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Upstream stimulatory factors, USF1 and USF2, bind to the human haem
oxygenase-1 proximal promoter in vivo and regulate its transcription
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The human HO-1 (haem oxygenase-1) gene encodes a micro- mimics a deletion mutation of the entire E-box palindrome se-
somal enzyme responsible for the breakdown of haem, and is quence encompassing all three guanine contact points. Binding
also cytoprotective in response to various cellular insults. HO-1 of USF1 and USF2 to the HO-1 E-box was confirmed by chro-
transcription is induced by a vast array of compounds including, matin immunoprecipitation and gel-shift assays. Furthermore,
but certainly not limited to, haem and heavy metals such as we show that overexpression of USF1 or USF2 enhances the basal
cadmium. In the present study, we show that upstream stimulatory expression of HO-1 and that expression of a USF dominant
factors, USF1 and USF2, ubiquitous proteins belonging to the negative form reduces its expression. These results demonstrate
basic helix—loop-helix-leucine zipper family of transcription for the first time that USF proteins bind to the human HO-1
factors, constitutively bind to the class B E-box located in the promoter in vivo and are required for high-level expression of
proximal promoter of the human HO-1 gene and are responsible HO-1 by haem and cadmium in human renal epithelial cells.

for the enhancement of HO-1 gene transcription in human renal

proximal tubular epithelial cells. Dimethylsulphate in vivo foot-

printing studies have identified three protected guanine residues in Key words: chromatin immunoprecipitation, E-box, haem oxy-
the E-box of the HO-1 proximal promoter. One of these guanine genase, in vivo footprinting, renal proximal tubular cells, upstream
contact points is essential for USF binding, and when mutated stimulatory factor.

INTRODUCTION Previous studies have reported the presence of both positive and

negative regulatory sequences in the human HO-1 promoter [13].
HO-1 (haem oxygenase-1) is a 32 kDa microsomal enzyme that Consensus-binding sites for nuclear factor kB, AP-1 (activator
catalyses the rate-limiting step in the degradation of haem. The protein-1), AP-2, Sp1 (stimulating protein-1), USF (upstream sti-
enzymic reaction results in the opening of the haem ring, with mulatory factor), c-Myc/Max and interleukin-6 response ele-

the liberation of equimolar amounts of iron, carbon monoxide ments, as well as other transcription factors, have been reported
and biliverdin. Two isoforms of HO have been characterized: in the promoter region of the human HO-1 gene [14-18]. Most
HO-1, an inducible form, and HO-2, a constitutive isoform [1]. of these results were derived from promoter-deletion analyses
A putative isoenzyme, HO-3, isolated from rat brain and sharing in transient transfection studies, in vitro DNase I footprinting or
approx. 90 % homology with HO-2, has also been described [2]. computer-based consensus-sequence predictions. In our efforts
HO-1 is highly inducible by numerous stress stimuli including to identify functionally relevant protein—DNA interactions in
haem, heavy metals, growth factors, H,0,, UV light, oxidized an intact cell at a single nucleotide resolution, we performed
lipids, shear stress, nitric oxide, glucose deprivation, angiotensin in vivo footprinting using DMS (dimethylsulphate) coupled with

II, as well as others (reviewed in [3]). The induction of HO-1 LMPCR (ligation-mediated PCR) and found protected guanine
occurs as an adaptive and beneficial response to these otherwise nucleotides located at — 39 to — 44 bp in the proximal promoter

injurious stimuli through the action of one or more of the products of the human HO-1 gene in a region that corresponds to an
of the HO-1 reaction [4]. Previous studies have demonstrated that E-box (CACGTG). This core sequence is known to be bound
the induction of HO-1 by chemical inducers or selective over- by several proteins including USFs [19-24]. USF proteins belong
expression is protective in vitro and in vivo in several models to the class of bHLH-Zip (basic helix—loop-helix-leucine zipper)

of tissue injury [5-10]. The importance of HO-1 expression has transcription factors, which include nuclear mammalian proteins
been further confirmed by studies in HO-1 knockout mice and such as c-Myc, Max, Mad, Mxil and others [25]. In mammalian
in a patient with HO-1 deficiency, both of which exhibit a pro- cells, two ubiquitously expressed genes, USF1 and USF2, have
inflammatory state and increased susceptibility to oxidant injury been well characterized and have pleiotropic effects in cells and
[8,10-12]. Recent studies have demonstrated the biological tissues [22,23]. USFs have been implicated in the regulation of

relevance of HO-1 gene expression in a variety of diseases includ- several genes including cyclin B1 [26], cathepsin B [27], L-pyru-
ing atherosclerosis, transplant rejection, lung injury, renal failure, vate kinase [28], inducible nitric oxide synthase [29], polymeric
sepsis, vascular restenosis, as well as others [7]. immunoglobulin receptor [30], insulin-like growth factor-2 re-

The molecular regulation of HO-1 by most stimuli is controlled ceptor [31], breast-cancer susceptibility gene 2 [32], as well as
at the transcriptional level and is species- and cell-specific [3]. others [33,34].

Abbreviations used: AP-1, activator protein-1; bHLH-Zip, basic helix-loop-helix-leucine zipper; ChlIP, chromatin immunoprecipitation; DMS, dimethyl-
sulphate; EMSA, electrophoretic mobility-shift assay; FBS, foetal bovine serum; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HA, haemagglutinin;
hGH, human growth hormone; HO-1, haem oxygenase-1; HPTC, human renal proximal tubule cell; LMPCR, ligation-mediated PCR; RT, reverse
transcriptase; USF, upstream stimulatory factor.
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The purpose of the present study was to identify sites of protein—
DNA interaction in the human HO-1 promoter in the context
of an intact cell. Using in vivo footprinting, ChIP (chromatin
immunoprecipitation) and gel-shift assays, we have identified that
both USF1 and USF2 bind to an E-box sequence located in the
HO-1 proximal promoter and are required for basal and maximal
gene activation.

EXPERIMENTAL
Reagents

Tissue culture media, serum and supplements were obtained from
Invitrogen (Carlsbad, CA, U.S.A.). Haemin (iron protoporphyrin
chloride), CdCl, (cadmium chloride) and DMS were obtained
from Sigma (St. Louis, MO, U.S.A.). Rabbit polyclonal antibodies
against USF1, USF2, c-Myc, Mad and Max were from Santa
Cruz Biotechnology (Santa Cruz, CA, U.S.A.). Restriction endo-
nucleases and reagents for PCR, including synthetic oligonucleo-
tides, were obtained from New England Biolabs (Beverly, MA,
U.S.A.) and Invitrogen respectively.

Cell culture, plasmids and transfection

HK-2 cells (A.T.C.C., Manassas, VA, U.S.A.), an immortalized
human proximal tubule epithelial cell line from normal adult
kidney [35], were grown in 10 cm collagen-coated tissue culture
plates in keratinocyte serum-free medium supplemented with
5 ng/ml recombinant epidermal growth factor and 40 pg/ml
bovine pituitary extract (Invitrogen). Primary cultures of human
renal proximal tubule cells (HPTCs; Clonetics, Walkersville, MD,
U.S.A.) were grown in renal epithelial basal medium sup-
plemented with FBS (foetal bovine serum) (5 %), insulin
(5 pg/ml), transferrin (10 pg/ml), tri-iodothyronine (6.5 ng/ml),
cortisol (0.5 pg/ml), adrenaline (epinephrine; 0.5 ©g/ml) and hu-
man epidermal growth factor (10 ng/ml), at 37 °C under 5 % CO,
[10]. For HPTCs, media was changed to 0.5 % FBS before stimul-
ation.

The plasmid constructs, pHOGH/4.5 and pHOGL3/4.5, con-
taining a —4.5 kb fragment of the 5'-flanking region of the
human HO-1 promoter including the transcription start site, have
been described previously [36,37]. Plasmid constructs for USF1
(psvUSF1), USF2 (psvUSF2) and pRc/CMV566 were gifts from
Dr M. Sawadogo (University of Texas at Houston, Houston,
TX, U.S.A.). The dominant-negative expression vector for USF,
HA (haemagglutinin)-tagged A-USF, was kindly provided by
Dr C. Vinson (National Cancer Institute, National Institutes of
Health, Bethesda, MD, U.S.A.).

HK-2 cells at a confluence of approx. 85 % were transiently
transfected using LIPOFECTAMINE™ 2000 (Invitrogen) and equi-
molar amounts of plasmid DNA using a batch transfection method
[36,37]. Transfections were performed for 2 h in the above media,
and after a 4-6 h recovery, cells were split into three individual
10 cm collagen-coated plates and allowed to recover for 24 h.
Cells were induced with haemin (5 uM), CdCl, (10 uM) or
vehicle (0.5 % DMSO), and RNA was isolated for Northern-blot
analysis. In cells transfected with pHOGL3/4.5, reporter activity
was measured by the luciferase assay as described previously
[36]. In the luciferase experiments, equimolar amounts of A-USF
or empty vector were co-transfected with pHOGL3/4.5 (1 ug)
for 2 h, allowed to recover for 5 h and subsequently split into
12-well dishes. Cells were then induced with vehicle, CdCl, or
haemin for 18 h.

For transfections with USF1 and USF2 overexpression vectors,
cells were grown on 10 cm dishes and co-transfected for 2 h
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Table 1 Sequences of oligonucleotide (oligo) primers

Primer type Sequence (all listed as 5 — 3')

In vivo footprinting
Linker adapter
(equimolar amounts)

For the non-transcribed strand
Extension oligo
PCR and hybridization oligo

For the transcribed strand

GCGGTGACCCGGGAGATCTGAATTC
(also used in LMPCR) and GAATTCAGATC

CAAGCAGTCAGCAGAGGATT
TGGCCAGACTTTGTTTCCCAAGGGTCA

Extension oligo GTAAATTACCGTTCCTCCCT
PCR and hybridization oligo TCGGGTTGCGGACGCTCCA
EMSAs
Forward CTGTTCCGCCTGGCCCACGTGACCCGCCGAGCATAA
Reverse TTATGCTCGGCGGGTCACGTGGGCCAGGCGGAACAG

Site-directed mutagenesis
pHOGH/4.5 E-box M1

M1 forward CTGTTCCGCCTGGCCCACGTGAtCCGCCGAGCATAA

M1 reverse TTATGCTCGGCGGaTCACGTGGGCCAGGCGGAACAG
pHOGH/4.5 E-box M2

M2 forward CTGTTCCGCCTGGCCCAIGTGACCCGCCGAGCATAA

M2 reverse TTATGCTCGGCGGGTCACaTGGGCCAGGCGGAACAG
pHOGH/4.5 E-box M3

M3 forward CTGTTCCGCCTGGCCtACGTGACCCGCCGAGCATAA

M3 reverse TTATGCTCGGCGGGTCACGTaGGCCAGGCGGAACAG
pHOGH/4.5 A E-box

Del E-box F CATCAGCTGTTCCGCCTGGCCGCCGAGCATAAATGTG

Del E-box R CACATTTATGCTCGGCGGCCAGGCGGAACAGCTGATG

ChiP

For the proximal E-box

Forward TTGCAACGCCCGGCCAGAAA

Reverse TCGGGTTGCGGACGCTCCA

Nested hybridization oligo ATAAATGTGACCGGCCGCGGCTC

For the internal E-box
Forward
Reverse
Nested hybridization oligo

GATGACACTGAGGCTCAGA
GCTGAAATCGGTCTTGGTTGATTTCAGCC
GGTCACACAGTAAGTTCAGCCTGCTCT

with pHOGH/4.5 (4 ng) and equimolar amounts of empty vector,
psvUSF1 or psvUSF2. Cells were allowed to recover for 5 h, and
each plate of transfected cells was split into two 10 cm plates. The
cells were then induced for 18 h with either vehicle (DMSO) or
haemin (5 uM), and total RNA was extracted as described below.
For the dominant-negative experiments, equimolar amounts of
A-USF or empty vector were co-transfected with pHOGH/4.5 in
10 cm dishes for 6 h, allowed to recover overnight and induced
with vehicle, CdCl, or haemin for 12 h.

In vivo footprinting and LMPCR

Cells were grown to approx. 80 % confluence on 15 cm plates
and treated with haemin (5 uM), CdCl, (10 uM) or DMSO for
2 h. Cells were washed once with room temperature (22 °C)
PBS, followed by DMS (0.5 % in PBS) treatment for 30 s with
gentle agitation. /n vivo footprinting and LMPCR were performed
as described previously [38] with the exception that after the
SDS/proteinase K treatment, one-third volume of saturated NaCl
was added. The samples were centrifuged at 2250 g for 15 min
and 2.5 vol. of cold 95 % ethanol was added to the supernatant.
DNA was collected by spooling and transferred into a tube
containing 70 % ethanol. Samples were centrifuged at 10000 g
for 5 min, dried and finally resuspended in water. The primers
used for in vivo footprinting and LMPCR are listed in Table 1.
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In vivo DMS footprinting of the human HO-1 proximal promoter in HK-2 cells

(A) The transcribed strand of the human HO-1 promoter. Each lane is derived from an individual plate of HK-2 cells treated with vehicle (DMSQ), CdCl, (cadmium chloride, 10 M) or haemin (5 M)
for 2 h. In vitro samples are derived from DNA purified from uninduced cells and then subsequently treated as described in the Experimental section. O, Protected guanine residues; @, enhanced
guanine residues. — 135, —44 and + 1 represent nucleotide positions relative to the transcription start site of the human HO-1 gene. (B) The same samples shown in (A) were electrophoresed for
a longer run to visualize the E-box and distal sequences more closely. (C) The sequence of the human HO-1 proximal E-box (in bold) and flanking nucleotides. The guanine residues protected and

enhanced in (A, B) are shown. The three protected guanine residues were assigned as M1, M2 and M3 and represent the sites for mutagenesis. (D) /n vivo DMS footprinting of the non-transcribed
strand of HO-1. @, Enhanced guanine residues at positions — 47 and — 48 bp as depicted in (C).

EMSA (electrophoretic mobility-shift assay)

Nuclear extracts were collected using the Pierce NE-PER kit
(Rockford, IL, U.S.A.). Vehicle-treated and haemin-induced nu-
clear extracts (4 ug) were incubated in 15 ul of 1x binding
buffer [4 % (v/v) glycerol, 1 M MgClL, 0.5 mM EDTA, 0.5 mM
dithiothreitol, 50 mM NaCl, 10 mM Tris (pH 7.5) and 50 pg/ml
poly(dI-dC) - (dI-dC)] at room temperature for 20 min with
0.1 pmol of a **P-labelled probe (approx. 35000 c.p.m.). The
annealed probe consisted of equimolar amounts of the forward
and reverse oligonucleotides (36 bp) that span the E-box se-
quence and are listed in Table 1. Competition was performed with
20-fold molar excess of unlabelled oligonucleotide added before
the addition of labelled probe. Supershifts included 1 pg of anti-
USF1 (Santa Cruz Biotechnology, sc-8983 or sc-229) or 1 ug
of anti-USF2 (Santa Cruz Biotechnology, sc-862) incubated at
room temperature for 15 min before the addition of labelled probe.
Reactions were electrophoresed on a 5% (w/v) non-denaturing

polyacrylamide gel in 0.5x TBE (Tris/borate/EDTA). Gels were
fixed, dried and exposed to film.

Site-directed mutagenesis

The plasmid pHOGH/4.5 was used as the parental clone, and
mutations in the E-box sequence were generated with the Quik
Change XL site-directed mutagenesis kit (Stratagene, La Jolla,
CA, U.S.A)) according to the manufacturer’s instructions. The
oligonucleotides used for the generation of mutated constructs
are listed in Table 1. M1 refers to the first protected G residue as
seen on the in vivo footprinting. Similarly, M2 and M3 refer to
protected G residues labelled 2 and 3 based on the in vivo foot-
printing (Figure 1). These three protected G residues were

changed to A residues for the mutagenesis experiments. Del E-box
is a deletion from the first protected G up to and including the
third protected G. All the mutations were verified by sequencing.

ChIP

ChIP was performed essentially as described in [39] with some
modifications. HK-2 cells or HPTCs were grown to approx. 80 %
confluence on 15 cm plates and induced with haemin (5 uM),
CdCl, (10 uM) or vehicle (DMSO) for 2 h. Anti-USF1 (1 ng; sc-
8983), anti-USF2 (sc-862), anti-c-Myc (sc-42), anti-Mad (sc-222)
or anti-Max (sc-8011) was added and the samples rocked at 4 °C
for 4 h. A no-antibody control was also included. PCR products
were electrophoresed in a 1.8 % agarose gel and transferred on to
a Hybond XL membrane. The blots were then hybridized with a
#2P-end-labelled nested oligonucleotide probe. The primers used
for the ChIP assay are listed in Table 1.

RT (reverse transcriptase)-PCR

Total RNA (1 pg) derived from vehicle- and haemin-induced
HK-2 cells were reverse-transcribed with oligo(dT) using a first-
strand synthesis kit (Invitrogen). The cDNA was then diluted, and
approx. 5 ng of this cDNA was used for PCR of USF2. PCR pro-
ducts were electrophoresed and visualized with ethidium bromide

staining. The primers used for amplification of USF2 have been
published previously [40].

RNA purification and Northern-blot hybridization

After transfection and induction, RNA was isolated as described
previously [41]. A cDNA probe for hGH (human growth hor-
mone) was radiolabelled with [¢-**P]dATP using a random primer

© 2004 Biochemical Society
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labelling kit, according to the manufacturer’s instructions
(Invitrogen) and used in the hybridization. Membranes were
stripped and reprobed with cDNA probes for human HO-1 and
human GAPDH (glyceraldehyde-3-phosphate dehydrogenase).
To determine the expression levels quantitively, autoradiographs
were scanned on an Hewlett-Packard ScanJet 4C using Adobe
Photoshop software, and densitometry was performed using NIH
Image 1.63 software. Expression of hGH/HO-1 was normalized
to the GAPDH message and expressed as percentage of maximal
expression. All experiments were repeated with at least 2-3
independent RNA preparations to show reproducibility.

Immunoblot and immunocytochemical analysis

For immunoblots, cells were split from a transfection described
above and allowed to recover overnight. Cells were washed
twice with PBS and lysed in Laemmli buffer. Samples were
separated on a 10% (w/v) SDS/polyacrylamide gel and then
transferred on to a Hybond C extra membrane. The membranes
were incubated overnight at 4 °C with a 1:400 dilution of anti-
USFI1 or anti-USF2 antibodies in PBS containing 0.5 % Tween
20 and 7 % non-fat dry milk. After washing in PBS containing
0.5% Tween 20, filters were incubated in the same buffer
containing a 1:10000 dilution of peroxidase-conjugated goat anti-
rabbit IgG antibody (Jackson Immunoresearch Laboratories, West
Grove, PA, U.S.A.) for 1h at room temperature. Horseradish
peroxidase activity was detected using ECL® according to the
manufacturer’s instructions (Amersham Biosciences, Piscataway,
NJ, U.S.A.). Membranes were stripped and probed with an anti-
actin antibody (1:1000 dilution) (Sigma) to confirm loading and
transfer.

For immunofluorescence, HK-2 cells were plated on collagen-
coated slides and transfected with empty vector or the HA-tagged
A-USF construct. Cells were induced with haemin (5 uM) for 4 h,
a time point at which HO-1 protein is induced (approx. 5—6-fold)
in these cells by Western-blot analysis. Cells were fixed in cold
methanol and washed in PBS. Dual-label immunocytochemistry
was performed using Alexa 594-conjugated anti-HA (Molecular
Probes) and anti-HO-1 (Stressgen Biotechnologies, Victoria, BC,
Canada) antibodies for detection of A-USF and HO-1 respect-
ively. HO-1 was detected using a goat anti-rabbit FITC conjugated
secondary antibody (Jackson Immunoresearch Laboratories).

Statistical analysis

Results are expressed as means = S.E.M. For the luciferase
data, analyses were performed using ANOVA and the Student—
Newman—Keuls test. All results are considered significant at
P <0.05.

RESULTS
In vivo DMS footprinting of the human HO-1 proximal promoter

The human HO-1 proximal promoter is GC-rich and contains
computer-identified consensus DNA-binding sequences for
nuclear factor kB, AP-1, Spl and AP-2. Using in vitro DNase I
footprinting, it has been previously suggested that these consensus
sequences are bound by their respective proteins [16]. Since
limited information was available about the in vivo architecture
of the human HO-1 gene and its transcriptional regulation, we
performed in vivo footprinting on specific regions of the HO-1
promoter, particularly the proximal promoter. DMS has a pre-
ference for methylating guanine residues and to a lesser extent
adenine residues [42]. One advantage of using DMS footprinting
is that it is capable of detecting specific protein—-DNA interaction
sites in vivo in an intact cell.

© 2004 Biochemical Society

As shown in Figures 1(A) and 1(B), we observed three protected
guanine residues and two other enhanced guanine residues (G’s)
in the proximal promoter when compared with the band intensity
apparent in the naked in vitro DMS-treated DNA samples. The
DNA sequence surrounding this area on the transcribed (bottom)
strand is 3'-GGGTGCACTG-5' (Figure 1C). Within this sequence
isaclass B E-box motif (5'-CACGTG-3") known to bind transcrip-
tion factors belonging to the b-HLH-Zip family. Two of these con-
tacts, denoted as M3 and M2, are located within the CACGTG
palindrome sequence corresponding to —44 and —42bp res-
pectively from the transcription start site of the human HO-1
gene. Interestingly, the third contact, denoted as M1, is 2 bp
outside of the 6 bp consensus E-box sequence and is located
at —37bp (Figure 1C). The findings of enhanced G residues
immediately adjacent to a DMS footprint are consistent with
similar observations in other genes such as manganese superoxide
dismutase that have been reported previously [43]. Furthermore,
the three footprints observed in Figures 1(A) and 1(B) are present
in both haemin- and cadmium-treated cells as well as in the
vehicle-treated control samples, suggesting that the factor(s) inter-
acting with the HO-1 proximal E-box sequence are constitutively
bound to the promoter DNA in vivo.

We also investigated the non-transcribed (top) strand of the
human HO-1 proximal promoter corresponding to this region. As
shown in Figure 1(D), we did not observe any footprints in this
region either 5’ or 3’ to the E-box sequence. This suggests that
most, if not all, of the DNA-binding proteins interact predom-
inantly with the transcribed strand of the human HO-1 gene.
However, at least two G residues were enhanced at positions —47
and — 48 bp of the non-transcribed strand. Further examination of
the transcribed strand by in vivo footprinting demonstrated no
other enhanced or protected sites either proximal or distal to the
E-box sequence extending beyond the transcription start site.
These findings demonstrate that the proximal promoter of the
human HO-1 gene is bound by transcription factors at the E-box
motif and this is the only detectable sequence bound by proteins
in vivo.

USF1 and USF2 bind to the human HO-1 E-box in vitro

To identify the specific transcription factors that are bound to
the canonical E-box in the human HO-1 proximal promoter, we
performed EMSA using a 36 bp end-labelled double-stranded
DNA probe containing the HO-1 E-box. As shown in Figure 2(A),
a shifted complex was observed in vehicle-treated as well as in
haemin-induced nuclear extracts. These two complexes appeared
to be identical and could be competed out using 20-fold molar
excess of unlabelled probe (Figure 2A, lanes 3 and 7 from
the left). Antibodies against human USF1 and USF2 were both
capable of supershifting this complex (Figure 2A, lanes 4, 5,
8 and 9 from the left). Similar results were also observed in
nuclear extracts treated with cadmium (results not shown). To
test the specificity of the protein—DNA interactions, we also per-
formed EMSA using antibodies against the other members of
the b-HLH-Zip family of transcription factors, including c-Myc,
Mad and Max. As shown in Figure 2(B), these antibodies failed
to supershift the protein—-DNA complex, in contrast with the
supershift observed for both USF1 and USF2.

USF1 and USF2 are associated with the human HO-1 proximal
promoter E-box in vivo

To confirm the presence of USF1 and USF2 binding to the human
HO-1 proximal promoter in vivo, we evaluated uninduced and
haemin-induced HK-2 cells by ChIP. Figure 3(A) shows that both
USF1- and USF2-specific antibodies pull down protein—-DNA
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Figure 2 USF1 and USF2 bind to the HO-1 E-box in vitro by EMSA
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(A) Nuclear extracts from uninduced (vehicle) and haemin (5 pM)-induced HK-2 cells were
incubated with a labelled probe containing the HO-1 E-box and surrounding nucleotides (see
Table 1 for the probe sequence). USF1 and USF2 polyclonal antibodies were added in samples
shown for supershift analysis before the addition of a labelled probe. NRS (normal rabbit serum)
is shown as an IgG control. (B) EMSA using the same HO-1 E-box probe as shown in (A) with
uninduced and haemin-treated nuclear extracts and anti-c-Myc, -Mad and -Max antibodies.
USF1 and USF2 supershifts in (A, B) are indicated by an *. FP, free probe.

complexes containing the human HO-1 E-box, indicating that
USF1 and USF2 are constitutively associated with the E-box
region. Consistent with the EMSA results in Figure 2, we observed
no substantial signal in our ChIP studies when using antibodies
directed against c-Myc, Max or Mad (Figure 3A). As a further
confirmation of the results observed with the ChIP assays in the
transformed HK-2 cell line, we also performed similar studies in
primary HPTCs. As shown in Figure 3(B), both USF1 and USF2

b "\r

also associate with DNA containing the HO-1 proximal E-box
in the uninduced, cadmium- or haemin-induced cells. Consistent
with the results obtained in HK-2 cells, c-Myc or Max antibodies
failed to immunoprecipitate this region of the DNA in HPTCs.

Furthermore, to verify the specificity of the ChIP assay and
to exclude any PCR-generated artifacts, we performed these
studies on a canonical E-box sequence located in intron 2 of the
human HO-1 gene 2.4 kb downstream of the transcription start
site. Previous studies have suggested that USFs can bind to
downstream internal E-box sequences and regulate gene trans-
cription, e.g. the human g-globin gene [44]. As shown in Fig-
ure 3(C), no signal was obtained using the same USFI- or
USF2-immunoprecipitated complexes when PCR was performed
using primers bracketing this internal E-box sequence. These re-
sults demonstrate the specificity of both USF1 and USF2 to the
E-box located in the human HO-1 promoter. These results were
also confirmed by the absence of any protected footprints or en-
hancements detected by in vivo footprinting performed on the
transcribed strand of this internal E-box (Figure 3D).

USF2b is the predominant form expressed in HK-2 cells

USF2 has been shown to exist in at least two forms, a 44 kDa pro-
tein originally identified in HeLa cell extracts [19,23] and a
smaller form (approx. 38 kDa) derived from alternative splicing
of the fourth exon of USF2 [40]. This latter isoform has been
referred to as USF2b or USF2A4. Viollet et al. [40] have reported
that various human cell lines express different amounts of each
USF?2 isoform. To determine the predominant isoform of USF2 in
HK-2 cells, we performed RT-PCR on RNA derived from vehicle-
and haemin-induced cells. Using primers previously described
[40] that bracket the fourth exon of the human USF2 sequence,
we confirmed that the smaller USF2b PCR product (382 bp) was
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Figure 3 USF1 and USF2 hind to the proximal HO-1 E-box in vivo, but not to an internal E-box

(A) ChIP of the HO-1 proximal E-box of HK-2 cells induced with haemin or vehicle. PCR for all ChiIP assays was performed on immunoprecipitated samples, electrophoresed, transferred on to a
nylon membrane and subsequently hybridized with a nested oligonucleotide as described in the Experimental section. (B) ChiP of primary HPTCs treated with haemin (H, 5 M), cadmium chloride
(Cd, 10 M) or vehicle (V). (C) ChIP performed on the human HO-1 internal E-box located in intron 2. (D) DMS in vivo footprinting of the HO-1 internal E-box-transcribed strand. The E-box and
flanking sequences are illustrated.
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Figure 4 USF2b is the predominant form of USF2 expressed in HK-2 cells

(A) Total RNA was purified from vehicle or haemin-treated HK-2 cells, then reverse-transcribed
and used as template for PCR. Primers used (see the Experimental section) flank the fourth exon
of human USF2. PCR products lacking the fourth exon (USF2b) and containing the fourth
exon (USF2) are shown. Sizes of the DNA ladder are indicated in bp. (B) Western-blot analysis
of HK-2 cells transiently transfected with USF2, USF1 or empty vector. Anti-USF2 antibody
confirms USF2 overexpression (mass, approx. 44 kDa; lane 1). Endogenous USF2- (marked as
USF2b) in the USF1-(lane 2) and empty vector- (lane 3) transfected cells is recognized as a
lower-molecular-mass (approx. 38 kDa) protein.

obtained predominantly over the full-length (containing exon 4)
USF2 form (583 bp) (Figure 4).

Taken together, the DMS in vivo footprinting, ChIP and EMSA
results shown so far strongly suggest that the human HO-1 E-box
in proximal tubule cells is bound constitutively by USF1 and
USF2b in vivo, and to a lesser extent by the USF1 and USF2
heterodimer.

DMS-protected guanine residue at — 44 of the human HO-1
promoter is essential for USF binding and is required
for enhanced transcription

To investigate the significance of the protected guanine bases
(M1, M2 and M3) in the HO-1 E-box (Figure 1C), we performed
EMSA competition studies using specific mutations of each of
these guanine residues changed to an adenine base. We chose to
examine these bases (M1, M2 and M3) rather than the enhanced
guanine residues because they represent direct protein—-DNA
contact points. Complementary oligonucleotides containing these
individual mutations were synthesized, annealed and used as
unlabelled competitors in EMSAs using the same end-labelled
E-box probe utilized in Figure 2. As shown in Figure 5, a 20-fold
molar excess of the unlabelled M1 or M2 mutant was capable
of competing out the shift of the wild-type E-box probe in both
vehicle- and haemin-treated nuclear extracts as efficiently as the
unlabelled wild-type E-box oligonucleotide (Figure 5, lanes 3—-5
and 8-10). The results indicate that these two guanine residues
(M1 and M2) located at —42 and —37 of the HO-1 promoter
are not required for efficient USF binding to the E-box in vitro.
The M3 competitor, however, was not capable of competing
out the USF-E-box shift, indicating that the guanine at —44 of
the HO-1 promoter is essential for efficient USF binding to the
HO-1 E-box in vitro. Furthermore, closer examination of these
results showed that the protein—-DNA complex shift was actually
comprised of two bands, a more intense faster migrating band
and a lower intensity, slower migrating band. Given our RT-PCR
results (Figure 4) showing that the smaller USF2b is the more
abundant USF2 isoform in HK-2 cells, it is possible that the faster
migrating protein-DNA complex may contain the alternatively
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Figure 5 Importance of the guanine at — 44 bp for DNA-protein binding

(R) EMSA using the HO-1 proximal E-box with either vehicle- or haemin (5 ..M)-treated nuclear
extracts. Shifted DNA—protein complexes are indicated by an arrow, supershifted complexes
are indicated with *. Unlabelled competitors are: E, E-box; M1, M2 and M3 represent G — A
mutations of the three DMS-protected G bases shown in Figures 1(A) and 1(B). USF2 antibody
was added after the addition of the unlabelled M3 competitor. (B) EMSA as seen in (A) using
anti-USF1 antibody for supershift analysis. FP, free probe.
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Figure 6 Functional significance of the guanine at — 44 bp in a promoter-
reporter transcription assay by Northern-blot analysis

HK-2 cells were transfected with pHOGH/4.5, pHOGH/4.5 A E-box (entire E-box deleted),
pHOGH E-box M1, pHOGH E-box M2 or pHOGH E-box M3, representing single bp mutations
at M1, M2 and M3 respectively, then split into three plates as described in the Experimental
section. Cells were treated with vehicle (V), cadmium (Cd, 10 M) or haemin (H, 5 M), and
total RNA was extracted, blotted and sequentially hybridized with a ®P-labelled hGH cDNA
(hGH), human HO-1 as a control for induction and GAPDH as a control for loading and transfer
of RNA.

spliced variant, USF2b, whereas the slower migrating complex
contains USF2.

To investigate further the functional significance of the three
protected guanine residues detected by in vivo footprinting, we
performed site-directed mutagenesis of the human HO-1 promoter
in a hGH reporter system. We have shown previously that a
—4.5kb fragment of the human HO-1 promoter is necessary,
at least in part, for gene activation in response to haemin and
cadmium in human renal proximal tubular cells in transient
transfection studies [36]. Each of the three guanine residues was
individually mutated to an adenine in pHOGH/4.5. Another
mutant that eliminates the E-box starting from the M3 contact
point up to and including the M1 contact point was also made. In
these experiments, cells were transiently transfected using a batch
transfection method as described in the Experimental section. As
shown in Figure 6, deletion of the E-box in the 4.5 kb human
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HO-1 promoter construct significantly decreased expression of
the hGH reporter when induced with either cadmium or haemin.
In contrast, the M1 and M2 mutations did not decrease hGH
expression. However, it is interesting that the M2 mutant appeared
to increase expression by approx. 10—20 % under all conditions
tested. In contrast, the M3 mutation mimicked the results observed
with deletion of the E-box. These results demonstrate that the
guanine base at —44 relative to the transcription start site is
essential for enhanced expression of the HO-1 promoter. Further-
more, the deletion of the E-box and the M3 mutations did
not completely abolish cadmium- or haemin-mediated induction
of the reporter gene, but significantly decreased the level of
transcription. These results indicate that other factor(s) and hence
other DNA sequences are required for the actual induction of the
human HO-1 gene by cadmium or haemin, and that these factors
act in concert with USFs bound to the E-box to drive transcription
of HO-1 to a high level. This function for USFs to participate
as an enhancer of transcription has been reported previously for
other genes [30,45,46].

Effects of USF1/USF2 overexpression on HO-1 gene expression

We then tested the effects of overexpression of USF1 or USF2
with pHOGH4.5 in HK-2 cells induced with haemin (5 uM).
Overexpression of USF1 and USF2 was confirmed by Western
blotting (Figure 7A). As shown in Figure 7(B), both USF1 and
USF?2 increased basal expression of the reporter gene in vehicle-
treated cells, without a significant effect on haemin-mediated
induction. We did not observe an increase in endogenous HO-1
gene expression with USF1/USF2 overexpression. This is con-
sistent with the findings that both USF1 and USF2 are
constitutively bound to the E-box sequence in the proximal HO-1
promoter rendering the E-box saturated. Hence, any further over-
expression does not affect endogenous HO-1 gene transcription
in HK-2 cells.

Effects of dominant-negative A-USF on HO-1 gene expression

We next examined the effect of a USF dominant negative (A-USF),
which inhibits dimerization of USF1 and USF2, thereby pre-
venting DNA binding and gene activation [47,48] on HO-1
reporter constructs (pHOGH/4.5 or pHOGL/34.5). Specific over-
expression of A-USF was confirmed by immunoblot analysis
(Figure 7A). A-USF expression attenuated activation of the hGH
reporter (Figure 8A) as well as a luciferase reporter construct
containing the same —4.5 kb human HO-1 promoter fragment
(Figure 8B). In addition, A-USF expression also reduced endo-
genous haemin (5 uM)- and cadmium (10 xM)-mediated HO-1
induction (Figure 8C). To investigate further the effects of A-USF
on endogenous HO-1 protein expression, we used dual-label
immunofluorescence in HK-2 cells transiently transfected with
empty vector or the HA-tagged A-USF construct. As shown in
Figure 9, significant HO-1 protein expression (green) was detected
in cells transfected with empty vector after haemin (5 uM) sti-
mulation. However, in cells showing nuclear staining for the
HA-tagged A-USF (red), no HO-1 protein was detectable. These
results demonstrate the important role of USF1 and USF2 in
mediating transcription of the human HO-1 gene in HK-2 cells.

DISCUSSION

The results of our present studies provide insights into the in vivo
architecture of the proximal promoter of the human HO-1 gene in
human renal proximal tubular cells. We have demonstrated that a
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Figure 7 Effect of USF1 and USF2 overexpression on HO-1 gene expression

(A) Confirmation of USF1 and USF2 overexpression by Western-blot analysis. HK-2 cells were
transiently transfected with the indicated plasmids and duplicate blots were made out of the
total cellular protein. Anti-USF1 antibody confirms USF1 and A-USF overexpression (left panel)
and anti-USF2 confirms USF2 overexpression (right panel). USF1 and USF2 are recognized as
positive bands at approx. 43 and 44 kDa respectively. Blots were stripped and probed with an
anti-actin antibody as a loading control. Actin was identified as approx. 46 kDa protein. The
band in lane 3 in the lower right panel represents residual USF2 signal not completely stripped
from the blot. (B) Northern-blot analysis of HK-2 cells co-transfected with pHOGH/4.5 and either
USF1 or USF2 overexpression vectors. V, vehicle-treated cells; H, haemin (5 nM)-treated cells.
The blots were stripped and reprobed with a HO-1 ¢cDNA as a control for induction and GAPDH
as a control for loading and transfer of RNA.

6 bp sequence containing an E-box motif, CACGTG, located at
nt —44 to — 39 bp is essential for maximal haemin- or cadmium-
mediated human HO-1 promoter activity. Three guanine bases
protected in vivo from DMS methylation were discovered, two
of which reside in the canonical E-box motif, and the third pro-
tected guanine residing 2 bases outside of the E-box. We have
identified that the proteins bound to this sequence are USF1 and
USF2 and that they associate with the E-box potentially as a
heterodimer, since both USF1 and USF?2 antibodies supershift the
protein-DNA complex in vitro and bind to the proximal HO-1
promoter in vivo, as confirmed by ChIP analysis. Furthermore,
we demonstrate that the guanine at —44 of human HO-1 gene is
essential for USF binding and enhances USF-driven expression
of HO-1 in HK-2 cells. Moreover, we have demonstrated that
overexpression of USF1 or USF2 increased basal HO-1 promoter-
driven reporter expression, and a dominant negative form of USF
(A-USF) can attenuate endogenous HO-1 mRNA and protein
expression.

USF was initially purified from HeLa cell nuclear extracts and
was shown to increase the transcription of the adenovirus major
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Figure 8 Effect of dominant-negative A-USF expression on HO-1 reporter and mRNA expression

(A) HK-2 cells were co-transfected with pHOGH/4.5 and either empty vector (pCMV566) or A-USF as described in the Experimental section and subsequently treated with vehicle (V), cadmium
(Cd, 10 M) or haemin (H; 5 12M) for 12 h. Total RNA was isolated and subjected to Northern-blot analysis with 3*P-labelled cDNA probes specific for hGH or GAPDH. The numbers at the bottom
refer to the relative band intensities as determined by densitometry and controlled for GAPDH from three independent experiments. (B) Effect of A-USF expression on luciferase reporter activity of
pHOGL3/4.5. Results are expressed as means + S.E.M. *P < 0.05 versus vector; **P < 0.05 versus vehicle. (C) Northern-blot analysis of endogenous HO-1 gene induction with and without A-USF
expression. HK-2 cells were co-transfected with either empty vector or A-USF and treated with V, Cd or H as in (A). Total RNA was isolated and subjected to Northern-blot analysis with %2P-labelled
cDNA probes specific for HO-1 or GAPDH. A densitometric analysis of the autoradiogram corrected for the internal control (GAPDH) is shown in the graph below.
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Figure 9 Effect of dominant-negative A-USF expression on HO-1 protein expression

HK-2 cells were transiently transfected with empty vector (upper panel) or the dominant negative, HA-tagged A-USF vector (lower panels). Cells were stimulated 24 h after transfection with haemin
(5 «M) for 4 h. Dual-label immunofluorescence was performed using Alexa 594-conjugated anti-HA (Molecular Probes) and anti-HO-1 (Stressgen Biotechnologies) antibodies for detection of

A-USF and HO-1 respectively. HO-1 was detected using a goat anti-rabbit FITC-conjugated secondary antibody (Jackson Immunoresearch Laboratories). Results are representative of two independent
experiments. DAPI, 4,6-diamidino-2-phenylindole.

late promoter in an in vitro system wherein methidiumpropyl- teins, USF1 and USF2, which can exist as either homo- or hetero-
EDTA-Fe(Il) footprint analyses showed that USF interacted with dimers [22,23]. There are two classes of the E-box sequence,
the palindromic sequence GGCCACGTGACC [19]. Subsequent Class A corresponding to CAGCTG and Class B to CACGTG.
studies determined that USF activity comprised two separate pro- The outer C:G bp in both half sites is indispensable for native
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Human
Rat
Mouse
Chicken

Figure 10 Sequence alignment of the human, rat, mouse and chicken HO-1
proximal promoter regions showing the E-box and the flanking nucleotides

The positions relative to the transcription start sites are indicated. The sequences are derived
from GenBank® accession no. 282244 for human, J02722 for rat, X56824 for mouse and
95209 for chicken HO-1 genes.

USF binding [49]. Our findings are consistent with the indis-
pensability of the outer guanine residue, since mutation of this
single nucleotide (M3) significantly attenuated human HO-1 gene
expression (Figure 6). Interestingly, the importance of the C
residue on the complementary strand of this core sequence was
also reported by Sato et al. [18], who observed that mutation of the
C to a T abolished binding of USF to a synthetic oligonucleotide.
Furthermore, the three protected G residues on the human HO-1
E-box that we detected are also protected from DMS methylation
in the adenovirus major late promoter E-box, as reported by
Chodosh et al. [50] using an in vitro methylation interference
assay.

The human HO-1 promoter is characterized by the presence of a
non-canonical TATA box (CATAAA) located 10 bp downstream
of the E-box and 28 bp upstream of the transcription start site.
Our findings showing involvement of USFs in human HO-1 gene
expression are similar to studies pertaining to the regulation of the
human B-globin gene, which also has a non-canonical TATA-like
motif (CATAAA) and E-box motifs that contribute to the efficient
transcription of the §-globin gene [44,51]. Interestingly, whereas
the B-globin gene is involved in haemoglobin biosynthesis, HO-1
is involved in the degradation of haem moieties including those
present in haemoglobin.

Studies from our laboratory as well as others demonstrate
significant differences in the regulation of human HO-1 versus the
mouse HO-1 gene [3,52]. However, the proximal E-box sequence
is conserved in the human, rodent and avian HO-1 genes, as shown
in the alignment in Figure 10. Previous studies have implicated the
involvement of USF in HO-1 gene transcription [18,53-55]. Sato
et al. [53] initially identified a protein called haem oxygenase
transcription factor that was homologous with USF and reported
its involvement in rat HO-1 gene transcription using in vitro
transcription and DNase I footprinting in rat glioma cells. These
authors subsequently extended their observations to the human
HO-1 gene, again using cell-free systems, and reported that par-
tially purified USF from HeLa cells bound to the core sequence
CACGTGAC corresponding to —44 to —37 bp of the human
HO-1 promoter [18]. Studies by Maeshima et al. [55] have
suggested a role for USF in the induction of the rat HO-1
gene after cadmium stimulation, but not by haemin. Our studies
suggest that USF1 and USF2 are important for both cadmium-
and haemin-mediated increased HO-1 induction in human renal
proximal tubule cells. Nascimento et al. [54] performed in vitro
DNase I footprinting on a 147 bp fragment of the human HO-1
proximal promoter extending from + 24 to — 123 bp promoter,
and observed a protected region between —41 and —50bp in
both control and UV-A-radiation-treated samples. However, the
protected region by DNase I footprinting included only the first
3 bp upstream of the core E-box sequence and the functional
significance of these observations in modulating HO-1 gene
expression was not examined [54]. Our studies using in vivo
footprinting, ChIP, mutational and functional assays conclusively
demonstrate a prominent functional role for USFs in the regulation
of the human HO-1 gene.

As additional confirmation, we have used A-USF, a dominant-
negative mutant of USF, to prevent binding of endogenous USF1
and USF2 to the human HO-1 promoter. A-USF was derived from
USF1 (hence its detection by anti-USF1 antibody in Figure 7A) by
deleting all N-terminal activation domains and substituting acidic
amino acids for the basic amino acids involved in DNA binding in
native USF dimers [47,48]. The dimers between A-USF and native
USF are more stable than DNA-bound native dimers, resulting in
the removal of USF from its target DNA with modest expression
of A-USF [47,48]. We observed inhibition of the human HO-1
promoter-reporter construct as well as endogenous HO-1 gene
expression with dominant-negative expression of A-USF. As
we expected, however, we did not observe the level of inhibition
attained in the reporter assay using a deletion of the E-box or M3
(Figure 6). This is due to the relatively low transfection efficiency
of the cells tested in the present study, as well as the inability of
the dominant negative to displace all of the USF proteins from
binding to the endogenous promoter.

In summary, our studies demonstrate a prominent role for USF1
and USF2 in the regulation of the human HO-1 gene in human
renal proximal tubular cells. Recent evidence has demonstrated
the critical importance of HO-1 expression in mediating anti-
oxidant, anti-inflammatory and anti-apoptotic effects (reviewed in
[7]). We and others have demonstrated that induction of HO-1, by
chemical inducers or selective overexpression, is cytoprotective
both in vitro and in vivo in renal injury, which has been further
substantiated by studies in HO-1 knockout mice (reviewed in [7]).
Given the biological relevance of HO-1 induction in renal injury,
further understanding of the molecular regulation of the HO-1
gene is paramount. We hypothesize that both USF1 and USF2
(its splice variant USF2b in particular) co-ordinate with other
transcription factors and are critical in regulating the expression
of the human HO-1 gene.
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