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Heme Oxygenase-1 via Transcriptional Activation of Nrf2
Attenuates Apoptosis in Lung Cancer Cells

Purpose: Increasing evidences have indicated the critical role of HO-1 in
cytoprotection and more diverse biological functions. HO-1 has been reported
to stimulate tumor cell growth and proliferation. And several tumors, including
renal cell carcinoma, prostate tumor, hepatoma, and sarcoma, express a high
level of HO-1. Indeed, inhibition of HO-1 by using specific HO inhibitors demon-
strated in vivo antitumor activity. However, the precise mechanism of HO-1
induction and signals in lung cancer is not clearly known yet. We aimed to
analyze the role of HO-1, characterize the mechanism of HO-1 induction, the
role of Nrf2 in the induction, and investigated whether inhibition of HO-1 may
induce apoptosis in lung cancer cells. Materials and Methods: Western blot
and immunostaining analyses were performed to ascertain whether HO-1, Nrf2,
and NFkB were expressed or not in various lung cancer cell lines. Apoptosis
by HO-1 inhibition through siRNA transfection was measured by flow cytometric
analysis and Western blot. And the expression of HO-1 by siRNA of Nrf2 and
NFkB was examined by ARE-driven luciferase activity and Western blot.
Results: We demonstrated that HO-1 was expressed highly in A549 cells than
other lung cancer cells. And A549 cells were transfected by HO-1 small
interfering RNA (siRNA) induced apoptosis. Nrf2 siRNA, next, resulted in a
decrease of HO-1 expression. However, NFKB siRNA had no influence on the
expression of HO-1. Conclusion: Increasing HO-1 expression in A549 cells
may be resulted from the transcriptional activation of Nrf2, and inhibition of
Nrf2-HO-1 pathway induces apoptosis. Therefore it provides new important
insights into the possible molecular mechanism of the antitumor therapy. (J
Lung Cancer 2006;5(1):39 —46)
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INTRODUCTION

Heme oxygenase (HO) is the rate-limiting enzyme in heme
catabolism, which leads to the generation of biliverdin, free ion
and carbon monoxide (CO)(1). Biliverdin is subsequently con-
verted to bilirubin, potent antioxidant, by cytosolic biliverdin
reductase, and free ion is promptly sequestered into ferritin(2).
Three distinct isoforms of HO have been identified and
cloned(3). These isozymes are products of different genes and
differ markedly in their tissue distribution.

HO-1, an inducible isoform of HO, is a member of the
family of heat shock proteins (HSP32). It is found at low levels

in most mammalian tissues but is highly expressed in liver and

39

spleen(4), and its expression is triggered by diverse stress-
inducing stimuli including hypoxia(5), heat shock(6), UV irra-
diation(7), heavy metals(8,9), reactive oxygen species (ROS)
such as hydrogen peroxide (H,0-)(10,11), and reactive nitrogen
oxide such as nitric oxide (NO)(12). The expression of HO-1
gene is primarily regulated at the transcriptional level although
there are interspecies variations in the regulation of HO-1(13~
15). The transcriptional factor Nrf2 plays a key role in HO-1
gene activation(16). The biological functions of HO-1 are thus
believed to be associated with a fundamental adaptive and de-
fense response against oxidative stress and cellular stress. Re-
cent findings indicate that HO-1 possess anti-inflammatory and

antiapoptotic functions, and it exert a role in controlling growth
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and cell proliferation in a cell-specific manner(17~20). Elevated
HO-1 expression and activity was found in various tumors such
as renal cell carcinoma, prostate tumors, hepatoma, and lym-
phosarcomas. Indeed, inhibition of HO-1 by using specific HO
inhibitors such as zinc protoporphyrin (ZnPP) demonstrated in
vivo antitumor activity(7,21 ~23). We, therefore, hypothesized
that inhibition of HO-1 expression and activity may sensitize
lung cancer cells to anticancer treatment modalities. In this
study, we aimed to analyze the role of HO-1, characterize the
mechanism of HO-1 induction, the role of Nrf2 in the in-
duction, and investigated whether inhibition of HO-1 may in-

duce apoptosis in lung cancer cells.

MATERIALS AND METHODS
1) Cell culture

A549, NCI-H23, NCI-H157, and NCI-H460 human lung
cancer cells were obtained from Korean Cell Line Bank (Seoul,
Korea) and grown in RPMI 1,640 containing 100 units/ml peni-
cillin, 0.1 mg/ml streptomycin, and 10% FBS, and maintained
in a humidified atmosphere of 5% CO; in air at 37°C and

maintained in log phase.
2) Western blotting

Cell extracts were separated by 10% SDS-PAGE under re-
duced conditions and transferred onto nitrocellulose membrane.
The membrane was blocked with 5% skim milk in TBS-T (25
mM Tris, pH 7.6, 138 mM NaCl and 0.05% Tween-20) for 1
hour and probed with primary antibodies (1 :1,000~1:
5,000). After a series of washes, the membrane was further
incubated with secondary antibody (1 : 2,000~1 : 10,000) con-
jugated with horse radish peroxidase (HRP). The immunore-
active signal was detected with enhanced chemiluminescent

(ECL) detection system (Amersham Co, England).
3) Immunocytochemistry

After removal of the culture medium, untreated lung cancer
cells were washed three times with PBS, and fixed with 4%
paraformaldehyde in PBS for 1 hour at room temperature (RT).
Cells were then rinsed twice with PBS, preincubated in the
same buffer containing 0.1% Triton X-100, and followed by
three washes. Cells were blocked with 0.1% BSA in PBS for
1 hour and then respectively incubated with primary anti-HO-1,

anti-Nrf2, and anti-NFkB (Santa Cruz Biotech Inc, Santa Cruz,
CA) in PBS containing 3% BSA for 18 ~20 hour at 4°C. After
three washes with PBS, cells were incubated with goat anti-
rabbit Texas Red-tagged secondary antibody at a dilution of
1 : 500 in PBS for 1 hour at RT. Cells were then washed in
PBS and further incubated with 10 M Hoechst 33,342 in PBS
at RT for 30 min. Subcellular localization of HO-1, Nrf2, and
NFKB were observed under fluorescent microscope equipped
with digital camera (IX71, Olympus, Japan). The fluorescent

images were captured using appropriate filters.
4) Flow cytometric analysis

The degree of apoptosis was determined by measuring the
number of cells showing below the Gg¢/G, phase of DNA
content from Flow cytometric analysis after staining of cells
with propidium iodide (PI) as originally described by Crissman
and Steinkamp(24). Cell cycle analysis was performed with
FACScan equipped with a Cell Quest softwave (Becton Dic-

kinson, San Jose, CA).
5) Preparation of cytosolic and nuclear extracts

Cells were washed with ice-cold PBS, scraped, and cen-
trifuged at 1,000<g for 5 min at 4°C. The cell pellet was
resuspended in 200 I of lysis buffer (10 mM HEPES, pH 7.9,
1.5 mM MgCI2, 10 mM KCI, 0.5 mM phenylmethylsulfonyl
fluoride, and 0.5 mM dithiothreitol) and incubated on ice for
15 min. At the end of this incubation, 101 of 10% NP-40
was added and the tube was vortexed for 10 s. After centri-
fugation at 13,000 X g for 1 min at 4°C, supernatants (cytosolic
extracts) were collected and stored at 80°C, whereas the pellets
were further processed to obtain nuclear extracts. The pellet
was resuspended in extraction buffer (5 mM HEPES, pH 7.9,
1.5 mM MgCI2, 0.5 mM phenylmethylsulfonyl fluoride, 0.2
mM EDTA, 0.5 mM dithiothreitol, and glycerol 25% vol/vol)
and incubated for 30 min at 4°C. Nuclear extracts were isolated
by centrifugation at 13,000 % g for 30 min at 4°C. The super-
natant was aliquoted and stored at 80°C until used for western
blot analysis. Protein concentration was determined by the

Lowry method.

6) Transfection of HO-1, Nrf2, and NFkB small inter-
fering RNA (siRNA) into A549 cells

To study the effects of HO-1, Nrf2, and NFkB inhibition,
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their expressions were specifically suppressed by introduction
of 21-nucleotide duplex small interfering RNA (siRNA), which
targets nucleotides of the HO-1, Nrf2, and NFkB mRNA co-
ding sequence(25). Briefly, A549 cells (10° cells/well) were
plated in 6-well plates and transiently transfected with 2 ycg per
well of HO-1, Nrf2, and NFkB siRNA (Santa Cruz Biotech-
nology, Santa Cruz, CA) mixed with X-tremeGENE siRNA
transfection reagent (Roche Applied Science, Penzberg, Ger-
many) according to the manufacturer’s directions. The Silencer
Negative Control siRNA (Roche Applied Science, Penzberg,
Germany) was used as a negative control and was introduced

into the cells using the same protocol.
7) Reporter gene activity assay

Cells were transfected with ARE-luciferase (ARE-Luc) re-
porter plasmid. ARE-Luc was generated by transferring the en-
hancer 2 (E2) and minimal promoter (MP) sequence 40 into
luciferase reporter plasmid pGL3-Basic. E2 and MP were gene-
rated by PCR of mouse ¢cDNA with oligonucleotide pairs E2
Sacl: 5°-AGC TGA GCT CCT TAA GCA ATC CAT TAG

GAA TCC G-3" and E2 Apal: 5°-AGC TGG GCC CCC GCT
CTC TTG CCA GAC TC-3' and MP Apal: 5°- TTA CAG
GCA GGG CCC GCC T-3’ and MP Xhol: 5°- TAT GCT CGA
GAC GGC TCT GC-3’, respectively. For transfection of re-
porter plasmid, cells were seeded on 24-well plates at a density
of 310" cells/well on the day before transfection. A total of
750 ng of plasmid DNA including 200 ng of luciferase reporter,
Nrf2 and NFkB siRNA, and 50 ng of pcDNA3- 3-gal was
transfected into cells by TfxTM-50 reagent (Promega, Madison,
WI). The amount of transfected DNA was held constant to 750
ng by the addition of empty vector DNA where necessary.
After 48 h of transfection, cells were washed twice with PBS
buffer and then lysed in reporter lysis buffer. Luciferase activity
was measured with a luciferase assay system (Promega) accor-
ding to the manufacturer’s instructions. Luciferase activity was
measured in triplicate, averaged, and then normalized with 3 -
galactosidase activity using the galactosidase assay system (Ga-
lacto-Light, Tropix Inc., MA) according to the manufacturer’s

instructions.
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Fig. 1. Expression of HO-1 in en—
dogenous lung cancer cells. (A) Ex—
pression levels of HO-1 protein
were measured by Western blotting
using anti-HO-1 antibody. Lysates
of untreated lung cancer cells were
subjected to 12.5% SDS-PAGE fo
measure the expression of HO-1
protein. (B) Untreated lung cancer
cells were reacted with Hoechst
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8) Statistical analysis

Each experiment was performed at least three times, and all
values are represented as means+SD of triplicates. Student’s
t-test was used to analyze a statistical significance of the re-
sults. Values of p<0.05 were considered as statistically sig-

nificant.

RESULTS
1) HO-1 expression in endogenous lung cancer cells

To study of the role of HO-1 on apoptosis, Western blot and
immunostaining analyses were performed to ascertain whether
HO-1 was expressed or not in various lung cancer cell lines.
Untreated lung cancer cells were used to carry out Western blot
for HO-1 (Fig. 1A). The data revealed that HO-1 protein was
expressed highly in A549 cells than other lung cancer cell lines.
Consistent with proteins level of HO-1 expressed in Fig. 1A,
immunostaining analyses demonstrated that HO-1 was strongly
located in cytoplasm of AS549 cells, whereas a little proportion

of other lung cancer cells showed positive staining (Fig. 1B).

2) Induction of apoptosis by HO-1 siRNA transfection in
A549 cells

To further elucidate the functional role of HO-1 inhibition,
we suppressed HO-1 mRNA through siRNA transfection of a
21-nucleotide duplex HO-1 siRNA. The Silencer Negative
Control siRNA 1 was used as a negative control. Suppression
of HO-1 levels after siRNA treatment for 48 hours was con-
firmed by RT-PCR analysis for HO-1 mRNA of A549 cells.
siRNA transfection resulted in targeted knockdown of HO-1
mRNA expression (data not shown). We, next, examined whe-
ther HO-1 siRNA may induce apoptosis in A549 cells. DNA
fragmentation by apoptosis phenomenon was analyzed as the
sub-Go/G; fraction of cell cycle analysis by flow cytometry in
A549 cells stained with PI; contrast to control and nonsense
siRNA groups, the sub-Go/G; fraction after HO-1 siRNA
groups significantly increased up to 22.4% (Fig. 2A). To gain
the down-stream event of apoptosis, we further tested the
activation of caspase-3 by Western blot analysis. As shown in
Fig. 2B, degradation of pro-caspase-3 occurred in HO-1 siRNA

groups.
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Fig. 2. Apoptosis in AS49 cells after HO-1 siRNA transfection. Non-
sense indicates the result for cells treated with Silencer Negative
Control siRNA. Cells were fransfected with 0.5 g siBNA of HO-1
and control plasmid. (A) Cellular DNA was stained with Pl and cell
cycle was analyzed by flow cytometry. The data represent the mean+
S.D. of triplicate. *p<0.05. (B) Cells were transfected with 0.5 g
siRNA of HO-1 and control plasmid. After 48 hrs, lysate was sub—
jected to 12.5% SDS-PAGE to measure the expression of pro-
caspase-3.
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3) Expression of Nrf2 and NFkB in endogenous lung

cancer cells

Many studies have reported that HO-1 expression is mainly
regulated by NFkB, p38 MAP kinase signaling pathways, and
Nrf2-dependent antioxidant response element (ARE) activation
in several cell types(26 ~28). Therefore, to further provide the
exact mechanism of up-regulation of HO-1 gene expression in
A549 cells, Western blot and immunostaining analyses were
performed to ascertain whether Nrf2 and NFkB were expressed
or not in lung cancer cell lines. Untreated lung cancer cells
were used to carry out Western blot in both cytosolic and
nuclear fractions for Nrf2 and NFkB (Fig. 3A). The data
demonstrated that highly expressed Nrf2 and NFkB in nucleus
and degradated 1kB in cytoplasm presented in A549 cells than
other lung cancer cell lines. Consistent with proteins level
expressed in Fig. 3A, immunostaining analyses demonstrated
that the many proportion of Nrf2 and NFkB translocated into
the nucleus in endogenous A549 cells (Fig. 3B).
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4) Effect of Nrf2 and NFkB siRNA transfection on HO-1

promotor activity

To confirm the involvement of Nrf2 and NFkB in pathways
of up-regulation of HO-1 gene expression, siRNA of Nrf2 and
NFkB were transfected in A549 cells. Suppression of Nrf2 and
NFKB levels after siRNA treatment for 48 hours was res-
pectively confirmed by RT-PCR analysis for Nrf2 and NFkB
mRNA of A549 cells (data not shown). And we measured
indirectly the expression level of HO-1 through using the ARE-
driven luciferase activity. As shown in Fig. 4, knock down the
transcriptional expression of Nrf2 by using siRNA signifi-
cantly suppressed the transcriptional activation of ARE up to
11.7-fold of controls (p<0.05). However, NFkB siRNA only
partial involved the inhibition of HO-1 signalling. These results
suggest that up-regulation of HO-1 was obligatory required in
the pathway of Nrf2/HO-1.

5) Effect of Nrf2 and NFkB siRNA transfection on HO-1

expression

We further examined that transfection of siRNAs apparently
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Merge

Fig. 3. Expression of Nrf2 and
NFkB in endogenous lung cancer
cells. (A) Expression levels in both
cytosolic and nuclear fractions of
Nrf2 and NFkB protein were mea—
sured by Western blotting. Lysate
was fractionated into cytosolic and
nuclear portions and proteins were
separated on 15% SDS-PAGE to
immunoblot for Nrf2 and NFkB in
nucleus and IkB in cytoplasm. (B)
Untreated A549 cells were reacted
with Hoechst and anti-HO-1 anti-
body. Then, cells were visualized
under fluorescent microscope.
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Fig. 4. Expression of Nrf2 and NFkB siRNA transfection on HO-1
promotor activity. In A549 cells, Nrf2 and NFkB expression vectors
were respectively cotransfected with ARE-luciferase reporter gene
for 24 hrs, and then luciferase activity was measured at 18 h later.
The data represent the mean=*S.D. of triplicate. *p<0.05.

knocked down the expression of HO-1 gene at the translational
level. siRNA of Nrf2 and NFkB were transfected in A549 cells,
and suppression of Nrf2 and NFkB levels after siRNA treat-
ment for 48 hours was respectively confirmed by Western blot.

Consistent with previous results of transcriptional level, the
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Fig. 5. Expression of Nrf2 and NFkB siRNA transfection on HO-1
protein expression. Nonsense indicates the result for cells treated
with Silencer Negative Control siRNA. (A} Cells were transfected
with 0.5 2 g siRNA of Nrf2 and control plasmid. Suppression of Nrf2
levels after siRNA treatment after 48 hrs was respectively confirmed
by Western blot. Simultaneously lysates were subjected to 12.5%
SDS-PAGE to measure the expression of HO-1 protein. (B) Cells
were transfected with 0.5 g siRNA of NFKB and control plasmid.
Suppression of NFKB levels after siRNA treatment after 48 hrs was
respectively confirmed by Western blot. Simultaneously lysates were
subjected to 12.5% SDS-PAGE to measure the expression of HO-1
protein.

expression of HO-1 protein was completely disappeared by
transfection of Nrf2 siRNA (Fig. 5A). However, NFkB siRNA
did not affect the total amount of HO-1 protein expression level
(Fig. 5B). These data indicate that the expression of HO-1 is
indeed regulated through Nrf2-driven transcription activation,
whereas it is independent of NFkB signaling pathway.

DISCUSSION

HO-1 has been reported to stimulate cell growth and the
proliferation of various types of cells. The transfection of HO-1
gene into coronary endothelial cells promoted the formation of
capillary-like tubular structures(29), high expression of HO-1
was observed in the hyperproliferating epidermis during cuta-
neous wound repair and in psoriatic skin lesions(30). HO-1 was
also extensively expressed in various tumor cells, which are the
most rapidly proliferating cells, and different human cancers
express high levels of HO-1, which may provide them a growth
advantage(31). Therefore, inhibition of HO-1 might lead to

reduced tumor growth in vitro and in vivo(7,32,33). In our la-

boratory, HO-1 expression is significantly up-regulated in A549
cells than other lung cancer cell lines by Western blot and
immunostaining analyses.

Because tumor growth is based on augmented cell growth
and prolonged cell survival, it is possible that the strong HO-1
positivity in A549 cells develops its tumor-promoting activity
by increasing cell proliferation and protection towards apo-
ptosis. It is now well known that HO-1 has an important role
in rapid tumor growth because of its antioxidative and anti-
apoptotic effects(7,34). Fang et al demonstrated that transfec-
tion of SW480 cells with siRNA for HO-1, to reduce HO-1
expression, resulted in a similar induction of apoptosis(32). In
this study, we showed that A549 cells transfected by HO-1
siRNA induced apoptosis, demonstrating increased sub-Go/G;
fraction and activation of caspase-3.

Nrf2 is a basic leucine zipper transcription factor, which
transcriptionally regulates many genes including HO-1(35),
NAD(P)H:quinine oxidoreductase-1 (NQO-1), y-glutamylcy-
steine synthase, and glutathione S-transferase. Inactive Nrf2 is
localized in the cytoplasm, in part or totally, as a consequence
of binding to cytoskeleton-associated protein Keapl(36).
Increased Nrf2 in the nucleus enhances its binding activity to
ARE, followed by an increase of HO-1 gene transcription and
protein synthesis. NFkB, an antiapoptotic transcription factor,
is located in the cytosol as a three-subunit complex. When
suitably stimulated, the inhibitory subunit IkB will dissociate
from the other two prototypical subunits so that it enables the
p50-p65 dimmer to translocate to the nucleus, where it activate
relevant genes (37). Liu et al reported that the expression of
HO-1 by HO-1 stimuli was reduced to the control level when
human gastric cancer cells were treated with dominant-negative
NFKB inhibitor, NFkB, thus, plays a critical role in the
HO-1(38). In this study, we showed that highly expressed Nrf2
and NFkB in nucleus and degradated IkB in cytoplasm
presented in A549 cells. Immunostaining analyses also demon-
strated that the many proportion of Nrf2 and NFkB translocated
into the nucleus in endogenous A549 cells.

To further provide the exact mechanism how the expression
of HO-1 was increased in AS549 cells, we examined two sig-
naling pathways, including Nrf2 and NFkB. Our data demon-
strated that Nrf2 siRNA could significantly suppress the Nrf2-
driven transcriptional activation of ARE-luciferase, but NFkB

siRNA was not prominent compared to cells transfected Nrf2
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siRNA. Our results by using the Western blot also suggested
that Nrf2/fHO-1 signaling was directly involved the increased
expression of HO-1 in A549 cells. On the contrary, Nrf2
siRNA had no influence on the expression of HO-I.

In conclusion, we have demonstrated that HO-1 was ex-
pressed highly in A549 cells, and knock down of HO-1 mRNA
by using the siRNA induced apoptosis. We have further
elucidated that Nrf2/HO-1 signaling is directly involved in the
mechanism of HO-1 expression in A549 cells. Taken together,
these results suggest that high HO-1 levels via transcriptional
activation of Nrf2 in A549 lung cancer cells, at least partly,
be responsible for their resistance, which may be a potential

new therapeutic targets.
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