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Oxidant Stress Leads to Transcriptional Activation of the Human
Heme Oxygenase Gene in Cultured Skin Fibroblasts
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Treatment of cultured human skin fibroblasts with near-UV radiation, hydrogen peroxide, and sodium
arsenite induces accumulation of heme oxygenase mRNA and protein. In this study, these treatments led to a
dramatic increase in the rate of RNA transcription from the heme oxygenase gene but had no effect on mRNA
stability. Transcriptional activation, therefore, appears to be the major mechanism of stimulation of expression
of this gene by either oxidative stress or sulfydryl reagents.

We have reported specific induction of a 32-kilodalton
stress protein in human skin fibroblasts by both near-UV
radiation (UV-A [320 to 380 nm]) and the oxidizing agent
hydrogen peroxide (H,0,) (8). Recently, we have identified
this protein as heme oxygenase (9), the rate-limiting enzyme
in the degradation of cellular heme. Induction of heme
oxygenase leads to a reduction in the cellular pool of heme
and heme-containing proteins, thereby removing potential
pro-oxidant catalysts (5, 6). Furthermore, bilirubin, the end
product of the heme degradation pathway, is a molecule with
intrinsic antioxidant properties (17). Induction of this en-
zyme in human cells may therefore constitute an inducible
protective mechanism against oxidative damage (9).

Treatment of human skin fibroblasts with UV-A, H,0,, or
the sulfydryl reagent sodium arsenite leads to a dramatic
increase in steady-state levels of heme oxygenase mRNA
(9), consistent with the possibility that induction of the gene
is regulated primarily at the mRNA level. To characterize
the regulation of this stress response in human cells further,
we compared changes in the rates of nuclear RNA synthesis
and mRNA stability after different inducing treatments.

Rates of heme oxygenase RNA transcription. FEK4 fibro-
blasts (18) were treated with UV-A and chemicals as previ-
ously described (8, 9) and incubated for various times before
preparation of nuclei. Transcription assays (runoff) were
performed as described by Groudine et al. (4). The result of
a representative experiment in which cells were treated with
50 uM sodium arsenite for 30 min and then assayed for levels
of heme oxygenase transcription at various times up to 24 h
after treatment is shown in Fig. 1A and B. The rate of heme
oxygenase transcription was maximally elevated 1 h after
sodium arsenite treatment. The transcription rate then de-
clined steadily, reaching background levels by about 6 h.
This increase was specific to the heme oxygenase gene, as
neither the glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) gene nor the B-actin gene showed a consistent
pattern of increased transcription rate. Hybridization signals
were quantitated by densitometry (Fig. 1B), and the results
of this and additional transcription assays performed on cells
following treatment with either H,0, or UV-A are summa-
rized in Fig. 2A as a plot of the fold change in the transcrip-
tion rate (relative to untreated cells) versus the incubation
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time. These results show that not only a sulfydryl reagent
(sodium arsenite) but also two types of oxidant stress (H,O,
and UV-A irradiation) enhanced the transcription rate of the
heme oxygenase gene to maximum levels within 1 h of
treatment. In agreement with our previous observation at the
protein level (8), the results shown in Fig. 2B demonstrate
that the relative increases in heme oxygenase transcription
rates and steady-state mRNA levels were strictly dependent
on the UV-A fluence applied to the cell population.

To investigate further the relationship between the tran-
scription rate and steady-state levels of heme oxygenase
mRNA, cytoplasmic RNA was extracted from the same cell
samples used to prepare nuclei for the transcription assays
(Fig. 2A) and analyzed by Northern (RNA) blotting as
previously described (9). Treatment with all three inducers
led to an increase in steady-state levels of heme oxygenase
mRNA, which reached maximum levels approximately 2 to
4 h following treatment, i.e., approximately 2 h later than the
peaks of transcriptional activity (Fig. 3).

Stability of heme oxygenase mRNA. We measured the
half-life of heme oxygenase mRNA in cells exposed to either
sodium arsenite or oxidative stress (H,0,) and compared
these values with the mRNA half-life in untreated cells. Cells
were incubated for 1 h after treatment to allow induction of
heme oxygenase mRNA before addition of the transcrip-
tional inhibitor dactinomycin. Heme oxygenase and GAPDH
mRNA levels were then determined by Northern blot anal-
ysis at various times up to 8 h after addition of the inhibitor.
The results of an experiment in which cells were treated with
phosphate-buffered saline (control) or 50 pM sodium arsen-
ite (induced) are shown in Fig. 4A and B, respectively.
Heme oxygenase mRNA decayed over the time course of
the experiment in both treated and untreated cells. In
contrast, GAPDH mRNA was not degraded significantly,
even 8 h after addition of dactinomycin. To determine
mRNA half-lives, the blots shown in Fig. 4A and B, together
with autoradiograms obtained in parallel experiments in
which cells were treated with 200 uM H,0,, were quanti-
tated by densitometry. Heme oxygenase mRNA signals
were then normalized to 1.0 at r+ = 2 h, and the data are
presented in Fig. 4C as an exponential plot of the heme
oxygenase mRNA level versus time. The slopes of these
curves indicated that the half-life of heme oxygenase mRNA
was approximately 3.5 h both in untreated cells and in cells
treated with sodium arsenite. The slopes of the three curves
were not significantly different (¢ test; P = 0.05).

Our results directly demonstrate that both oxidant stress
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FIG. 1. Autoradiogram showing runoff transcription of the heme
oxygenase (HO), GAPDH, and B-actin genes. Nuclei were isolated
from human skin fibroblasts at various times (0 to 24 h) following
treatment with either phosphate-buffered saline (PBS) or sodium
arsenite (50 uM, 30 min), and transcription reactions were per-
formed as described by Groudine et al. (4). Nitrocellulose filters
containing bound cDNAs and appropriate vector controls were then
hybridized with the labeled transcripts, and the resulting signals
were visualized by autoradiography. Bound DNAs are labeled to the
left while times in hours before isolation of nuclei are indicated
across the top. SK— and SP65 are vector controls. (B) Quantitation
of hybridization signals in panel A by scanning densitometry. The
values given for each time point were first corrected for the vector
background and then normalized relative to the signal for GAPDH.

and sulfydryl reagents increase the rate at which the human
heme oxygenase gene is transcribed. We conclude that this
stimulation of transcription is the major mechanism by
which the steady-state level of mRNA is increased. This is
supported by the observation that neither of these two
classes of inducers caused a significant change in the half-life
of heme oxygenase mRNA in treated cells.

Heme oxygenase activity is increased in the livers of rats
by its substrate, heme, and by heavy metals (7, 11, 13).
Recently, it has been shown that the rate of transcription of
the rat gene is increased in response to heat shock (15) and
that the transcription rate of the mouse gene is enhanced by
treatment with cadmium and heme (1). However, the dra-
matic enhancement of transcription that we now report to
result from oxidant stress is unlikely to share a common
mechanism with these effects for several reasons. (i) The
human heme oxygenase gene has been shown to be essen-
tially unresponsive to heat shock (9, 19). (ii) It is unlikely
that the oxidant stress response is mediated by a rapid
stimulation of endogenous heme levels, particularly since
the heme biosynthetic enzyme, aminolevulinate synthase, is
normally down regulated under conditions which stimulate
heme oxygenase synthesis (12). (iii) The transcriptional
effects of both heat shock and cadmium on the rat heme
oxygenase gene are consistent with a recent DNA sequence
analysis of its 5’-flanking region which revealed the presence
of a consensus sequence for the heat shock element and two
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FIG. 2. (A) Graph showing the fold increase in the transcription
rate of the heme oxygenase gene (relative to controls treated with
phosphate-buffered saline) versus time in nuclei isolated from cells
treated with 50 M sodium arsenite for 30 min (O) or 100 pM H,0,
for 30 min () or irradiated with UV-A (A) at 0.2 MJ m~2. Data were
calculated from the densitometric analysis of the runoff experiment
shown in Fig. 1B (sodium arsenite) and additional experiments. (B)
Graph of the fold increase in the transcription rate (relative to that in
unirradiated cells) in nuclei isolated from cells 2 h after irradiation
with increasing fluences of UV-A (A). Also shown is the increase in
the cytoplasmic level of heme oxygenase mRNA extracted from the
same cells and assayed by Northern blotting (). Data for the runoff
assay were calculated on the basis of densitometric scanning of the
corresponding autoradiogram exactly as for Fig. 1B. Cytoplasmic
mRNA levels were determined by scanning an autoradiogram of a
Northern blot hybridization and normalization of the heme oxyge-
nase signals relative to GAPDH.

copies of core sequences found in the metal-regulatory
elements of the metallothionein genes (14). Although a
genomic clone containing the human heme oxygenase gene
has recently been isolated and the sequence of its 5’-flanking
region has been determined (16), there is no functional
information available concerning the sequences responsible
for any of the inducible responses observed.
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FIG. 3. Graph showing steady-state levels of heme oxygenase
mRNA versus time in cells treated with sodium arsenite (O), H,0,
(©), and UV-A (A). Data were calculated on the basis of densito-
metric scanning of Northern blots of cytoplasmic RNA isolated from
the same populations of cells used in the corresponding runoff
transcription experiments and probed with heme oxygenase and
GAPDH. Signals were normalized to GAPDH to correct for loading
errors.
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FIG. 4. Northern blot analysis of heme oxygenase (HO) and
GAPDH mRNA levels in human skin fibroblasts at various times (0
to 8 h) following addition of the transcriptional inhibitor dactinomy-
cin (5 pg/ml). Control cells (A) were treated with phosphate-buffered
saline. Induced cells (B) were treated with 50 uM sodium arsenite
for 30 min. Dactinomycin was added 1 h posttreatment in both
cases. The autoradiogram shown in panel A represents a much
longer exposure of the film than that shown in panel B. The upper
panels show ethidium bromide staining of equalized RNA samples.
(C) Quantitative analysis. The Northern blots obtained in this and
additional experiments in which cells were treated with 200 pM
H,0, were subjected to scanning densitometry to determine relative
levels of heme oxygenase mRNA. Data for each set of experimental
samples were normalized to 1 at + = 2 h and plotted on an
exponential scale. The lines of best fit were determined by the
least-squares method.

The enhancement of expression of various bacterial genes
by oxidative stress appears to be a protective response (2, 3).
Although functional proof of a protective role for heme
oxygenase is lacking, we speculate that induction of tran-
scriptional activity of the gene by oxidative stress is an
analogous response that occurs in mammalian cells. At least
for UV-A irradiation and H,0,, generation of active oxygen
intermediates appears to be the trigger for induction (10).
Current studies aimed at identification of the DNA sequence
elements involved in the transcriptional activation should
provide information on the signal transduction pathways
involved in the regulation of human genes by oxidative
stress.
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