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Transcriptomic studies are useful for elucidating molecular mechanisms through which changes in nutrient availability produce pleiotropic effects
on whole-body and tissue physiology. To further the knowledge of gene-regulatory effects of Zn on tissues important for adult and fetal Zn nutri-
tion, we analysed the responses of human intestinal Caco-2 and placental JAR cells to changes in Zn supply. Analysis of oligonucleotide micro-
arrays demonstrated that, despite the analogous roles of the two tissues in nutrient transfer, different genes respond to changes in Zn availability in
intestinal cells compared with placental cells. A number of Fe- and Cu-related genes were identified as targets for regulation by Zn, revealing
potential mechanisms underlying reported dietary interactions between Zn and other metals. We established that there are fundamental differences
in Zn-regulated transcriptional control in Caco-2 compared with JAR cells. We demonstrated that Zn-induced transcriptional activation of the
metallothionein 2A promoter occurs over different, and physiologically relevant, concentration ranges in Caco-2 and JAR cells, indicating that
these cell lines sense changes in the extracellular Zn concentration over different ranges. Also, we established that mRNA levels of the Zn-respon-
sive metal response element binding transcription factor (MTF)-1, and its homologue MTF-2, are regulated by Zn in Caco-2 but not JAR cells,
which may in part underlie differential gene responses to Zn in intestinal and placental cells. The present study identified a number of novel mol-
ecular targets that may underlie symptoms associated with deficient or excessive Zn supply and highlighted the necessity of taking account of cell-

and tissue-specific processes when investigating Zn-regulated gene expression in mammals.

Zinc: Caco-2 cells: JAR cells: Gene regulation

The essential dietary micronutrient Zn is a structural com-
ponent of, and/or catalytic cofactor for, several hundred pro-
teins, so plays critical roles in a diverse array of cellular
processes'”. Zn is required for the catalytic activity of RNA
polymerases and as a component of Zn-finger domains of
numerous transcription factors®~*, suggesting that alterations
in Zn status can have potentially complex effects on gene
expression. This view is supported by transcriptomic studies
that document pleiotropic gene-regulatory effects of changes
in Zn availability®~'¥.

The small intestine is the primary site of Zn homeostasis
inmammals""®, s0 a number of transcriptomic investigations have
focused on the regulatory effects of dietary Zn supply on small-
intestinal gene expression in rodent models®!1-1617), By transfer-
ring nutrients between mother and fetus, the function of the pla-
centa is analogous to that of the intestine. Observational studies
in human subjects have suggested links between poor maternal
Zn status and measures of pregnancy outcome'®. Despite this
evidence, no large-scale analyses of the effects of Zn availability
on placental gene expression have been performed to date.
An understanding of gene-regulatory responses to changes in

Zn availability in the human intestine and placenta will
provide valuable information on the processes modulated by
altered Zn nutrition and its potential impact on human health, par-
ticularly during fetal development.

We employed oligonucleotide microarrays to compare the
effects of Zn on gene expression in the well-characterised
human intestinal cell line Caco-2 and the human placental
cell line JAR. We suggested previously that the regulation
of expression of Zn transporter genes by Zn may occur over
different concentration ranges in intestinal and placental
cells, appropriate to the normal concentration of total
extracellular Zn encountered by the two different tissues
in vivo "”. Whilst enterocytes in the intestine are exposed to
the Zn concentration of the intestinal lumen, which is very
variable and likely to be in the order of 100 uMm following a
meal or nutrient supplement®”, placental trophoblasts are
exposed to much lower and less variable serum Zn concen-
trations of approximately 12—15uM®@". In view of this
hypothesis our experimental protocol was designed to allow
us to establish if both cell types display parallel transcriptomic
response profiles to Zn occurring at physiologically relevant
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concentrations. In contrast, our analysis demonstrates that a
different repertoire of genes responds to changes in Zn
availability in intestinal cells compared with placental cells.
We also provide further evidence that Zn affects gene tran-
scription differently in the Caco-2 compared with the JAR
cell line by demonstrating differential regulation by Zn of
both MT2A promoter activity and Zn-sensitive transcription
factor expression. We suggest that the latter may be respon-
sible, at least in part, for the differential gene responses to
altered Zn supply in intestinal and placental cells. Interest-
ingly, in relation to reports of nutrient interactions between
Zn and other metals, our microarray analyses identified a
number of Fe- and Cu-related genes as targets for regulation
by Zn in intestinal or placental cells.

Methods

Cell culture

Caco-2 and JAR cells were cultured as described previously(zo).

Absence of mycoplasma contamination was confirmed using
the Venor GeM detection kit (Cambio Ltd, Cambridge,
Cambs, UK). Zn was added to confluent JAR monolayers or dif-
ferentiated Caco-2 monolayers in six replicate 75 cm? flasks.
Either 7d (JAR) or 14d (Caco-2) post-seeding, culture
medium was replaced with 15ml basal medium (about
3 uM-Zn, assessed by atomic absorption spectroscopy) or
medium supplemented to 12 uMm or 100 uM with ZnCl,; cells
were then cultured for 12 or 24 h.

Preparation of RNA samples for microarray analysis

Total RNA was extracted from cells using TRIzol reagent
(Invitrogen Corp., Carlsbad, CA, USA). Traces of genomic
DNA were digested by incubation with RNase-free DNasel
(Roche, Basel, Switzerland), then RNA was extracted using
phenol—chloroform. RNA from the six replicate flasks was
pooled, and then concentration was determined using a
NanoDrop™ spectrophotometer (NanoDrop Technologies,
Thermo Fisher Scientific Inc., Pittsburgh, PA, USA). RNA
quality was confirmed by denaturing agarose gel electrophor-
esis and also on an Agilent 2100 Bioanalyzer (Agilent Tech-
nologies, Inc., Santa Clara, CA, USA), accepting an RNA
Integrity Number (RIN) > 9.

Preparation of Arabidopsis thaliana external control cRNA

Total RNA extracted from Arabidopsis thaliana leaves was
reverse transcribed to cDNA using SuperScript IIT RNase H
enzyme (Invitrogen Corp.). PCR amplification was performed
over thirty cycles (95°C for 30s; 55°C for 305, 72°C for 905s),
using ThermoStart DNA polymerase (ABgene Ltd, Epsom,
Surrey, UK) (forward primer sequence: GCATCAACGCGA-
AAACAGTTGG; reverse primer sequence: CTTATACTCC-
CTTCGATGTACC). The cDNA fragment was subcloned
into the pCR2.1TOPO vector (Invitrogen Corp.) to give the
plasmid pCR2.1TOPO-ara_control. The construct was line-
arised 3’ of the insert using BamHI, then complementary
RNA was transcribed from the T7 promoter using the mMes-
sage mMachine kit (Applied Biosystems/Ambion, Austin, TX,

USA). A poly(A)-tail was added to the cRNA transcript using
the Ambion poly(A)-tailing Kkit.

MWG custom microarrays

Human low-density custom glass microarray slides were
obtained from MWG Biotech Ltd (Ebersberg, Germany) and
were spotted with duplicate arrays of 50-mer oligonucleotides.
Each duplicate array incorporated 190 experimental human
genes, nine human housekeeping genes and two A. thaliana
control genes. One of the A. thaliana genes was utilised as
an external control gene, which was spiked into array labelling
reactions, whilst the other was used as a negative control gene
to measure background levels of fluorescence on array slides.

Preparation of labelled cDNA for microarray hybridisation

Labelled ¢cDNA samples for microarray analyses were pre-
pared using the CyScribe amino-allyl post-labelling kit (Amer-
sham/GE Healthcare). Each experimental and reference sample
was labelled in duplicate, once with Cy3 and once with Cy5.
Reverse transcription reactions contained 20 g total RNA
plus 2-8 ng synthetic poly(A)-tailed A. thaliana external con-
trol RNA (equivalent to 1000 spike copies/cell). Measure-
ments of cDNA yield and CyDye incorporation were by
spectrophotometry. Cy3 and Cy5 incorporation was measured
using absorbance settings of 550 and 649 nm respectively.

Hybridisation and scanning protocols

Equal amounts (40 pmol) of Cy3- and Cy5-labelled experi-
mental and reference cDNA were hybridised to array slides.
Two independent hybridisations were performed for each
reference v. experimental comparison, each with genes
spotted in duplicate, using a dye-swap approach. Hybridis-
ations were carried out using an HS4800 Automatic Hyb
Chamber (Tecan, Lyon, France). Microarray slides were
pre-hybridised in buffer containing 3 X saline—sodium citrate
(SSC), 0-15% SDS, for a total of 90s at 42°C. Hybridisation
was performed at 42°C for 16h with low agitation. Slides
were washed at 30°C for 30s with 2 X SSC, 0-1 % SDS, fol-
lowed by 1 X SSC, then 0-5 X SSC. Scanning was performed
with a GenePix 4000B confocal laser scanner (Molecular
Devices, Sunnyvale, CA, USA), using laser excitation at
532nm for Cy3 and 635nm for Cy5. Photo-multiplier tube
gain was optimised for each slide so that detection of low
and high intensity signals was balanced and saturation toler-
ance was set at 0-005 % to avoid pixel saturation. GenePix
Pro 6.0 software (Molecular Devices) was used to extract
raw data from the images.

Microarray data normalisation and analysis

Gene expression levels were normalised and analysed using
GeneSpring GX 7.3 software (Agilent Technologies, Inc.).
A cut-off was applied to discard data from weak signals; pre-
sent calls were determined as signals that had intensity values
in either the Cy3 or Cy5 channel greater than the mean inten-
sity of the A. thaliana negative control spots plus two times
the standard deviation. Expression ratios (i.e. Cy5:Cy3, or
Cy3:Cy5 for dye swaps) for each gene were normalised
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using factors calculated from the median intensity ratios of the
A. thaliana external control gene and a panel of nine house-
keeping genes. To estimate the expected variance of ratios
of non-regulated genes, 95 % CI were calculated using the
mean and standard deviation of the normalised set of house-
keeping genes. Genes were considered up- or down-regulated
(i.e. differentially expressed between reference and exper-
imental samples) if they had: (i) an average ratio, calculated
from the four replicates, outside of the 95 % CI, or (ii) ratios
outside of the 95 % CI in at least three out of four replicates.
Statistical analysis was by Student’s ¢ test with a Benjamini—
Hochberg multiple testing correction. Genes with P<<0-05
were determined to be significantly regulated by the exper-
imental Zn treatment. All statistical analyses were performed
using log-transformed data. Microarray data were annotated
to MIAME (minimum information about a microarray exper-
iment) standard and have been deposited in the ArrayExpress
database (www.ebi.ac.uk/arrayexpress; EMBL — European
Bioinformatics Institute, Cambridge, Cambs, UK) with the
accession number E-MEXP-1064.

Real-time reverse transcriptase polymerase chain reaction for
validation of microarray results

Reverse transcription was carried out with SuperScript III
RNase H RT (Invitrogen), using random hexamer primers and
2-5 g DNase-treated RNA. Real-time PCR was performed
using SYBR-Green I Master Mix (Roche) with the Lightcycler
480 (Roche) for fluorescence detection. Cycling conditions
were as follows: denaturation at 95°C for 5 min, then forty-
five cycles of 95°C for 10s; 53°C or 60°C for 15s; 72°C for
6s. Primer sequences are listed in Supplementary Table 1.
Expression levels were normalised to expression levels of gly-
ceraldehyde-3-phosphate dehydrogenase. Primer specificity
was assured by a single melting curve peak. Statistical analysis
of data (n 3) was by one-way ANOVA followed by Dunnett’s
post test.

Generation of reporter plasmid constructs

The — 358 to +40 region of the MT2A promoter was subcloned
into the vector pBlueTOPO (Invitrogen Corp.), upstream of
the -galactosidase reporter gene, as described previouslym).

Reporter gene assay

Transfection and measurement of [3-galactosidase reporter
gene activity in Caco-2 and JAR cells were as described
previously for Caco-2 cells®”. The protein concentration
of cell lysates was determined using the Bradford assay
(Bio-Rad, Hercules, CA, USA).

Results

Comparison of global gene responses to zinc in intestinal and
placental cell lines

We employed dual-label (Cy3, Cy5), low-density oligonucleo-
tide microarrays to examine changes in gene expression levels
between experimental cells grown under Zn-supplemented
conditions (12 uM or 100 pMm extracellular Zn) and reference

cells grown in basal culture medium (3 pM extracellular
Zn), for either 12 or 24h. Microarray slides incorporated
two A. thaliana control genes, one of which was used as a
negative control (to measure background levels of fluor-
escence on array slides), whilst the other was utilised as an
external spike-in control gene (to correct for effects of sys-
tematic variations in the microarray data). Poly(A)-tailed
cRNA corresponding to the A. thaliana external control gene
was spiked in equal quantities into experimental and reference
microarray sample labelling reactions and expression ratios of
each gene were normalised to expression ratios of nine house-
keeping genes spotted on the arrays and the Arabidopsis exter-
nal control. Only genes classified as present (signal intensities
in reference or experimental samples greater than the mean of
the negative control spots plus 2 sb) were included for anal-
ysis. Data from four replicate spots were used to calculate
the average expression ratio of each gene under each experi-
mental condition. Identification of differentially expressed
genes was based on 95 % CI, calculated two-sided from the
log-transformed mean expression ratio () of the panel of
nine housekeeping genes (w = 196 X sp). Lists of genes
identified as differentially expressed in Caco-2 and JAR cells
under each experimental condition are provided in Tables 1
and 2. All information relating to these microarray experi-
ments, including a complete dataset of expression ratios for
all genes and experiments, can be viewed at www.ebi.ac.uk/
arrayexpress (accession number: E-MEXP-1064).

In the 12h experiments, supplementation of Caco-2 and
JAR cells with 100 um-ZnCl, led to differential expression
(outside the 95 % CI) of seven and three genes respectively,
whilst supplementation with 12 uM-ZnCl, led to no detect-
able changes in the JAR cell line. Gene responses to treat-
ment with 12 uM-ZnCl, for 12h were not measured in the
Caco-2 cell line because insufficient microarray slides were
available. In the 24h experiments, following exposure to
100 wM-ZnCl,, eleven genes in the Caco-2 cell line and four-
teen genes in the JAR cell line were identified as differen-
tially expressed, whilst exposure to 12 um-ZnCl, led to
detectable changes in the expression of only six genes in
the Caco-2 cell line and two genes in the JAR cell line. Inter-
estingly, with the exception of the metallothionein genes
(MT1H, MT2A, MT3), the lists of genes identified as differ-
entially expressed in Caco-2 and JAR cells did not overlap. In
general the observed changes in gene expression in Caco-2
and JAR cells treated with Zn concentrations of 12 uMm and
100 wm were small and all were less than 2-fold. The excep-
tions to this generalisation were the MT genes (isoforms
MTI1H, MT2A and MT3), which were up-regulated at
100 wM-Zn by approximately 5-6-fold in Caco-2 cells and
7-8-fold in JAR cells.

A number of genes related to transport or metabolism of Cu
and Fe were identified as differentially expressed in either
Caco-2 or JAR cells. Following exposure to 100 wm-Zn for
24 h, the expression of hephaestin mRNA was down-regulated
in Caco-2 cells, whilst ceruloplasmin expression was up-regu-
lated in JAR cells under the same conditions. In addition,
expression levels of transferrin, Fe-responsive element binding
protein 2 (IREB2) and the Cu transporter hCTR2 were all
increased in JAR cells exposed to 100uM-Zn for 24h,
whilst the Cu transporter ATP7B was down-regulated in
these cells following 24 h exposure to 12 uM extracellular Zn.
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Table 1. Genes identified as differentially expressed in Caco-2 cells by DNA microarray hybridisation following exposure to 12 um or 100 um extracellu-
lar zinc concentrations for 12 or 24 h

Sample*® Genet Encoded proteint Fold change§ SEM|| PY

Caco-2, 12h, 12 um-Zn Not tested

Caco-2, 12h, 100 pum-Zn NM_005953 Metallothionein 2A (MT2A) +7-80 1.07 0-0006
NM_005954 Metallothionein 3 (MT3) +6-41 0-90 0-0009
NM_005951 Metallothionein 1H (MT1H) +5-44 0-72 0-0010
NM_002483 Carcinoembryonic antigen-related cell adhesion molecule +1-70 0-25 0-0338
K00558 «-Tubulin +1.42 0-12 0-0044
NM_002083 Glutathione peroxidase 2, gastrointestinal (GPX2) +1-41 0-12 0-0249
NM_001134 «a-Fetoprotein (AFP) —1.64 0-23 0-0384

Caco-2, 24 h, 12 um-Zn NM_003122 Serine protease inhibitor, Kazal type 1 (SPINK1) —1.24 0-04 0-0064
NM_005694 Cytochrome ¢ oxidase assembly protein —-1.31 0-09 0.0272
NM_005628 Solute carrier SLC1A5 (neutral amino acid transporter) —-1.35 0-05 0-0043
BC032801 Fatty acid binding protein 1, liver (L-FABP) —1.35 0-08 0-0136
NM_001693 Lysosomal ATPase, H+transporting, V1 subunit B —1.44 0-05 0-0020
NM_001134 «a-Fetoprotein (AFP) —1.54 0-12 0-0106

Caco-2, 24 h, 100 um-Zn NM_005953 Metallothionein 2A (MT2A) +6-45 1.88 0-0062
NM_005951 Metallothionein 1H (MT1H) +5-83 2.07 0-0118
NM_005954 Metallothionein 3 (MT3) +5-59 1.47 0-0061
AF141359 Sodium/hydrogen exchanger isoform 1 (APNH) +1.55 0-02 0-0001
X14850 Histone H2A +1.42 0-05 0-0018
744894 Infant brain cDNA clone c-2cb12 +1-39 0-11 0-0249
NM_001675 Activating transcription factor 4 (ATF4) —-1.29 0-05 0-0059
D11966 Liver HepG2 cell line cDNA clone s129 —1.35 0-06 0-0062
NM_001134 «-Fetoprotein (AFP) 141 0-07 0-0068
NM_014799 Hephaestin ferroxidase —1.47 0-15 0-0291
NM_004063 Cadherin 17 (liver-intestine) -1.71 0-27 0-0408

*RNA samples extracted from Caco-2 cells exposed for the indicated time period to the indicated extracellular Zn concentration.

1 GenBank accession number.
1 Name of encoded protein.

§ Magnitude of changes observed by array, increased (+) or decreased (—) relative to expression levels in control cells (3 uMm-Zn).

|| Each gene n 4.
9 By Student’s t test.

Table 2. Genes identified as differentially expressed in JAR cells by DNA microarray hybridisation following exposure to 12 um or 100 uMm extracellular
zinc concentrations for 12 or 24 h

Sample*® Genet Encoded proteint Fold change§ SEM|| PY

JAR, 12h, 12 pM-Zn No response

JAR, 12h, 100 wm-Zn NM_005954 Metallothionein 3 (MT3) +6-96 1.488 0-0025
NM_005951 Metallothionein 1H (MT1H) +5-56 0-834 0-0013
NM_005953 Metallothionein 2A (MT2A) +5-39 1.652 0-0094

JAR, 24h, 12 um-Zn NM_005953 Metallothionein 2A (MT2A) +1.73 0-166 0-0106
NM_000053 Wilson disease, copper transporting protein (ATP7B) -1.50 0-127 0.0165

JAR, 24h, 100 pm-Zn NM_005953 Metallothionein 2A (MT2A) +7-84 0-99 0-0005
NM_005954 Metallothionein 3 (MT3) +7-31 1.25 0-0013
NM_005951 Metallothionein 1H (MT1H) +7-12 0-58 0-0002
NM_000096 Ceruloplasmin ferroxidase +1.92 0-33 0.0297
NM_000281 6-Pyruvoyl-tetrahydropterin synthase, cofactor of HNF1a +1-88 0-13 0-0026
NM_001063 Transferrin +1-88 0-13 0-0026
NM_021194 Solute carrier SLC30A1 (zinc transporter ZnT1) +1-82 0-08 0-0007
NM_000304 Peripheral myelin protein 22 (PMP22) +1.77 0-08 0-0009
NM_001172 Arginase, type Il, encoding mitochondrial protein +1-69 0-05 0-0005
AK022859 FLJ12797 cDNA clone +1-50 0-16 0-0299
XM_039114 Iron-responsive element binding protein 2 (IREB2) +1.37 0.07 0-0084
U83461 Copper uptake protein (hCTR2) +1-34 0-10 0-0255
NM_000975 Ribosomal protein L11 -1.21 0-07 0-0412
NM_002415 Macrophage migration inhibitory factor -1.28 0-04 0-0049

*RNA samples extracted from JAR cells exposed for the indicated time period to the indicated extracellular Zn concentration.

1 GenBank accession number.
1 Name of encoded protein.

§ Magnitude of changes observed by array, increased (+) or decreased (—) relative to expression levels in control cells (3 pm-Zn).

|| Each gene n 4.
9 By Student’s t test.
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Validation of changes in gene expression by real-time reverse
transcriptase polymerase chain reaction

We selected six of the candidate genes identified from micro-
array analyses of Caco-2 and JAR cells for verification by
real-time RT-PCR (Supplementary Table 1). These genes
comprised the following, all related to the transport and/or
metabolism of dietary essential metals: Zn transporter ZnT1;
multi-copper ferroxidases hephaestin and ceruloplasmin; Cu
transporters hCTR2 and ATP7B; Fe-regulated transcription
factor IREB2. Gene expression levels were normalised to
the expression of glyceraldehyde-3-phosphate dehydrogenase.
Real-time PCR results confirmed the up-regulation of both
ZnT1 and IREB2 in JAR cells exposed to 100 um-Zn for
24 h, detected via microarray analysis, and also demonstrated
a significant increase in the expression of both genes at 12 pm-
Zn (Table 3). The down-regulation of hephaestin mRNA
expression in Caco-2 cells exposed to 100 pM-Zn for 24 h,
detected by microarray analysis, was also confirmed by real-
time PCR. For the remaining genes, results of microarray
and real-time PCR analyses did not correlate. Our published
data demonstrate a robust up-regulation of MT2A at increased
extracellular Zn concentrations (100 uM and 150 wM) in Caco-
2 and JAR cells"??%2®_ 5o we did not repeat confirmation of
metallothionein responses to Zn in the present study.

Profile of zinc regulation of the human MT2A promoter in
Caco-2 and JAR cell lines

To investigate differences between the regulation profile of a
well-characterised Zn-responsive gene in human intestinal
and placental cells, we examined the effect of a range of

extracellular Zn concentrations on transcriptional activity of
the highly Zn-responsive human MT2A promoter in both
Caco-2 and JAR cell lines. A [-galactosidase reporter
construct incorporating the MT2A promoter was transfected
transiently into Caco-2 and JAR cells and cells were exposed
for 24h to culture medium containing 3-150 wM-Zn as
ZnCl,. The MT2A promoter—reporter construct showed con-
centration-dependent transcriptional activation by Zn in both
Caco-2 and JAR cells, but the profile of concentration-depen-
dence differed between the two cell lines (Fig. 1). In Caco-2
cells, the MT2A promoter was fairly refractory to Zn concen-
trations below 75 uM, whilst promoter activity in JAR cells
was responsive to much lower Zn concentrations. For this
comparison, reporter gene activity in each cell line was nor-
malised to the corresponding value measured at 3 wMm-Zn, to
exclude any influence of transfection efficiency. A low level
of [-galactosidase activity (approximately 10% of the
activity measured at 3 uM-Zn) measured in both Caco-2 and
JAR cells transfected with a corresponding negative control
reporter construct, containing no promoter insert®”, was
unchanged by extracellular Zn concentration. This obser-
vation excludes the possibility that the differential effect of
Zn on [-galactosidase activity observed in the two cell
lines could be attributed to any effect on endogenous gene
expression or to any promoter-independent effect on reporter
gene activity. These observations are consistent with the
different extracellular Zn concentrations sensed by the two
corresponding tissues in vivo. It is notable that the transcrip-
tional activation of the MT2A promoter detected using our
reporter gene approach was in excellent agreement with
the pattern and magnitude of the response of the MT2A
gene to Zn indicated by the microarray analysis (Fig. 1).

Table 3. Comparison of fold-changes in gene expression induced by zinc treatment in Caco-2 and JAR cells as detected by DNA

microarray hybridisation or real-time PCR
(Mean values with their standard errors)

Fold change||

Microarray Real-time PCRtt

Genet Encoded proteint RNA sample§ Mean SEM Mean SEM
NM_014799 Hephaestin Caco-2, 24h, 12 um-Zn —1-01 0-22 —-1.02 0-04
Caco-2, 24 h, 100 pM-Zn —1.47* 0-15 —-1.12* 0-02
NM_021194 ZnT1 JAR, 24h, 12 um-Zn +1.04 0-04 +1.32* 0-03
JAR, 24 h, 100 pm-Zn +1.82* 0-08 +2-39* 0-02
U83461 hCTR2 JAR, 24 h, 12 um-Zn -1.18 0-08 +1.25* 0-02
JAR, 24 h, 100 pm-Zn +1.34* 0-10 -1.20* 0-01
NM_000053 ATP7B JAR, 24 h, 12 um-Zn —-1.50* 0-13 +1.25* 0-02
JAR, 24 h, 100 pm-Zn +1.25 0-26 +1.73* 0-05
NM_000096 Ceruloplasmin JAR, 24 h, 12 uMm-Zn —-1.13 0-53 +1.19* 0-01
JAR, 24 h, 100 pm-Zn +1.92* 0-33 —-1.14 0-03
NM_004136 IREB2 JAR, 24h, 12 um-Zn -1.02 0-26 +1.55* 0-05
JAR, 24 h, 100 pm-Zn +1.37F 0-07 +1.95* 0-06

— , Reduced expression; ZnT, Zn transporter; +, increased expression; CTR, Cu transporter; IREB2, Fe-responsive element binding protein 2.

* Statistically significant (P<0-05).
T GenBank accession number.

1 Name of encoded protein.

§ Sample analysed, indicating cell line, Zn concentration and exposure time.
|| Fold-changes, compared with expression levels in cells exposed to 3 um extracellular Zn for the corresponding time-point, for n 4 (microarray) or n 3

(real-time PCR).

q Statistical analysis for microarray data was by Student’s t test followed by Benjamini—Hochberg multiple testing correction (microarray), using an
expression ratio of 1 as the control value.
11 Statistical analysis for real-time PCR data was by one-way ANOVA followed by Dunnett’s post-test.
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100 pM-Zn in Caco-2 () and JAR (M) cells, compared with 3 um-Zn, at 24 h
detected by DNA microarray hybridisation.

Microarray analysis detected an increase in MT2A mRNA
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Regulation of metal response element binding transcription
factor (MTF)-1 and MTF-2 mRNA by zinc in Caco-2 and
JAR cells

Differential sensitivity of Zn-responsive transcription factors
may in part explain differences in gene responses to Zn in
Caco-2 and JAR cell lines reported in the present and other
studies"???. We sought to investigate this proposal by
examining the effects of Zn on transcript levels of the Zn-
responsive metal response element binding transcription
factor (MTF)-1, and its recently identified homologue MTF-
2. The responses of MTF-1 and MTF-2 to increased extra-
cellular Zn concentration were measured by real-time RT-
PCR (Fig. 2). MTF-1 and MTF-2 mRNA were unchanged in
both cell lines at 12 uM- compared with 3 wM-Zn, but were
reduced in Caco-2 cells only, and not in JAR cells, at
100 pm-Zn. Therefore, the abundance of both transcription
factor mRNA were responsive to the extracellular Zn concen-
tration in the Caco-2 cell line, but not the JAR cell line.

Discussion

We used the high-throughput capacity of DNA microarrays to
examine gene regulation by Zn in intestine and placenta, using
the human intestinal cell line Caco-2 and the human placental
cell line JAR as appropriate models, and examined gene
responses to extracellular Zn concentrations of 12 uM and
100 M, representative of the Zn concentrations typically
encountered by the placenta and intestine in vivo. In general,
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Fig. 2. The effect of extracellular Zn concentration on metal response element binding transcription factor (MTF)-1 (a, c) and MTF-2 (b, d) mRNA expression in
Caco-2 (a, b) and JAR (c, d) cells. Cells were cultured for 24 h at the Zn concentrations indicated (added as ZnCl,) then total RNA was extracted and levels of
MTF-1 and MTF-2 mRNA were measured by real-time RT-PCR, using SYBR green fluorescence and the Lightcycler 2-0. Data are expressed relative to glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) mRNA levels measured in the same samples. Values are means (n 6), with standard errors represented by vertical
bars. Statistical analysis was by one-way ANOVA followed by Bonferroni’s multiple comparisons test. *** Mean value was significantly different from that at 3 um-
Zn (P<0-001). 111 Mean value was significantly different from that at 12 wm-Zn (P < 0.001).
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magnitudes of gene responses were modest and, with the
exception of the metallothionein genes, all changes were
less than 2-fold. These observations are consistent with results
of other microarray studies, which report moderate gene-regu-
latory effects of both elevated and reduced Zn availability®®.
The use of a fold change cut-off is commonly employed as a
method for classification of regulated genes in microarray
experiments, including several examples of studies using
DNA microarrays to identify Zn-regulated genes®®~'*'%)
The choice of which fold change cut-off to use is somewhat
arbitrary and a recent report highlighted the fact that using
arbitrary threshold criteria can preclude changes with func-
tional importance from consideration, as genes with little
inherent variation, but expression ratios just below the cut-
off, would be disregarded unnecessarily'®. In view of this
argument, we chose to use an alternative approach to identify
genes differentially expressed, whereby the threshold cut-off
was selected based on the variability of the data, allowing
identification of small but significant changes in gene
expression. The variance of the normalised set of housekeep-
ing genes was used to generate an estimate of expected var-
iance for the dataset, leading to predicted 95% CI, and
genes with expression ratios outside these CI were selected
as differentially expressed. This approach has been used in
other low-density microarray studies®**> and measurement
of variability of the data has been used as a technique to
identify Zn-regulated genes in rat liver and jejunum‘' ", Statisti-
cal analysis of large datasets also requires consideration of the
problems associated with multiple hypothesis testing, which
results in the generation of false positives (type I errors). To
control for false discovery rate we applied a Benjamini—Hoch-
berg multiple testing correction (MTC) to statistical analyses
of our microarray data. Although MTC limits identification
of false positives, we recognise the possibility that some
differentially expressed genes in the array experiments were
missed due to the application of this correction.

The Zn supply to enterocytes and placental trophoblasts
in vivo is subject to fluctuation, albeit to a different extent in
each tissue. Placental trophoblasts are exposed to the Zn concen-
tration of the blood, which can experience some degree of flux
but is generally maintained within a fairly narrow range
(12—15 M) and rarely exceeds 20 wM. In contrast, enterocytes
are typically exposed to much higher and more variable Zn con-
centrations, potentially exceeding 100 uM following a meal or
nutrient supplement. In view of the analogous roles of the
intestine and placenta in nutrient transfer, we hypothesised
that alterations in Zn supply would induce parallel changes in
gene expression in Caco-2 and JAR cells. However, given that
each tissue senses Zn over different concentration ranges,
we predicted that response profiles to Zn in intestinal and placen-
tal cells would be analogous, but would occur at different,
physiologically relevant Zn concentrations.

In contrast to these predictions, our array analyses demon-
strated that approximately equal numbers of genes were regu-
lated by Zn in both Caco-2 and JAR cells under the same
conditions, and that fewer genes were regulated at 12 pwMm-
than at 100 pM-Zn in both cell lines. Additionally, we found
a lack of correlation between Zn-responsive genes in Caco-2
and in JAR cells at the two Zn concentrations employed in
the present study. Our observations suggest that, despite
the analogous roles of the intestine and placenta in nutrient

transfer, Zn may modulate different transcription factors
and/or regulatory pathways, leading to the regulation of differ-
ent subsets of genes, in placental and intestinal cells. We pro-
pose a number of possible explanations for this finding.
One possibility is that exposure to the same concentration of
extracellular Zn does not result in comparable changes in
intracellular Zn in the two cell lines, as a result of differences
in the balance between Zn uptake, efflux and compartmentali-
sation by specific transport proteins. In support of this concept,
we previously reported differential effects of Zn on the
expression of Zn uptake and efflux transporters in human
intestinal and placental cell lines'*2?. Tissue- or cell type-
specific gene regulation by Zn may also be due to the
existence of transcription factors and regulatory elements
that are expressed or function only in certain cell types. The
best-characterised Zn-responsive transcription factor in mam-
mals is MTF-1, which mediates Zn-induced transcriptional
activation by binding to metal response elements in gene prox-
imal promoter regions(%). MTF-1 is involved in Zn-induced
transcriptional activation of human metallothionein 2A" as
well as mouse metallothionein 1/2*® and the Zn transporter
ZnT1%”. MTF-2 was identified recently as a putative homol-
ogue of MTE-17 and, although its function remains elusive,
MTF-2 and MTF-1 mRNA were decreased and increased
respectively in Zn-deficient THP-1 cells™”, suggesting poten-
tial reciprocal roles in Zn-regulated gene expression. In the
present study we demonstrate that the expression of both
MTF-1 and MTF-2 mRNA is decreased in response to elev-
ated extracellular Zn (100 uMm) in Caco-2 cells only, and not
in JAR cells. We suggest that the differential sensitivity to
Zn of these two transcription factors may explain to some
extent the differences between gene regulation in Caco-2
and JAR cells. Since a number of other reports document
tissue- or cell type-specific regulation of gene expression by
Zn, including variations in the direction and magnitude of
change(lg’zo"%o"gz), it is possible that the differential sensitivity
of MTF-1 and MTF-2 extends to other tissues and cell types.
In addition we present evidence that cell type-specific
responses of specific genes to changes in Zn availability are
a consequence of differential sensitivity of the Zn-sensing
mechanism(s) in each cell type. Using a reporter gene
approach, in the present study we demonstrated that transcrip-
tional activation of the highly Zn-responsive human MT2A
promoter occurs over different Zn concentration ranges in
Caco-2 and JAR cells, suggesting that there may be different
‘set points’ for the Zn-sensor in the intestine and placenta.
The results of our microarray analysis offer several
opportunities for future investigation of the physiological
importance and mechanisms of regulation of specific genes
by Zn. For example, a number of genes related to transport
or metabolism of Cu and Fe were identified as Zn-regulated
genes in either Caco-2 or JAR cells. These included the
multi-copper ferroxidases hephaestin and ceruloplasmin, the
Cu transporters hCTR2 and ATP7B, the Fe-binding protein
transferrin and the Fe-regulated mRNA stability factor
IREB2. Regulation of these genes by Zn is of considerable
interest as previous studies have reported adverse effects of
elevated Zn availability on Cu and Fe status in both animal
models®® and human subjects**~*® but the mechanisms
through which these effects are mediated are not well under-
stood. It should be noted that the regulatory effects of Zn on
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the mRNA levels of these genes, as detected by microarray
analysis, were confirmed by real-time PCR for hephaestin
and IREB2 only. Therefore, further confirmation will be
required before the physiological relevance of the remaining
genes can be assessed.

Hephaestin, a basolateral membrane ferroxidase responsible
for oxidation of Fe to the ferrous state, is highly expressed in
the gut and is required for the release of Fe from the entero-
cyte, as illustrated by the anaemic phenotype of sex-linked
anaemia (sla) mice that have a mutant form of hephaestinm) .
Human studies show an inhibitory effect of high doses of Zn
on intestinal Fe absorption®®*?. The observed down-regu-
lation of hephaestin transcript levels in Zn-supplemented
(100 pum) Caco-2 intestinal cells may be a mechanistic expla-
nation for these effects. In support of this view, a previous
study reported negative effects of Zn supplementation on
both hephaestin protein expression in the intestine and reten-
tion of an oral dose of *’Fe in rat pups given supplemental
Zn orally from postnatal day 204D

Microarray analyses detected up-regulation of the mRNA
stability factor IREB2 following treatment of JAR cells with
100 wMm extracellular Zn for 24h and a similar effect was
detected at 12 pM-Zn by real-time RT-PCR. These data indi-
cate that, in placental cells, IREB2 is particularly sensitive
to changes in the extracellular Zn supply. A previous
study demonstrated down-regulation of IREB2 expression in
human mononuclear THP-1 cells treated with 40 pM-
ZnSOY", suggesting that the pattern of regulation by Zn
may be cell type specific. IREB2 is expressed in human pla-
centa®® and may be involved in the post-transcriptional con-
trol of placental transferrin receptor 1, which is responsible for
Fe uptake at the villous membrane of the placenta by receptor-
mediated endocytosis“**¥. Elevated Zn concentrations can
affect placental Fe transport, as shown by the increased fetal
plasma Fe and placental Fe content when pregnant rats were
fed Zn-supplemented diets“>. The observed up-regulation of
IREB2 expression in JAR cells at elevated extracellular Zn
concentrations may be explained by the potential role of
IREB2 in the regulation of placental Fe uptake pathways.

The observed apparent differences in gene regulation
derived from the microarray analysis and kinetic real-time
RT-PCR may be a consequence of the relatively small changes
in expression observed, the use of different normalisation
methods or the interrogation of different regions of the
sequence using the two different techniques, which may lead
to the detection of splice-variant-specific effects with only
one or other approach. Interestingly, in confirmation of our
findings, a recent study of the effect of dietary Zn deficiency
on gene expression in rat hepatocytes reported that the direc-
tion of regulation of ceruloplasmin detected by array data
was opposite to that observed with Northern blotting"'®.
Limitations with respect to microarray sensitivity or interrog-
ation of different regions of the coding sequence using micro-
array hybridisation compared with RT-PCR may also account
for the fact that we detected no Zn-dependent change in
expression of ZnT1 and ZnT5 mRNA in Caco-2 cells, in con-
trast to our previous observations made in human intestinal
mucosa, where we measured reduced ZnT1 mRNA levels in
response to oral Zn supplementation*®, and in Caco-2 cells,
where we measured increased levels of ZnT1 and ZnT5
mRNA at the same concentration of extracellular Zn

(100 MM)QO), but over a longer (3 or 7d) period of exposure,
which may, itself, be an alternative explanation. Similarly, a
time-dependent effect may explain the observation that micro-
array analysis in the present study detected an increase in
ZnT1 mRNA in the placental cell line JAR after exposure to
100 wM-Zn for 24h, whilst we previously detected no
change in ZnT1 expression in JAR cells exposed to 100 uM-
Zn for 7d"?.

Two other Zn-regulated genes identified by microarray ana-
lyses merit further comment. The first of these is liver fatty
acid-binding protein, which was down-regulated by 1-4-fold
in Caco-2 cells treated with 12 wM-Zn for 24 h. Previous
microarray analyses showed that mRNA levels of a number
of genes involved in lipid metabolism, including liver fatty
acid-binding protein, were modulated by low Zn status in
rats' %13, Regulation of liver fatty acid-binding protein
expression by Zn supply may in part provide a mechanistic
explanation for reports that Zn-deficient rats develop fatty
livers, characterised by increased TAG accumulation®”*®,
The second gene is the Na*/H" exchanger NHEI, which
was up-regulated by 1.5-fold in Caco-2 cells exposed to
100 wM-Zn for 24h. Consistent with this finding, previous
studies demonstrated that elevated extracellular Zn concen-
trations (>50 uM) activated Na'/H' exchange in HT-29
human colonic cells and enhanced recovery from acidic pH(49).

In summary, the data presented in the present study demon-
strate that human intestinal and placental cells display differen-
tial transcriptomic responses to changes in Zn availability. These
effects may in part be attributed to transcription factors
whose activities are dependent on whether the intracellular
environment is intestinal or placental. The response profile of
the human MT2A promoter to Zn indicates that there may be a
different set-point for the Zn sensor in these two tissues. Data
from microarray analyses suggest that different genes respond
to changes in Zn availability in intestinal cells compared with
placental cells and a number of these genes represent targets
for future research into nutrient interactions between Zn and
other essential metals. An understanding of these interactions
is essential for assessing the potential risks to nutritional status
posed by dietary Zn supplementation.
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