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ABSTRACT

NO is a biologically generated free radical that serves diverse roles in
mammalian cell signaling and immune-mediated cell killing. Because

mammalian cells might be exposed to varying levels of NO, we tested for
possible defense genes and proteins induced upon treatment of cells with
sublethal fluxes of pure NO. Two-dimensional gel analysis was performed
for human embryonic lung fibroblasts (IMR-90) exposed for 90 min to
pure NO at â€”¿�280IIM/S.which revealed the reproducible induction of at
least 12 proteins. Among these, a prominent polypeptide had MT â€”¿�32,000,

similar to the well-known oxidative stress protein heme oxygenase-1 (HO
IK Northern blot analysis of IMR-90 and I lei,a cells demonstrated the
NO-mediated induction of IIO-1 in UNA up to 70-fold over the levels in
untreated cells. HO-1 induction depended on the NO dose and subsequent
expression time and was maximal 3-5 h after a l-li exposure to NO at a
constant flux of â€”¿�280IIM/S.The inKNA encoding a tyrosine/threonine
phosphatase (CL100/MKP-1) was also NO inducible (-20 fold), whereas

there was no increase in expression of the mRNA encoding manganese-
containing Superoxide disimilase. Induction of HO-1 mRNA was inde

pendent of the guanylate cyclase signaling pathway; addition of the ana
logue 8-bromo-cyclic GMP did not induce the HO-1 transcript, and the
soluble guanylate cyclase inhibitor LY-83583 did not block HO-1 induc
tion by NO in IMR-90 cells. Luciferase reporter constructs containing up
to 4.7 kb of DNA upstream of the HO-1 transcription start site showed
<2.5-fold induction in IMR-90 or Ilel.a cells exposed to NO. However,
HO-1 mRNA was dramatically stabilized after exposure of IMR-90 cells to
NO. Even a transient NO exposure produced elevated levels of HO-1
protein for alO h, whereas continuous low-level NO treatment (35 nM/s)
maintained elevated HO-1 mRNA expression for as h. These results

reveal a complex mammalian response to NO that involves a new level of
posttranscriptional control in response to this radical.

INTRODUCTION

NO is a free radical involved in intercellular signaling in diverse
mammalian cell types (1-3). NO is generated by a family of synthase
enzymes acting on L-arginine (4, 5). In one well-established pathway.

NO generated by vascular endothelium activates the soluble guanylate
cyclase of arterial smooth muscle cells, which generates cGMP3 and

activates cGMP-dependent protein kinases to cause muscle relaxation

(6). NO is also produced in neurons, where it may act as a retrograde
messenger in long-term potentiation and synaptic plasticity (7). Ac

tivated immune cells produce much larger NO fluxes that are used to
kill pathogens and tumor cells (8). Thus, NO has seemingly divergent
roles in intercellular signaling and in cytotoxicity.

NO can inflict cellular damage by various pathways. The reaction
of NO with O2 generates N2O3, which can deaminate DNA bases.
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Rapid reaction of NO with O2 (superoxide) yields ONOO (per-

oxynitrite), a very reactive derivative that may be able to damage any
biomolecule (9). Thus, NO exposure carries a risk of damage to lipids,
proteins, and DNA, which may lead to cytotoxicity and cause mu-

tagenesis. NO can also cause toxicity by reacting directly with the
iron-sulfur centers of various proteins, thereby inactivating them. NO
damage ultimately causes disassembly of some iron-sulfur centers, a
reaction that activates the iron-regulatory protein for mRNA binding
(10, 11). The activation of iron-regulatory protein and guanylate

cyclase by NO illustrates how potentially toxic reactions can be used
in signaling pathways.

The possibility of frequent exposure to NO and its toxic effects
suggested that mammalian cells might have inducible defense mech
anisms against this agent. Inducible defense responses against NO
exist in bacteria, governed by the soxR (12) and oxyR (13) regulatory
genes. In response to oxidative stress, mammalian cells can induce
antioxidant functions such as Mn-SOD (14) and HO-1 (15-21). Re

cent evidence indicates that, in primary rat hepatocytes, exposure to
chemically generated NO induces HO-1 as part of an adaptive re
sponse that increases cellular resistance to these NO-generating com

pounds (19). However, the possible induction of other defense pro
teins by NO is unknown, and the use of NO-releasing compounds

raises doubts about the role of NO itself in the response (20).
We have sought to define the direct response of human cells to NO

in a general way. In this work, two-dimensional gel analysis revealed

induction of a group of 12 proteins in cells exposed to sublethal fluxes
of pure NO. Immunological and molecular analyses show that two of
these proteins are HO-1, the enzyme responsible for the catabolism of
heme, and CL100, a tyrosine/threonine phosphatase in mitogen-acti-

vated protein kinase pathways (22, 23). At least two regulatory
pathways seem to be activated in NO-treated human fibroblasts:
mRNA stabilization to increase HO-1 transcript levels; and probable
transcriptional activation that contributes to induction of both HO-1

and CL100.

MATERIALS AND METHODS

Cells. IMR-90 cells, a nontransformed, primary human embryonic lung

fibroblast cell line, were obtained from Dr. Robert Schlegel (Harvard School
of Public Health). They were obtained at passage 12. population doubling 27,
and used for up to 20 additional population doublings. The cells were cultured
in monolayers in high-glucose DMEM (Mediatech, Logan, UT) supplemented
with 10% fetal bovine serum (Hyclone, Logan. UT) at 37Â°Cin a 10% CO2

atmosphere. CM was generated by seeding T-162 tissue culture flasks with
IMR-90 cells at one-fourth density and growing them to confluence over 3
days. CM was then collected and stored at 4Â°Cuntil use (<l month).

HeLa S-3 cells were also obtained from Dr. Robert Schlegel and grown

under conditions similar to those described above, except that the culture
medium was supplemented with 10% bovine calf serum in place of fetal
bovine serum.

NO Exposure. Cells were exposed to NO fluxes as indicated for individual
experiments. NO gas was introduced into the culture medium using Silastic
silicon tubing (Dow-Corning, Midland. MI) submersed in the medium (24); the
amount of NO introduced was varied by the length of the gas-permeable tubing

used, the exposure time, and the concentration of NO in the gas phase (100%,
or a 10% NO/90% argon mix; Northeast Airgas, Salem, NH). After exposure,
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HUMAN CELL RESPONSE TO NITRIC OXIDE

samples of the medium were collected, exposed to oxygen, and assayed for
nitrite to give a direct estimate of the NO exposure (25).

For treatment, the cells were grown just to the point of confluence in T-25
or T-75 tissue culture flasks. The original medium was removed and saved, and

flasks were placed on end and filled with CM. A sterilized magnetic stirring
bar was inserted, and the flask was sealed with a rubber septum fitted with two
28-gauge hypodermic needles connected with a length of silicon tubing. The
flasks were placed in a 37Â°Ccirculating water bath on a magnetic stirring plate.

Gas was then flowed through the silicon tubing, with constant gentle mixing of

the medium provided by stirring. The medium was then removed, and the cell
monolayer was washed twice with PBS solution. The original saved medium
was then added back, and the flasks were returned to the incubator, after which
the cells were pulse-labeled with [35S]methionine, harvested for the isolation

of RNA or protein, or plated to determine viability.
2D-PAGE. IMR-90 cells were grown in T-25 tissue culture flasks and

exposed to NO for 90 min, as described above. After exposure, the cells were
washed with PBS. and methionine-deficient culture medium (Mediatech) con

taining 10% dialyzed calf serum (Life Technologies, Inc., Grand Island, NY)
and 100 /iCi/ml ["S]methionine (1175 Ci/mmol; Dupont NEN, Boston, MA)

were added to the flasks. The labeling was continued for 90 min, after which
the cells were again washed with PBS, and cellular protein was isolated by
incubation with a urea-containing lysis solution (26). The amount of radioac-

tively labeled protein was determined for each sample by precipitation of an
equal volume of each sample with trichloroacetic acid, using BSA as a carrier,
followed by scintillation counting. Equal amounts of incorporated radioactivity
were loaded for 2D-PAGE analysis, which was conducted as described else

where (26). The second dimension was resolved on a SDS-polyacrylamide
8-16% gradient gel. The gels were then dried and autoradiographed, and the

images were scanned using a densitometer (Millipore Visage software).
HO-1 Immunoblotting. For Western blot analysis of HO-1 protein induc

tion, cell-free lysates of IMR-90 cells exposed to NO were generated, and
Western blot analysis was conducted by standard procedures (26) using HO-1

primary antibodies (StressGen, Vancouver, British Columbia, Canada). The
immunoreactive bands were visualized using enhanced chemiluminescence
(ECL; Amersham, Arlington Heights, IL).

Northern Blotting. IMR-90 or HeLa cells were grown in T-25 tissue

culture flasks and exposed to NO as described above. After exposure, RNA
was extracted from the cells either immediately or after the indicated incuba
tion period at 37Â°Cin CM under 10% CO2. Total RNA was isolated using a

commercially available kit (RNeasy; Qiagen, Valencia, CA). For each sample,
5 ng of total RNA was electrophoresed in a 1% agarose/formaldehyde gel,
transferred to a positively charged nylon membrane, and probed with the 1-kb
EcoRI fragment of the human HO-1 cDNA (Ref. 15; provided by Dr. Rex

Tyrrell, University of Bath, Bath, United Kingdom) corresponding to approx
imately two-thirds of the HO-1 mRNA, which was labeled by the random

hexamer priming method (Life Technologies, Inc.). The blots were also probed
with a 1.3-kb Pst\ fragment of human GAPDH cDNA as a loading control. The
CL100/MKP-1 probe was the 1-kb EcoRI fragment of the human CL100

cDNA (Ref. 22; provided by Dr. Stephen Keyse, Imperial Cancer Research
Fund, Dundee, United Kingdom). The Mn-SOD probe was the 780-bp EcoRI

fragment of the human SOD2 cDNA (Ref. 27; obtained from the American
Type Culture Collection, Rockville, MD). After washing, the blots were either
autoradiographed and the bands quantified by densitometry or analyzed using
a phosphorimager (Bio-Rad GS-525 Molecular Image Analyzer).

HO-1 Promoter-Luciferase Reporter Construct Expression. HO-1 pro-
moter-lucifera.se constructs containing ~4.7-kb of the sequence upstream of

the HO-1 transcription start site (kindly provided by Dr. Rex Tyrrell, Univer
sity of Bath)4 were stably transfected into IMR-90 or HeLa cells by calcium

phosphate precipitation (26) or were transiently transfected into HeLa cells by
electroporation (26), along with appropriate controls. Transfected cells were
exposed to ~280 nM/s NO for 60 min and incubated for 2-4 h; cells were

lysed, and extracts were analyzed using a commercially available luciferase
assay system (Promega Corp., Madison, WI) and AutoLumat LB 953 lumi-

nometer (EG & G Berthold).
Guanylate Cyclase Experiments. In experiments conducted to determine

the role of the guanylate cyclase signaling pathway in HO-1 induction, expo-

4 R. Tyrrell, personal communication.

sure of cells to NO was conducted essentially as described above, in the
absence or presence of the guanylate cyclase inhibitor LY-83583 (6-anilino-
5,8-quinolinequinone) or the cGMP analogue 8-bromo-cGMP (Calbiochem,

La Jolla, CA).
RNA Stability. To determine whether HO-1 mRNA half-life was altered

upon exposure of IMR-90 cells to NO, the cells were exposed to NO as

outlined above and washed with PBS; the original saved medium was returned
to flasks. The flasks were then returned to a 37Â°C/10% CO2 incubator. Either

immediately or 4 h after exposure, actinomycin D or 5,6-dichlorobenzimida-

zole riboside (Sigma Chemical Co., St. Louis, MO) was added to the culture
medium to a final concentration of 10 or 30 /xg/ml, respectively. Samples were
collected at 1-h intervals for isolation of total RNA and Northern blot analysis.

Cell Survival. The toxicity of NO exposure to cells was measured by
plating efficiency and growth assays. IMR-90 cells were exposed to various

amounts of NO and returned to the incubator for 8 h to recover from the
exposure. The cells were then trypsinized, counted, and seeded at low density
in 35-mm tissue culture wells. At 24 and 48 h after the initial seeding, the cells

were again trypsinized and counted in a Coulter counter (Model ZM; Coulter
Electronics, Chicago, IL).

RESULTS

NO-inducible Proteins in Human Fibroblasts. Although individ
ual genes and proteins such as HO-1 have been tested for regulation

by NO, the overall pattern of regulatory changes exerted by NO has
not been reported. We therefore set out to determine whether there is
a global response, detectable as induced protein synthesis, in a normal
human cell line exposed to sublethal doses of NO. We addressed this
question using pure NO gas rather than NO-generating compounds to
avoid possible responses to the by-products of such agents. Primary
human embryonic lung fibroblasts (IMR-90 cells) were grown in T-75

tissue culture flasks just to the point of confluence, exposed for 90 min
to a continuous flux of NO at â€”¿�280nM/s (see "Materials and Meth
ods"), and incubated an additional 90 min for labeling. This flux of

NO is within the range expressed by activated macrophages (8), and
control experiments demonstrated that this NO exposure did not result
in detectable killing of IMR-90 cells, as judged by plating efficiency

and growth assays (data not shown). A parallel control was performed
in which the cells were exposed for the same length of time to argon,
an inert gas. The gas exposures were followed by a 90-min pulse label
with [35S]methionine, and cell extracts were obtained and analyzed by

2D-PAGE and autoradiography. This analysis revealed that at least 12
proteins were induced in IMR-90 fibroblasts upon exposure to NO, as
determined in several experiments and using various 2D-PAGE sys

tems. Expression of at least eight other proteins was diminished by
NO treatment. Representative gels using non-equilibrium pH gradient

isoelectric focusing are shown in Fig. 1, A and B. A section of a
separate pair of non-equilibrium gels (Fig. 1C) illustrates a prominent
inducible protein of M, ~32,000. A list of the NO-inducible and
-repressible proteins in IMR-90 cells is summarized in Table 1.

Dose-dependent Induction of HO-1 mRNA by NO. We sus
pected that the Mr â€”¿�32,000protein might be the enzyme HO-1, which

is known to be induced in mammalian cells upon exposure to various
forms of oxidative stress (15-17) including exposure to NO-generat
ing compounds (18-21). Experiments were therefore carried out to
determine whether HO-1 is among the proteins induced in NO-
exposed IMR-90 cells.

To determine whether the level of HO-1 mRNA is increased,
IMR-90 cells were exposed for 90 min to increasing dose rates of NO,

and total RNA was then isolated for Northern blotting using a human
HO-1 cDNA probe or a GAPDH cDNA probe as a control. Quanti-
tation of the single HO-1 mRNA band demonstrated a linear dose-
response relation between the normalized level of the HO-1 transcript
and the NO flux up to â€”¿�550nM/s (Fig. 2). A similar dose-response

was observed for HeLa cells, an epithelial tumor cell line, with up to
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A. Control B. Exposed
MW IEF

o

O
27.8-

27.8-

19.4- 19.4-

7.4-

*v â€¢¿�
7.4- ^

8.3 -

Ctl Exp

Fig. I. Pattern of protein expression in NO-treated human cells. IMR-90 fibroblasts were exposed for 90 min to argon (A) or NO at ~280 nM/s (B) and then pulse-labeled with
["S]methionine. The labeled proteins were resolved by non-equilibrium pH gradient 2D-PAGE and detected by autoradiography. Circles, proteins that are reproducibly induced in

NO-exposed cells. Arrows, proteins that are consistently less abundant in NO-exposed cells. C, sections of separate 2D gels showing induction of a protein of M, ~32,000 (arrowheads).
MW, molecular weight (in thousands); IEF, isoelectric focusing.

6-fold induction of HO-1 mRNA during a 90-min exposure to NO at
â€”¿�550nin/s NO (Fig. 2). Thus, pure NO induces HO-1 expression at

the mRNA level. Moreover, Western blot analysis of NO-treated
IMR-90 cells demonstrated increased HO-1 protein levels for at least

10 h after the exposure (data not shown).
To optimize the expression of the HO-1 transcript in our experi

ments, we varied both the dose rate and the duration of NO exposure.
The doses were controlled by varying the length of gas-permeable

tubing used for the exposure and by varying the concentration of NO
gas (balanced by argon) flowed through the tubing. The kinetics of
HO-1 induction were such that, after a 60-min exposure to â€”¿�280nM/s

NO, followed by replacement of the medium with the original con
ditioned medium and continued incubation, the maximal mRNA level

occurred at 3-5 h after exposure (Fig. 3A). A decrease in the HO-1

transcript level was observed as early as 7 h after exposure (Fig. 3A).
A similar extent of HO-1 induction could be obtained by using more

extended exposure protocols with a lower flux of NO over a longer
time. Thus, continual exposure to as little as 35 nM/s NO for 8 h gave
a persistent 30-fold increase in HO-1 mRNA relative to control cells

exposed to argon for 8 h (Fig. 3ÃŸ).
We also tested whether genes reported as inducible by other forms

of oxidative stress might also respond to NO. These included two key
oxidative stress genes, CL100/MKP-!, encoding a tyrosine/threonine
phosphatase, and SOD2, encoding the mitochondria! Mn-SOD. For
these experiments, IMR-90 cells were treated for maximal expression
of HO-1 (60-min exposure to â€”¿�280nM/s, followed by 3 h of expres-
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HUMAN CELL RESPONSE TO NITRIC OXIDE

Table I Differential protein expression in NO-Ã¬reaÃ¬edhuman fibroblasts

Protein expression in NO-treated IMR-90 cells. Protein Mr values are given for

orientation with respect to Fig. I. A and B.

Induced
(approximate M,)

200,000
65.000(Doublet)

55.000
42.000
40.000
38.000
37,000
35.000
34.000
33.000
32.000
7.500

OC
E

O
z

Ooc

12 i

10-

Repressed
(approximate Mr)

205,000
121.000(Cluster)

55.000
52,000
35,000
34,000
32,000
32.000

200 400 600

Treatment with 8-bromo-cGMP activates this cGMP-dependent pathway
in the absence of NO. However, incubation with up to 2 ITIM8-bromo-
cGMP for 8 h did not alter the level of HO-1 transcript (Fig. 5ÃŸ).

Stabilization of HO-1 mRNA in NO-treated Cells. To determine
whether the increased level of HO-1 transcript in our experiments was
due to transcriptional induction, as reported for other HO-1-inducing
agents (16) and in some cases for NO-releasing compounds (20, 21),

we used luciferase expression constructs containing up to 4.7 kb of the
upstream HO-1 promoter sequence.4 A series of experiments was

performed using transient transfection of HeLa cells or stable trans-
fection of IMR-90 and HeLa cells. These studies revealed a maximal
increase in luciferase expression of ^2.5-fold and typically lower

(Table 2). These values are far lower than the maximal induction of
HO-1 mRNA by NO in our experiments (Fig. 3).

The lack of dramatic NO-mediated induction with the HO-1 re

porter constructs suggested either that key transcriptional elements are
missing from these constructs or that posttranscriptional changes lead
to HO-1 mRNA induction. To test the latter possibility, we deter
mined the stability of HO-1 mRNA in untreated and NO-treated cells.
In control (untreated) IMR-90 cells, HO-1 mRNA had a half-life of
~2 h, which was dramatically increased to ~6 h immediately after the
NO treatment (Fig. 6). The decay rate of HO-1 mRNA was deter

mined at various times after stopping NO exposure, which showed
that the stability of the message returned to the pretreatment level by
4 h after exposure (Fig. 6). There was no evidence for an NO-induced
change in the stability of the CL100/MKP-1 or SOD2 mRNA (data

not shown).

DISCUSSION

The widespread physiological occurrence of NO in mammalian
systems (1,2) and the known capacity of NO to cause cytotoxic
damage (9, 28, 29) suggested that cells might be able to handle this
agent through detoxification pathways. Moreover, we have hypothe-

NO Delivered (nlUI)
Fig. 2. Dose-response of HO-1 induction resulting from NO exposure. IMR-90

fibroblasts (â€¢)and HeLa cells (A) were exposed to increasing fluxes of NO gas for 90
min. Total RNA was extracted immediately after the exposure, resolved on 1% agarose/
formaldehyde gels, transferred to nylon membranes, and probed with a human HO-1

cDNA fragment. The blots were later stripped and reprobed with a human GAPDH cDNA
fragment as a control. After blotting, the membranes were autoradiographed and analyzed
by scanning densitometry. The graphs show the level of HO-1 transcript normalized to

GAPDH.

sion time), and total RNA was analyzed by Northern blotting. The
blots revealed clear induction (~20-fold) of the CL100/MKP-1 tran
script immediately after the 1-h NO exposure (Fig. 4A), whereas no

increase was observed for the SOD2 mRNA (Fig. 4B). The level of
CL100/MKP-1 mRNA declined rapidly, reaching the pretreatment
level by 2-3 h after the NO exposure was terminated (Fig. 4A).

Independence of HO-1 Induction in Fibroblasts from cGMP.
To determine whether the heme-containing guanylate cyclase (cGMP-
dependent) pathway is responsible for the observed induction of HO-1
by NO, IMR-90 fibroblasts were exposed to NO in the absence or
presence of the guanylate cyclase inhibitor LY-83583. Northern blot

analysis (Fig. 5A) showed that the induction was independent of
guanylate cyclase, with the NO-induced HO-1 mRNA level unaf
fected by the presence of LY-83583 during the exposure.

The foregoing experiment did not exclude the possibility that the
cGMP pathway can activate HO-1 expression modestly. To test this
possibility, we incubated cells with the cGMP analogue 8-bromo-
cGMP, which is both nonhydrolyzable and cell membrane-permeable.

A.
Post NO Exp (h)

C CM Ar 1

1 1.3 1.1 13 78 78 43

B.
NO Exp (h)

C CM Ar

1 2.4 2.4 7.6 60 69 71
Fig. 3. Kinetics of HO-1 mRNA induction resulting from NO exposure. In A, IMR-90

fibroblasts were exposed to ~-280 nsi/s NO for 60 min and then incubated for various

times before extraction of total RNA and Northern blotting. C cells left in the incubator
without medium change; CM. conditioned medium replacement without NO exposure; Ar.
cells exposed to argon followed by a 7-h incubation. The numbers below the panel
indicate the HO-1 mRNA level normalized to GAPDH. In B. IMR-90 fibroblasts were
exposed to a cumulative dose of ~ 1 mM NO over the time period indicated in the figure
and analyzed for HO-1 expression by Northern blotting. Abbreviations and relative HO-1

expression are as for A.
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sized that mammalian cells may have inducible defense systems to
counteract NO toxicity. The work presented here shows that human cells
do indeed have complex responses to sublethal exposures to pure NO
and that the regulated functions include the antioxidant enzyme HO-1.

Our approach used exposure of cells to pure NO in solution,
delivered directly into the cell culture medium (24). In contrast, most
studies involving NO exposure have been conducted using a variety of
compounds that liberate NO as a by-product of their decomposition in
solution (18-21). As a result, the rate of NO generation and the nature

of the other decomposition products can vary greatly, and some
reported effects may be due to compounds other than NO (20). The
NO delivery method we have used also allows rather precise control
of the exposure rate, such that constant, low-level exposure can be

achieved. Such chronic, sublethal exposures to NO may approximate
the situation in vivo, and the NO fluxes applied to the cells in our
experiments are at or below the range that would exist within acti
vated macrophages (12, 24). Our results monitoring induction of
HO-1 mRNA demonstrate that lower-level NO exposures can be

extended to at least 8 h to give a dramatic cellular response in human
fibroblasts (Fig. 3ÃŸ).

A. CL100/MKP-1

Ctl 0123

B. Mn-SOD

Ctl 0 1 2

Post NO Treatment (h)
Fig. 4. Response of CL100/MKP-! and SOD2 transcripts to NO exposure. IMR-90

cells were exposed to â€”¿�280nM/s NO for 60 min, and total RNA was isolated at the
indicated times after the exposure for analysis by Northern blotting. A, CLlOO/MKP-l
blot; B. SOD2 blot. Ctl. untreated cells. For the SOD2 transcript, both the 4-kb (upper
bandÃ¬and l-kb (lower hand) transcripts are commonly detected (14).

A. B.

0*0*"

HO-1

1 0.25 2.5 2.1 26 21

Relative Induction HO-1

1 1

Fig. 5. Independence of NO-induced HO-1 expression from cGMP. In A. IMR-90
fibroblasts were exposed to â€”¿�280nM/s NO for l h in the presence or absence of the
soluble guanylate c>clase inhibitor LY-83583 (10 fin). For LY-83583 treatment (LY). the
compound was added 30 min prior to the NO exposure. HO-1 mRNA was quantitated by
Northern blotting as for Fig. 3. CM, conditioned medium replacement without NO
exposure. In B, IMR-90 fibroblasts incubated 8 h without or with the analogue 8-bromo-
cGMP (cGMP; 2 mM). HO-1 expression was detected by Northern blotting. CM. as for A.

Table 2 Summary of HO-1 promoter activity studies

Cells were transfected as indicated with a HO-1 promoter-lucifcrase reporter construct
containing â€”¿�4.7kb of the sequence upstream of the human HO-1 transcription start site.
Cells were exposed to â€”¿�280nM/s NO for l h and incubated an additional 2-4 h to allow
luciferase expression; then cell-free lysates were generated and assayed for luciferase

activity.

Transfectants with HO-1 promoter-

luciferase constructs Maximum fold induction by NO

HeLa (transient)
IMR-90 (stable)

HeLa (stable)

2.5
1.6
1.5

The 2D-PAGE analysis presented here demonstrates that the re

sponse of human cells to sublethal levels of NO includes multiple
genetic components, represented by the at least 12 proteins that we
have identified as NO inducible (Table 1). Prominent among these
was a species of MT â€”¿�32,000,which seems to correspond to HO-1.
Although the NO-inducible Mr â€”¿�32,000polypeptide observed in
2D-PAGE experiments could correspond to another protein, we are
not aware of candidates other than HO-1. After we had found induc
tion of HO-1 mRNA in response to NO, others showed that the
enzyme is inducible by NO-generating compounds in various mam
malian cell types (18-21).5 Despite this consistency, the precise role

of HO-1 remains unknown. HO-1 catabolizes heme to generate biliv-

erdin, CO, and free iron. As a result, various hypotheses have been put
forth. One possibility is that biliverdin liberated by HO-1 is reduced
to generate the radical-scavenging antioxidant bilirubin (30). Alterna
tively, the liberation of free iron up-regulates ferritin, which has the

effect of sequestering the iron (17, 19). In still another proposal (31),
CO is thought to activate regulatory pathways (in analogy to NO).
This signaling by CO could amplify the signaling effects of NO.

The degree of HO-1 mRNA induction seen here reached 70-fold in
IMR-90 cells treated with pure NO (Fig. 3). Some reports showed
> 105-fold induction of HO-1 in rat hepatocytes (19) and vascular
smooth muscle cells (21) by NO-releasing compounds, but others

report much lower induction values (20). These differences could
reflect variability in the behavior of the NO-generating compounds

used. However, the response can vary with cell type as well. For
example, we found the maximal HO-1 induction by pure NO to be
~6-fold in the murine motor neuron cell line NSC34.5

The mechanisms that allow NO to activate defense gene expression
in human cells warrant more attention. The clear independence of the
cGMP pathway for induction of human HO-1 parallels a similar
independence in other species (19-21). The pathways of cGMP-

independent gene regulation by NO are poorly understood and must
now must be extended to include a posttranscriptional mechanism in
NO-exposed human cells. For other oxidative agents, only transcrip-
tional induction of HO-1 has been proposed as the regulatory mech
anism (16). Hartsfield et al. (21) report that the NO-releasing com
pound spermine NONOate induces HO-1 through both transcriptional

and posttranscriptional mechanisms in rat aortic smooth muscle cells.
This activation of two HO-1 regulatory pathways might result from

more than one product released by this compound. In addition, induc
tion of the CLlOO/MKP-l mitogen-activated protein kinase phospha-

tase by NO raises the possibility that NO affects another signaling
pathway indirectly (23).

Our experiments thus far indicate only a small contribution for
transcriptional induction of the HO-1 promoter in response to NO in

human cells. Combined with the substantial increase due to mRNA
stabilization, this small transcriptional effect could suffice to yield the
observed HO-1 inductions. One posttranscriptional mechanism al-

5 A. Bishop, J. C. Marquis. N. R. Cashman. and B. Demple. Adaptive resistance to

nitric oxide in motor neurons, submitted for publication.
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Fig. 6. HO-1 mRNA stability as a function of NO exposure. A, control IMR-90

fibroblasts; B. cells immediately after a 60-min exposure to ~280 nm/s NO; C. NO-

exposed cells incubated an additional 4 h after the exposure. The transcription inhibitors
actinomycin D (Act. D; 10 fig/ml) or 5,6-dichlorobenzimidazole riboside (DRB; 30

/j.g/ml) were added to control cells (A), to the cultures immediately after NO exposure (ÃŸ).
or to the cultures after an additional 4-h post-NO incubation (C), and the incubations were
continued for the indicated times after the addition of the inhibitor. HO-1 expression was
determined by Northern blotting and normalized to GAPDH expression. Inhib., inhibition.

ready reported for cells treated with high levels of NO is the activation of
the iron response protein (10, 11), which binds characteristic stem-loop

structures to affect mRNA stability and translation (32). However, the
appropriate binding sites seem to be missing from the sequence of the
human HO-1 transcript (33). This observation suggests a new posttran-
scriptional pathway for NO stabilization of HO-1 mRNA.

Others have come to the conclusion that HO-1 mRNA stability is not
involved in NO induction of HO-1 (20), which could derive from the

timing of the experiments. Our data show that the mRNA stabilizing
effect of NO exposure decays relatively rapidly and in human fibroblasts
is essentially gone by 4 h after the NO exposure terminates. This behavior
is perhaps expected if HO-1 is part of a stress response that deals

effectively with changing levels of NO. Genetic experiments suggest an
important antioxidant role for HO-1 (34). Such a role may extend to NO

resistance (19), but other components of the response are also important.
We have shown that a murine motor neuron cell line expresses inducible
resistance to high levels of NO, and that the resistance depends on both
HO-1 induction and the cGMP-dependent pathways.5 This activation of

multiple regulatory systems by NO reflects its chemical complexity (35);
we can expect that the individual defense functions that respond to NO
will be equally diverse.
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