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ABSTRACT

Heme oxygenase-1 is the rate-limiting enzyme for the degradation of the prooxidant heme. Previously, we
showed that an E-box within the HO-1 promoter is crucial for the regulation of HO-1 expression in primary
hepatocytes. Further to investigate the importance of this E-box, we determined the regulatory capacity of
the E-box-binding factor USF-2 in primary cells in comparison with transformed cell lines. We found that
HO-1 expression was inhibited by USF-2 in primary cells, whereas it was induced in tumor cell lines. Muta-
tion of either the E-box or the AP-1 site within the HO-1 promoter only partially affected the USF-dependent
regulation. However, this regulation was dramatically reduced in tumor cells and completely abolished in pri-
mary cells transfected with an HO-1 promoter construct containing mutations in both the E-box and the AP-
1 site, suggesting that AP-1 factors and USF-2 may act in a cooperative manner. Indeed, protein—protein in-
teraction studies revealed that USF proteins interacted with Fra-1. Further, the USF-dependent HO-1
promoter activity was not detectable with an USF-2 mutant lacking residues of the USF-specific region (USR)
or the transactivation domain encoded by exon 4. Together, these data suggest that USF-2 has opposite reg-
ulatory roles for HO-1 gene expression in primary cells and tumor cell lines. Antioxid. Redox Signal. 10, 1163-1174.

INTRODUCTION

MICROSOMAL heme oxygenase (HO; EC 1.14.99.3) cat-
alyzes the oxidative cleavage of heme, which is the
initial step of heme degradation. During this reaction, carbon
monoxide (CO), Fe?', and biliverdin are produced (61).
Biliverdin is subsequently reduced to bilirubin by biliverdin
reductase (62). Several HO isoforms have been identified
from which HO-1 is the inducible isoform (41). With its sub-
strate heme, HO-1 expression is induced in response to var-
ious stimuli (1, 3, 22, 25, 33, 34, 42, 49, 57 68). The en-
hancement of HO-1 caused by these stimuli appeared to serve
as an adaptive and defensive response to cellular stress (12),

which was confirmed in experiments (41) with HO-1-defi-
cient mice (41, 46).

The principal mechanism by which most, if not all, agents
regulate HO-1 is the modulation of gene transcription (12).
Transcriptional regulation of HO-1 is mediated by a network
of signaling pathways, which modulate activities of various
transcription factors such as AP-1 and Nrf2. We previously
found that an E-box in the rat HO-1 promoter played a crucial
role for HO-1 expression in primary hepatocytes (29); thereby,
the transcription factor Max was identified as an E-box—bind-
ing target. However, it remained open whether only the E-box
served as a binding site for Max or whether other basic—helix-
loop-helix (bHLH) transcription factors such as Myc or USF
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can bind. In addition, regulation of HO-1 expression involved
an AP-1 site, which suggests a putative crosstalk between E-
box-binding bHLH proteins and AP-1 family members. Among
the bHLH proteins, USF appears to be important for HO-1 ex-
pression, because it was considered to be involved in the in-
duction of HO-1 expression by ultraviolet A light (44, 52) and
cadmium (19, 40), as well as to exert cell type—specific effects.
Of the two principal USFs known, USF-2 appears to be more
important, because its absence in mice causes growth retarda-
tion and early death, whereas deficiency of USF-1 was almost
without effect (63). Thus, it was the aim of the present study
to investigate whether USF-2 may also have a crucial role for
rat HO-1 expression in either an inducible or a repressive man-
ner. Because interspecies differences in the regulation of HO-
1 gene expression in human and rat cells (30), as well as cell
type—specific differences in the function of USF (11, 15, 47)
were reported, we used rat primary hepatocytes (PHCs), rat he-
patoma H4IIE cells, human primary pulmonary artery smooth
muscle cells (PASMCs), human hepatoma HepG2 cells, and
human HeLa cells in the present study.

MATERIALS AND METHODS

All biochemicals and enzymes were of analytic grade and
were purchased from commercial suppliers.

Animals

Male Wistar rats (200-260 g) were kept on a 12-h day/night
rhythm with free access to water and food. Rats were anesthe-
tized with pentobarbital (60 mg/kg body weight) before prepa-
ration of hepatocytes.

Cell culture

Primary rat hepatocytes (PHCs) were isolated by collagenase
perfusion as described (18). The cells were cultured at 37°C on
6-cm Falcon culture dishes under air/CO; (19:5) in medium 199
with Earle’s salts containing bovine serum albumin (2 g/L),
NaHCOj3 (20 mM), Hepes (10 mM), streptomycin sulfate (117
mg/L), penicillin (60 mg/L), insulin (1 nM), and dexametha-
sone (10 nM). Fetal calf serum (FCS) (5%) was present in the
initial 5 h, after which cultures were incubated in serum-free
medium for another 18 h. Then the medium was changed again,
and the cells were further cultured in serum-free medium for
24 h. HepG2, HeLa, and H4IIE cells were cultured at 37°C on
6-cm Falcon culture dishes in MEM supplemented with 10%
FCS, 1% nonessential amino acids solution (Gibco), strepto-
mycin sulfate (117 mg/L), and penicillin (60 mg/L). Three hours
before transfection and 5 h after transfection of HepG2 and
HA41IE cells, as well as 24 h after transfection of HeLa cells the
medium was changed. PASMCs were purchased from Cambrex
(Verviers, Belgium) and cultured as recommended in Quantum
212 medium (PAA Laboratories, Linz, Austria). Medium was
changed 3 h before transfection. HEK293 cells were maintained
in MEM supplemented with 10% fetal bovine serum (Invitro-
gen, Karlsruhe, Germany), 1% nonessential amino acids (In-
vitrogen), and 0.5% antibiotics.
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Plasmid constructs

The luciferase reporter gene constructs pHO-754, pHO-
754AA (21), and pHO-754Em (29) were previously described.
The luciferase reporter gene construct pHO-754AA-Em was
generated from pHO-754AA with the QuickChange XL Site-
Directed Mutagenesis Kit (Stratagene) by using the oligonu-
cleotide 5'-GGCTCAGCTGGGCGGCCACctctagACTCGAG-
TAC-3'. Expression vectors for wild-type, (64) USF2,
USF-2-ATDU?2 (35), U2AE4 (36), U2AES (47), U2AUSR (39),
and AHU2a (64), as well as p-HA-Fra-1 (20), were already de-
scribed.

Preparation of nuclear extracts and
electrophoretic mobility shift assay (EMSA)

Nuclear extracts were prepared essentially as described (28).
The sequences of the HO-1 oligonucleotides used for the EMSA
are 5'-GGCTCAGCTGGGCGGCCACcacgtgACTCGAGTA-
C-3' (spanning the wild-type E-box (—47/—42) and 5'-GGC-
TCAGCTGGGCGGCCACctctagACTCGAGTAC-3' (contain-
ing the mutated E-box) (Fig. 1). Equal amounts of comple-
mentary oligonucleotides were annealed and labeled by 5'-end
labeling with (y-3?P)ATP (Amersham) and T4 polynucleotide
kinase (MBI). They were purified with the Nucleotide Removal
Kit (Qiagen). Binding reactions were carried out in a total vol-
ume of 20 ul containing 50 mM KCI, 1 mM MgCl,, 1 mM
EDTA, 5% glycerol, 10 ug of nuclear extract, 250 ng poly d(I-
C), and 5 mM DTE. After preincubation for 5 min at room tem-
perature, 1 ul of the labeled probe (10* cpm) was added, and
the incubation was continued for an additional 10 min. For su-
pershift analysis, 1 ul of the USF1 (C20), USF2 (N18), Myc
(C33),Max (C17), or Sp1 (PEP2-G) antibody (all obtained from
Santa Cruz Biotechnology, Heidelberg, Germany) was added
to the EMSA reaction, which was then incubated at 4°C for 2
h. The electrophoresis was then performed with a 5% non-de-
naturing polyacrylamide gel in TBE buffer (89 mM Tris, 89
mM boric acid, 5 mM EDTA) at 200 V. After electrophoresis,
the gels were dried and exposed to a phosphoimager screen.

RNA isolation, Northern blot analysis,
and hybridization

Isolation of total RNA and Northern blot analysis was per-
formed as described (27). Digoxigenin (DIG)-labelled antisense
RNAs served as hybridization probes; they were generated as
described (26) by in vitro transcription from pBS-HO-1 (800-
bp cDNA fragment) by using T3 RNA polymerase or from pBS-
B-actin (550 bp cDNA fragment) by using T7 RNA polymerase
and NA labeling mixture containing 3.5 mM 11-DIG-UTP, 6.5
mM UTP, 10 mM GTP, 10 mM CTP, 10 mM ATP. Hy-
bridizations and detections were carried out essentially as de-
scribed (27). Blots were quantified as outlined in statistical anal-
ysis.

Western blotting and immunoprecipitations

Western blot analyses were performed by using the follow-
ing antibodies: anti-HO1 (Stressgene), anti-USF-1, anti-USF-2,
and anti HA-tag (Santa Cruz Biotechnology). The secondary



TRANSCRIPTIONAL REGULATION OF HO-1 BY USF-2 AND Fra

antibody was either an anti-mouse or anti-rabbit immunoglob-
ulin G horseradish peroxidase (Santa Cruz Biotechnology). The
enhanced chemiluminescence (ECL) system (Amersham,
Freiburg, Germany) was used for detection. For co-immuno-
precipitation experiments, 150-ug protein samples were cleared
with 2 ug of antibody precoupled to protein-G-Sepharose
(Amersham, Freiburg, Germany). The samples were then sub-
jected to Western blot analyses and quantified as outlined in
statistical analysis.

Cell transfection and luciferase assay

Freshly isolated rat hepatocytes (~1 X 10° cells per dish),
HepG2, HeLa, H4IIE cells (~4 X 10 cells per dish) were trans-
fected as described (21), thereby controlling transfection effi-
ciency by cotransfection with 0.25 wg Renilla luciferase ex-
pression vector (pRLSV40) (Promega). In brief, cells were
transiently transfected with 2.5 ug plasmid DNA containing
500 ng of pRL-SV40 (Promega) to control transfection effi-
ciency and 2 ug of the appropriate HO-1 promoter Firefly lu-
ciferase (FL) construct. Every culture experiment was done in
duplicate. PASMCs were transfected by using Metafectene
(Biontex) according to instructions provided by the supplier.
PHC, PASMC, HepG2, H4IIE, and HeLa cells were harvested
48 h after transfection, and Luc activity was recorded in a lu-
minometer by using the dual luciferase assay kit (Promega).
From the two dishes in each single experiment, the respective
mean of Luc activity was calculated, and according to that, the
percentage value of each dish was determined. After three ex-
periments, the respective standard deviation was calculated ac-
cording to the six percentage values from each dish.

Statistical analysis

Statistical comparisons of absorbance differences were per-
formed by using the Mann—Whitney test (Statview 4.5; Abacus
Concepts, Berkeley, CA), and p values =0.05 were considered
significant. Luc values presented are expressed as mean =
SEM. Results were compared by ANOVA for repeated Luc
measurements followed by the Newman—Keuls test. A proba-
bility level p = 0.05 was accepted as significant.

RESULTS

Binding of USF to the E-box of the rat
HO-1 promoter

Because the rat HO-1 promoter contains an E-box (5'-
CACGTG-3', —47/—42) matching the canonic USF-binding
sequence (see Fig. 1A) (53), the possible binding of USF to this
site was investigated with EMSA. When the oligonucleotide
was incubated with the nuclear extract from HepG2 cells, two
major protein complexes (Ul and U2) were formed; these were
no longer detectable when a mutated oligonucleotide was used
(Fig. 1B, left). Addition of the USF-1 antibody to the EMSA
reaction inhibited formation of complex U1, whereas the USF-
2 antibody inhibited the formation of both complexes. Both
USF-1 and USF-2 antibodies led to formation of supershifted
complexes. To ensure the specificity of the supershift mediated
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FIG. 1. Binding of USF to the E-box sequence of the rat
HO-1 promoter. (A) The E-box consensus sequence and the
oligonucleotides-spanning E-box sequence of the rat HO-1 pro-
moter. Mutations in the oligonucleotide are indicated by lower-
case letters. (B) The respective 3?P-labeled oligonucleotide was
incubated with 7 ug nuclear extracts. In supershift experiments,
the nuclear extracts from HepG2 or PHCs were preincubated
on ice for 45 min with 0.5 ug USF-1, USF-2, Spl, Myc, or
Max antibody before adding the labeled probe. The DNA—pro-
tein complexes were separated by electrophoresis on 5% native
polyacrylamide gels and visualized with phosphoimaging. U,
USF protein complexes, S, supershifted complexes.

by the USF-1 and USF-2 antibodies, the EMSA was also per-
formed in the presence of an antibody against the GC-box—bind-
ing factor SP-1. The SP-1 antibody did not affect complex for-
mation with the E-box oligonucleotide. Further, EMSA was
performed with Myc and Max antibodies, from which the Max
antibody was previously shown to produce a supershift (29).
Again, addition of the Max antibody led to formation of a su-
pershifted complex, whereas incubation of the E-box oligonu-
cleotide with an antibody against Myc did not result in a su-
pershift or inhibition of complex formation.

The binding of nuclear proteins from primary rat hepatocytes
(PHCs) to the E-box—containing oligonucleotide from the rat
HO-1 promoter also was examined (Fig. 1B, right). Incubation
of nuclear extracts from PHC with this oligonucleotide led to
the formation of only one strong complex (U). The formation
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of the U complex was no longer detectable with the PHC nu-
clear extracts and hardly detectable when oligonucleotides con-
taining mutations in the HO-1 E-box were used. Again, addi-
tion of either USF-1 or USF-2 antibodies to the binding reaction
with the PHC nuclear extracts led to disruption of the U com-
plex and to formation of a supershifted complex. The SP-1 and
Max antibodies did not affect the U complex, whereas the Myc
antibody appeared to form a stronger U complex. Thus, in both
HepG2 hepatoma cells and PHCs, USF-1 and USF-2 could bind
to the HO-1 E-box.

Regulation of HO-1 mRNA and protein
expression by USF in different cell types

Because USF-2 was shown to have a major role in vivo (63),
we used it predominantly for further experiments. USF-medi-
ated regulation of HO-1 mRNA expression was investigated
with Northern blot analysis in human HepG2 hepatoma cells,
rat H4IIE hepatoma cells, and rat PHCs. The various cells ex-
hibited different expression levels of HO-1 mRNA when nor-
malized to B-actin mRNA levels. Whereas human HepG2 and
rat H4IIE cells showed low levels of HO-1 mRNA expression,
primary rat hepatocytes (PHCs) had higher levels of endoge-
nous HO-1 mRNA expression. When HepG2 and H4IIE cells
were transfected with the vector encoding wild-type USF-2,
HO-1 mRNA expression was induced to ~350% and 600%, re-
spectively, when compared with the respective control (Fig.
2A). By contrast, in rat PHCs, USF-2 overexpression inhibited
HO-1 mRNA expression by ~60% (Fig. 2A). The observed ef-
fects of USF-2 appeared to be specific for HO-1, because USF-
2 overexpression did not change expression of B-actin in con-
trol experiments (Fig. 2B). These results demonstrated that
USF-2 overexpression upregulated HO-1 mRNA expression in
both the human and rat hepatoma cell lines but inhibited it in
rat PHCs.

Because the cell types under investigation expressed differ-
ent HO-1 mRNA levels, we also expected a similar type of reg-
ulation for HO-1 protein expression. HepG?2 cells contained the
lowest, and PHCs, the highest amount of HO-1 protein when
normalized to S-actin. However, after transfection of HepG2
and H4IIE cells with the USF-2 vector, HO-1 protein expres-
sion was induced by ~400% and 500%, respectively, when
compared with the controls (Fig. 2A). By contrast and in line
with the mRNA data, overexpression of USF-2 inhibited HO-
1 protein expression by ~60% in rat PHCs (Fig. 2A). In addi-
tion, USF-1 overexpression had similar effects on HO-1 ex-
pression in these cells (data not shown).

Regulation of HO-1 promoter—controlled
luciferase expression by overexpression of
USF-2 in HepG2 hepatoma cells and primary
rat hepatocytes

The role of USF-2 in the regulation of HO-1 expression was
investigated in the liver hepatoma cell line, HepG2, and in
PHCs. Both cell types were transfected with expression vectors
encoding wild-type human USF-2 together with either a wild-
type —754-bp HO-1 promoter Luc gene construct (pHO-754)
or with —=754-bp HO-1 promoter Luc gene constructs in which
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FIG. 2. USF-dependent regulation of rat HO-1 mRNA lev-
els in different cell types. HepG2, H4IIE cells, and PHCs
were transfected with either an empty vector or a USF-2 ex-
pression vector (see Materials and Methods). (A) The HO-1
mRNA levels were measured with Northern blot, and HO-1
protein levels, with Western blot. HO-1 mRNA and protein lev-
els in the controls were set to 100%. Values were presented as
mean = SEM of at least three independent experiments. (B)
Representative Northern blot: 20 wg of total RNA isolated from
cultured HepG2, H4IIE cells, and PHCs were subjected to
Northern blot analyses and hybridized with DIG-labeled HO-
1 and B-actin antisense RNA probes. (C) Representative West-
ern blot: 100 ug total protein from HepG2, H4IIE cells and
PHCs were subjected to Western blot analyses with HO-1 and
[B-actin antibodies, respectively.

the E-box (-47/—42) (pHO-754-Em) was mutated. Because
previous data indicated that interaction of proteins that bind to
the E-box with AP-1 family members is likely (5, 29, 32, 45),
we used HO-1 reporter gene constructs, in which the CRE/AP-
1 element (—668/—654) (pHO-754AA) (21) or both the E-box
and the CRE/AP-1 (pHO-754AA-Em) binding sites were mu-
tated (Fig. 3A). USF-2 overexpression enhanced Luc activity
by about 50-fold when cotransfected with the wild-type pHO-
754 Luc construct in HepG2 cells (Fig. 3B). The USF-2—de-
pendent induction was reduced by about 50% when either the
construct pHO-754-Em or pHO-754AA was used in HepG2
cells. The construct pHO-754AA-Em with double mutation ad-
ditionally reduced USF-2—dependent induction of Luc activity
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FIG. 3. Regulation of rat HO-1 promoter constructs by
USF-2 in HepG2 and PHCs. (A) The wild-type rat HO-1
promoter (pHO-754), the HO-1 promoter mutated in the clas-
sic E-box (pHO-754-Em), the HO-1 promoter mutated in the
AP-1 element (pHO-754AA), and the HO-1 promoter mutated
in both the E-box and AP-1 element (pHO-754AA-Em) were
used. (B) HepG2 and PHC cells were cotransfected with either
the USF-2 expression vector or empty control vector and Luc
gene constructs given in (A), as described in Materials and
Methods. The luciferase activity was indicated as fold induc-
tion compared with the Luc activity, measured in the respec-
tive controls. Values represent means = SEM of three inde-
pendent experiments, each performed in duplicate. *Significant
difference control versus USF-2. **Significant difference pHO-
754 + USF2 versus pHO-754-Em + USF-2 or pHO-754A +
USF-2.

by ~25% (Fig. 3B). By contrast, in PHCs transfected with
pHO-754 and USF-2, Luc activity was repressed by ~60%
compared with the control (Fig. 3C). Repression by USF-2 was
slightly but significantly reduced when PHCs were transfected
with the construct pHO-754-Em or pHO-754AA (Fig. 30).
However, when PHCs were cotransfected with pHO-754AA-
Em, USF-2-dependent repression of Luc activity was com-
pletely abolished. Thus, these data support that the E-box and
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the AP-1 site contribute to USF-2—dependent induction of the
HO-1 promoter in HepG2 cells and to USF-2—-dependent regu-
lation of the HO-1 promoter in PHCs.

Regulation of HO-1 promoter—controlled Luc
expression by overexpression of USF-2 in
primary human pulmonary artery smooth muscle
cells, in HeLa, and in H41IE cell lines

To investigate whether the observed difference in USF-
2—dependent HO-1 gene regulation between primary rat he-
patocytes and human HepG2 hepatoma cells exists only in
liver-derived cells or whether it is species specific, we fur-
ther tested primary human pulmonary artery smooth muscle
cells (PASMCs), the human cervix carcinoma cell line, HeLa,
and the rat hepatoma cell line H4IIE. In line with our find-
ings from PHCs, we found that Luc activity was also re-
pressed by ~50% when PASMCs were transfected with pHO-
754 and USF-2 (Fig. 4B). Again, regulation by USF-2 was
abolished on the use of the HO-1-Luc construct mutated at
both the AP-1 site and E-box. By contrast, in HeLa cells co-
transfected with pHO-754 and USF-2, Luc activity was in-
duced by ~45-fold (Fig. 4B). The USF-2—dependent induc-
tion of Luc activity was then decreased by ~50% when the
construct pHO-754AA-Em was cotransfected into HeLa cells.
Further, cotransfection of pHO-754 and USF-2 in H4IIE cells
resulted in induction of Luc activity, which was also reduced
by ~50% when the double-mutant construct pHO-754AA-
Em was used.

Thus, these data again support the involvement of both the
E-box and the AP-1 site in the USF-2—dependent regulation of
HO-1 gene expression. In addition, these results demonstrated
that USF-2 acted as inhibitor of HO-1 promoter-driven Luc ac-
tivity in all tested primary cells and as an inducer in all tested
tumor cell lines.

Regulation of HO-1 promoter activity by
overexpression of Fra-1 in HepG2 cells
and PHCs

So far, the only protein from the AP-1 family that may
have an effect on E-box—binding proteins is Fra-1 (45). To
investigate the effect of Fra-1 and its influence on the HO-
1 promoter, HepG2 cells and PHCs were transfected with an
Fra-1 expression vector together with pHO-754, pHO-754-
Em, pHO-754AA, or pHO-754AA-Em Luc constructs. Fra-
1 overexpression enhanced Luc activity by about twofold
when cotransfected with the wild-type pHO-754 Luc con-
struct in HepG2 cells (Fig. 5B). The Fra-1-dependent in-
crease of Luc activity was not changed when the construct
pHO-754-Em was used, whereas the mutation of the AP-1
binding site in the construct pHO-754-AA completely abol-
ished it. Further, Fra-1 had almost no effect on the double-
mutated construct pHO-754AA-Em (Fig. 5B). Interestingly,
when PHCs were cotransfected with pHO-754 and Fra-1, Luc
activity did not change compared with the control (Fig. 5B).
Cotransfection of pHO-754-Em and Fra-1 had no effect on
Luc activity. However, when the mutant constructs pHO-
754AA and pHO-754AA-Em were used, we observed an Fra-
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FIG. 4. Regulation of rat HO-1 promoter con-
structs by USF-2 in PASMC, HeLa, and H4I1E
cells. (A) The wild-type rat HO-1 promoter
(pHO-754), the HO-1 promoter mutated in the E-
box (pHO-754-Em), and the HO-1 promoter mu-
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2 expression vector or empty control vector and Luc
gene constructs given in (A), as described in Ma-
terials and Methods. The luciferase activity was in-
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1-dependent induction of Luc activity. Together, these data
suggest that the possible interaction between USF-2 and Fra-
1 may be responsible for the cell-type—specific effects ob-
served.

USF interacts with Fra-1

Because we detected a complete loss of USF-dependent HO-
1 regulation when the mutant pHO-754A A-Em lacking both the
E-box and the AP-1 binding site was used, we hypothesized
that this may be due to an interaction between USF-2 and AP-
1. Therefore, we determined whether this may be the case in
our system, thus constituting another way for modulating USF-
dependent HO-1 regulation. In several co-immunoprecipitation
experiments, we tested whether Jun, Fos, and Fra interacted
with USF. Whereas Jun and Fos did not display an interaction
with USF (data not shown), USF-1 and USF-2 interacted with
Fra-1 (Fig. 6). Thus, the interaction of USF proteins with Fra-
1 appears to be important for the regulation of HO-1 expres-
sion.

Identification of the USF-2 functional domain(s)
responsible for HO-1 regulation in HepG2 cells
and PHCs

To determine which domains of USF-2 were involved in
the regulation of HO-1 gene expression, the wild-type rat HO-
1 promoter Luc construct pHO-754 and plasmids expressing
wild-type USF-2, as well as various mutants, were cotrans-
fected. These mutants included the protein ATDU2 (AAA 1-
198), which lacks the transactivation domain but contains the
USF-specific region (USR); the protein U2AE4 (AAA 96-
158), which does not contain amino acids encoded by exon
4 in the transactivation domain; the protein U2AE5 (AAA
144-188), which does not contain amino acids encoded by
exon 5 in the transactivation domain; the protein U2AUSR
(AAA 208-230) lacking the USR; and the protein AHU2a
(AAA 275-282) lacking the second helix of the HLH domain
(Fig. 7A).

In HepG?2 cells cotransfected with pHO-754 and USF-2, Luc
activity was increased by ~50-fold (Fig. 7B). The Luc activity
in pHO-754 and ATDU2 cotransfected HepG2 cells was re-
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FIG. 5. Regulation of rat HO-1 promoter  [PHO-754AA-Em
constructs by Fra-1 in HepG2 and -668/-654 -50/-39  Luc
PHCs. (A) The wild-type rat HO-1 pro-

moter (pHO-754), the HO-1 promoter mu-
tated in the E-box (pHO-754-Em), the HO-
1 promoter mutated in the AP-1 element
(pHO-754AA-Em), and the HO-1 promoter

B

LUC activity [fold]

. HO-754 Control
mutated in both the E-box and the AP-1 el- [0 ﬁf;}" HepG2
ement (pHO-754AA-Em) were used. (B) |
HepG2 cells and PHCs were cotransfected  |pHO-754-Em Control
with either the Fra-1 expression vector or Fra-1
empty .control vector aqd Lug gene constructs bHO-754-0 —
given in (A), as described in Materials and +Fra-1
Methods. The luciferase activity was indi- | = femeemeeee e
cated as fold induction compared with the ~[PHO-T54M-Em fgr':_"f'
Luc activity, measured in the respective con-
trols. Values represent mean * SEM of three  [,40.754 Control PHC
independent experiments, each performed in +Fra-1
duplicate. *Significant difference in control
versus Fra-1. (C) Representative Western [PHO-754-Em Control
blot: 100 wg total protein from HepG?2 cells *+Fra-1
and PHCs was subjected to Western blot Sorired
analyses with HO-1, Fra-1, HA-tag, and 8- PHO-f38-0A +Fra-1
actin antibodies, respectively.
|PHO-T54AA-Em  Control
+Fra-1
C HepG2  PHC
| e |
(\'66\ N ‘5& N
& & & &
HO-1 — — —
Fra-1 ===
p-Actin

duced to about sixfold, and in pHO-754 and either U2AE4 or
U2AUSR cotransfected cells, Luc activity was about the same
as in the control. In HepG2 cells cotransfected with pHO-754
and the U2AES vector, Luc activity was still increased by ~3.6-
fold. The USF variant AHU2a, lacking a part of the HLH do-
main, was ~20 times less efficient than wild-type USF-2 be-
cause of impaired DNA-binding and dimerization activity.
However, some transactivation activity remained, because af-
ter cotransfection of the AHU2a vector and the pHO-754
construct, Luc activity was induced by ~2.3-fold (Fig. 7B). In
PHCs cotransfected with pHO-754 and either USF-2 or

ATDU?2, the Luc activity was decreased by ~60%, whereas
use of USF2AES reduced the Luc activity by ~15% (Fig. 7C).
By contrast, overexpression of either U2AE4, U2AUSR, or
AHU?2a mutants did not have inhibitory effects on Luc activity
in PHCs.

These data suggest that the USR and the amino acids en-
coded by exon 4 in the USF-2 transactivation domain are
mainly required for the USF-2—dependent regulation of HO-
1 expression in both HepG2 hepatoma cells and rat PHCs,
whereas the amino acids encoded by exon 5 seemed to play
a minor role.
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SF1T + - USFT LA
i - i yaPe X i FIG. 6. Interaction between USF-1 and USF-2 with
g o Pt o Fra-1. Cells were transfected with vectors encod-
ing USF-1, USF-2, and HA-tagged Fra-1. Protein ex-
& | wB:USF-1 IP- USF-1 | s WB: HA-Fra-1 pression levels were checked with Western blot
analyses in whole-cell extracts (WCEs). Immunopre-
cipitation experiments were carried out with USF-1
CE ;- WB: USF-2  IP-USF-2 ®=m | WB:HA-Fra-1 and USF-2 antibodies, respectively. Fra-1 was de-

tected in the precipitates after Western blot analyses

with HA-tag antibody.

898 | ws: Ha-Fra-1

DISCUSSION HeLa, and rat H4IIE tumor cell lines. This type of HO-1 regula-
tion is modulated by interaction of USF proteins with the AP-1

In this study, it was demonstrated that the transcription factor ~ family member Fra-1. Further, the effect of USF-2 on HO-1 gene
USF-2 acts as inhibitor of the rat HO-1 gene expression in rat PHCs ~ expression appears to be dependent on the presence of the USR and
and human PASMCs, whereas it acts as inducer in human HepG2,  the portion of the transactivation domain encoded by exon 4.
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U2AE4 =S e—— e m—
U2AE5 [ v e e e
U2AUSR e i e —
AHUZ2a [t - > FIG. 7. Regulation of rat HO-1 promoter con-

structs by wild-type and mutant USF-2 in human
and rat hepatoma cells. (A) Scheme of wild-type

LUC activity [fold] and mutant USF-2, ATDU2, U2AE4, U2AES,
a2 4 6 ,;’1.D 20 30 40 50 60 U2AUSR, and AHU?2a proteins. (B, C) The rat HO-

Control E I I " HepG2| 1 promoter construct pHO-754 was cotransfected ei-
+USF2 *|  ther with an empty vector or with expression vectors

+TDU2 [ —+ encoding wild-type or different USF-2 mutants dis-
sU20E4 [TH played in A into HepG2 cells and PHCS. "[.‘he lucit-
- " erase activity was expresse'd as fold 1nduct101.1 com-
pared with the Luc activity, measured in the

TU2AUGR respective controls. Values represent mean = SEM of
+AHU2a 3 four independent experiments, each performed in du-
plicate. Statistics used Student’s ¢ test for paired val-

LUC activity [fold] ues. *Significant difference control versus USF-2

0,5 1 1,5 2 ___ | variant. (D) Expression of USF-2 and its mutant

Control | - ] i PHC|  forms. The 100-ug cell lysates from the luciferase as-
+USF2 _—i * says (B) were analyzed with Western blotting with a
+ATDU2 [T+ mixture of antibodies recognizing the USF-2 N-ter-
+U2AE4 — minus and USF-2 C-terminus to monitor the expres-

sion levels of USF-2 or USF-2 mutants, respectively.

+U20E5 [ —

+U2AUSR [ —

+AHU2a ——i
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Differential regulation of HO-1 gene expression

Although the capability to induce HO-1 was demonstrated
for a wide variety of agents, such as heme (61), UV light (25),
heavy metals (42), and inflammatory cytokines (1, 49), much
less is known about agents mediating HO-1 repression. The re-
pression of heme- and IL-6-induced HO-1 gene expression by
dexamethasone was demonstrated in rabbit coronary endothe-
lial cells (14). Interferon-vy also decreased HO-1 mRNA levels
in the human glioblastoma cell line T98G (59). Controversial
effects have been reported for the regulation of HO-1 by hy-
poxia. Hypoxia was shown to inhibit HO-1 expression in hu-
man umbilical vein endothelial cells (HUVECs), human coro-
nary arterial endothelial cells, human astrocytes (43), the human
glioblastoma cell line T98G, and the human lung cancer cell
line A549 (31), whereas, conversely, hypoxia induced HO-1
expression in rat aortic vascular smooth muscle cells (VSMCs)
(34), rat myocytes (16), rat PHCs (37), and rat C6 glioma cells
(31).

Whereas the transcriptional mechanisms responsible for HO-
1 induction appear to involve several transcription factors, such
as Nrf-2, AP-1, STAT-3, or Max, which can bind to either the
proximal promoter region or distal promoter elements (50), so
far only one repressor is known. This repressor, known as Bach-
1, targets two distal mouse HO-1 enhancer regions. These en-
hancer regions, which are located at —4 and —12 kb of the
mouse HO-1 gene promoter, have been shown to play a major
role for the inducible HO-1 expression, because they contain
several copies of the antioxidant response element (ARE),
which serves as a nuclear target for the transcription factor Nrf2
(2, 50). The repressor Bach-1 regulates the availability of the
ARE for the transcriptional activator Nrf2, as demonstrated in
bachl1/nrf2-deficient mice (58), and thereby inhibits HO-1 tran-
scription.

We demonstrated that the cell-specific repressive effect of
USF-2 on HO-1 expression is mediated via the AP-1 site and
the E-box within the proximal promoter region of the rat HO-
1 gene. This would add USF-2 as an additional repressor of
HO-1 gene expression.

Because a number of studies propose an interspecies differ-
ence between HO-1 gene regulation in human and rat cells (31),
we assumed that this might be relevant also for the effects of
USF. Although we found that the cells under study expressed
different levels of HO-1, our study did not reveal an interspecies
difference in HO-1 regulation by USF-2, because in rat PHCs
and primary human PASMCs, HO-1 was repressed, but in rat
HAIIE hepatoma cells, in human hepatoma HepG2, and in HeLa
cells, HO-1 was induced. Instead, our experimental results im-
ply that a different mode of regulation by USF-2 exists between
primary cells and proliferating cell lines. Our findings that the
USF-mediated effects on HO-1 gene expression are not species
specific are supported by other studies showing that USF pro-
teins are involved in upregulation of HO-1 by ultraviolet A light
(44) and cadmium (19, 40).

The upstream stimulatory factors as inhibitors
and activators

USF was originally identified from HeLa cell nuclei as an
activator of the adenovirus major late promoter (53) and was
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later shown to activate a number of genes, including regulators
involved in cellular proliferation, such as p53 (48), cyclin B1
(13), and transforming growth factor B, (54), as well as glu-
cose-controlled genes such as fatty acid synthetase (65) and L-
type pyruvate kinase (35). Although an inhibitory role of USF
in the regulation of gene expression is much less investigated,
it was also observed in experiments studying the immunoglob-
ulin heavy-chain enhancer gene in NIH 3T3 cells (8), the rab-
bit CYP1A1 gene in RK13 cells (60), rat plasminogen activa-
tor inhibitor-1 (PAI-1) in rat PHC (51), and aortic preferentially
expressed gene-1 (APEG-1) in rat aortic smooth muscle cells
(10). Thus, the findings of our study with the HO-1 gene in rat
PHCs and PASMCs are another example for the role of USF
as an inhibitor of gene expression. The findings of our study
with the HO-1 gene support the idea that USF transcriptional
activity is cell-type dependent. This is supported by findings
with the PAI-1 gene, in which USF inhibited PAI-1 expression
in rat PHCs (51), whereas USF was shown to induce PAI-1 ex-
pression in renal epithelial cells (NRK-52E, clone EC-1) (67)
and HepG2 cells (15). Thus, it appears that in primary cells,
USF acts as an inhibitor of gene expression, whereas in most
cell lines, it acts as an activator or, as in Saos osteosarcoma
cells, remains transcriptionally inactive. The results of this
study, that the HO-1 promoter regulation by USF-2 required es-
pecially two regions of the transactivation domain (the USR
and the portion of the transactivation domain encoded by exon
4) support a model in which the activity of USF proteins is con-
trolled by interaction with a coactivator.

The involvement of the E-box and the AP-1
site in the USF-dependent regulation of
HO-1 expression

Transcription factors of the bHLH-zip family such as USF,
Myc, Max, and TFE3 (4, 8, 24), as well as the bHLH-PAS fam-
ily, such as HIF-1a, ARNT, and AHR (51, 60), have the abil-
ity to bind E-boxes in promoter regions of different genes. The
HO-1 promoter contains an E-box (5'-CACGTG-3") at
—47/—42, and it was previously, as well as in this study, shown
that Max could bind to this E-box (29). Whereas in the previ-
ous study, Max binding was found to be involved in mediating
the p38 MAPK effects, we did not resolve all bound protein
complexes. Thus, in the present study, by continuing these in-
vestigations, the binding of USF to the E-box of HO-1 promoter
in both HepG?2 cells and PHCs was demonstrated. Mutation of
this E-box abolished binding of both Max and USF.

However, in the functional transfection assays, mutation of
the E-box significantly affected but did not completely abolish
the USF-dependent HO-1 promoter-driven Luc gene expression
in rat PHCs, PASMCs, H4IIE, HepG2, and HeLa (Fig. 3). The
USF-dependent induction of Luc activity in the tumor cells was
even more dramatically reduced but still not completely abol-
ished with the AP-1/E-box double mutant (pHO-754AA-Em)
(Fig. 3B). By contrast, the USF-dependent inhibition of HO-1
promoter activity was lost when the double mutant pHO-
754AA-Em, lacking both E-box and AP-1 binding sites, was
used in the primary cells (PHCs and PASMCs) (Fig. 3B).

These phenomena could be explained by a possible interac-
tion between USF and some AP-1 dimers belonging to the basic
leucine-zipper domain (bZIP)—containing transcription factors
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(55). Although it was already reported that heterodimerization
between USF and AP-1 family members such as c-Fos (5),
c-Maf (32), and Fra-1 (45) could occur, the role of this inter-
action remained unknown. Our findings now show that this in-
teraction appears to be important for the modulation of USF-
dependent gene regulation. This appears to be of particular
importance for a number of certain physiologic stimuli that have
been shown to induce USF-2 expression, such as glucose (56)
or even harmful agents like cadmium and UVA, from which
the latter are powerful inducers of HO-1 expression. These find-
ings about USF-2, along with the results of the present study,
underline the notion that the HO-1 gene expression is regulated
by a complex network of transcriptional regulators and coacti-
vators. This could allow not only a cell-specific regulation of
HO-1 expression but also a fine-tuning in response to certain
activators, such as UVA and cadmium.

Interestingly, our data in tumor cells show that USF-2 ap-
pears to have some remaining inducible potential even when
the E-box and the AP-1 site are mutated. This may imply that
another uncharacterized site(s) in the HO-1 promoter could me-
diate a portion of the USF2-dependent induction. However, our
sequence analyses so far revealed that no other E-box sequences
are present in the HO-1 promoter, thus making another direct
effect of USF-2 unlikely. Thus, it is tempting to speculate that
another factor(s) could act in an indirect manner. This factor
could then be induced by USF-2 and bind to the HO-1 pro-
moter, or it could be another cofactor capable of interacting
with USF-2. The presence or absence of those factors in either
tumor cells or primary cells may then contribute to additional
effects on HO-1 gene expression in different cells.

This appears to be relevant for primary cells, because the
present study shows that Fra-1 has no effect on HO-1 but in-
duces the HO-1 promoter when E-box and AP-1 sites are mu-
tated. Although the reason that Fra-1 induces the HO-1 pro-
moter without E-box and AP-1 sites in primary cells is at present
not entirely clear, we hypothesize that the complex consisting
of USF proteins and Fra could interact with other transcription
factors and would recruit cofactors like p300 (7). The latter is
not only interacting with USF and Fra proteins but also with
CREB, C/EBP, or FoxO proteins. Thus, we speculate that loss
of the Fra/USF binding to the HO-1 promoter will disturb re-
cruitment of their coactivator complex, which may then disable
appropriate formation of another complex, which would inhibit
HO-1 expression. This will then induce HO-1 expression, even
when the E-box and the AP-1 site are mutated. Thus, the re-
sults from the present study underline even more the differences
between tumor and primary cells.

USF and HO-1 as putative targets for
antitumor therapies

The findings of this study may be important for growth and
proliferation processes. It was suggested that when cells
progress from quiescence into the S phase, the Myc/Max het-
erodimer competed with USF proteins for binding to the E-box
(6). Accordingly, USF-1 and USF-2 mediated antiproliferative
properties; when overexpressed in REF cells, they inhibited c-
Myc—induced cellular transformation (38). The Myc-dependent
cellular transformation was inhibited only when wild-type USF-
1 and USF-2 or vectors for USF mutants lacking the N-termi-
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nal transactivation domain were transfected. The DNA-bind-
ing—deficient forms of USF-1 and USF-2 did not affect the Myc-
dependent foci formation in REF cells (38). This is in line with
the results of the present study in which the cotransfection ex-
periments with the USF-2a mutants and the HO-1 Luc con-
structs demonstrated the necessity of the N-terminal part en-
coded by exon 4, the USR, and the DNA-binding domain for
the inhibitory action of USF (Fig. 7).

The antiproliferative activities of USF suggested that inac-
tive USF could promote carcinogenesis. Indeed, inactivation of
USF-2 in knockout mice led to the generation of prostate ade-
nomas (9). In addition, USF-2 was found to be completely in-
active in several cell lines from breast tumors (23). Thus, the
loss of the repression by USF with the HO-1 promoter gene
constructs with the mutated USF and AP-1 site, as shown here
(Fig. 4), would also coincide with the observation that HO-1
was found to exert antiapoptotic effects, which would promote
growth of tumor cells. The antiapoptotic action of HO-1 in-
volves its antioxidative effects and the production of CO pro-
duction that was shown to inhibit both expression of p53 and
release of mitochondrial cytochrome ¢ (17). In addition, mice
subcutaneously injected with HO-1-overexpressing melanoma
cells displayed development of more dense tumors, augmented
metastasis, and a significantly shortened lifetime (66). Thus, as
shown in this study, it appears that USF controls HO-1 ex-
pression, which both may then be considered as new targets in
antitumor therapy.

In summary, our study shows that USF-2 acted as inhibitor
of HO-1 expression in rat and human primary cells and as in-
ducer in rat and human proliferating cells. The USR and the
portion of the transactivation domain encoded by exon 4 were
necessary for both the inducible and repressive effects of USF-
2 on HO-1 gene expression. Thereby, the interaction between
USF-2 and Fra-1, as well as the integrity of the AP-1 site and
the E-box within the HO-1 promoter, are critically involved.
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