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Abstract
Selenoprotein H is a redox-sensing DNA binding protein that upregulates genes involved in
antioxidant responses. Given the known links between oxidative stress and heavy metals, we
investigated the potential for regulation of selenoprotein H by metals. In silico analysis of the
selenoprotein H genes from nine species reveals multiple predicted metal response elements (MREs).
To validate MRE function, we investigated the effects of zinc or cadmium addition and metal-
responsive transcription factor 1 (MTF-1) knockout on selenoprotein H mRNA levels. Chromatin
immunoprecipitation was used to directly assess physical binding of the transcription factor to MREs
in the human and mouse selenoprotein H genes. The results reported herein show that selenoprotein
H is a newly identified target for MTF-1. Further, whereas nearly all prior studies of MREs focused
on those located in promoters, we demonstrate binding of MTF-1 to MREs located downstream of
the transcription start sites in the human and murine selenoprotein H genes. Finally, we identified
MREs in downstream sequences in 15 additional MTF-1 regulated genes lacking promoter MREs,
and demonstrated MTF-1 binding in three of these genes. This regulation via sequences downstream
of promoters highlights a new direction for identifying previously unrecognized target genes for
MTF-1.
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Introduction
Human selenoprotein H ( SELH) has recently been identified as a redox-responsive member
of the high mobility group DNA-binding protein family [1]. SELH contains a CxxU
thioredoxin-like motif, where U indicates the amino acid, selenocysteine[ 2]. CxxU or CxxC
motifs are found in enzymes with antioxidant defense or cellular redox functions. We and
others have shown that SELH protects against cell death induced by exposure to UV, hydrogen
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peroxide or buthionine sulfoximine, an inhibitor of glutathione synthesis [1–3]. Moreover, we
have also shown that SELH upregulates its own expression, and the expression of genes
involved in glutathione biosynthesis and phase II detoxification in response to oxidative stress
[1]. Chromatin immunoprecipitation (ChIP) revealed binding of human SELH to DNA
sequences containing heat shock or stress response elements. Thus, we have identified human
SELH as a redox-sensing DNA-binding protein that regulates the expression of genes involved
in antioxidant protection and cellular detoxification.

Selh is moderately expressed in many human and murine tissues, with higher levels of the
mRNA detected in murine brain, thymus, testes and uterus, and in early stages of embryonic
development [2,4,5]. Analysis of human Selh expression profiles (dbEST and SAGE data sets)
also suggests elevated expression in some tumors [2], possibly in response to cellular stress or
damage. Currently, little is known about the mechanisms regulating Selh gene expression. Here
we have investigated Selh gene regulation by performing a series of bioinformatic and
experimental analyses of the Selh genes from multiple species. In silico analysis revealed
numerous predicted transcription factor binding sites, including multiple metal response
elements (MREs) in the Selh genes from all nine species examined. This finding is intriguing,
given the redox functions of metals, the links between metals and oxidative stress, and our
demonstration that SELH functions in redox sensing and protection against various stresses.
We therefore focused this study on the potential regulation of Selh by metals via the putative
MREs.

MREs are short cis-acting sequences that are bound by metal responsive transcription factor 1
(MTF-1). MTF-1 is a nucleocytoplasmic shuttling factor that, in the absence of metal treatment,
is predominantly cytoplasmic [6-10]. Upon heavy metal exposure or cellular stress, MTF-1
translocates to the nucleus, where it regulates expression of metallothioneins and other genes
[11-23]. MREs consist of a highly conserved TGCRCNC core, with variations conferring
differential binding by MTF-1. MREs are categorized into 6 types, termed MREa through f.
MTF-1 exhibits the strongest affinity towards MREd, decreasing in the order: d ≥ a = c > b >
e > f [24]. It has been demonstrated that different Zn++ concentrations can affect MTF-1 binding
affinity to different MREs [21,25], suggesting individual MREs in a given gene may each have
a specific contribution to overall MTF-1 regulatory function.

To investigate the potential regulation of Selh by metals, we tested the effects of Zn++ and
Cd++ addition on endogenous Selh mRNA levels in human and murine cell lines. We further
investigated regulation of Selh by individual MREs, using site-directed mutagenesis and ChIP
assays. Finally, we examined the role of MTF-1 in regulation of Selh expression, using mouse
embryo fibroblasts derived from wild type and MTF-1 knockout mice. Our results demonstrate
that both human Selh and the murine ortholog are targets of MTF-1, and that their regulation
is metal ion and cell-type specific. These findings suggest a role for SELH as a sensor of cellular
stress, responding not just to oxidative damage, but to heavy metal load as well.

MATERIALS AND METHODS
Cell culture and maintenance

HEK-293 (human embryonic kidney), MSTO-211H (human mesothelioma), and WISH
(human amniotic epithelium) cell lines were originally obtained from the ATCC. HEK-293
cells were used for most of our studies on human gene regulation by MTF as previous studies
on MTF-1 used these cells. Mouse embryo fibroblasts, designated MEFs, were derived from
wild type (w.t.) and MTF-1 knockout (MTF-1-KO) mice [37]. The MTF-1-FLAG™ cell line
was created by stable transfection of MTF-1-KO cells with an expression vector for MTF-1-
FLAG™[26]. The MEF, MTF-1-KO and MTF-1-FLAG™ cell lines were generous gifts from
Dr. Glen Andrews (University of Kansas). Quantitation of MTF-1 expression levels in the three
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cell lines by western blotting showed that expression was undetectable in MTF-1-KO, and was
restored in the MTF-1-FLAG cell line to ~30% of wt MEF levels. For generation and
characterization of the MTF-1 levels in these cells lines please see [26,37]. MSTO-211H cell
line was maintained in RPMI-1630 media (GIBCO), supplemented with 10% FBS. HEK-293T,
MEF, MTF-1-KO, and MTF-1-FLAG™ cell lines were maintained in Dulbecco’s modified
Eagle’s medium (DMEM, GIBCO), supplemented with 10% FBS. WISH cells were grown in
a 1:1 mixture of DMEM: F12 media (GIBCO), supplemented with 10% FBS. All cell lines
were maintained at 37°C in 5% CO2. For ChIP assays, cells were grown in 100 mm dishes.
For luciferase assays, cells were cultured in 24 well plates. For metal additions described below,
concentrations were based on experimentally determined sensitivities of individual cell lines.

DNA sequence analysis
Putative transcription factor binding sites were identified using Genomatix
(www.genomatix.de), TFSEARCH (http://transfac.gbf.de) and MOTIF
(http://www.motif.genome.ad.jp) software. Genomatix Software was also used to extract
promoters from database sequences and to assign the positions of extracted fragments for
cloning and analysis. Zebrafish and mosquito Selh gene sequences were provided by Drs.
Alexsei Lobanov and Vadim Gladyshev (University of Nebraska). The accession numbers
(GenBank™) for the selenoprotein genes sequences analyzed are as follows: Selh in different
species H. sapiens (3516960), P. troglodytes (114642405), M. mulata (109106230), M.
musculus (82546880), R. norvegicus (109470184), B. taurus (119907899), D. rerio
(31342376), D. melanogaster (14718671), A. gambiae (27645579); mouse Txnrd2
(NM_013711; GI:145309318); drosophila SelK1 (CG1844). The accession numbers for the
non selenoprotein metal responsive genes are as follows: sulfotransferase family 5A, member
1(Sult5a1, NM_020564.2, GI:142377411); Ubiquitin specific protease 24b (Usp24b,
XM_001481281.1, GI:149252835), granzyme B (Gzmb, NM_013542.2, GI:133892516),
pyruvate kinase, muscle (Pkm2, NM_011099.2, GI:31981561), armadillo repeat containing,
X-linked 2 (Armcx2, NM_026139.3, GI:142372774), Fc receptor, IgG, high affinity, (Fcgr1,
NM_010186.3, GI:142356991), coactosin-like 1 (Cotl1, NM_028071.2, GI:142383258),
interleukin 7 (IL7, NM_008371.3, GI:142372734), retinoid X receptor gamma (Rxrg,
NM_009107.2, GI:42476335), Rab7, member RAS oncogene family-like 1 (Rab7l,1
NM_144875.1, GI:21450114), glutathione S-transferase omega 1 (Gsto,1 NM_010362.2, GI:
133892764), Membrane progestin receptor alpha (Mrpa, NM_027995.2, GI:142388621),
Ubc (XM_001471699.1, GI:149254583), Lipoprotein lipase (Lpl, NM_008509.2, GI:
126723005). For MRE identification, we used a modified Transfac matrix. The original matrix
is derived from MREs in vertebrate metallothionein genes, and was modified based on
information provided in published studies on additional MREs [25,27–30], which resulted in
a more sensitive but still highly specific matrix. Our matrix for MRE search did not include
the “G” at 8th position following the MRE core sequence. While we expect 0.30 matches per
1000 nucleotides with the original pattern, our core matrix results in about 0.73 chance matches
per 1000 nucleotides.

Human Selh gene promoter constructs
The fragment -641/+4 relative to the human Selh translation start site was amplified by PCR
with DeepVent exo minus DNA polymerase (NE Biolabs) and cloned into the pGL3-basic
plasmid (Promega) upstream of the firefly luciferase reporter gene to generate the pGL-645
construct (wt MRE1). The mutant, mut MRE1, was generated by introducing three point
mutations into the MRE1 core sequence (TGCGCTC → ATCGCTA) of the pGL-645
construct. Constructs were verified by sequencing. The primer sequences are given in
Supplemental Table 1.
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Luciferase assays
Luciferase assays were performed using Dual luciferase assay kits from Promega and a Turner
Designs Luminometer Model TD-20/20. For transient transfections, we used the TransIT-LT1
Reagent (Mirus-Bio Company) following the manufacturer’s instructions. Cells were cultured
in complete media until 90% confluent, and co-transfected with 300ng of human wt MRE1 or
mut MRE1 reporter plasmid and 30ng of pRL-SV40 expression vector per well. To evaluate
the short-term effects of different metals on human Selh promoter activity, 4 h post transfection
cells were supplemented with serum-free media containing ZnCl2 or CdCl2, at concentrations
indicated in Table 1. After 24 h of incubation, metal treatment was stopped by washing the
cells with 1× PBS. Cells were then harvested and assayed for luciferase activity. At least three
independent transfections were carried out, with triplicate samples in each.

Chromatin Immunoprecipitation
Cells were cultured in complete media until 90% confluent. Media was then exchanged for
serum-free media and cells were incubated for 24h. Cells were stimulated with metals at
concentrations and durations indicated in Table 1. DNA-protein complexes were cross-linked
for 10 minutes at room temperature using 1% formaldehyde, quenched with 0.125 M glycine
and washed with ice cold 1x PBS buffer. Chromatin was sheared into 100 to 700 bp fragments.
ChIP assays were performed according to standard protocols [31] using 2 μg anti-MTF
polyclonal antibodies (Santa Cruz Biotechnology). For negative controls, an aliquot of cross-
linked chromatin was immunoprecipitated with normal goat serum instead of anti-MTF
antibody (referred to as “no Ab” fraction). Immunoprecipitated DNAs were treated with
RNAse A and crosslinks were reversed by incubation at 65oC for 5 hours, followed by
proteinase K treatment. DNA was phenol/chloroform purified, ethanol precipitated and
specific enrichment was measured by quantitative PCR analysis. Quantification of co-
immunoprecipitated DNA fragments was based on Chakrabarti et al. [32]. Samples from three
independent immunoprecipitations were quantified by real time PCR in triplicate. A melting
curve analysis was performed for each sample after PCR amplification to ensure that a single
product was obtained. If primer dimers were observed for particular primer sets, those samples
were analyzed by 4% TBE-PAGE gel electrophoresis and the corresponding band of specific
amplification product quantified using Adobe Photoshop software.

Quantitative PCR (qPCR)
For evaluation of mRNA levels, cells were incubated with metals at concentrations and
durations indicated in Table 1. Cells were cultured in complete media until 90% confluent.
Media was then exchanged with serum free media and cells were further incubated for 24h.
Cells were stimulated with metals at concentrations and durations indicated in Table 1. After
the indicated time of treatment cells were washed with 1x PBS and media was exchanged to
media without metals and incubated for an additional 2 hours prior to RNA isolation. Total
RNA was isolated from cells using the Qiagen RNeasy purification kit and treated with DNase
I. First strand cDNA was synthesized using a Superscript III reverse transcriptase kit primed
with oligo-dT (Invitrogen). PCR reactions were carried out using Power SYBR green mix
(Applied Biosystems) in an Applied Biosystems 7900HT Real-Time PCR System. Intron-
spanning primers specific to the human Selh and mouse Selh genes, or specific to the MREs
in the 5′ flanking or coding regions of the human Selh gene, were used for amplification
(Supplemental Table 1). Each reaction was performed in triplicate with default conditions: 50°
C for 2 min, 95°C for 10 min, and 40 cycles of 95°C for 15 s, and 55–60°C for 1 min followed
by a dissociation cycle.
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Statistical Analysis of Gene Expression
Statistical differences were evaluated by Paired Student’s t-test. P values below the nominal
0.05 were deemed significant.

RESULTS
In silico analysis identifies multiple MREs in Selh genes

Selh orthologs are found in species ranging from insects to humans. To investigate potential
metal responsiveness of Selh gene expression, we carried out in silico analysis of the Selh genes
in nine species, spanning the range of organisms in which the gene is present. Previous studies
of MREs have focused on those found in promoters, and we found candidate MREs in the
promoters of 4 of the 9 Selh genes (Fig. 1A). Intriguingly, computational analysis predicts
putative MREs located 200–350 bp downstream of the transcription start site (TrSS) in the
Selh genes in all nine species examined (Fig. 1A, encircled by dotted line and Supplementary
material Table 2). Nine of the 13 MREs in this region share an identical core sequence with
the high affinity MREa element located in the mouse metallothionein promoter. Thus, the
MREs in this region have sequence contexts characteristic of high affinity binding to MTF-1.
In contrast, MREs located in the 5′UTR (MREb, e and f) and in the region ~550bp downstream
of the TrSS (MREe and f) have sequence contexts characteristic of the lower binding affinity
to MTF-1 (Fig. 1A).

The conserved core sequence in MREs is often followed by a semi-conserved GC-rich region
[28–30]. We noted that in the Selh genes the GC-rich region was in some cases located 5′ to
the core MREs sequences, rather than 3′. For example, MRE1 and MRE2 in the human Selh
gene contain the GC-rich sequence 5′ to the MRE core sequence (Fig. 1B), whereas MRE3
and MRE4 have the GC-rich region at the 3′ end.

Metal regulation of human Selh mRNA
Expression of endogenous human Selh mRNA was evaluated in three human cell lines
incubated in the absence or presence of 100 μM Zn++ or 20 μM Cd++. In HEK-293T cells,
Zn++ treatment resulted in a significant 43% decrease in human Selh mRNA level, while in
MSTO-211H a non-significant 32% decrease was seen (Fig. 2A). Cd++ treatment exerted
minimal effects on human Selh mRNA levels in HEK-293 and MSTO-2H11 cells (data not
shown). In contrast, in WISH cells, Zn++ or Cd++ treatment increased human Selh mRNA levels
by 54 and 45%, respectively, but these changes were also not statistically significant. These
results demonstrate that regulation of human Selh mRNA levels is both heavy metal and cell
type dependent.

Mutagenesis of human MRE1 confirms its function
The MRE identified in the 5′UTR of the human Selh gene is defined herein as human MRE1.
To evaluate its contribution to Selh regulation, we performed site-directed mutagenesis,
replacing three nucleotides in the core MRE1 sequence (TGCGCTC → ATCGCTA). The
effect of human MRE1 mutations was tested by comparing wild type (wt human MRE1) and
mutant (mut human MRE1) luciferase expression constructs in HEK-293T cells, and the effects
of Zn++ addition, as indicated in Table 1. In the absence of added Zn++, the expression from
the wt human MRE1 construct was 79% of that from the mut human MRE1 construct (Fig.
2B, compare striped bars in both panels). Treatment with 100 μM Zn++ decreased luciferase
expression from the wt human MRE1 construct by a further 21% (Fig. 2B, left panel). The
decrease caused by Zn++ treatment was abolished with the mut human MRE1 luciferase
expression construct (Fig. 2B, right panel), demonstrating the importance of human MRE1 in
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human Selh regulation. This result demonstrates that MRE-1 is involved in repression of
Selh expression by Zn++.

Chromatin immunoprecipitation confirms physical binding of MTF1 to human Selh MRE1
To directly assess MTF-1 binding to hMRE1 in the human Selh gene in the presence or absence
of metals, we performed ChIP assays coupled to RT-PCR quantitation of binding. Real-time
PCR quantitation of human MRE1 bound by MTF-1 in the absence of added metals showed a
~2.8 fold increase over background (no Ab) binding in both MSTO-211H and HEK-293T (Fig.
3A). This presumably reflects MTF-1 activated by endogenous metals, consistent with the
results in Fig. 2B. Zn++ addition resulted in a 3-fold increase in binding over the background
level in MSTO-211H cells, but no increase in HEK-293T cells. In contrast, after Cd++ addition,
we did not observe MTF-1 binding (data not shown), These results further support a role for
MTF-1 in human Selh gene regulation and responsiveness to zinc, through physical binding
of MTF-1 to human MRE1.

Effects of MTF-1 and metals on murine Selh mRNA levels in mouse cell lines
In two species, mouse and rat, putative MREs were identified in the coding regions only,
providing a model to investigate whether MTF-1 regulatory functions extend to MREs located
downstream of the translation start site (TrSS). To investigate the role of MTF-1 in mouse
Selh transcriptional regulation, we analyzed mouse Selh mRNA expression levels in mouse
embryo fibroblast cell lines derived from MTF-1-knockout (MTF-1-KO) mice, and from a cell
line created by transfection of MTF-1-KO cells with an expression vector for MTF-1-FLAG™
(MTF-1-FLAG), in an attempt to restore MTF-1 expression [26]. Western blotting analysis
showed that the MTF-1-FLAG cell line expressed MTF-1 at ~30% of w.t. levels. Quantitation
of mouse Selh mRNA levels in the absence of added metals revealed ~73% lower levels in
MTF-1-FLAG than in MTF-1-KO cells (Fig. 4A), indicating that MTF-1 expression
significantly decreased mouse Selh mRNA levels. This suggests the existence of an activated
nuclear pool of MTF-1 in the MTF-1-FLAG cells that is capable of repressing mouse Selh
mRNA expression in the absence of added metals.

Mouse Selh mRNA levels were next quantitated following addition of 50 μM Zn++ or 10 μM
Cd++, as described in Table 1 and the corresponding legend. In wild type MEF cells, Zn++

addition decreased mouse Selh mRNA levels by ~35% (Fig. 4B, left panel). In MTF-1-FLAG
cells, Zn++ addition resulted in a non-statistically significant 25% decrease (Fig. 4B, center
panel). In contrast, in the MTF-1-KO cell line, Zn++ addition increased mouse Selh mRNA
levels by 35% (Fig. 4B, right panel). These results demonstrate that Zn++ represses mouse
Selh mRNA levels in an MTF-1-dependent manner. The absence of MTF-1 in the MTF-1KO
cells indicates Zn++ activation via an MTF-1-independent pathway, possibly through other
Zn++ dependent transcription factors. The MTF-1-dependent Zn++ effect is further indicated
by the difference between the expression levels in MTF-1-KO with Zn++ addition (35%
increase) and MEF with Zn++ addition (35% decrease), an ~70% change. Finally, addition of
10 μM Cd++ exerted minimal effects on mouse Selh transcript levels (data not shown),
consistent with the pattern for human Selh in HEK-293T and MSTO-211H cells.

ChIP assay confirms physical binding of MTF-1 to MREs in Selh coding region
Putative MREs were identified in the promoter and coding regions of the Selh gene in multiple
species (Fig. 1A). In the murine and rat genes, MREs were identified only in the coding region,
which allows investigating if those MREs are involved in Selh gene regulation by MTF1.

To assess MTF-1 binding to mouse MRE1, located in exon 2 of the mouse Selh coding region,
we performed ChIP assays in the presence or absence of Zn++. In the absence of metal addition,
MTF-1 binding was not detected over background levels, whereas addition of Zn++ increased
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binding ~5-fold above background (Fig. 3B). This result confirms physical binding of MTF-1
to an MRE located in the coding region of mouse Selh, and stimulation of this binding by
Zn++.

Human MRE2 and MRE3 are located in the second exon of human Selh, in close proximity to
each other (Fig. 1A). MTF-1 binding to these sites in the absence of added Zn++ was not
detected over background levels in HEK-293T cells (Fig. 3C). Addition of Zn++ resulted in
significant MTF-1 binding.

Txnrd2 gene is a new target of MTF-1
Our in-silico analysis of the human and murine selenoprotein gene promoters identified
putative MREs in the coding regions and introns of other selenoprotein genes as well ([33] and
our unpublished data). We identified 3 putative MREs for the mouse Txnrd2 gene (Fig. 5A).
To investigate if mouse Txnrd2 is also a target of the MTF-1 transcription factor we examined
mRNA levels of the mouse Txnrd2 in MTF-FLAG and MTF-KO cell lines and performed ChIP
assay in MEF cells with primers specific for the MRE2 and 3 located in the coding region. In
the absence of metal addition, MTF-1 binding was not detected over background levels,
whereas addition of Zn++ increased binding to 2.4 fold above background (Fig. 5B), consistent
with the data observed for mouse and human Selh MREs located in the coding region.

Thus MRE sequences of mouse Selh, human Selh and mouse Txnrd2 located in the coding
region may play differential roles in MTF-1 regulation compared to human MRE1 located in
the 5′ UTR, which is constitutively bound by MTF-1 and this binding is further stabilized by
Zn++ addition.

Identification of MREs in the coding regions or introns of other MTF-1 responsive genes
Our finding of functional MREs in the coding region of the mouse Selh, human Selh and mouse
Txnrd2 genes suggests that MTF-1 regulatory function may also occur through MREs located
in the downstream regions of other genes. A recent study examined the effects of liver-specific
MTF-1 knockout on mRNA expression and response to Cd++ exposure [34]. The study
identified 55 genes that were significantly up or down-regulated, and of these, 20 did not
contain MREs in the promoter regions. We examined the sequences of these 20 genes, and
found putative MREs in sequences downstream of the TSS (Fig. 6A) in 15 of the 20, with
multiple MREs in 7 genes. These include 5 in 5′UTRs, 17 in introns, and 3 in coding regions
(Table 2, and supporting material Table 3). Most of the in silico identified MREs are located
in the region +200 /+400bp relative to the TSS encompassed by the dotted line (Fig. 6A).

To investigate whether MTF-1 interacts with these putative downstream MREs, we carried out
ChIP analysis of three of the genes, Armcx2, Fcgr1 and Usp24b. Strong MTF-1 binding was
seen for the MRE in Armcx2, a high affinity MRE of the MREd type, and for the region in
Usp24b gene containing two adjacent MREs, of the MREc and MREn40 types, while weak
but specific detectable binding was observed with the Fcgr1 MRE, of the MREn40 type.
Melting curve analysis following the real time PCR amplification of Fcgr1 indicated formation
of primer dimers, therefore PCR reactions were analyzed by polyacryalamide gel
elecrtrophoresis (Fig. 6B and 6C). Images of the gel, indicating strong binding to Armcx2 and
Usp24b and faint but specific product for the Fcgr1 PCR amplification, are shown in the middle
panel.

Sequence analysis of the MREs identified in silico in the 15 MTF-1 responsive genes
(Supporting material, Table 3) reveals that 10 of the genes had core sequences identical to
MREn40, suggesting its role in MTF-1 regulation. This sequence was previously reported in
a set of sequences that does not require addition of Zn++ for MTF-1 binding [25].
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Thus, regulation of expression by MREs downstream of TSSs appears to be a potentially
widespread mechanism of MTF-1 regulation.

DISCUSSION
In the present study, we demonstrate that human Selh, mouse Selh and mouse Txnrd2 are new
targets of MTF-1. Our expression studies show that human Selh mRNA levels were reduced
in Zn++ treated HEK-293T and MSTO-211H cells. Interestingly, expression increased in
Zn++ treated WISH cells, indicating cell-type specific regulation of human Selh by Zn++.
Mutational analysis of hMRE1 supported our hypothesis that MTF-1 regulates human Selh
gene expression. We show that mouse Selh mRNA levels decrease dramatically following
introduction of MTF-1 into MTF-1-KO cells. Moreover, following Zn++ treatment, mouse
Selh mRNA levels were reduced in MEF and increased in MTF-1-KO knockout cells,
demonstrating that MTF-1 is involved in regulation of mouse Selh gene expression. Finally,
ChIP assays demonstrate that MTF-1 physically binds to human Selh, mouse Selh and
Txnrd2 MREs.

MREs have previously been identified in the promoter regions of glutathione peroxidase 3 and
selenoprotein W, suggesting a role for MTF-1 in regulating expression of these two
selenoprotein genes [22,34,35]. Selenoprotein W expression is upregulated by metals and
downregulated in MTF-1-KO mice, and MTF-1 has been shown to bind the selenoprotein W
promoter MRE [34]. In this study, we found that MTF-1 represses Selh mRNA levels in
response to metal in several cell lines. Thus MTF-1 could serve as either an activator or
repressor of selenoprotein gene expression.

Previous investigations of MTF-1 target genes focused on validating MREs located
predominantly in promoter regions [18,36,37]. Exceptions to this are the reports of MTF-1
repressing the mouse Slc39a10 and its fly homolog Zip10 genes via MREs located downstream
of the TSS [34,38]. Herein, we report that multiple MREs are located up to 650bp downstream
from the TrSS of the Selh genes in nine species and in the TXNRD2 gene. Further, our
demonstration of functional MREs in the coding regions of the hSelh, mSelh and Txnrd2 genes,
and application of this concept to the other MTF-1 regulated genes, revealed MTF-1 binding
to MREs in the coding regions or introns in Armcx2, Fcgr1 and Usp24b.

Given the role of SELH in sensing and responding to cellular stress, we might have predicted
that its expression would be regulated in response to metals. The repression of Selh mRNA
levels by Zn++ in MEF, HEK-293 and MSTO-211H cells, the upregulation of Selh mRNA
levels by both Zn++ and Cd++ in WISH cells, and the disparate effects of Zn++ and Cd++ in the
ChIP assays suggests that metal regulation of Selh is complex. It is likely that this regulation
is dependent on the cellular redox status or oxidant/antioxidant balance of the cell line. In
addition, nucleocytoplasmic distribution of MTF-1 in a given cell line under basal conditions
will certainly influence metal regulation. Clearly, further investigation will be required to
elucidate the mechanistic details of Selh regulation in response to metals and the contributions
of the individual MREs to Txnrd2 gene regulation by MTF-1.

Rate limiting steps for MTF-1 regulation of target genes include metal-induced nuclear
translocation, activation of DNA binding, and interaction with MREs to form stable MTF-1-
chromatin complexes [26]. In contrast, regulation of gene expression by the RNA Pol II stalling
mechanism provides rapid transcriptional reactivation in response to stimuli. Heat shock and
developmental control genes are well known to be regulated by this mechanism [39-42]. Like
heat shock genes, selenoproteins are also involved in multiple cell defense pathways, and
regulation by Pol II pausing would be beneficial for rapid responses. Given that we showed
MTF-1 regulation via MREs located downstream of the TSS, one can speculate that this
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regulation might be linked to the RNA Pol II stalling mechanism where MTF-1 binding would
possibly contribute to the Pol II stalling.

Recently published data on a Drosophila genome-wide screening for genes regulated by the
Pol II stalling mechanism reveal that two of the three Drosophila selenoproteins, SELK and
SPS2, showed Pol II promoter-proximal enrichment, suggesting that those genes may be
regulated by Pol II stalling [43]. In silico analysis of the Drosophila Selk gene reveals two
putative MREs, one in the intron and one in the coding region, suggesting that Drosophila
Selk is a potential target of MTF-1 regulation as well. Mouse SelK mRNA levels are reduced
by 50% in MTF-KO cells (our unpublished data) supporting involvement of MTF-1 in
regulation of mouse Selk gene expression. In this respect, MTF-1 regulation via the MREs
located downstream of the TSS may contribute to Pol II pausing and serve as a mechanism to
reactivate transcription of Selh and Selk.

Finally, the findings reported herein highlight a new avenue for genome-wide searches to
identify previously unrecognized target genes for MTF-1.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Metal response elements in Selh genes from nine species
A. Position of MREs predicted in the Selh genes from nine species. Genomic DNA from the
indicated species (dashed lines) was analyzed over the region spanning 1000bp upstream and
downstream from the translational start (TrSS) sites, indicated by bent arrows below the dashed
lines. Gray ovals above and below the dashed lines represent predicted MREs on the plus and
minus strand, respectively. Experimentally verified MTF-1 binding sites are marked by
asterisks. MRE type a through f indicates the mouse metallothionein MRE with which the
given MRE shows identity in the core sequence. MREx indicates that those sequences do not
have a corresponding counterpart among the mouse metallothionein MREs. The conserved
MREs located 200–350bp downstream of the TSS are encircled in the vertical box. Scale is
shown at the lower left. B. Predicted MRE sequences in the human Selh gene. MRE1 through
4 predicted in the human Selh gene share identical core sequences (in bold) with MREs from
the mouse metallothionein gene. MRE types are given in parentheses.
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Fig. 2. Human Selh expression is regulated by metals
A. Human Selh mRNA expression was assessed in HEK-293T, MSTO-211H, and WISH cell
lines in the absence (striped bars) or presence (black bars) of heavy metal treatment, as
described in the text and in Table 1. mRNA levels relative to Hprt were analyzed by real time
PCR (n=3) and are plotted as mean ± SD from 3 experiments. Student’s paired t test was used
for statistical evaluation; (*) indicates P<0.05. B. Wt and mut human MRE1 luciferase
expression vectors introduced into HEK-293T cells were used to evaluate Selh promoter
activity in the absence (striped bars) or presence (black bars) of Zn++. Relative luciferase units
are represented as ratio of firefly luciferase activity driven by Selh promoter fragment to
Renilla luciferase activity from co-transfected control plasmid (pRLSV40). Each value
represents the mean ± standard deviation of four independent transfection experiments, each
performed in triplicate. Asterisks indicate values below the nominal P<0.05 compared to
untreated wt MRE1 construct.
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Fig. 3. Mouse and human Selh genes are new targets of MTF-1
A. MTF-1 binding to the MRE-1 located in the 5′ UTR of the human Selh gene. ChIP assays
were performed on MSTO-211H and HEK-293T cell extracts in the absence or presence of
heavy metal treatment. Black bars represent immunoprecipitation with MTF-1 specific
antibody (MTF-1 Ab) and white bars represent negative control (normal goat serum), indicated
as no Ab. DNA fold enrichment units are normalized against input of total DNA used for
immunoprecipitation and no Ab control. Three independent immunoprecipitations were carried
out, immunoprecipitated MRE-containing DNA was quantified by real time PCR (n=3) and
data are plotted as mean ± SD. B. MTF-1 binding to MREs of mouse Selh coding region was
assessed in MEF cells, as described in the legend for Fig 3A. Quantitation of MTF-1 binding
for mouse MRE1 was evaluated by real time PCR (n=3) and data are plotted as mean ± SD.
C. Gel electrophoresis analysis (4% polyacrylamide -TBE) of the amplification products from
HEK-293T cell ChIP assays in the absence or presence Zn++ addition. Band intensities from
the gel were quantified using Adobe Photoshop software. Percent MTF-1 binding (signal minus
background (no Ab) relative to input) is shown in the table below the gel pictures. Three
independent immunoprecipitations were carried out and a representative of the output data is
shown in this figure.
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Fig. 4. Murine Selh mRNA expression is regulated by metals via MTF-1
A. Mouse Selh mRNA expression was analyzed in MTF-1-KO and MTF-1-FLAG cells in the
absence of added metal. mRNA levels in MTF-1-KO assigned a level of 1.0 and the levels in
MTF-1-FLAG cells were calculated accordingly. B. Mouse Selh expression was assessed in
wild type (MEF) and MTF-1-KO cells in the absence (striped bars) or presence (black bars)
of heavy metal treatment, as described in the text and in Table 1. mRNA levels in untreated
cells were assigned as 1.0 and the levels in Zn++ treatments were calculated accordingly. Three
independent experiments were carried out. Real time PCR data (n=3) are plotted as mean ±
SD. Means of two groups were compared using a student. s t-test and asterisks indicate values
below the nominal P<0.05 compared to no metal addition.
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Fig. 5. Mouse Txnrd2 gene is a new target of MTF-1
A. In-silico analysis of the mouse selenoprotein gene Txnrd2 identified 3 putative MRE
sequences. We analyzed the region spanning 1000bp upstream and downstream from the
translational start site. Gray ovals above and below the dashed lines represent predicted MREs
on the plus and minus strand, respectively. MRE1 through 3 share identical core sequences (in
bold) with MREs from the mouse metallothionein gene. The MRE types are given in
parentheses. B. MTF-1 binding was assessed in MEF cells using primers specific for MRE2
+3 in the absence or presence of heavy metal treatment as described in the text and in the legend
for Fig. 3A. Three independent immunoprecipitations were carried. Immunoprecipitated MRE-
containing DNA was quantified by real time PCR (n=3) and data are plotted as mean ± SD.
C. Mouse Txnrd2 mRNA expression was analyzed in MTF-1-KO and MTF-1FLAG cells in
the absence of added metal. Three independent experiments were carried out. mRNAs levels
relative to Hprt were analyzed by real time PCR (n = 3) and are plotted as mean ± SD. Student’s
t-test was used to evaluate statistical significance (indicated by asterisk) between the two
groups.
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Fig. 6. Downstream MREs are functional in other genes
A. Positions of MREs predicted in 15 non-selenoprotein genes known as targets of MTF-1.
Genomic DNA was analyzed over the region spanning 1000bp downstream from the
transcriptional start sites (TSS). Black ovals above and below the dashed lines represent
predicted MREs on the plus and minus strand, respectively. Experimentally verified MTF-1
binding sites are marked by asterisks. The dotted line encompasses the MREs located 150–
450bp downstream of the TSS. Scale is shown at the lower left. B. MTF-1 binding to predicted
MREs in the murine Armcx2, Fcgr1 and Usp24b genes was assessed in MEF cells in the absence
of heavy metal treatment. Black bars represent immunoprecipitation with MTF-1 specific
antibody (MTF-1 Ab) and white bars represent negative control (normal goat serum), indicated
as no Ab. DNA fold enrichment units for immunoprecipitation and no Ab control are
normalized against input of total DNA used. Three independent immunoprecipitations were
carried out, immunoprecipitated MRE-containing DNA was quantified by real time PCR (n=3)
and data are plotted as mean ± SD. C. Gel electrophoresis analysis (4% polyacrylamide -TBE)
of the amplification products of a representative PCR reaction.
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Table 1

Treatment conditions in RT-PCR, ChIP and luciferase assays.

Cell type Supplementation or treatment Concentrations used Time of treatment Experiment or assay

HEK-293T CdCl2
ZnCl2

10; 20μM
50; 100μM

20 h
20 h

Luciferase

HEK 293T
MSTO-211H

CdCl2
ZnCl2

20μM
100μM

1h* ChIP, mRNA

WISH CdCl2
ZnCl2

20μM
100μM

1h* mRNA

MTF-1 FLAG
MTF-1-KO

CdCl2
ZnCl2

10μM
50μM

30 min* mRNA

*
After the indicated time of treatment media was exchanged to media without metals and incubated for an additional 2 hours prior to RNA isolation.

For ChIP assays this step was omitted.
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Table 2

Novel MREs identified in genes shown to be regulated by MTF-1.

Gene number of MREs Location

Ppap2b 2 5′UTR, 1st intron, 5′UTR+CR

Sult5a1 2 1stintron, CR

Usp24b 2 CR

Gzmb 2 5′UTR, 1st intron

Pkm2 1 1st intron

Armcx2 2 5′UTR, 1st intron

Fcgr1 1 1st intron

Cotl1 1 2nd intron

IL7 2 1st intron

Rxrg 1 5′UTR

Rab7l1 2 1st intron

Gsto1 1 2nd intron

Mrpa 1 1st intron

Ubc 1 1st intron

Lpl 1 1st intron

MRE sequences and additional information are given in Supporting Material Table 3.
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