1: Cells were HO-1 protein delivered; mutant HO-1: cells were an
inactive mutant HO-1 (His25Ala) protein delivered. Values are expressed as a fold of
untransfected controls and are the mean + standard error of four separate determinations. *p
< 0.05vs. UT. (C) A pseudoimage of the photon emission from 3T3-HO-1//uc cells after
delivery of HO-1 protein of 12 hours. Negative controls are cells that did not receive any
protein (UT) or cells where other proteins such as galatosidase (Gal), a FITC-labeled
immunoglobulin (AB) or Pro-ject alone (Proj) were delivered. Quantitative luminescence
intensity is shown below. Values are the mean + standard error of four independent
measurements. *P<0.05 vs. UT.
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Figure 3. HO-1 is required for hemin induced HO-1 promoter activation
3T3-HO-1/luc cells were transfected with siRNA targeting HO-1 gene or Cyclophillin B

(Dharmacon). (A) Western blot analysis showing the repression of HO-1 expression by
HO-1 siRNA. 72 hrs after siRNA transfection, cells were treated with or without 30 uM
hemin for 24 hrs before harvesting. Whole cell lysates were separated on SDS gels and
HO-1 protein levels were examined by Western Blot analysis. Actin was used for loading
control. (B) Luciferase activity visualized via the IVIS. Note the significant decrease of light
emission in cells transfected with HO-1 siRNA. siRNA against Cyclophilin B was used as
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non-specific sSiRNA control. 1: control 15HO-1luc cells; 2: 15HO-1luc cells with mock
transfection; 3: 15HO-1luc cells with hemin treatment; 4: 15HO-1luc cells with control
Cyclophilin B siRNA followed by hemin treatment; and 5: 15HO-1luc cells with HO-1
siRNA followed by hemin treatment. Quantitative analysis was presented at the lower panel
as mean + standard error. *P<0.05 vs. hemin with no siRNA (lane 3) or control siRNA (lane
4).
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Figure 4. HO-1 is involved in Cadmium mediated HO-1 promoter induction
3T3-HO-1/luc cells were transfected with siRNA targeting HO-1 gene or Cyclophillin B

(Darmacon). 72 hours after siRNA transfection, cells were treated with 10uM CdCl; for 24
hours followed by analysis. (A) A representative pseudoimage of photon emission 24 hours
after CdCl, induction. C: control cells that were not transfected. L: cells transfected with
lipofectamine 2000 only. Ctrl siRNA: cells transfected with Cyclophillin B siRNA. (B)
Comparison of fold change of photon emissions after CdCl, induction. C: control cells that
were not transfected. L: cells transfected with lipofectamine 2000 only. Ctrl siRNA: cells
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transfected with Cyclophillin B siRNA. Values are expressed as a fold of untransfected
controls and are the mean + standard error of three separate experiments. *P<0.05 vs. cells
transfected with control siRNA. (C) Western Blot analysis with anti-HO-1 antibody showing
that the cadmium induction of HO-1 protein was blocked by HO-1 siRNA transfection.
GAPDH expression was used as loading control. Lane 1, 2: control cells that were not
transfected; lane 3, 4: cells transfected with lipofectamine 2000 only; lane 5, 6: cells
transfected with Cyclophillin B siRNA,; and land 7,8: cells transfected with HO-1 siRNA.
Lane 1, 3, 5, 7: cells with no induction. Lane 2, 4, 6, 8: cells were induced with CdCl».
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Figure 5. HO-1 activates its own promoter through the distal E1 and E2 enhancers
NIH3T3 cells were co-transfected with HO-1 cDNA and different luciferase reporter

constructs. V: vector containing only the luciferase reporter. FL: luciferase reporter
controlled by the 15 kb full length HO-1 promoter. E1: luciferase reporter controlled by the
15 kb full length HO-1 promoter with mutation on the E1 enhancer. E2: luciferase reporter
controlled by the 15 kb full length HO-1 promoter with mutation on the E2 enhancer. E1/E2:
luciferase reporter controlled by the 15 kb full length HO-1 promoter with mutations on both
the E1 and E2 enhancers. (A) A representative pseudoimage of photon emission 24 hours
after transfections. (B) Quantitation of the photon emissions. Values are expressed as the
mean + standard error of three independent experiments with duplicate samples. *P<0.05 vs.
FL
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Figure 6. Intact HO-1 protein is required for maximal promoter activation but truncated HO-1
protein can also active the promoter
3T3-HO-1/luc cells were transfected with full length HO-1 cDNA as well as cDNAs with

various truncations. Luciferase activities were measured with 1VIS 48 hours after
transfection. A: Schematic drawings of the cDNA constructs. Numbers represent the DNA
base pairs in HO-1 coding region. B: Data represents fold of full length value and are mean
+ standard error of three experiments with duplicate samples. Full Length: full length HO-1
cDNA; HO-1A23: HO-1 cDNA with 23 amino acids deleted from the C-terminal; 1-201,
202-867, 1-456, 465-867 represent different truncation isoforms. *p < 0.05 vs. vector.
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Figure 7. HO-1 self-regulation does not require activation of p38 and ERK MAPK pathways
3T3-HO-1/luc cells were transfected with expression vector alone and full-length cDNA

encoding wildtype and catalytic inactive forms of HO-1. 48 hours after transfection, cells
were harvested and assayed for total p38, phosphorylated p38, total ERK and
phosphorylated ERK by Western Blot analysis. Lanel: Cells treated with TNF-a, as positive
control for p38 activation; lane 2: untreated 3TS-HO-1/luc cells; lane 3: cells transfected
with vector alone; lane 4: cells transfected with wildtype full length HO-1 cDNA,; Lane 5:
cells transfected with enzymatically inactive HO-1 mutant in which Histidine 25 was
substituted with Alanine (HO-1 H-A).
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