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Background: Coordinated gene transcription is essential to zinc homeostasis.
Results:The human ZTRE binds a zinc-responsive transcriptional regulator and is in genes with roles in zinc-related functions.
Conclusion: The cell orchestrates coordinated gene expression through the ZTRE to achieve zinc homeostasis.
Significance:Uncoveringmechanisms that underlie gene responses to fluctuating zinc supply is essential to understanding zinc
homeostasis.

Many genes with crucial roles in zinc homeostasis in mam-
mals respond to fluctuating zinc supply through unknown
mechanisms, and uncovering these mechanisms is essential to
understanding the process at cellular and systemic levels. We
detected zinc-dependent binding of a zinc-induced protein to a
specific sequence, the zinc transcriptional regulatory element
(ZTRE), in the SLC30A5 (zinc transporter ZnT5) promoter and
showed that substitution of the ZTRE abrogated the repression
of a reporter gene in response to zinc.We identified theZTRE in
other genes, including (through an unbiased search) the CBWD
genes and (through targeted analysis) in multiple members of
the SLC30 family, including SLC30A10, which is repressed by
zinc.The functionof theCBWD genes is currently unknown, but
roles for homologs inmetal homeostasis are being uncovered in
bacteria. We demonstrated that CBWD genes are repressed by
zinc and that substitution of the ZTRE in SLC30A10 andCBWD
promoter-reporter constructs abrogates this response. Other
metals did not affect expression of the transcriptional regulator,
binding to the ZTRE or promoter-driven reporter gene expres-
sion. These findings provide the basis for elucidating how regu-
lation of a network of genes through this novel mechanism con-
tributes to zinc homeostasis and how the cell orchestrates this
response.

Genome analysis indicates that between 3 and 10% of all
human genes may code for proteins that bind zinc (1). Zinc is
redox-stable and forms polyhedral coordination complexes
with a variety of ligands, notably histidine and cysteine. These
properties render zinc a unique component of cellular proteins,
where it may play a structural role, typified by the zinc finger
domains of DNA-binding proteins, such as transcription fac-
tors, or contribute to enzyme catalysis. All six major enzyme
classes include zinc-containing proteins. These diverse and
prevalent roles of zinc in biology highlight the importance of
mechanisms to maintain zinc homeostasis, at both the cellular
and whole organism levels. Cellular zinc homeostasis (and
whole-body zinc homeostasis in mammals) is maintained
through mechanisms that include regulating the expression of
genes, such as those encoding transporters responsible for the
flux of zinc across cell membranes and genes encoding the
intracellular zinc-binding protein metallothionein.
Key transcription factors that orchestrate the coordinated

regulation of sets of genes as required to maintain zinc home-
ostasis (e.g. in the context of variation in zinc availability) have
been identified in bacteria, yeast, and higher metazoans. Bacte-
rial zinc-responsive transcription factors have been discovered
within the ArsR-SmtB family of transcriptional derepressors
(reviewed in Refs. 2 and 3), the MerR family of transcriptional
activators (reviewed in Ref. 3), and the Fur family of transcrip-
tional repressors (reviewed in Ref. 3). In Escherichia coli, the
Mer family factor ZntR activates expression of a zinc exporter
of the P1-type ATPase family (4), and the zinc-bound form of
the Fur family transcription factor Zur represses transcription
of a zinc importer of the ABC-type ATPase family (5). The
central player in zinc homeostasis in Saccharomyces cerevisiae,
the transcription factor Zap1, is induced under conditions of
zinc deficiency and induces gene activation upon binding to an
11-bp zinc-responsive element (6) in the promoter regions of
many genes (7), including the high affinity zinc uptake trans-
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porter ZRT1 (8) and the vacuolar zinc exporter ZRT3 (9). In the
case of zinc-dependent alcohol dehydrogenases, Zap1-medi-
ated transcriptional repression under conditions of zinc limita-
tion is achieved through induction of an intergenic transcript
that displaces a transcriptional activator (10) and, for the
uptake transporter ZRT2, by binding to a non-consensus zinc-
responsive element at a transcriptional start site (11). Tran-
scriptional control of the expression of proteins, including zinc
transporters, appears to play amajor role in zinc homeostasis in
plants (reviewed in Refs. 12 and 13), andArabidopsis transcrip-
tion factors essential in determining the appropriate response
to zinc deficiency, with orthologs in other plant species, were
identified recently (14).
In higher animals, the increased transcription of genes in

response to higher levels of zinc availability can be mediated
through binding of the transcription factor MFT1 (metal
response element (MRE)3-binding transcription factor 1) to
copies of the MRE in the promoter region. Mouse metallothoi-
nein-1 and -2 genes (Mt1 and Mt2) and the gene for the zinc
transporter ZnT1 (Slc30a1), responsible for the efflux of zinc
across the plasma membrane, are up-regulated transcription-
ally through this mechanism (15, 16). Like yeast Zap1, MTF1
can also act in a repressive role. In mice, the zinc transporter
Zip10 (Slc39A10 gene) is repressed at the transcriptional level
by MTF1 binding to an MRE downstream of the transcription
start site (17), and MREs clustered in an intronic region of the
zebrafish slc39a10 gene mediate transcriptional repression
from one of two oppositely regulated alternative promoters
(18). Repression of the human Selh gene in response to zinc is
also mediated through MTF1 (19). Speculatively, these con-
trasting effects of MTF1 may involve the formation of co-acti-
vator complexes with different accessory proteins. MTF1-me-
diated activation at the Mt1 promoter was shown to require
MTF1 in a complex with the transcription factor Sp1 and the
histone acetyltransferase p300/CBP and was reduced by siRNA
knockdown of p300/CBP. In contrast, p300/CBP knockdown
did not affect MTF1-mediated activation of the mouse Slc30a1
(ZnT1) gene (20), demonstrating the principle that MTF1 can
work in partnership with different protein factors in transcrip-
tional complexes. However, mutation of the consensus MRE
sequence in a zinc-repressed promoter-reporter construct
based on the upstream region of the gene SLC30A5, coding for
the human zinc transporter ZnT5, failed to abolish zinc-in-
duced transcriptional repression in transfected human intesti-
nal Caco-2 cells (21), indicating a mechanism of zinc-respon-
sive transcriptional regulation independent of MTF1. KLF4
(Krüppel-like factor 4) appears to have a role in regulation of
the zinc transporter Zip4 (gene Slc39a4) in mouse intestine, as
indicated by observations including zinc-sensitive binding of
KLF4 to a region of the promoter in vitro, the requirement for a
KLF4 binding sequence in a Zip4 promoter-reporter construct
for effects of zinc on reporter gene expression, and curtailment
of Zip4 induction by zinc limitation in a mouse intestinal cell
line by KLF4 knockdown (22). We detected no potential bind-

ing sites for KLF4 in the SLC30A5 promoter using Genomatix
software (23), as used initially to reveal the potential for regu-
lation of Zip4 by KLF4 in the aforementioned study. Therefore,
description of the processes responsible for zinc-regulated
transcription to maintain zinc homeostasis in higher animals
remains incomplete.
ZnT5 exists as two major splice variants. Variant A is local-

ized to the Golgi apparatus (21, 24), where it appears to be
involved in the delivery of zinc to enzymes entering the secre-
tory pathway (25, 26). Expression of variant B at the plasma
membrane in intestinal cells (21, 27) (as well as expression in
the ER in various cell lines (28)) and evidence for bidirectional
function (29) indicate possible roles in systemic zinc homeosta-
sis through uptake from and efflux into the intestinal lumen.
Reduced expression in human intestinal mucosa in response to
a daily zinc supplement (30) is consistent with such a role, and
effects of dietary zinc on expression in mouse placenta may
reflect a similar function with respect to maintenance of fetal
zinc homeostasis (31).
We describe here identification of the binding site in the

SLC30A5 promoter responsible for zinc-induced transcrip-
tional repression, which we name the zinc transcriptional reg-
ulatory element (ZTRE), to which a protein factor whose
expression is increased under conditions of increased zinc
availability binds in a zinc-dependentmanner. This work led us
to discover the presence of the same regulatory element in the
human SLC30A10 promoter and also in the CBWD genes,
which code for themammalian homologs of a family of proteins
for which roles in metal homeostasis in bacteria and multiple
eukaryotic phyla are being uncovered.We thus present the first
direct evidence for a transcriptional regulatory process inde-
pendent of MTF1 that operates in mammalian cells to repress
transcription of multiple genes with diverse functions in
response to increased zinc availability.

EXPERIMENTAL PROCEDURES

Plasmid Constructs—Generation of the SLC30A5 promoter-
reporter construct (pBlueSLC30A5prom), including the region
of the gene �950 to �50 relative to the start of transcription in
the plasmid pBlue-TOPO (Invitrogen), was described previ-
ously (21). Regions upstream of and including a region of the
5�-UTR of the humanCBWD1 and SLC30A10 genes (�1073 to
�99 and �680 to �262 relative to the start of transcription,
respectively) were generated from human (Caco-2) genomic
DNA by PCR. The CMV promoter sequence was amplified by
PCR from the plasmid pcDNA3.1 (Clontech). ZTRE insertions
were added to theCMVpromoter sequence in pcDNA3.1 using
a PCR-based strategy based on amplification from a pair of
primers incorporating the required insertions as a comple-
mentary overlap at the 5�-ends to generate a linear product
corresponding to the full-length plasmid (plus ZTRE inser-
tions). The (methylated) template was then digested using
the methylation-dependent restriction endonuclease DpnI
(Fermentas Life Sciences), and then the product was circular-
ized usingT4DNA ligase (Promega) before transformation into
E. coli for plasmid purification. The CMV promoter plus ZTRE
inserts was then amplified by PCR from this construct. Prod-
ucts were subcloned into the plasmid pBlue-TOPO to generate

3 The abbreviations used are: MRE, metal response element; IRD, infrared dye;
ZTRE, zinc transcriptional regulatory element; CBP, CREB-binding protein;
CREB, cAMP-responsive element-binding protein.
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plasmids pBlueCBWDprom, pBlueSLC30A10prom, pBlue-
CMVprom, and pBlueCMVpromMUT, respectively. The insert
in each construct was sequenced to confirm fidelity with the
corresponding sequence in the human genome and to confirm
the addition of the ZTREs to pBlueCMVpromMUT. A PCR-
based strategy was used to introduce substitutions into the
ZTRE sequence in pBlueSLC30A5prom, pBlueCBWDprom,
and pBlueSLC30A10prom. Each promoter region was ampli-
fied from genomic (Caco-2) DNA (for SLC30A10) or from the
corresponding wild-type promoter-reporter construct (for
pBlueSLC30A5prom and pBlueCBWD1prom) as two sections
that overlapped in the region including the ZTRE. The reverse
primer used to generate the 5�-section of the product and the
forward primer used to generate the 3�-section of the pro-
duct included the substituted sequence. After purification
(QIAquick gel extraction kit, Qiagen), the products of these
reactions were diluted 1:10 and used together as template for a
third PCR, using only the outermost primers (0.5 �M each) to
generate the region of promoter sequence with the ZTRE sub-
stituted. PCRs contained HotStart TaqMastermix (Qiagen) or
(for the reaction to add ZTREs to the CMV promoter in
pcDNA3.1) the Expand LongTemplate PCR System (plusman-
ufacturer’s buffer) (Roche Applied Science) and each primer at
0.5 �M. All primer sequences and thermal cycling parameters
are listed in supplemental Table S1. Products were subcloned
into pBlue-TOPO (to generate pBlueSLC30A5promMUT,
pBlueCBWD1promMUT, and pBlueSLC30A10promMUT) and
sequenced to confirm introduction of the required substitution
and fidelity of the rest of the sequence. A plasmid construct for
expression of human CBWD3 with a C-terminal Myc/FLAG
epitope tag (pCMV6Entry-CBWD3) was purchased from Ori-
gene. For transfection ofCaco-2 cells, all plasmidswere purified
from transformed cultures of E. coli TOP10 (Invitrogen) using
the Endofree PlasmidMaxi Kit (Qiagen), according to theman-
ufacturer’s instructions.
Cell Culture, Transfection, and Treatment with Metals—

Caco-2 and CHO cells, obtained from ATCC, were grown on
plastic and maintained at 37 °C in 5% CO2 in air in Dulbecco’s
modified Eagle’s medium (DMEM; Sigma) containing Glu-
tamax plus 4.5 g/liter glucose, supplemented with 10% fetal calf
serum, 1%non-essential amino acids, and 60�g/ml gentamycin
(all from Sigma). Cells were propagated by reseeding after
removal of the adherent monolayer and cell separation by
digestion with trypsin, as described previously (27). For trans-
fection, cells were seeded into 6-well plates at a density of 3.5�
105 cells/well and transfected 24 h later using Genejamer rea-
gent (Stratagene), according to the manufacturer’s instruc-
tions, and using 2 �g of plasmid construct and 4 �l of transfec-
tion reagent per well, as described previously (21). Treatment
withmetals was either 24 h post-transfection or, for non-trans-
fected cells, 72 h after seeding (when cells were confluent), as
reported previously (21). Metals were added to serum-free cul-
ture medium from 1000� stock solutions (ZnSO4, ZnCl2,
CuSO4, CoCl2, MgCl2, or NiCl2), and cells were incubated in
this medium for 24 h.
Reporter GeneAssay—Cell lysates were prepared by the addi-

tion of 250mMTris-HCl (pH 7.4), 0.25% (v/v)Nonidet P-40, 2.5

mM EDTA and then freezing at �20 °C for 30 min and thawing
to room temperature before scraping cells off of the plastic and
centrifuging themixture to remove debris. The activity of�-ga-
lactosidase was measured as absorbance at 560 nm due to
release of chlorophenol red from the substrate chlorophenol
red-�-D-galactopyranoside, as described previously (21). Mea-
surements were expressed relative to protein concentration of
the lysate, measured using Bradford reagent (Bio-Rad) against
standards of BSA.
Electrophoretic Mobility Shift Assay (EMSA)—An infrared

dye (IRD)-labeled probe corresponding to the SLC30A5 pro-
moter (�156 to �46 relative to the transcription start site) was
generated from the plasmid pBlueSLC30A5prom in a PCR
(HotStart Taq Mastermix, Qiagen) using thermal cycling
parameters and primers (0.5 �M each) with an attached 5�-IRD
molecule (Eurofins MWG Operon) as specified in supplemen-
tal Table S1. Double-stranded DNA oligonucleotide competi-
torswere prepared from single-strandedDNAoligonucleotides
(Eurofins MWG Operon), listed in supplemental Table S2, by
heating a 100 �M concentration of each oligonucleotide in 50
mM Tris-HCl (pH 7.5), 200 mM NaCl, 50 mM EDTA (final
volume of 40 �l) at 96 °C for 10 min in a heating block that
was then allowed to return to room temperature, to achieve
slow cooling of the mixture and annealing of the complemen-
tary oligonucleotides. An IRD-labeled oligonucleotide probe
including the Oct1 binding sequence was prepared in the same
way from oligonucleotides labeled at the 5�-end with IRD. To
prepare nuclear extracts, cells were scraped off the plastic into
ice-cold PBS and centrifuged at 4 °C at 1500 � g for 5 min. The
pellet was resuspended in 1 ml of cold lysis buffer (10 mM

HEPES (pH 7.9), 1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT, 25%
glycerol, 0.1% (v/v) Nonidet P-40, 1� EDTA-free protease
inhibitor mixture (Roche Applied Science)) and incubated on
ice for 15 min. Cells were centrifuged at 4 °C at 3000 � g for 5
min, supernatant fluid was discarded, and the pellet was resus-
pended in 500 �l of nuclear extract buffer (20 mM HEPES (pH
7.9), 1.5mMMgCl2, 400mMKCl, 0.5mMDTT, 25%glycerol, 1�
EDTA-free protease inhibitor mixture (Roche Applied Sci-
ence)). The reaction was incubated on ice for 30 min and cen-
trifuged at 4 °C at 15,000 � g for 15 min. The supernatant fluid
was collected and stored at �80 °C. All reagents used in the
binding reaction were purchased from LiCor Biosciences as
part of the Odyssey Infrared EMSA kit. The binding reaction
(total volumeof 20�l) consisted of 14�l of ultrapurewater, 2�l
of 10� Binding Buffer, 2 �l of 25mMDTT plus 2.5% Tween 20,
1 �l of 1 �g/�l poly(dI-dC), 1 �l of 50 nM IRD end-labeled
probe, and 5 �g of nuclear protein extract. Oligonucleotide
competitors were included at a 200� molar excess. The reac-
tion was incubated at room temperature for 20–30 min in the
dark, and then 2�l of 10�Orange Loading Dye was added, and
the reaction was loaded onto a Criterion precast non-denatur-
ing gel (5% Tris-HCl, 15% polyacrylamide; Bio-Rad). Before
loading, the gel was prerun at 80 V in 0.5% TBE buffer. Electro-
phoresis was at 100 V for 90 min, and the image was captured
using the Odyssey Infrared Imaging System.
Quantitative RT-PCR—RNAwas prepared fromCaco-2 cells

using TRIzol reagent (Invitrogen), and integrity was confirmed
using an Agilent 2100 bioanalyzer. RNA was treated with
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DNase (Roche Applied Science; according to the manufactur-
er’s instructions), and then first-strand cDNA synthesis was
carried out using Superscript III RNase H� reverse transcrip-
tase (Invitrogen) and random hexamer primers (Promega), fol-
lowing the manufacturer’s instructions. Relative levels of
CBWD and GAPDH mRNA were measured using the Roche
Lightcycler 480 and SYBR Green I Master Mix (Roche Applied
Science) with 20-�l reactions set up in a 96-well format con-
taining 0.5 �M each primer, as listed in supplemental Table S1
and 1 �l of a 4-fold dilution of the reverse transcription reac-
tion. Ct values were converted to the equivalent dilution of
reverse transcription reaction as determined from a standard
curve plotted from serial 2-fold dilutions.
RT-PCR (End Point)—First strand cDNA synthesis from

RNA provided as the FirstChoice Human Total RNA Survey
Panel (Ambion) was as above. End point PCR was carried out
using HotStart Taq Mastermix (Qiagen) with primers (0.5 �M

each) and thermal cycling parameters as specified in supple-
mental Table S1. Products were detected by agarose gel electro-
phoresis (2% in TBE, stained with ethidium bromide).
Western Blotting—Total soluble protein from CHO cells was

prepared by scraping cells into ice-cold PBS containing 1�
EDTA-free protease inhibitormixture (RocheApplied Science)
and then collecting by centrifugation and resuspending in 100
mM NaCl, 10 mM Tris-HCl, pH 7.5, 1 mM EDTA, and 1�
EDTA-free protease inhibitor mixture (Roche Applied Sci-
ence). Protein concentration was determined against BSA
standards using Bradford reagent (Bio-Rad). Proteins were sep-
arated according to molecular weight by SDS-PAGE using
12.5% polyacrylamide gels and transferred by semidry blotting
onto PVDFmembrane (Amersham Biosciences Hybond-P, GE
Healthcare). Membranes were incubated overnight at 4 °C in
blocking buffer (5% milk powder and 0.05% (v/v) Tween 20 in
1� PBS), and then primary antibody (mouse anti-FLAGmono-
clonal (F1804, Sigma)) was applied in blocking buffer at a
dilution of 1:2000 for 1 h at room temperature. After washing
membranes in 0.05% Tween in 1� PBS, alkaline phosphatase-
conjugated secondary antibody (anti-mouse horseradish per-
oxidase conjugate (A2554, Sigma)) was applied at a dilution of
1:20,000 in blocking buffer for 1 h at room temperature. Mem-
braneswere developed afterwashing in 0.05%Tween in 1�PBS
using Amersham Biosciences ECL reagent (GE Healthcare),
and signals were captured on autoradiographic film.

RESULTS

Discovery That a Zinc-induced Nuclear Protein Binds to the
Zinc-regulated SLC30A5 Promoter—We demonstrated previ-
ously that transcriptional repression of the SLC30A5 promoter
in response to 100 or 150 �M compared with 3 �M extracellular
zinc was retained in a �-galactosidase reporter construct
including bases �154 to �50 relative to the end of the 5�-UTR
in the cDNA sequence NM_022902 (21). We used EMSAs to
investigate the binding to this promoter sequence of protein
factors fromextracts ofCaco-2 cells cultured for 24 h at 3 or 150
�M extracellular zinc. The SLC30A5 promoter region (�156 to
�46, relative to the transcription start site) was generated by
PCR to incorporate an IRD label by the use of IRD-labeled
primers and was electrophoresed through native 5% polyacryl-

amide gels in the presence or absence of the Caco-2 protein
extracts. Bands representing probe whosemobility through the
gel was retarded by the presence of the protein extract were
observed upon IRD excitation (Fig. 1A). The predominant band
was clearly of greater intensity when the probe was incubated
with extract prepared from Caco-2 cells grown at 150 �M com-
pared with 3 �M extracellular zinc. This band was not visible
when an excess of unlabeled probe was included in the binding
reaction. Together these observations demonstrate specific
binding to the probe of a protein factor more abundant in the
nucleus of Caco-2 cells at 150�Mextracellular zinc than at 3�M

extracellular zinc. Densitometric quantification of nine inde-
pendent analyses indicated an increase in band intensity of 2.2-

FIGURE 1. EMSA to reveal an increase in the abundance of a protein in
Caco-2 cells binding upstream of the start of transcription in the
SLC30A5 gene upon treatment with 150 �M compared with 3 �M extra-
cellular zinc. A, an IRD-labeled probe (50 fmol), corresponding to the region
�156 to �46 of the SLC30A5 gene, was electrophoresed through a non-de-
naturing 5% polyacrylamide gel, either before or after incubation with 5 �g of
nuclear extract from Caco-2 cells treated with either 3 �M or 150 �M zinc and
in the absence or presence of an excess (200-fold) of unlabeled probe, as
indicated. The arrow indicates the position of the major band representing
probe bound to proteins in the cell extracts. Data are three representative
analyses from a total of nine. B, the intensity of the major band in each of the
data sets for the 150 �M zinc concentration, determined using UviPhotoMW
image analysis software, was expressed as a percentage of the corresponding
band at the 3 �M zinc concentration and plotted as mean � S.E. (error bars) for
the two different zinc concentrations, as indicated; n � 9; **, p � 0.01 by
Student’s unpaired t test. C, an IRD-labeled oligonucleotide probe (50 fmol)
including the Oct-1 binding site was electrophoresed through a non-dena-
turing 5% polyacrylamide gel, either before or after incubation with 5 �g of
Caco-2 cell lysate from cells treated with either 3 or 150 �M zinc, as indicated.
Equal intensity of the major band (indicated by the arrow) at both zinc con-
centrations confirms the use of equal quantities of protein in the EMSA
analyses.
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fold (p� 0.01) at 150�M comparedwith 3�M extracellular zinc
(Fig. 1B). We excluded the possibility that the difference in
band intensity was an artifact of the use of unequal quantities of
protein from the two samples, which was standardized on the
basis of quantification against BSA using Bradford reagent, by
carrying out duplicate analyses in which the SLC30A5 pro-
moter probe was replaced with a double-stranded IRD-labeled
oligonucleotide probe including the Oct-1 binding sequence
(TGTCGAATGCAAATCACTAGAA; Oct-1 binding site
underlined). No difference in band intensities between the two
samples (3 and 150 �M zinc) was observed with this probe
sequence, confirming that equal quantities of proteinwere used
to detect binding to the SLC30A5 promoter probe sequence
(Fig. 1C).
Identification of the Binding Site of the Zinc-induced Nuclear

Protein in the SLC30A5 Promoter—Weused a series of overlap-
ping double-stranded oligonucleotides, each 50 bp in length
and overlapping by 20 bp (Fig. 2A), to map the position of the
binding site for this zinc-regulated protein factor through com-
petition for the binding site on the probe sequence, detected by
EMSA. All oligonucleotides were added in a 200-fold excess
relative to the labeled probe sequence.Oligonucleotide�124 to
�75 was the most effective in inhibiting binding of the protein
factor to the labeled probe sequence (Fig. 2,B andC), indicating
that the site of protein binding is within this sequence. Inspec-
tion of the corresponding sequence revealed a 7-(2)-7 palin-
dromic sequence (CACTCCC(CC)GGGAGTG; 7-bp palin-
dromes underlined) corresponding with positions �91 to �76
bp upstream of the predicted start of transcription (end of the
5�-UTR). We refer to this palindromic sequence as the ZTRE.
Random mutation of the ZTRE (to GGTAGCC(CC)GG-
GAGTG) in the double-stranded competitor abolished compe-
tition for protein binding with the labeled probe sequence, as
detected by EMSA (Fig. 2, B and C), confirming that this is the
binding site of the zinc-regulated protein factor. The test com-
petitor that overlapped in the 3� region with this oligonucleo-
tide (�94 to �45) also included the ZTRE sequence but com-
peted less effectively with the probe for protein binding,
indicating that the context of ZTRE is important. A possible
interpretation of this observation is that sequences 5� of the
ZTRE in SLC30A5 may also be involved in binding of the reg-
ulatory protein factor, possibly through interactions with other
proteins within a complex.
To determine if binding of the zinc-regulated protein factor

to the ZTRE mediates the observed zinc-induced transcrip-
tional repression of SLC30A5 promoter-reporter constructs
that we reported previously (21), we replaced the ZTRE
sequence in the SLC30A5 promoter-reporter construct
pBlueSLC30A5prom (with the random sequence TCAGGAT-
CC-CATTCAA) to generate pBlueSLC30A5promMUT and
measured the response of both constructs to increasing the
extracellular zinc concentration ofCaco-2 cells transfected 24 h
previously from 3 to 100�M. Transcription of the �-galactosid-
ase reporter gene was no longer suppressed at the higher zinc
concentration in the construct lacking the ZTRE (Fig. 3), dem-
onstrating that the ZTRE mediates this response.
An element including five copies of the ZTRE sequence

(CACTCCCCCGGGAGTGTTCACTCCCCACACTCCCCC-

GGGAGTG) was incorporated into the CMV promoter in a
promoter-reporter plasmid construct to determine if the addi-
tion of this regulatory element was sufficient to confer tran-
scriptional repression in response to zinc. The unmodified con-
struct comprised bases 541–1128 of the CMV promoter
sequence, deposited as GenBankTM entry X03922, upstream of
the �-galactosidase reporter gene in the vector pBlue-TOPO
(Invitrogen); the ZTRE element was introduced between bases
952 and 953. Although our preliminary measurements pre-
dicted that the unmodified CMVpromoter would be refractory
to regulation by zinc, we observed an unexpected significant
increase in activity of this promoter in response to 100 �M

zinc in transiently transfected Caco-2 cells (Fig. 4). However,
there was a significant difference between activity of the
unmodified CMV promoter and activity of the CMV pro-
moter into which the ZTREs were incorporated when cells
were exposed to 100 �M zinc, such that the apparent zinc
responsiveness of the unmodified CMV promoter was atten-
uated to a non-statistically significant level by the addition of
the ZTRE sequences (Fig. 4). These observations are consis-
tent with the addition of the ZTRE resulting in transcrip-
tional repression at elevated zinc concentrations that
opposed transcriptional activation mediated through other
(unidentified) zinc-responsive elements.
Investigation of the Requirement for Zinc to Permit Binding of

the Nuclear Protein to the ZTRE—To investigate if the binding
interaction between the zinc-induced protein that binds to the
ZTRE in the SLC30A5 promoter is affected by zinc availability,
we used EMSA to investigate the effect of removal of available
zinc by the addition of the zinc chelator 1,10-phenanthroline to
the binding reaction. Binding between the probe and protein
was no longer detected under these conditions butwas restored
progressively upon the addition of increasing concentrations of
excess zinc to the binding reaction in the presence of the chela-
tor, demonstrating that the binding interaction is sensitive to
zinc availability (Fig. 5).
Refinement of the ZTRE Sequence—To investigate flexibility

within the ZTRE with respect to base substitution, we used a
series of double-stranded oligonucleotide competitors in the
EMSA binding reaction into which we incorporated sequential
substitutions at each position of the palindrome (making the
equivalent change in both halves). Typical results are presented
as Fig. 6. This approach indicated that binding of the proteinwe
detect requires an invariant C at positions 1, 3, 5, and 6 but that
there is some degeneracy at positions 2, 4, and 7, such that a
likely functional ZTRE can be specified as C(A/C)C(T/A/
G)CC(C/T)Nn(G/A)GG(A/T/C)G(T/G)G, including only one
of the allowed base substitutions (simultaneously in both halves
of the palindrome). It is likely that flexibility in both sequence
and length is permitted in the region linking the two halves of
the palindrome. We tested additional double-stranded oligo-
nucleotides as competitors with the EMSA probe for protein
binding, and in these, we incorporated each of the allowed sub-
stitutions in pairwise combinations (again, simultaneously in
both halves of the palindrome). None of these oligonucleotides
retained the ability to competewith the probe for binding to the
protein factor. Thus we conclude that, based on current data,
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FIGURE 2. EMSA to identify double-stranded oligonucleotides that compete with the DNA sequence upstream of the start of transcription in the
SLC30A5 gene for binding of a zinc-induced nuclear protein. A, relationship to the SLC30A5 promoter sequence used as the probe in EMSA of 50-bp
double-stranded oligonucleotides tested as competitors for protein binding. The arrow indicates the start of transcription. The ZTRE sequence is highlighted.
B, an IRD-labeled probe (50 fmol), corresponding to the region �156 to �46 of the SLC30A5 gene, was electrophoresed through a non-denaturing 5%
polyacrylamide gel after incubation with 5 �g of nuclear extract from cells treated with either 3 or 150 �M zinc and in the absence or presence of specific,
double-stranded oligonucleotides (200-fold excess), as indicated. The arrow indicates the position of the major band representing probe bound to proteins in
the cell extracts. In the oligonucleotide �1243 �75MUT, the ZTRE sequence (CACTCCC-CC-GGGAGTG) was mutated to the random sequence GGTAGC-
C(CC)GGGAGTG. C, the intensity of the major band for the 150 �M zinc concentration (as in B; determined using UviPhotoMW image analysis software) in the
presence of specific oligonucleotide competitors (200-fold excess), as indicated, was expressed as a percentage of the corresponding band in the absence of
competitor and plotted as mean � S.E. (error bars). n � 23 for no added oligonucleotide; n � 18 for oligonucleotide �1243�75; n � 13 for oligonucleotide
�1243�75MUT; **, p � 0.01 by one-way analysis of variance followed by Bonferroni’s multiple comparison test.
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the ZTRE as described above cannot be refined further. All of
the oligonucleotides used in these experiments are listed in sup-
plemental Table S2.

Identification of Other Genes, Including CBWD Genes, That
Include the ZTRE—To determine if the ZTRE is a feature of the
promoter region of other genes, we searched the human
genome sequence for matches to the SLC30A5 ZTRE sequence
using the program Fuzznuc (EMBOSS) and allowing one mis-
match (corresponding to each half of the palindrome), with the
linker region specified as between 0 and 8 bp. The output was
inspected manually to determine the approximate position of
each candidate ZTRE identified relative to the transcription
start site. We located 34 occurrences of the sequence within 2
kb upstream of a transcription start site (supplemental Table
S3). Particularly notable from the output was the occurrence
multiple times in the list of matches to the ZTRE of genes
belonging to theCBWD (COBWdomain-containing) family. A
ZTRE sequence (CACGCCC(A/C)(G/T)GGGCGTG) was
identified�200 bp upstream from the transcription start site in
multiplemembers of this family. Because bacterial homologs of
the CBWD genes are being studied in the context of metal
homeostasis (32), we pursued this observation further. We
hypothesized that the ZTRE in the CBWD genes has the same
function as in SLC30A5, and so we predicted that (i) increasing
the zinc concentration of the extracellular medium would
reduce levels of CBWDmRNAs and protein in Caco-2 cells; (ii)
expression of a reporter gene driven by CBWD regions
upstream of the ORF would be reduced when zinc concentra-
tion of the extracellular medium was increased; and (iii) muta-
tion of the ZTRE in a CBWD promoter-reporter construct
would abrogate this response to zinc. Human CBWD genes are
numbered 1–6, with CBWD4 being designated a pseudogene.
CBWD1, -3, -4, -5, and -6 are on chromosome 9, with CBWD1
in the subtelomeric region of the p-arm andCBWD3, -4, -5, and
-6 clustered around 9q13.CBWD2 is on chromosome 2 at 2q13
(supplemental Fig. S1). Sequence alignment of all CBWD gene
products and promoter sequences (ClustalW2) reveals a
remarkable degree of conservation; the sequences are almost
invariant (supplemental Fig. S1).
Effect of Zinc on CBWD Expression—We used quantitative

RT-PCR to determine the effect of extracellular zinc concen-

FIGURE 3. Effect of mutating the ZTRE motif on the response of the
SLC30A5 promoter to elevated extracellular zinc concentrations in
Caco-2 cells. Caco-2 cells were transfected transiently with promoter-re-
porter plasmids containing the �950 to �50 region of the SLC30A5 promoter
in which the ZTRE (positions �91 to �76) was either present (pBlue-
SLC30A5prom) or replaced with a random nucleotide sequence (pBlue-
SLC30A5promMUT). Twenty-four hours following transient transfection,
Caco-2 cells were maintained in serum-free medium supplemented with
either 3 �M (control) or 100 �M zinc, as indicated, (added as ZnSO4) for an
additional 24 h. Promoter activity was measured as �-galactosidase reporter
gene activity in cell lysates and expressed relative to protein concentration.
Data are mean � S.E. (error bars) normalized to the control condition for n �
9. ***, p � 0.001 by Student’s unpaired t test.

FIGURE 4. Effect of incorporating the ZTRE motif on the response of the
CMV promoter to elevated extracellular zinc concentrations in Caco-2
cells. Caco-2 cells were transfected transiently with promoter-reporter plas-
mids containing the CMV promoter (bases 541–1128 of the sequence depos-
ited as GenBankTM entry X03922) either in its unmodified form (pBlue-
CMVprom) or incorporating an additional element including copies of the
ZTRE at positions 960 –961 (pBlueCMVpromMUT). Twenty-four hours follow-
ing transient transfection, Caco-2 cells were maintained in serum-free
medium supplemented with either 3 �M (control) or 100 �M zinc, as indi-
cated (added as ZnSO4), for an additional 24 h. Promoter activity was
measured as �-galactosidase reporter gene activity in cell lysates and
expressed relative to protein concentration. Data are mean � S.E. (error
bars) normalized to the control condition for n � 3–9. *, p � 0.05; ***, p �
0.001 by one-way analysis of variance followed by Bonferroni’s multiple
comparison test.

FIGURE 5. The effect of zinc on the binding interaction between the zinc-
induced nuclear protein and the ZTRE. An IRD-labeled probe (50 fmol),
corresponding to the region �156 to �46 of the SLC30A5 gene, was electro-
phoresed through a non-denaturing 5% polyacrylamide gel after incubation
with 5 �g of nuclear extract from cells treated with 150 �M zinc in the absence
or presence of a 1 mM concentration of the zinc chelator 1,10-phenanthroline,
as indicated, at progressively increasing concentrations of added zinc (as
ZnSO4). The arrow indicates the position of the major band representing
probe bound to proteins in the cell extracts.
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tration on CBWD gene expression in Caco-2 cells using a
primer pair that would detect transcripts from all active
CBWD genes. As predicted, CBWD mRNA was reduced in
Caco-2 cells (to �50% of control levels) by the addition of 100
�M zinc to the cell culture medium (3 �M zinc) (Fig. 7A), and
levels of recombinant CBWD protein, expressed in CHO cells
and detected onWestern blots by virtue of a C-terminal FLAG
tag using anti-FLAG antibody, showed a similar reduction in

response to the same treatment (Fig. 7, B and C). We designed
and generated a promoter-reporter construct based on the
sequence of the human CBWD1 gene and including the region
�1077 to �95 relative to the transcription start site
(pBlueCBWDprom). We also generated an equivalent con-
struct (pBlueCBWDpromMUT) with the ZTRE sequence (posi-
tions �133 to �118 relative to the transcription start site) sub-
stituted with the same random sequence (TCAGGAT-CC-
CATTCAA) as used to replace the ZTRE in the SLC30A5
promoter-reporter construct pBlueSLC30A5prom to generate
pBlueSLC30A5promMUT. The 1175-bp promoter region in
pBlueCBWDprom differs in 41 positions only between all
human CBWD genes (see supplemental Fig. S1); thus, the con-
struct is likely to provide data relevant to the regulation by zinc
of all active CBWD genes. As predicted, expression of the �-
galactosidase reporter gene was reduced in Caco-2 cells trans-
fected transientlywith theCBWD promoter-reporter construct
at 100 �M compared with 3 �M extracellular zinc, and this
response was not observed using the equivalent construct that
lacked the ZTRE sequence (Fig. 7D).
CBWDExpression Profile in Human Tissues—We screened a

panel of human RNAs from a variety of different tissues (First-
Choice Human Total RNA Survey Panel (Ambion)) for expres-
sion of CBWD transcripts by RT-PCR and detected expression
in all tissues included (Fig. 7E).
Investigation of the Role of the ZTRE in the Response of the

SLC30A10 Gene to Zinc—We recently made novel observa-
tions concerning the expression and function of ZnT10 and
measured a reduction in ZnT10 mRNA in SH-SY5Y and
Caco-2 cells in response to increasing the extracellular zinc
concentration from 3 to 100 �M (33), so we searched the
SLC30A10 sequence for occurrences of the ZTRE using the
sequence C(A/C)C(T/A/G)CC(C/T)N0–16(G/A)GG(A/T/C)-
G(T/G)G. We identified a sequence, CCCACCT(GTGGCTG-
CGCGCG)GGGTGGG, spanning nucleotides 140–166 of the
ZnT10 transcript sequence NM_0187132. This sequence dif-
fers from the ZTRE in SLC30A5 at two positions in the
upstream half of the (imperfect) palindromic region and at one
position in the downstream half; these differences are permis-
sive according to our analysis of substitutions that retain bind-
ing of the protein factor identified by EMSA.We thus predicted
that SLC30A10 promoter activity would respond to zinc in a
manner similar to SLC30A5 and CBWD. We generated
SLC30A10 promoter-reporter constructs (�762 to �180, rela-
tive to the transcription start site, in pBlue-TOPO) inwhich the
candidate ZTRE (positions �58 to �84) was either retained
(pBlueSLC30A10prom) or substituted (pBlueSLC30A10-
promMUT), retaining the longer interpalindrome linker region.
We transfected Caco-2 cells with these constructs to investi-
gate if the SLC30A10 gene is repressed at the transcriptional
level by zinc acting through the same mechanism as for
SLC30A5. As predicted, reporter gene expression from the
SLC30A10 promoter sequence was repressed at the higher zinc
concentration (100 �M compared with 3 �M), but this response
was abrogated by substitution of the candidate ZTRE (Fig. 8).
Zinc Selectivity of the ZTRE—We explored the metal selec-

tivity of transcriptional regulation through the ZTRE using
strategies based both on use of EMSA and promoter-reporter

FIGURE 6. Representative EMSA to identify a partial consensus sequence
for the ZTRE. A, an IRD-labeled probe (50 fmol), corresponding to the region
�156 to �46 of the SLC30A5 gene, was electrophoresed through a non-de-
naturing 5% polyacrylamide gel after incubation with 5 �g of nuclear extract
from cells treated with 150 �M zinc and in the absence or presence of specific,
double-stranded oligonucleotides (200-fold excess), as indicated. The differ-
ent oligonucleotides included different modifications to the ZTRE sequence,
made as single substitutions at both halves of the palindromic sequence at
the positions indicated. The arrow indicates the position of the major band
representing probe bound to proteins in the cell extracts. B, intensity of the
major band for the 150 �M zinc concentration (as in A; determined using
UviPhotoMW image analysis software) in the presence of the oligonucleotide
competitors, as indicated, was expressed as a percentage of the correspond-
ing band in the absence of competitor and plotted as mean � S.E. (error bars).
n � 18 for oligonucleotide �1243�75; n � 4 for all other oligonucleotides.
***, p � 0.001 by one-way analysis of variance followed by Bonferroni’s mul-
tiple comparison test.
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FIGURE 7. CBWD expression and response to increased extracellular zinc concentration. A, CBWD transcript levels in RNA from Caco-2 cells measured by
quantitative RT-PCR and expressed relative to GAPDH. Confluent cells were maintained for 24 h, 24 h after seeding, in serum-free medium containing zinc
sulfate added to 3 �M (control) or 100 �M, as indicated. Data are expressed as mean � S.E. (error bars) for n � 6. ***, p � 0.001 by Student’s unpaired t test;
B, representative Western blot showing signal intensities for recombinant CBWD3 protein expressed in CHO cells with a C-terminal FLAG epitope tag and
detected using anti-FLAG antibody and for �-tubulin (loading control) after maintenance of cells for 24 h in serum-free medium containing zinc sulfate added
to 3 �M (control) or 100 �M, as indicated, 24 h after transfection with the CBWD3 expression construct (pCMV6Entry-CBWD3; Origene). Molecular weights are
indicated. C, data derived by densitometric quantification of band intensities from Western blots as described for B, determined using UviPhotoMW image
analysis software, expressed as the ratio of the CBWD1 signal to the �-tubulin signal and normalized to the control condition then expressed as mean � S.E. for
n � 7. *, p � 0.05 by Student’s unpaired t test. D, effect of mutating the ZTRE motif on the response of the CBWD1 promoter to elevated extracellular zinc
concentrations in Caco-2 cells. Caco-2 cells were transfected transiently with promoter-reporter plasmids containing the �1077 to �95 region of the CBWD1
promoter in which the ZTRE (positions �133 to �118) was either present (pBlueCBWDprom) or replaced with a random nucleotide sequence (pBlueCBWD-
promMUT). Twenty-four hours following transient transfection, Caco-2 cells were maintained in serum-free medium supplemented with either 3 �M (control) or
100 �M zinc, as indicated (added as ZnSO4), for an additional 24 h. Promoter activity was measured as �-galactosidase reporter gene activity in cell lysates and
expressed relative to protein concentration. Data are mean � S.E. normalized to the control condition for n � 24 for pBlueCBWDprom and n � 12 for
pBlueCBWDpromMUT. ***, p � 0.001 by Student’s unpaired t test. E, expression of CBWD in a panel of human tissues detected by RT-PCR. Primers specific to
CBWD and to GAPDH (positive control) were used in PCRs as indicated after reverse transcription of total RNA samples from the tissues as identified. No
products were observed when reverse transcriptase was omitted from reactions, confirming the origin of the products as mRNA (not DNA contamination).
Product sizes are indicated.
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constructs. Use in EMSA, with the SLC30A5 probe, of nuclear
extracts prepared from Caco-2 cells after treatment for 24 h
with copper(II) (20 �M), nickel (20 �M), and cobalt (100 �M)
resulted in no increase in band intensity compared with the use
of extract prepared fromcells towhich additionalmetal was not
added (Fig. 9A). Moreover, under conditions of metal chelation
using 1,10-phenanthrolione addition of cobalt ormagnesium to
binding reactions subsequently analyzed by EMSA failed to
restore protein binding to the probe (Fig. 9B). We investigated
if treatment of Caco-2 cells transfected with each of the pro-
moter-reporter constructs for SLC30A5, SL30A10, and CBWD
with othermetals affected reporter gene activity comparedwith
measurements made under equivalent conditions but with no
additional metal added to the medium and observed no effects
(Fig. 9,C,D, and E).We thus find no evidence that metals other
than zinc affect gene expression through the ZTRE.
Presence of the ZTRE in Other SLC30 Family Genes—A

search of the 5�UTRs plus 500 bp upstream of the transcription
start site of all other known members of the SLC30 family, of
which there are 10 members in total, revealed sequences con-
curring with the ZTRE, allowing separation of the two palin-
dromehalves by up to 100 bp, in SLC30A1, SLC30A3, SLC30A4,
and SLC30A7. Of these genes, the twohalves of the palindromic
sequence are separated by the greatest distance (72 bp) in
SLC30A1. Thus, only SLC30A2, SLC30A6, SLC30A8, and
SLC30A9 appear to lack the ZTRE. In contrast, applying the
same criteria to four members of the SLC39 family of zinc
transporters (SLC39A1, SLC39A2, SLC30A3, and SLC39A4;
selected randomly from the total of 14 members) and five ran-
domly selected genes with no known link to zinc transport
or homeostasis (SIRT1, GDH/6PGL, GPX1, SLC2A2, and
ATP2A2) revealed the ZTRE in only one of these genes

(ATP2A2). The regions upstreamof the start of translationwith
ZTREs highlighted for these genes are shown in supplemental
Fig. S2. On the basis of this analysis, the ZTRE appears to be a
particular feature of the SLC30 family, suggesting that mul-
tiple members are regulated in a coordinated manner at the
level of transcription in response to zinc through a common
mechanism.
Investigation of Effects of DNA Methylation on Protein Bind-

ing to the ZTRE—The ZTRE sequence C(A/C)C(T/A/G)CC(C/
T)Nn(G/A)GG(A/T/C)G(T/G)G and the specific ZTRE in
SLC30A5, CBWD, and SLC30A10 genes include CpG dinucle-
otides, which are potential sites for DNA methylation. We are
currently investigating age-related changes in DNA methyla-
tion of genes with a role in zinc homeostasis and wished to
determine if binding of the putative transcriptional regulatory
factor to the ZTRE was affected by DNAmethylation. We thus
investigated ifmethylation of the double-stranded oligonucleo-
tide competitor affected the protein binding interaction we
observed using EMSA with the SLC30A5 probe sequence. We
tested oligonucleotide competitors synthesized with a methy-
lated cytosine base at only the CpG site within the ZTRE and
also withmethylated cytosines at all four CpG sites in the 50-bp
competitor sequence (Fig. 10A). The ability of the oligonucleo-
tide to compete with the probe sequence for protein binding
was reduced in both cases (Fig. 10B). It appeared that methyla-
tion of the whole competitor sequence completely abrogated
protein binding, whereas the effect of methylation at only the
CpG within the ZTRE was partial (supported by densitometric
quantification of the intensity of the specific band observed on
EMSA (Fig. 10C)).

DISCUSSION

We have established that zinc-mediated transcriptional
repression of the human SLC30A5 gene involves the zinc-de-
pendent binding of a zinc-regulated protein factor to a palin-
dromic sequence, the ZTRE, at positions �91 to �76 bp
upstreamof the end of the 5�-UTR, defining a novelmechanism
for zinc-mediated transcriptional regulation. The increased
abundance of this protein factor in nuclear extract from cells
maintained at 150 �M compared with 3 �M extracellular zinc
could reflect either higher levels of expression in the cell
(including effects resulting from increased synthesis or reduced
degradation) or trafficking into the nucleus at the higher zinc
concentration (or both).We exclude the possibility that ZTRE-
dependent changes in gene expression are also dependent upon
MTF1 based on an analysis4 we undertook involving siRNA-
mediated knockdown of MFT1 in Caco-2 cells, followed by
analysis by hybridization of RNA to a DNA oligonucleotide
microarray. As expected, the response to increased extracellu-
lar zinc of known MTF1-regulated genes, including SLC30A1
and several of the metallothioneins, was attenuated by the
reduction in MTF1 levels we achieved. In contrast, SL30A5,
SLC30A10, and CBWD were not among the group of genes
whose response to zinc was affected by MTF1 knockdown.

4 L. J. Coneyworth, K. A. Jackson, J. Tyson, H. J. Bosomworth, E. van der Hagen,
G. M. Hann, O. A. Ogo, D. C. Swann, J. C. Mathers, R. A. Valentine, and D.
Ford, unpublished observations.

FIGURE 8. Effect of mutating the ZTRE motif on the response of the
SLC30A10 promoter to elevated extracellular zinc concentrations in
Caco-2 cells. Caco-2 cells were transfected transiently with promoter-re-
porter plasmids containing the �762 to �180 region of the SLC30A10 pro-
moter in which the ZTRE (positions �58 to �84) was either present
(pBlueSLC30A10prom) or replaced with a random nucleotide sequence
(pBlueSLC30A10promMUT). Twenty-four hours following transient transfec-
tion, Caco-2 cells were maintained in serum-free medium supplemented with
either 3 �M (control) or 100 �M zinc, as indicated (added as ZnSO4), for an
additional 24 h. Promoter activity was measured as �-galactosidase reporter
gene activity in cell lysates and expressed relative to protein concentration.
Data are mean � S.E. (error bars) normalized to the control condition for n �
6. **, p � 0.01 by Student’s unpaired t test.
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FIGURE 9. Zinc selectivity of transcriptional regulation through the ZTRE. A, data derived by densitometric analysis of the major band observed by EMSA
using an IRD-labeled probe (50 fmol), corresponding to the region �156 to �46 of the SLC30A5 gene electrophoresed through a non-denaturing 5%
polyacrylamide gel after incubation with 5 �g of nuclear extract from cells treated with 3 �M zinc and with additional copper, cobalt, or nickel at the
concentrations indicated. Data derived using UviPhotoMW image analysis software are expressed as a percentage of the band at the 3 �M zinc concentration
and plotted as mean � S.E. (error bars) for n � 3. B, effect of cobalt and magnesium on the binding interaction between the zinc-induced nuclear protein and
the ZTRE. An IRD-labeled probe (50 fmol), corresponding to the region �156 to �46 of the SLC30A5 gene, was electrophoresed through a non-denaturing 5%
polyacrylamide gel after incubation with 5 �g of nuclear extract from cells treated with 150 �M zinc and in the presence of 1 mM of the zinc chelator
1,10-phenanthroline at progressively increasing concentrations of added zinc, cobalt, or magnesium. The arrow indicates the position of the major band
representing probe bound to proteins in the cell extracts. C, D, and E, the effect of different metals on the activity of the SLC30A5 (C), CBWD1 (D), and SLC30A10
(E) promoters. Caco-2 cells were transfected transiently with promoter-reporter plasmids containing the �950 to �50 region of the SLC30A5
(pBlueSLC30A5prom) (C), the �1077 to �95 region of the CBWD1 promoter (pBlueCBWDprom) (D), or the �762 to �180 region of the SLC30A10 promoter
(pBlueSLC30A10prom) (E). Twenty-four hours following transient transfection, Caco-2 cells were maintained in serum-free medium supplemented with 3 �M

zinc (control) or with additional cobalt, magnesium, copper, or nickel at the concentrations indicated for an additional 24 h. Promoter activity was measured
as �-galactosidase reporter gene activity in cell lysates and expressed relative to protein concentration. Data are mean � S.E. normalized to the control
condition for n � 3–9.
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Sequences that concur with a ZTRE sequence established to
be permissive for binding of the putative transcriptional regu-
latory protein that acts at this site occur also in upstream
regions close to the coding sequence in the SLC30A10 and
CBWD genes (amongothers), andwehave confirmed that these

sequences function in the sameway as the ZTRE in SLC30A5 to
confer transcriptional repression in response to zinc.
A transcriptional regulatory mechanism based on this prin-

ciple, zinc-induced binding of a transcriptional repressor, has
not previously been described in a eukaryotic system, but this
mode of operation is, in principle, analogous to the regulation
of the E. coli znuABC operon by the zinc-induced transcrip-
tional repressor Zur (5). The almost perfect palindromic bind-
ing site sequence for Zur (TGTGATATTATAACA) shows no
sequence similarity with the ZTRE identified in the present
study. The current findings do not exclude the possibility that a
separate transcriptional regulatory mechanism operates in
mammalian cells under conditions of zinc deficiency to
increase the expression of genes involved in zinc scavenging,
such as those involved in high affinity uptake across the plasma
membrane (e.g. ZIP4 (SLC39A4) (34), in which zinc-dependent
transcriptional regulation by KLF4 appears to play a role (22))
or release from intracellular organelles under conditions of zinc
deficiency.
Our search of the human genome for genes including the

ZTRE identified the family of CBWD genes (coding for COBW
domain-containing proteins), which we believe may play an
important role in mammalian cellular zinc homeostasis, possi-
bly extending to intracellular homeostatic regulation of other
metals. Members of this gene family, named because they con-
tain a domain homologous to the CobW protein from Pseu-
domonas dentrificans (35), appear be represented widely across
the phyla. The P. dentrificans genewas identified bymutational
analysis of proteins involved in the cobalamin/vitamin B12 syn-
thesis pathway (36), but a specific function for the gene product
in this pathway has not been established.Higher organisms lack
the capability to synthesize vitamin B12, so the protein proba-
bly fulfills other functions. The CBWD proteins, in which the
CobW domain is the C-terminal portion, include an N-termi-
nal domain belonging to the P-loop-containing nucleoside
triphosphate hydrolase superfamily. This domain is of ancient
evolutionary origin and includes the nucleoside triphosphate-
binding P-loop along with Walker A (GXXXXGK(S/T)) and
Walker B (hhhh(D/E), where h represents a hydrophobic resi-
due) motifs (37).Within the nucleoside triphosphate hydrolase
superfamily, the CBWD proteins are within the GTP-binding
G3E family (COG0523), characterized by the GXXGXGK(S/T)
variant of the Walker A motif plus a conserved Mg2�-binding
aspartate residue (38). The G3E family also includes the bacte-
rial UreG subfamily, involved in incorporation of nickel into the
metallocenters of urease and hydrogenase enzymes (39), and in
Bacillus subtilis and other prokaryotes, G3E family members
are found within operons regulated by the zinc-dependent
transcriptional repressor Zur, along with genes coding forms of
metal-dependent enzymes in which the more “usual” metal is
replaced by an alternative (e.g. an iron-dependent rather than
zinc-dependent carbonic anhydrase) (32). A role for CBWD
proteins, including regulation of the corresponding genes by
zinc, is thus being uncovered in bacteria. We are not aware of
any previous reports that mammalian CBWD genes are regu-
lated by zinc, so our findings are highly novel and may point
toward the CBWD proteins playing a fundamental role in zinc
homeostasis in metazoans. It appears that the multiple human

FIGURE 10. The effect of DNA methylation on the binding of protein to the
ZTRE in the SLC30A5 promoter region. A, the position of methylated CpG
sites (arrows) and the ZTRE (shaded) in the oligonucleotide �1243�75 used
as a test competitor in forms where only the site in the ZTRE or all sites were
methylated. B, an IRD-labeled probe (50 fmol), corresponding to the region
�156 to �46 of the SLC30A5 gene, was electrophoresed through a non-de-
naturing 5% polyacrylamide gel after incubation with 5 �g of nuclear extract
from cells treated with 150 �M zinc and in the absence or presence of the
double-stranded oligonucleotides (200-fold excess), as indicated. The arrow
indicates the position of the major band representing probe bound to pro-
teins in the cell extracts. C, intensity of the major band (as in B; determined
using UviPhotoMW image analysis software) in the presence of the oligonu-
cleotide competitors, as indicated, was expressed as a percentage of the cor-
responding band in the absence of competitor and plotted as mean � S.E.
(error bars). n � 23 for no added oligonucleotide; n � 17 for the unmethylated
oligonucleotide �1243�75; n � 4 for both methylated oligonucleotides.
*, p � 0.05; ***, p � 0.001 by one-way analysis of variance followed by Bon-
ferroni’s multiple comparison test.
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CDBW genes arose through recent segmental duplication of
telomeric genes (35). CBWD1, -3, -4 (pseudogene), -5, and -6
are all on chromosome 9, with CBWD1 in the subtelomeric
region of the p-arm and CBWD3, -4, -5, and -6 in the pericen-
tromeric region of the q-arm.CBWD2 is in the pericentromeric
region on the q-arm of chromosome 2. Alignment of the amino
acid sequences of CBWD1, -2, -3, -5, and -6 reveals extremely
tight conservation (97–99% identity; see supplemental Fig. S1).
This tight conservation, despite the relatively recent nature of
duplication events leading to the multiple genes, suggests that
all are under selective pressure for an essential function(s).
Gene multiplicity may be a means to achieve higher levels of
expression or expression in a wide variety of cell types in which
particular CBWD genes are inactive. Our analysis that identi-
fied the presence of CBWD transcripts in all human tissues
screened by RT-PCR could not distinguish between specific
isoforms, so the latter remains a question for further investiga-
tion. Thus, at present, the function of theCBWD genes remains
unknown, but a role(s) in metal homeostasis appears likely.
Occurrence of the ZTRE in the upstream region of the gene

coding for the NMDA receptor subunit 2Cmerits comment, in
view of the known complex effects of zinc on NMDA receptor
function (see Ref. 40 and references therein). Of particular rel-
evance is that maternal zinc deficiency reduced the expression
of NMDA receptor subunits A and B (subunit C was not mea-
sured) in the rat brain (41). The occurrence of the ZTRE in the
promoter region of the gene for Toll-like receptor 10 may pro-
vide an additional link between Toll-like receptor signaling and
zinc homeostasis. Activation of Toll-like receptor 4 signaling in
dentritic cells reduces intracellular zinc concentration through
changes in zinc transporter expression (42). Future research
should examine directly the response to zinc of the genes with
the ZTRE in the upstream region to establish unequivocally if
they are responsive or refractory to transcriptional regulation
by zinc.
We also identified a ZTRE in the 5�-UTR of the SLC30A10

gene and demonstrated that it is functional in a promoter-
reporter construct. We reported recently a reduction in
ZnT10mRNA in Caco-2 and human neuronal SH-SY5Y cells
when additional zinc was added to the extracellular medium
(33). We observed that the ZnT10 protein traffics from the
Golgi apparatus in SH-SY5Y cells when the extracellular zinc
concentration is increased and showed that it functions to
reduce cytosolic zinc concentration. These observations may
be commensurate with a mode of transcriptional regulation
through which expression is repressed at higher zinc levels if
the primary function of ZnT10 is delivery of zinc to proteins in
the Golgi apparatus rather than homeostasis of cytosolic con-
centrations. With the exception of ZnT2, ZnT6, ZnT8, and
ZnT9, inspection of SLC30 family genes revealed sequences
that concur with what we identify thus far to be permissible as a
ZTRE with respect to protein binding in the 5�-UTR and
500-bp region immediately upstream of the start of transcrip-
tion, supporting the idea of coordinated regulation of multiple
members of the gene family through this transcriptional regu-
latory mechanism. It should be noted that the halves of the
palindromic sequence are separated by up to 72 bp (in
SLC30A1) and that we have not established the maximum per-

missible distance between the two halves. The substitutions to
the ZTRE sequence in the competitor oligonucleotide that
abrogated protein binding to this region as detected by EMSA
weremade in only one half of the palindromic sequence; thus, it
appears that both sections of sequence are necessary. It is fea-
sible that two linearly separated sequences in DNA come into
proximity to allow binding to either a single protein or protein
complex by virtue of the folding of DNA into chromatin. Fur-
ther analyses are required to elucidate if such a situation allows
function of these putative ZTREs in SLC30 family members
other than SLC30A5 and SLC30A10.

Our search for genes including the ZTRE was limited by use
of a search strategy that allowed only one mismatch compared
with the sequence in SLC30A5.We observed that protein bind-
ing to the ZTRE was retained when nucleotides, found to be
non-essential individually, were changed in pairs, and it is pos-
sible that other arrangements of nucleotides allow protein
binding. It is thus likely that we will identify many more genes
with possible functional ZTREs through a range of more
sophisticated bioinformatic analyses that we are currently
undertaking. A global understanding of zinc-regulated gene
expression and, therefore, of zinc homeostasis in mammalian
systems requires that the range and prevalence of genes regu-
lated by zinc through the ZTRE should be defined. Identifica-
tion of the transcriptional regulator that binds to the ZTRE is
pivotal to achieving this level of understanding and is a current
major focus of on-going work based around use of the ZTRE as
a probe sequence to separate the protein from nuclear lysates.
A weaker band of higher mobility was affected by all treat-

ments in parallel with the major band we quantified when
applying EMSA to observe binding of the transcriptional regu-
latory protein to the ZTRE. A possible explanation for this
observation is that a transcriptional regulatory protein com-
plex, rather than a single protein, assembles at the ZTRE.
Epigeneticmodification, in particular DNAmethylation, can

influence the binding of regulatory factors to DNA. It was dem-
onstrated previously that themammalian zinc-responsive tran-
scriptional activator MTF1 can tolerate methylation of some
CpG dinucleotides within its binding site, the MRE, but that
methylation of other specific positions can interfere with bind-
ing (43). The ZTREs in the SLC30A5, SLC30A10, and CBWD
promoters all include CpG dinucleotides (at different positions
in the sequence). Using methylated oligonucleotide competi-
tors of the �156 to �46 region of the SLC30A5 promoter for
binding nuclear protein before analysis by EMSA,we found that
methylation of the single CpG in the SLC30A5 ZTRE sequence
reduced protein binding. However, methylation of all four
CpGs in the 50-bp oligonucleotide competitor had a bigger
effect in blocking protein binding. A possible explanation for
this observation is that the protein that binds to the ZTRE is a
component of a complex that spans some of these other sites.
This hypothesis is supported by our observation that a double-
stranded DNA oligonucleotide that included the ZTRE but not
the other CpG sites (�94 to �45) was less effective as a com-
petitor than the oligonucleotide that included this region
(�124 to �75). DNAmethylation patterns change as individu-
als age and are modified by environmental factors, including
toxins and components of the diet (reviewed in Ref. 44), so the
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effects of such influences on methylation of the ZTRE and sur-
rounding sequence and possible consequences for zinc homeo-
stasis should be explored.
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