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Abstract The purpose of this study was to determine
the correlation between the position or number of
metal regulatory elements (MREs) near gene tran-
scriptional or translational start sites, and the strength
of metal response element-binding transcription factor
1 (MTF-1) regulation. A secondary analysis was
performed in silico on published results measuring the
effects of Zn and MTF-1 on transcriptional regulation
of genes (n = 120) in the Caco-2 cell line. MRE
sequence variations throughout the human genome
were sorted using a position weight matrix. Three null
hypotheses (Hy) were tested: (1) there is no correlation
between the number of MREs and MTF-1 transcrip-
tional strength, (2) there is no correlation between the
distance of the MRE upstream from the transcriptional
start site (TSS) and MTF-1 transcriptional strength,
and (3) there is no correlation between the distance of
the MRE downstream from the translational start site
(TrSS) and MTF-1 transcriptional strength. Spearman
correlation was used to test for significance
(p < 0.05). From our results we rejected the first Hy;
we observed a significant correlation between the total
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number of MRE sequences — 7Kbp upstream from the
TSS, within the 5" untranslated region, and + 1Kbp
downstream from the TrSS, versus the strength of
MTF-1 regulation (r = 0.202; p = 0.027). The second
and third H, were accepted. These results expand our
understanding of the role of the MRE in Zn-dependent
gene regulation. The data indicate that Zn influences
the transcriptional control of gene expression beyond
maintaining intracellular Zn homeostasis.
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Introduction

It is estimated that 2800 human proteins or about 10%
of our proteome is composed of metalloproteins that
require zinc (Zn) for biological function, regulation of
activities, or structural purposes (Andreini et al. 2006;
Klug 2010). The large majority of Zn-binding proteins
are involved in the regulation of gene expression, with
the most abundant class being Zn-finger proteins
(Klug 2010). Intracellular Zn homeostasis is con-
trolled through the coordination of Zn with the metal
response element-binding transcription factor 1
(MTF-1), a 72.5 kDa Zn-finger protein in the Cys,.
His, family of transcription factors. MTF-1 has
traditionally been understood in the context of positive

@ Springer


http://orcid.org/0000-0002-1320-7161
http://orcid.org/0000-0002-7531-1730
https://doi.org/10.1007/s10534-018-0115-5
http://crossmark.crossref.org/dialog/?doi=10.1007/s10534-018-0115-5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10534-018-0115-5&amp;domain=pdf
https://doi.org/10.1007/s10534-018-0115-5

640

Biometals (2018) 31:639-646

transcriptional regulation of metallothionein (MT) and
SLC30AI gene product in response to fluctuating
intracellular Zn concentrations, and the resultant
maintenance of Zn homeostasis driven by the expres-
sion of these genes (Stuart et al. 1984; O’Halloran
1993; Langmade et al. 2000; Saydam et al. 2002).
However, the physiological role of MTF-1 is more
wide-ranging. MTF-1 regulates gene expression in
response to metal ion exposure, hypoxia, oxidative
stress, and/or elevated temperature (Andrews 2001;
Lichtlen and Schaffner 2001). Its regulatory effects
have been implicated in the cellular antioxidant
response (Stoytcheva et al. 2010), insulin synthesis
(Huang et al. 2010; Li et al. 2014), growth and
development (Grider et al. 2017), immunity and
inflammation/hypoxia (Cramer et al. 2005; Murphy
et al. 2005, 2008), iron and copper homeostasis
(Selvaraj et al. 2005; Balesaria et al. 2010; Troadec
et al. 2010), and epigenetic histone modification
(Okumura et al. 2011). It has been suggested that
MTF-1 is a master regulator of microRNA (miRNA)
expression, along with c-Myb, NF-Y, Sp1, and AP-2a
(Lee et al. 2007). MTF-1 is also currently a target for
drug discovery and development to treat epileptoge-
nesis (Van Loo et al. 2015), osteoarthritis (Kim et al.
2014), and prion disease (Bellingham et al. 2009).

As the name suggests, MTF-1 binds to the metal
response element (MRE), a cis-regulatory element
which consists of a highly conserved 5'-TGCRCNC-3’
core R=AorG,N = A, C, G, or T) (Giinther et al.
2012b). This seven-nucleotide consensus sequence is
fairly ubiquitous in the genome and occurs over 2
million times (Kearse et al. 2012). The 5 and 3’
flanking regions of the MRE may affect transcriptional
activity (Koizumi et al. 1999), and there is the
potential that a longer sequence beyond the 7-mer
core sequence can alter the affinity and function of
MTF-1 binding to the MRE.

Like many transcription factors, MTF-1 resides in
the cytoplasm and, upon activation, translocates into
the nucleus (Smirnova et al. 2000; Saydam et al.
2001). A domain near the C-terminus of MTF-1
regulates its homodimerization, which is important for
metal-induced transcriptional activity. Interestingly,
although Zn increases the transcriptional activity of
MTF-1, it does not enhance dimerization of MTF-1.
Copper (Cu) activates MTF-1 binding to a lesser
degree than Zn but enhances dimerization more than
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Zn to synergistically enhance gene regulation
(Giinther et al. 2012a).

MTF-1 is conserved across metazoan species and
has been characterized in human (Brugnera et al.
1994), mouse (Andrews et al. 2001), capybara (Lin-
dert et al. 2008), Drosophila melanogaster (Zhang
et al. 2001), pufferfish (Maur et al. 1999), zebrafish
(Hogstrand et al. 2008), trout (Dalton et al. 2000), and
chicken (Laity and Andrews 2007). MTF-1 knockout
mice die in utero around day 14 from liver decay and
edema. It is not known whether MTF-1 has a primary
role in embryonic liver development, or if this is a
cascading effect resulting from impaired cellular
pathways and/or increased sensitivity to heavy metal
content at this stage (Giines et al. 1998; Lichtlen et al.
2001; Wang et al. 2004). It is important to note that
mouse and capybara MTF-1 (mMTF-1) is less sensi-
tive to Zn-induced mMRE binding and subsequent
regulation than human MTF-1 (Brugnera et al. 1994;
Lindert et al. 2008). Interestingly, changing only three
amino acids in the protein sequence of mMTEF-1 to
resemble the human counterpart in the nuclear export
signal of the acidic activation domain will augment its
metal inducibility to nearly match that of human MTF-
1 (Lindert et al. 2009).

MTF-1 may also exhibit preferential binding to the
“N” base in 5'-TGCRCNC-3’ depending on the metal
stimuli. Cadmium treatment in Drosophila genomic
tiling arrays (ChIP-chip) conferred to MTF-1 a
binding preference to a C or T in the “N” position
of the MRE, and Cu treatment gave a preference to G
or A in that position, with little overlap between the
two. Therefore, permutations of the core MRE motif
could function to regulate genes which are expressed
in response to various mineral stimuli other than Zn
(Sims et al. 2012).

Of the six Zn fingers in MTF-1, the N-terminal
fingers 1-4 have a high affinity for both Zn and the
MRE. These fingers bind to the TGCRC side of the
MRE sequence. Fingers 5 and 6 have a weaker affinity
for the MRE and bind to the 3’ end of the sequence.
However, all six fingers contribute to the ability of
MTF-1 to form a complex with the MRE. It has also
been suggested that fingers 5 and 6 can modulate the
specificity and affinity of MTF-1 for the MRE (Labbé
et al. 1991; Chen et al. 1999). MTF-1 exhibits the
highest affinity binding to the sequence 5'-
TGCACTC-3/, labeled MREd (Labbé et al. 1991;
Stoytcheva et al. 2010).
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MTF-1 also exhibits transcriptional regulation
when binding to an MRE downstream from the
transcription start site (TSS) of a gene. Human
selenoprotein H (SELENOH) is downregulated by
the action of MTF-1 binding to an MRE in the 5’
untranslated region (UTR) of the gene, 92 base pairs
(bp) upstream from its translational start site (TrSS)
(Stoytcheva et al. 2010). Similarly, an MRE within the
first exon was shown to be responsible for downreg-
ulation of ZIP10 (SLC39A10) in zebrafish (Zheng et al.
2008). This upstream regulation by MTF-1 may be
related to the RNA polymerase II stalling mechanism
in genes which require rapid transcriptional response
in cells (Muse et al. 2007). However, the relevancy of
transcription factors binding to exonic regulatory
elements is not clear, and it is currently a subject of
debate whether this binding is passive and nonfunc-
tional, or if it can contribute to recruitment of the
transcription machinery (Stergachis et al. 2013; Xing
and He 2015; Agoglia and Fraser 2016).

The purpose of this study was to determine whether
the number or location of MRE are correlated with the
degree of Zn-dependent transcriptional regulation as
mediated through MTF-1. Three null hypotheses (Hy)
were tested: (1) there is no correlation between the
number of MREs and MTF-1 transcriptional strength,
(2) there is no correlation between the distance of the
MRE upstream from the transcriptional start site and
MTF-1 transcriptional strength, and (3) there is no
correlation between the distance of the MRE down-
stream from the translational start site and MTF-1
transcriptional strength. The results from this study
will further our understanding of the role of Zn in
transcriptional regulation of gene expression, as well
as in other Zn-dependent cellular, biochemical and
physiological processes.

Materials and methods

All analyses were performed using the human hg38
genome assembly (Dec. 2013, Genome Reference
Consortium GRCh38). A search was performed to
determine the genomic positions of the MRE consen-
sus sequence with five bases added to the 5" and 3’ ends
(5’-nnnnnTGCRCNCnnnnn-3’) (Geneious; v10.2.3)
(Kearse et al. 2012). The resulting sequences
(n = 2,214,485) were applied to a position weight
matrix for analysis (R v3.4.3; seqLogo v1440) (Fig. 1)
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Fig. 1 Sequence logo of the genome-wide instances of
TGCRCNC with five free bases on either side (5'-
nnnnnTGCRCNCnnnnn-3'). There is a strong preference for A
in the “R” position and a preference for T in the “N” position.
The sequence made by the predominate base at each position
coincides with the most commonly occurring 7-mer MRE
sequence in the genome, TGCACTC, and the most common
17-mer sequence, GCCACTGCACTCCAGCA

(Schneider and Stephens 1990; Bembom 2017). Chi
square analysis using Excel CHISQ.DIST was used to
determine significance (p < 0.05) at each position
(Table 1).

The genes that were analyzed in this investigation
were obtained from Hardyman et al. (2016) which
identified 120 protein coding genes within the Caco-2
human colonic adenocarcinoma cell line whose
expression were affected by cellular Zn status and
the presence/absence of MTF-1. Expression of these
genes was defined as a ratio for the effect of MTF-1 on
their expression: [downregulation (< 1); upregulation
(> 1); no effect (1)] (Hardyman et al. 2016). The
“absolute strength” of MTF-1 effect, controlling for
direction of regulation, is defined as the absolute value
of one minus the expression ratio, and was determined
using the following formula:

Strength of MTF-1 effect on gene expression (directional)
__ fold change with control siRNA(MTEF-1 available)
fold change with MTF-1 siRNA(without MTF-1)
Absolute strength of MTF-1 effect on gene expression
fold change with control siRNA(MTF—1 available)
fold change with MTF-1 siRNA (without MTF-1)

A recent study reported that MTF-1 transcriptional
regulation also occurs when an MRE is located
downstream of the gene TrSS (Stoytcheva et al.
2010). Our search range in base pairs was chosen
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Table 1 Position weight matrix of all instances of nnnnnTGCRCNCnnnnn in the human genome (n = 2,214,485)

Base Position
1 2 3 4 5 6 7 8 9@R) 10 11 12 13 14 15 16 17
M G © © ™ ©
A 0.309 0.134 0.199 0.487 0.186 0 0 0 0.889 0 0.273 0 0.300 0.439 0.195 0.182 0.229
C 0.129 0.508 0.479 0.175 0490 O 0 1 0 1 0.218 1 0.455 0.177 0.214 0.493 0.464
G 0.391 0.151 0.151 0.165 0.154 0 1 0 0.111 0 0.056 0 0.069 0.171 0.437 0.124 0.146
T 0.171 0.207 0.171 0.173 0.170 1 0 0 0 0 0453 0 0.176 0.214 0.155 0.201 0.161

based on data from Hardyman et al. (2016) and
Stoytcheva et al. (2010). The Integrative Genomics
Viewer (IGV; v2.3.90) was used to plot all TGCRCNC
sequences that occur within — 7Kbp upstream of the
TSS, as well as within the 5 UTR and + 1Kbp
downstream from the TrSS (Robinson et al. 2011;
Thorvaldsdoéttir et al. 2013). For genes with multiple
MRE sequences, only the closest MRE to the TSS or
TrSS was considered in the distance analyses. Only
MRE sequences on the same DNA strand as the
associated gene were considered. Spearman correla-
tion used to test for significance was performed using
GraphPad Prism (v7.04).

Results

Within the human genome, the ‘R’ and ‘N’ bases
within the MRE consensus core sequence are most
frequently ‘A’ and ‘T, respectively (Fig. 1). The
resultant sequence TGCACTC (MREAJ) is also the
most commonly occurring MRE core sequence in the
genome (Fig. 2). The MRE consensus sequence was
extended by 5 bases in the 5" and 3’ directions; there
are 732,932 permutations of the 17-mer MRE present
in the genome. The most common 17-mer MRE
sequence (10.0% of total) is GCCACTGCACTC-
CAGCC (Fig. 1). The majority of the 17-mer MRE
sequence permutations (72.8%) occur singly in the
genome.

The maximum range upstream for counting the
MRE sequences was determined by searching for the
MRE positions upstream from the TSS of genes;
certain MTF-1-dependent genes within the working
gene list exhibited their first MRE — 7Kbp upstream
from their TSS. The lower position in the range was
determined by searching for the MRE positions
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+ 1Kbp downstream from the TrSS of genes in which
there were no MREs in their 5UTR. This search
strategy took into consideration genes such as
ATP6VIBI and HISTIH2BD which exhibited an ~
20% change in expression following treatment with
the MTF-1 siRNA, yet lacked an MRE either upstream
or in their 5’ UTR. Therefore, the MREs downstream
of their TrSS, + 477 and + 755 bp respectively,
appear to be the most likely candidates as functional
binding sites for MTF-1 (Stoytcheva et al. 2010). The
position of the MRE within KRT17 was > + 1Kbp
upstream from the TrSS, and it exhibited a 0.79-fold
change in expression, however this gene is treated as a
special case (Fig. 3).

There is a significant correlation between the
number of MRE motifs in the region of — 7Kbp from
the TSS to 4+ 1Kbp from the TrSS, versus the absolute
strength of MTF-1 regulation (n = 118, r = 0.205,
p = 0.0260; Table 2). No significant correlations were
observed in null hypotheses 2 or 3 as defined above.

The possibility that a MRE sequence longer than
the 7-mer consensus sequence is more predictive of
MTF-1 transcriptional gene regulation was explored.
A 17-mer MRE, RCCAYTGCACTCYAGCC (R = A
or G, Y=C or T) was used to search — 7Kbp
upstream from the TSS of the 120-gene cohort. This
17-mer sequence is a combination of six of the most
common permutations of the 17-base MRE sequence,
and accounts for 19.5% of the total instances in the
genome. Of the genes identified as actively regulated
by MTF-1, a significant number (n = 63, 52.5%) had
one or more instances of this motif in the range from
— 7Kbp upstream to the TSS [y* (I,
N = 120) = 71.492, p < 0.0001].

Base composition may play a significant role in the
binding affinity of MTF-1 to the MRE. To test this, a
17-base position weight matrix made from MREs
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Fig. 2 Permutations of the
MRE consensus sequence
5'-TGCRCNC-3' in the
human genome. Equivalent
MRE names sometimes
used are given in
parenthesis. TGCACTC or

TeCceCIc2r%  TOCGEACIZON)

(MREc)

TGCGCGC (1.5%)
TGCACGC-4.1%

TGCGCCC-4.5%
(MREa)

TGCACTC-42.7%

MREd, which has been
demonstrated to exhibit the
highest affinity binding to
MTF-1 (Stoytcheva et al.
2010), is also the most
prevalent in the human
genome

TGCACCC-17.3%
(MREb)—__

TGCACAC- 24,3%‘

(MREe)

2845 bp

/ (MREd)

2726 bp

KRT42P

Fig. 3 KRT17 (chr17:41,617,440-41,626,630) exhibits a 0.79-
fold change ratio in MTF-1 control versus knockdown
conditions. Large bars indicate coding sequence regions, dots
indicate MRE positions. There is an MRE 2726 bp downstream

KRT17

from the KRT17 TrSS, and the MRE 2845 bp upstream from the
TSS is in an exon of the neighboring gene, KRT42P. Neither of
these sites conform to currently understood mechanisms for
MTEF-1 binding and regulation

Table 2 Results of Spearman correlation tests comparing distance and quantity of MRE sequences versus the strength of MTF-1

effects on the regulation of associated genes

Spearman correlation test Directional strength MTF-1

Absolute strength MTF-1

n R p (two-tailed) n R p (two-tailed)
Upstream MRE distance 111 — 0.04555 0.6350 111 — 0.07074 0.4606
Downstream MRE distance 50 — 0.07241 0.6173 50 0.1325 0.3591
Total number of MRE instances 118 — 0.06677 0.4725 118 0.205 0.0260?

“There is a significant correlation between the absolute strength of MTF-1 effect on gene expression, defined as

1— fold change with control siRNA(MTF-lavailable)
fold change with MTF-1siRNA (withoutMTF-1)

associated with MTF-1 responsive genes (Table Sla,
856 MREs, 120 genes, “expected”) was compared
against a position weight matrix made from MREs
associated with MTF-1 unresponsive genes
(Table S1b, 153 MREs, 7 genes, “observed”) using

, and the total number of MREs associated with that gene

a Chi squared test at each base position. There are
significant differences in the relative weight of bases at
every variable position in 5’-nnnnnTGCRCNCnnnnn-
3’ excluding “R” [y* (3, N=153)> 7815,
p < 0.05]. However, the two most commonly
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occurring 17-mer MRE sequences throughout the
genome (GCCACTGCACTCCAGCC, ACCACTG-
CACTCCAGCC) remain the first and second most
common MREs in both the responsive and unrespon-
sive sets.

Discussion

MTF-1 functions as an intracellular Zn sensor by
coordinating Zn and binding to the MRE within the
promoters of MT and Zn transporters resulting in their
transcription (Stuart et al. 1984; O’Halloran 1993;
Langmade et al. 2000; Saydam et al. 2002). Several
studies support a role for MTF-1 regulating genes
other than those directly involved with cellular Zn
homeostasis, including as a master regulator of
miRNA gene expression (Andrews 2001; Lichtlen
and Schaffner 2001; Lee et al. 2007). The results of
this study are consistent with those indicating that
MTF-1 is a Zn-dependent transcriptional regulator
beyond MT and intracellular Zn homeostasis. Our
study investigated the target for MTF-1, the MRE, and
defined its prevalence within the human genome as
well as correlating its location and abundance with the
degree of expression in a Caco-2 gene cohort (Hardy-
man et al. 2016).

It has been previously suggested that base differ-
ences in the 5’ and 3’ flanking regions of the MRE core
sequence contribute to the binding affinity of MTF-1
to the MRE, and thus can vary the strength of gene
regulation (Koizumi et al. 1999). The number of
MRE:s in this position analysis of bases was not large
enough from which to draw conclusions, but the
significant differences in base permutations within
MREs of genes that have varied MTF-1 expression
strength and responsivity is a subject of continued
interest and relevance. It was interesting to note the
proximity of MREs in genes shown to have no
regulatory effects from MTF-1 (Table S1b). The
presence of 109 instances of the MRE in the 5’ UTR of
ODZ4, a gene unresponsive to MTF-1 regulation,
raises the question of whether these MREs have any
functional aspect. This discrepancy might be attrib-
uted to the base differences mentioned above. For
example, in ODZ4 the predominant base in the “N”
position of its 109 MREs is A (42.1%, T = 28.6%),
while in the MTF-1 responsive cohort of genes it is
predominately T (40.5%, A = 25.0%).
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For genes which have a nearby MRE but are
unresponsive to MTF-1 regulation, there are other
extraneous factors which could contribute to a lack of
an effect. MTF-1 is hypothesized to form a transcrip-
tional complex with p300 (or CBP) and Spl that is
essential for gene regulation (Ogra et al. 2001; Li et al.
2008). Absence of, or interference with, either of these
factors would likely disturb MTF-1 mediated regula-
tion. MTF-1 also forms cascading regulatory circuits
with miRNAs throughout the genome. For example, in
a feed forward loop MTF-1 can target a gene for
upregulation, while simultaneously upregulating one
or more miRNAs that can post-transcriptionally
suppress the products of that same target gene; this
would appear as a net zero of regulatory effects (Arora
et al. 2013). Although the idea was not explored here,
the 3D structure of DNA can also potentially render
some MREs more or less functional in terms of their
MTF-1 binding and gene regulating capacity (Wor-
inger et al. 2014).

The mechanism of action for MTF-1 binding to the
MRE, and subsequently altering transcription, has yet
to be fully elucidated. However, we have shown that
for alarge (n = 120) cohort of genes actively regulated
by MTF-1, the number of MREs proximal to a gene
affects its transcription. Additionally, not every gene
with an MRE is regulated by MTF-1. There have not
been identified extended MRE sequences that can
definitively alter the function of MTF-1, but we have
presented here a 17-mer sequence that appears in a
significant number of MTF-1 active genes. These
findings can serve to improve predictive analyses for
genes, other than those directly involved with intra-
cellular Zn homeostasis, that are regulated by MTF-1.

Acknowledgements This research was partially funded by the
University of Georgia Experiment Station Hatch Funds (to AG).

References

Agoglia RM, Fraser HB (2016) Disentangling sources of
selection on exonic transcriptional enhancers. Mol Biol
Evol 33:585-590

Andreini C, Banci L, Bertini I, Rosato A (2006) Counting the
zinc-proteins encoded in the human genome. J Proteome
Res 5:196-201

Andrews GK (2001) Cellular zinc sensors: MTF-1 regulation of
gene expression. Biometals 14:223-237

Andrews GK, Kee LD, Ravindra R, Lichtlen P, Sirito M,
Sawadogo M, Schaffner W (2001) The transcription



Biometals (2018) 31:639-646

645

factors MTF-1 and USF1 cooperate to regulate mouse
metallothionein-I expression in response to the essential
metal zinc in visceral endoderm cells during early devel-
opment. EMBO J 20:1114-1122

Arora S, Rana R, Chhabra A, Jaiswal A, Rani V (2013) miRNA-
transcription factor interactions: a combinatorial regulation
of gene expression. Mol Genet Genomics 288:77-87

Balesaria S, Ramesh B, McArdle H, Bayele HK, Srai SKS
(2010) Divalent metal-dependent regulation of hepcidin
expression by MTF-1. FEBS Lett 584:719-725

Bellingham SA, Coleman LA, Masters CL, Camakaris J, Hill
AF (2009) Regulation of prion gene expression by tran-
scription factors SP1 and metal transcription factor-1.
J Biol Chem 284:1291-1301

Bembom O (2017) seqLogo: sequence logos for DNA sequence
alignments. R package version 1.44.0

Brugnera E, Georgiev O, Radtke F, Heuchel R, Baker E,
Sutherland GR, Schaffner W (1994) Cloning, chromoso-
mal mapping and characterization of the human metal-
regulatory transcription factor MTF-1. Nucleic Acids Res
22:3167-3173

Chen X, Chu M, Giedroc DP (1999) MRE-binding transcription
factor-1: weak zinc-binding finger domains 5 and 6 mod-
ulate the structure, affinity, and specificity of the metal-
response element complex. Biochemistry 38:12915-12925

Cramer M, Nagy I, Brian JM, Gassmann M, Michael OH,
Georgiev O, Schaffner W (2005) NF-xB contributes to
transcription of placenta growth factor and interacts with
metal responsive transcription factor-1 in hypoxic human
cells. Biol Chem 386:865-872

Dalton TP, Solis WA, Nebert DW, Iii MJC (2000) Characteri-
zation of the MTF-1 transcription factor from zebrafish and
trout cells. Comp Biochem Phys B 126:325-335

Grider A, Bakre AA, Laing EM, Lewis RD (2017) In silico
analysis of microRNA regulation of bone development:
metal response element-binding transcription factor 1 and
bone signaling pathways. Austin J Nutr Metab 4:1042

Giines C, Heuchel R, Georgiev O, Miiller KH, Lichtlen P,
Bliithmann H, Marino S, Aguzzi A, Schaffner W (1998)
Embryonic lethality and liver degeneration in mice lacking
the metal-responsive transcriptional activator MTF-1.
EMBO J 17:2846-2854

Giinther V, Davis AM, Georgiev O, Schaffner W (2012a) A
conserved cysteine cluster, essential for transcriptional
activity, mediates homodimerization of human metal-re-
sponsive transcription factor-1 (MTF-1). Biochim Biophys
Acta 1823:476-483

Giinther V, Lindert U, Schaffner W (2012b) The taste of heavy
metals: gene regulation by MTF-1. Biochim Biophys Acta
1823:1416-1425

Hardyman JE, Tyson J, Jackson KA, Aldridge C, Cockell SJ,
Wakeling LA, Valentine RA, Ford D (2016) Zinc sensing
by metal-responsive transcription factor 1 (MTF1) controls
metallothionein and ZnT1 expression to buffer the sensi-
tivity of the transcriptome response to zinc. Metallomics
8:337-343

Hogstrand C, Zheng D, Feeney G, Cunningham P, Kille P
(2008) Zinc-controlled gene expression by metal-regula-
tory transcription factor 1 (MTF1) in a model vertebrate,
the zebrafish. Biochem Soc Trans 36:1252—-1257

Huang L, Yan M, Kirschke CP (2010) Over-expression of ZnT7
increases insulin synthesis and secretion in pancreatic -
cells by promoting insulin gene transcription. Exp Cell Res
316:2630-2643

Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M,
Sturrock S, Buxton S, Cooper A, Markowitz S, Duran C,
Thierer T, Ashton B, Meintjes P, Drummond A (2012)
Geneious basic: an integrated and extendable desktop
software platform for the organization and analysis of
sequence data. Bioinformatics 28:1647-1649

Kim JH, Jeon J, Shin M, Won Y, Lee M, Kwak JS, Lee G, Rhee
J, Ryu JH, Chun CH, Chun JS (2014) Regulation of the
catabolic cascade in osteoarthritis by the zinc-ZIP§-MTF1
axis. Cell 156:730-743

Klug A (2010) The discovery of zinc fingers and their applica-
tions in gene regulation and genome manipulation. Annu
Rev Biochem 79:213-231

Koizumi S, Suzuki K, Ogra Y, Yamada H, Otsuka F (1999)
Transcriptional activity and regulatory protein binding of
metal-responsive elements of the human metallothionein-
IIA gene. Eur J Biochem 259:635-642

Labbé S, Prévost J, Remondelli P, Leone A, Séguin C (1991) A
nuclear factor binds to the metal regulatory elements of the
mouse gene encoding metallothionein-I. Nucleic Acids
Res 19:4225-4231

Laity JH, Andrews GK (2007) Understanding the mechanisms
of zinc-sensing by metal-response element binding tran-
scription factor-1 (MTF-1). Arch Biochem Biophys
463:201-210

Langmade SJ, Ravindra R, Daniels PJ, Andrews GK (2000) The
transcription factor MTF-1 mediates metal regulation of
the mouse ZnT1 gene. J Biol Chem 275:34803-34809

LeeJ, Li Z, Brower-Sinning R, John B (2007) Regulatory circuit
of human microRNA biogenesis. PLoS Comput Biol 3:e67

Li B, Cui W, Tan Y, Luo P, Chen Q, Zhang C, Qu W, Miao L,
Cai L (2014) Zinc is essential for the transcription function
of Nrf2 in human renal tubule cells in vitro and mouse
kidney in vivo under the diabetic condition. J Cell Mol Med
18:895-906

Li Y, Kimura T, Huyck RW, Laity JH, Andrews GK (2008)
Zinc-induced formation of a coactivator complex con-
taining the zinc-sensing transcription factor MTF-1, p300/
CBP, and Spl. Mol Cell Biol 28:4275-4284

Lichtlen P, Schaffner W (2001) Putting its fingers on stressful
situations: the heavy metal-regulatory transcription factor
MTF-1. BioEssays 23:1010-1017

Lichtlen P, Wang Y, Belser T, Georgiev O, Certa U, Sack R,
Schaffner W (2001) Target gene search for the metal-re-
sponsive transcription factor MTF-1. Nucleic Acids Res
29:1514-1523

Lindert U, Cramer M, Meuli M, Georgiev O, Schaffner W
(2009) Metal-responsive transcription factor 1 (MTF-1)
activity is regulated by a nonconventional nuclear local-
ization signal and a metal-responsive transactivation
domain. Mol Cell Biol 29:6283-6293

Lindert U, Leuzinger L, Steiner K, Georgiev O, Schaffner W
(2008) Characterization of metal-responsive transcription
factor (MTF-1) from the giant rodent capybara reveals
features in common with human as well as with small
rodents (Mouse, Rat). Short Communication. Chem Bio-
divers 5:1485-1494

@ Springer



646

Biometals (2018) 31:639-646

Maur AAd, Belser T, Elgar G, Georgiev O, Schaffner W (1999)
Characterization of the transcription factor MTF-1 from
the Japanese Pufferfish Fugu rubripes reveals evolutionary
conservation of heavy metal stress response. Biol Chem
380:175-185

Murphy BJ, Kimura T, Sato BG, Shi Y, Andrews GK (2008)
Metallothionein induction by hypoxia involves cooperative
interactions between metal-responsive transcription factor-
1 and hypoxia-inducible transcription factor-lo. Mol
Cancer Res 6:483-490

Murphy BJ, Sato BG, Dalton TP, Laderoute KR (2005) The
metal-responsive transcription factor-1 contributes to HIF-
1 activation during hypoxic stress. Biochem Biophys Res
Commun 337:860-867

Muse GW, Gilchrist DA, Nechaev S, Shah R, Parker JS, Gris-
som SF, Zeitlinger J, Adelman K (2007) RNA polymerase
is poised for activation across the genome. Nat Genet
39:1507-1511

Ogra Y, Suzuki K, Gong P, Otsuka F, Koizumi S (2001)
Negative regulatory role of Spl in metal responsive ele-
ment-mediated transcriptional activation. J Biol Chem
276:16534-16539

O’Halloran T (1993) Transition metals in control of gene
expression. Science 261:715-725

Okumura F, Li Y, Itoh N, Nakanishi T, Isobe M, Andrews GK,
Kimura T (2011) The zinc-sensing transcription factor
MTF-1 mediates zinc-induced epigenetic changes in
chromatin of the mouse metallothionein-I promoter. Bio-
chim Biophys Acta 1809:56-62

Robinson JT, Thorvaldsdottir H, Winckler W, Guttman M,
Lander ES, Getz G, Mesirov JP (2011) Integrative geno-
mics viewer. Nat Biotechnol 29:24

Saydam N, Adams TK, Steiner F, Schaffner W, Freedman JH
(2002) Regulation of metallothionein transcription by the
metal-responsive transcription factor MTF-1—identifica-
tion of signal transduction cascades that control metal-in-
ducible transcription. J Biol Chem 277:20438-20445

Saydam N, Georgiev O, Nakano MY, Greber UF, Schaffner W
(2001) Nucleo-cytoplasmic trafficking of metal-regulatory
transcription factor 1 Is regulated by diverse stress signals.
J Biol Chem 276:25487-25495

Schneider TD, Stephens RM (1990) Sequence logos: a new way
to display consensus sequences. Nucleic Acids Res
18:6097-6100

Selvaraj A, Balamurugan K, Yepiskoposyan H, Zhou H, Egli D,
Georgiev O, Thiele DJ, Schaffner W (2005) Metal-re-
sponsive transcription factor (MTF-1) handles both
extremes, copper load and copper starvation, by activating
different genes. Gene Dev 19:891-896

Sims HI, Chirn G-W, Marr MT (2012) Single nucleotide in the
MTF-1 binding site can determine metal-specific

@ Springer

transcription activation. Proc Natl Acad Sci USA
109:16516-16521

Smirnova 1V, Bittel DC, Ravindra R, Jiang H, Andrews GK
(2000) Zinc and cadmium can promote rapid nuclear
translocation of metal response element-binding tran-
scription factor-1. J Biol Chem 275:9377-9384

Stergachis AB, Haugen E, Shafer A, Fu W, Vernot B, Reynolds
A, Raubitschek A, Ziegler S, LeProust EM, Akey IM,
Stamatoyannopoulos JA (2013) Exonic transcription factor
binding directs codon choice and affects protein evolution.
Science 342:1367-1372

Stoytcheva ZR, Vladimirov V, Douet V, Stoychev I, Berry MJ
(2010) Metal transcription factor-1 regulation via MREs in
the transcribed regions of selenoprotein H and other metal-
responsive genes. Biochim Biophys Acta 1800:416-424

Stuart GW, Searle PF, Chen HY, Brinster RL, Palmiter RD
(1984) A 12-base-pair DNA motif that is repeated several
times in metallothionein gene promoters confers metal
regulation to a heterologous gene. Proc Natl Acad Sci USA
81:7318-7322

Thorvaldsdéttir H, Robinson JT, Mesirov JP (2013) Integrative
genomics viewer (IGV): high-performance genomics data
visualization and exploration. Brief Bioinform 14:178-192

Troadec M-B, Ward DM, Lo E, Kaplan J, De Domenico I (2010)
Induction of FPNI1 transcription by MTF-1 reveals a role
for ferroportin in transition metal efflux. Blood
116:4657-4664

Van Loo KMJ, Schaub C, Pitsch J, Kulbida R, Opitz T, Ekstein
D, Dalal A, Urbach H, Beck H, Yaari Y, Schoch S, Becker
AJ (2015) Zinc regulates a key transcriptional pathway for
epileptogenesis via metal-regulatory transcription factor 1.
Nat Commun 6:8688

Wang Y, Wimmer U, Lichtlen P, Inderbitzin D, Stieger B, Meier
PJ, Hunziker L, Stallmach T, Forrer R, Riilicke T, Georgiev
O, Schaffner W (2004) Metal-responsive transcription
factor-1 (MTF-1) is essential for embryonic liver devel-
opment and heavy metal detoxification in the adult liver.
FASEB J 18:1071-1079

Woringer M, Darzacq X, Izeddin I (2014) Geometry of the
nucleus: a perspective on gene expression regulation. Curr
Opin Chem Biol 20:112-119

Xing K, He X (2015) Reassessing the “Duon” hypothesis of
protein evolution. Mol Biol Evol 32:1056-1062

Zhang B, Egli D, Georgiev O, Schaffner W (2001) The droso-
phila homolog of mammalian zinc finger factor MTF-1
activates transcription in response to heavy metals. Mol
Cell Biol 21:4505-4514

Zheng D, Feeney GP, Kille P, Hogstrand C (2008) Regulation of
ZIP and ZnT zinc transporters in zebrafish gill: zinc
repression of ZIP10 transcription by an intronic MRE
cluster. Physiol Genomics 34:205-214



	Bioinformatic analysis of the metal response element and zinc-dependent gene regulation via the metal response element-binding transcription factor 1 in Caco-2 cells
	Abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Acknowledgements
	References




