
Differential regulation of zinc efflux transporters ZnT-1, ZnT-5 and ZnT-7
gene expression by zinc levels: a real-time RT–PCR study
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Abstract

Intracellular zinc levels are strictly regulated by zinc channels and zinc-binding proteins to maintain cellular zinc-dependent functions.

We demonstrated a correlation between extracellular zinc concentration and intracellular exchangeable zinc levels using the fluorescent

zinc-specific probes zinquin and zinpyr-1. The effect of extracellular zinc status on the regulation of the two trans-Golgi network directed

zinc transporters ZnT-5 and ZnT-7 was next studied by real-time RT–PCR in zinc supplemented or depleted HeLa cells. While sub-toxic

extracellular zinc addition strongly induced the efflux transporter ZnT-1 gene expression, consistent with its activation by the transcription

factor MTF-1, treated HeLa cells did not display any change in ZnT-5 and ZnT-7 mRNA levels compared to control cells. In contrast, zinc

depletion induced by non-toxic doses of the zinc chelator TPEN (N,N,N0,N0 tetrakis-(2 pyridylmethyl) ethylene diamine) resulted in a up to

eight-fold induction of transporters ZnT-5 and ZnT-7 mRNA levels, providing the first evidence of a transcriptional control of these two

zinc efflux transporters by zinc deficiency in cultured cells.
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1. Introduction

Zinc, an essential trace element, is involved in many

cellular processes as a cofactor of enzymes, nuclear factors

and hormones and, hence, is a very important component

of cell viability [1–4]. Intracellular zinc concentration is

correlated to cell fate, i.e. proliferation, differentiation or

apoptosis [5,6], and modifications of zinc homeostasis are

linked to several pathologies affecting humans at any stage

of life [7–9]. This homeostasis results from a coordinated

regulation by different proteins involved in uptake, excre-

tion and intracellular storage/trafficking of zinc [10]. These

proteins are transmembrane transporters, belonging to the

ZIP and ZnT families, and metallothioneins. Zip proteins

are involved in cellular uptake of zinc. They were first

discovered in plants and yeast and several members were

later described in mouse and human [11]. ZnT proteins are

responsible for the extrusion of zinc outside the cytoplasm,

i.e. in the extracellular space or intracellular organelles.

They belong to the CDF family (cation diffusion facil-

itator) and most of them share six membrane-spanning

domains and a histidine-rich intracellular loop. In human

cells, the seven homologous zinc export proteins which

have been identified (ZnT-1 to ZnT-7) belong to the SLC30

gene family. ZnT-1, a ubiquitous zinc transporter located in

the plasma membrane, ensures zinc efflux from the cell

[12]. ZnT-2 equally confers zinc resistance, although it is

located in acidic endosomal/lysosomal vesicles and allows

vesicular zinc accumulation inside the cell [13]. ZnT-3 and

ZnT-4 have quite the same functions as ZnT-2. ZnT-3 is

tissue specific and mainly located in brain, in the mem-

branes of zinc-rich synaptic vesicles within mossy fiber

boutons of hippocampus [14], and in testis [15]. ZnT-4 is

largely expressed [16], but higher levels of ZnT-4 are found
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in brain and epithelial cells. This transporter has been

shown to be essential in mammary epithelia for regulating

milk zinc content [17]. ZnT-5 is also widely expressed, but

more abundantly in pancreatic beta cells, and localized in

intracellular non-acidotropic vesicles [18]. Mice deficient

for this gene show osteopenia and male-specific sudden

cardiac death [19], suggesting a role in maturation of

osteoblasts and in maintenance of the cells involved in

the cardiac conduction system for this transporter.

Recently, ZnT-6 has been described as a protein respon-

sible for the relocation of cytoplasmic zinc into the trans-

Golgi network and the vesicular compartment [20], while

ZnT-7 is involved in zinc transport from the cytoplasm into

the Golgi apparatus [21].

The controlled expression at the transcriptional level

of these ZnT proteins regulates, at least in part, cellular

zinc homeostasis. Experiments in rats demonstrated

the influence of zinc deficiency or supplementation on

ZnTs zinc transporters mRNA expression levels [16,22].

In rats fed a high zinc level, intestinal ZnT-1 and ZnT-2

mRNA expression levels were increased [23]. A

same ZnT-1 induction was obtained in the LNCaP and

PC-3 human prostate cell lines treated by zinc [24].

The induction of ZnT-1 gene transcription was explained

by the binding of the metal-specific transcription

factor MTF-1 on two metal response elements (MRE)

in ZnT-1 promoter [25]. Conversely, ZnT-4 expression in

intestine was not influenced by dietary zinc intake [16],

but in rats fed a low zinc diet, a higher ZnT-4 mRNA

and protein expression was detected in mammary gland

[26].

However, the control of ZnT-5 and ZnT-7 gene expres-

sion by zinc ions, which appears to be of significant

importance for zinc delivery to the Golgi apparatus, has

not been investigated yet. Herein are presented the results

of our study on the influence of extracellular zinc con-

centration (from depletion to supplementation) on cell

viability and intracellular exchangeable zinc levels,

together with a real-time RT–PCR study of the transcrip-

tional response of ZnT-1, ZnT-5 and ZnT-7. In contrast

with the results obtained with the MTF-1 driven zinc

transporter ZnT-1, which was confirmed to be induced

by zinc ions, we showed that ZnT-5 and ZnT-7 gene

expression did not respond to zinc supplementation, while

they are strongly up-regulated by zinc depletion in HeLa

cells. Up-regulation of zinc transporters by zinc deficiency

may be induced by a zinc-responsive transcription factor

yet to be identified.

2. Material and methods

2.1. Chemicals

All chemicals were reagent grade from Sigma or Merck.

Zinquin ethyl ester was purchased from TRC.

2.2. Zinpyr-1 synthesis

Zinpyr-1 was prepared in high yield (84%) by slight

modification of the reported procedure [27]. The crude

product obtained according to the described procedure

(scaled up by four times) was thoroughly washed five

times with hot ethanol, then twice with cold water and

dried under vacuum to afford homogeneous zinpyr-1, as

proven by analytical data (not shown). Due to significant

decomposition of the material upon silica gel chromato-

graphy, this modified procedure should be preferred for

multi-gram scale synthesis.

2.3. Determination of zinc concentration

Total zinc concentrations in both the control and sup-

plemented media were determined by flame atomic absorp-

tion spectroscopy (Perkin-Elmer). Cell culture medium

zinc concentration was 6.0 � 0.5 mM. For [Zn(II)]free

determination, the fluorescence of solutions of 1 mM Zyn-

pir-1, 25 mM TPEN (N,N,N0,N0 tetrakis-(2 pyridylmethyl)

ethylene diamine) and different concentrations of zinc in

cell culture medium or buffer (50 mM Tris–HCl, pH 7.4,

0.1 M NaCl) was measured with a Perkin-Elmer LS50B

spectrofluorimeter. The parameters were: excitation wave-

length ¼ 507 nm with 5 nm slit width, emission wave-

length ¼ 530 nm with 5 nm slit width and a 515 nm cut-off

filter. [Zn(II)]free, [TPEN]free and [Zn-TPEN] were calcu-

lated with the program MINEQLþ (Environmental

Research Software).

2.4. Cell culture methods

HeLa epithelial cells (ATCC number CCL-2) were

grown in Opti-MEM medium (Modified Eagle’s Medium,

Invitrogen) supplemented with 5% heat-inactivated fetal

calf serum, 2 mM glutamine, 100 units/mL penicillin, and

100 mg/mL streptomycin. Cells were incubated at 37 8C in

a 5% humidified CO2-enriched atmosphere and routinely

splitted at a 1:5 ratio.

2.5. Cell viability assay

Cellular viability in the presence or absence of experi-

mental agents was determined using the Mosmans’s MTT

(3-(4,5-dimethylthiazol-2-yl)-2,5-dimethyl tetrazolium

bromide; Sigma) assay. This assay is based on the ability

of living cells to convert dissolved MTT to insoluble

formazan [28]. Briefly, following experimental treatment

(zinc sulphate or TPEN), 10 mL of a 5 mg/mL MTT

solution were added in each well, and the plate was

incubated in the dark for 3 h at 37 8C. The medium was

then removed, and the coloured reaction product was

solubilized in 100 mL DMSO. Absorbance was measured

at 570 nm using a Vmax plate reader (Labsystems Multiskan

RC). The percentage viability was calculated as follows:
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percentage specific viability ¼ ½ðA � BÞ=ðC � BÞ	 
 100

where A ¼ OD570 of the treated sample, B ¼ OD570 of

the medium, and C ¼ OD570 of the control (phosphate

buffer saline (PBS)-treated cells). The values were

expressed as percentage viability relative to vehicle-treated

control cultures.

2.6. Intracellular zinc staining by zinquin and zinpyr-1

Cells were grown in Lab-tek II chambered cover glass

systems (Nunc) and incubated with either 50 mM zinc, or

5.67 mM TPEN for 2 h. After washing with PBS, cells were

stained with the zinc-specific fluorescent probes zinquin

ethyl ester or zinpyr-1 as previously described [6,27]. Cells

in PBS with calcium and magnesium were then observed

under an inverted fluorescence microscope (for zinquin

stained cells: excitation wavelength 365 nm, emission

wavelength 485 nm; for zinpyr-1 stained cells: excitation

wavelength 507 nm and emission wavelength 535 nm).

Cells were photographed with a cooled digital camera

ORCA-100 (Hamamatsu).

2.7. Zinc or TPEN treatment and RNA extraction

HeLa cells were treated either by zinc sulfate or TPEN at

different concentrations or fixed concentrations for differ-

ent time before total RNA extraction. Zinc dilutions were

prepared from a 20 mM stock ZnSO4 solution, in which

zinc was measured by atomic absorption spectroscopy for

concentration accuracy. TPEN was solubilized in ethanol/

water (50/50, v/v). Dilutions were prepared with medium

from a 5 mM stock solution (ethanol final concentration

<0.1%). Treated cells (106) in 60 mm Petri dishes were

washed twice with cold PBS, scraped and centrifuged

3 min at 2000 
 g. Total RNA was extracted from the

cell pellet by the High Pure RNA Isolation kit (Roche) as

described by the manufacturer. The RNA eluted with

50 mL of elution buffer, was quantified and stored in

aliquots at �80 8C.

2.8. Quantitative RT–PCR analysis

Primer design and optimization regarding to dimeriza-

tion, self-priming and melting temperature was carried out

using MacVector software (Accelrys). PCR products were

controlled using Agilent 2100 Bioanalyzer with DNA 500

Assay (Agilent Technology). In addition, for each separate

sample, specificity of PCR product was checked with

Lightcycler melting curve (Lightcycler Software v.3.5,

Roche Applied Science). All primers used in this study

were synthesized at Eurogentec (Saraing). The PCR was

carried out with the LC Fast Start DNA Master SYBR

Green kit (Roche Applied Science) using 0.1 mL of cDNA

(equivalent to 3.75 ng total RNA) in a 20 mL final volume,

4 mM MgCl2 and 0.4 mM of each primer (final concentra-

tion). Quantitative PCR was performed using a Lightcycler

(Roche Applied Science) for 45 cycles at 95 8C for 20 s,

58 8C (Cyclophilin A and ZnT-1) or 60 8C (ZnT-5 and

ZnT-7) for 5 s, and a final step of 10 s at 72 8C. Quantifica-

tion was achieved with the comparative threshold cycle

method [29] using RealQuant Software (Roche Applied

Science).

2.9. Statistics

Results were presented as mean � S.D. of at least five

experiments. Significance was assessed by the Student’s t-

test.

3. Results

3.1. Determination of free zinc concentration in

extracellular medium

The [Zn(II)]free was calculated according to C.E. Outten

[30], from Eq. (1) with [TPEN]total, [Zn(II)]Total, and

K 0
Zn-TPEN, the apparent binding constant at a given pH

and ionic strength.

ZnðIIÞfree þ TPEN ! Zn-TPEN (1)

The value of K 0
Zn-TPEN, 2.5 
 1015 M�1, was calculated

from the absolute binding constants for Zn-TPEN [31,32]

and at pH 7.4, 0.1 M ionic strength (50 mM Tris–HCl, pH

7.4, 0.1 M NaCl). The values for [Zn(II)]free, [TPEN]free

and [Zn-TPEN] were calculated with 25 mM TPEN in the

buffer (Fig. 1A). To determine [Zn(II)]free in medium, in

vitro assays were conducted with buffer or medium, at

1 mM zynpir-1, 25 mM TPEN and different concentrations

of zinc, and fluorescence of the solution was measured

(Fig. 1B). As the Kd of zinpyr-1 for zinc is 0.7 nM [27],

the increase of zinpyr-1 fluorescence (50% of Fmax) in

this system is directly proportional to the increase of

[Zn(II)]free. So, a shift of the curve to the right indicates

a higher buffering capability for zinc of the medium and a

lower [Zn(II)]free for the same value of [Zn(II)]total. Atomic

absorption spectrophotometry allowed measurement of

[Zn(II)]total in buffer and medium for each condition.

The free zinc concentration was then calculated at given

concentration of zinc added in the medium (Fig. 1C),

accordingly to the range of the values used in the following

experiments.

3.2. Effect of zinc and TPEN treatment on HeLa cells

viability

Since zinc and TPEN can be toxic for cells, we deter-

mined the optimal concentrations of these substances for

subsequent experiments, i.e. experimental conditions for a

non-toxic zinc supplementation or depletion. HeLa cells

were treated with different concentrations of zinc or TPEN

for 24 h. Cell viability was assessed using the MTT assay.
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Increasing zinc concentration in the medium increased

cell viability up to 125 mM zinc added (123 mM free zinc),

but induced cell death for higher concentrations, with a

calculated LD50 (concentration with 50% viability) of

154 mM zinc added (152 mM free zinc) (Fig. 2A). Simi-

larly, 24 h treatment with increasing concentration of

TPEN, a specific zinc chelator decreased cell viability.

Cell viability remained stable up to 5 mM TPEN. The

LD50 after 24 h was 6.25 mM TPEN (Fig. 2B). These

results indicated that zinc and TPEN induced cell death in

a dose-dependent manner. We then determined the overall

shape of cell viability compared to zinc available in the

medium, by treating cells simultaneously with 10 mM

TPEN and different concentrations of zinc (Fig. 2C). Cell

viability increased with zinc addition and reached a

plateau for concentrations of zinc added ranging from

12 to 150 mM (2–140 mM free zinc). For concentrations

higher than 200 mM (190 mM free zinc), the cell viability

decreased with zinc added in the medium. This curve

illustrated the correlation between extracellular zinc or

TPEN and cell viability and confirms a biphasic effect of

zinc ions.

3.3. Exchangeable intracellular zinc is correlated to

extracellular zinc levels

We used zinquin ethyl ester, a membrane-permeant

derivative of TSQ, to visualize labile Zn2þ in living

cultured HeLa cells (Fig. 3). Examination of control cells

revealed background fluorescence with some cells showing

localized regions with higher Zn2þ levels (Fig. 3c). Higher

magnification of control cells showed a diffuse cytoplas-

mic localization of zinquin fluorescence, with a strong

staining in the perinuclear region (Fig. 3d). Cells loaded

with Zn2þ displayed higher zinquin fluorescence, thus

indicating zinc added in the extracellular medium

increased the intracellular labile Zn2þ (Fig. 3a). Moreover,

at higher magnification these Zn2þ-loaded cells display a

strong punctuate fluorescence, most of which seems to be

vesicular, contrasting with the diffuse staining of control

cells (Fig. 3b). Conversely, in zinc-depleted cells by addi-

tion of TPEN for 2 h in the medium, the zinquin fluores-

cence remained only perinuclear, and very low when

compared to control cells (Fig. 3e and f). Thus, zinquin

fluorescence in cells was significantly quenched by

Fig. 1. Determination of free zinc concentration in buffer and medium. (A) The values for [Zn(II)]free, [TPEN]free and [Zn-TPEN] in 50 mM Tris–HCl, pH

7.4, 0.1 M NaCl buffer were calculated according to O’Halloran et al. (see Section 2) using K 0
Zn-TPEN ¼ 2:5 
 1015 M�1 and [TPEN]total ¼ 25 mM. (B) The

fluorescence of 1 mM zynpir-1 in medium or buffer was measured with a spectrofluorimeter using 25 mM TPEN and different concentrations of zinc. (C)

[Zn(II)]free was calculated for a given concentration of zinc added to the medium.
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additional TPEN, which has a much higher affinity for zinc

than zinquin ethyl ester [6,10]. These experiments con-

firmed that observed zinquin fluorescence in HeLa cells is

due to the presence of intracellular labile Zn2þ, which was

modified by high or low zinc extracellular concentration.

The entire set of experiments was reproduced with zinpyr-

1, a new membrane-permeant fluorescent sensor for Zn2þ

(Fig. 4). Control zinpyr-1-loaded cells looked different

from zinquin ethyl ester-stained control cells and revealed

more localized regions with higher fluorescence. A higher

magnification allowed localization of this fluorescence

area solely in the Golgi network (Fig. 4c and d). Contrary

to zinquin ethyl ester, zinpyr-1 reveals very slight, if any,

cytoplasmic fluorescence. Again, we observed an increase

in fluorescence when cells were cultured with 50 mM zinc

added in the medium for 2 h (Fig. 4a and b). The fluor-

escence was not located exclusively around the nucleus,

but scattered in the cytoplasm. In zinc depleted cells,

zinpyr-1 fluorescence was almost completely quenched

(Fig. 4e). Though, observation of cells at a higher magni-

fication and longer time of integration (5 s compared to

500 ms for control cells) indicated that remaining zinpyr-1

fluorescence was located at the same area as control cells

(Fig. 4f).

3.4. Effect of zinc ions on ZnT-1, ZnT-5 and ZnT-7

gene expression

To test the effect of zinc ions on the transcription level of

different ZnTs, we treated HeLa cells with non-toxic

concentrations of zinc sulfate, ranging from 0 to

100 mM (1.22 
 10�3 mM to 98 mM free zinc in the

medium), for 10 h and prepared total RNAs. For kinetics

analysis, HeLa cells were treated with 100 mM zinc for

different times. cDNAs were then prepared on total poly-

Aþ RNAs by reverse transcription with poly dT primer.

Then, the levels of ZnT transcripts were measured with

real-time PCR using specific oligonucleotides for ZnT-1,

ZnT-5 and ZnT-7 sequence and specific primer for cyclo-

phylin A (Fig. 5). PCR products were analyzed using

Fig. 2. Relationship of HeLa cell viability to intracellular zinc concentration. Cell Viability was determined by MTT assay as described in Section 2. Results

are expressed as percentage viability, with 100% viability for non treated cells. Results are the mean � S.D. of six experiments. (A and B) HeLa cells were

incubated with the indicated concentration of zinc or TPEN added in the medium for 24 h. (C) HeLa cells were treated simultaneously with 10 mM TPEN and

increasing zinc concentrations (0–2000 mM) for 24 h.
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Fig. 3. Effect of extracellular zinc status on intracellular exchangeable zinc concentration analyzed by zinquin in HeLa cells. (a and b) HeLa cells were

incubated for 2 h with 50 mM ZnSO4, washed, and zinquin was added to visualize intracellular labile zinc. (c and d) HeLa cells were washed and zinquin was

added to visualize intracellular labile zinc in untreated control cells. (e and f) HeLa cells were incubated for 2 h with 5.67 mM TPEN, washed, and zinquin

was added to visualize intracellular labile zinc.

Fig. 4. Effect of extracellular zinc status on intracellular exchangeable zinc concentration analyzed by zinpyr-1 in HeLa cells. (a and b) HeLa cells were

incubated for 2 h with 50 mM ZnSO4, washed, and zinpyr-1 was added to visualize intracellular labile zinc. (c and d) HeLa cells were washed and zinpyr-1

was added to visualize intracellular labile zinc in untreated control cells. (e and f) HeLa cells were incubated for 2 h with 5.67 mM TPEN, washed, and zinpyr-

1 was added to visualize intracellular labile zinc.
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Agilent 2100 Bioanalyzer with DNA 500 Assay. PCR

products were at the expected size for each gene

(Table 1). Additionally, derived melting curve analyses

were also performed to assess the specificity of amplifica-

tion reaction. As control experiments for zinc treatment

specificity of transcription levels modifications, we used

both no zinc added and a change of medium, to ensure that

fetal bovine serum had not any effect on ZnT transcription

level (data not shown). Addition of zinc in the medium had

not any effect on ZnT-5 and ZnT-7 transcription levels

(Fig. 6), either at different time and doses. On the other

hand the transcription level of ZnT-1, used here as a

positive control, increased after addition of 100 mM zinc

to the culture medium (Fig. 7A). After 1 and 3 h incuba-

tion, ZnT-1 transcription level was three-fold higher com-

pared to controls (P < 0.01). After 6 h the transcription

level of ZnT-1 decreased and returned to the basal level

after 12 h. These results confirmed an inductive effect of

zinc on ZnT-1 transcription.

3.5. Effect of zinc deficiency on ZnT-5 and ZnT-7

expression

To test the effect of zinc depletion on the transcription

level of ZnT-5 and ZnT-7, we treated HeLa cells with non-

toxic concentrations of TPEN ranging from 0 to 5.83 mM

for 10 h or with 5.67 mM TPEN for different times. Real-

time RT–PCR was conducted as described above. In cells

treated with different concentrations of TPEN for 10 h

(Fig. 8A and C), ZnT-5 and ZnT-7 transcriptional levels

were increased comparatively to untreated cells. For both

transporters, the higher effect was observed for 5.67 mM

TPEN, with a 2.5-fold increase for ZnT-5 and an eight-fold

increase for ZnT-7, compared to the controls. These data

provide the first evidence that cells attempt to adapt to

intracellular zinc deficiency by increasing the expression

of those two transporters. We did not observe any effect of

zinc depletion on ZnT-1 transcription level (Fig. 7B).

When TPEN concentration was fixed at 5.67 mM for

different times (Fig. 8B and D), the higher level of expres-

sion for ZnT-5 was observed after 12 h treatment, while

Znt-7 gene expression was significantly increased after

only 3 h. Thus, both ZnT-5 and ZnT-7 expressions were

found to be up-regulated by zinc deficiency, in a time- and

dose-dependent manner. However, the induction of ZnT-7

was faster and stronger than the induction measured for

ZnT-5.

4. Discussion

The effect of extracellular sub-toxic concentrations of

zinc and specific-zinc chelator TPEN on intracellular labile

zinc localization was observed using two different fluor-

escent probe specific for Zn(II) ions, zinquin and zinpyr-1,

[6,27]. These probes do not localize in the same compart-

ments. Zinquin is able to diffuse across the membranes

[33]. However, it is present in cells in its acid form and

mainly accumulated into acidic vesicles [13]. HeLa cells

cultured in normal zinc containing medium showed a

diffuse cytoplasmic localization of zinquin fluorescence,

with a stronger staining in the perinuclear region. We

Fig. 5. Evaluation of PCR products by bioanalysis gel. cDNAs prepared

from total poly-Aþ RNAs were amplified by PCR using specific primers

for ZnT-1, ZnT-5, ZnT-7 and cyclophylin A and analyzed by Agilent 2100

Bioanalyzer with DNA 500 Assay. Expected DNA sizes for ZnT-1, ZnT-5,

ZnT-7 and cyclophylin A were 108, 83, 87 and 127 bp, respectively.

Table 1

Sequences of the primers used in real-time PCR assays

Gene name GenBank accession number Sequence Product size (bp)

ZnT-1 (SLC30A1) AF364518 Forward GAG ATG CCT TGG GTT CAG TGA TTG 108

Reverse GGT CAG GGA AAC ATG GAT TCA CAC

ZnT-5 (SLC30A5) AY089991 Forward GGA GGC ATG AAT GCT AAC ATG AGG 83

Reverse GTG GAT ACG ATC ACA CCA ATG CTG

ZnT-7 (SLC30A7) AY094606 Forward TTT CTT CCT GTG CCT GAA CCT CTC 87

Reverse GAG TCG GAA ATC AAG CCT AAG CAG

Cyclophylin A NM_021130 Forward CAT CTG CAC TGC CAA GAC TGA GTG 127

Reverse CTT CTT GCT GGT CTT GCC ATT CC
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Fig. 6. Influence of zinc supplementation on ZnT-5 and ZnT-7 mRNA expression in HeLa cells. HeLa cells were cultured with various concentration of zinc

for 10 h (A and C) or with 100 mM zinc for different times as indicated (B and D). Total poly-Aþ RNA was reverse transcribed and the cDNA amplified by

real-time PCR using specific primers for ZnT-5 (A and B) or ZnT-7 (C and D). The PCR products were detected with SYBR green fluorescence chemistry.

PCR values were normalized to those produced with primers for cyclophylin. (A) Values are means � S.D.; n ¼ 5.

Fig. 7. Influence of zinc depletion on ZnT-5 and ZnT-7 mRNA expression in HeLa cells. HeLa cells were cultured with various concentration of TPEN for

10 h (A and C) or with 5.67 mM TPEN for different times as indicated (B and D). Total poly-Aþ RNA was reverse transcribed and the cDNA amplified by

real-time PCR using specific primers for ZnT-5 (A and B) or ZnT-7 (C and D). The PCR products were detected with SYBR green fluorescence chemistry.

PCR values were normalized to those produced with primers for cyclophylin A. Values are means � S.D.; n ¼ 5. Asterisks indicate values significantly

different from those for control culture at �P < 0.05 or ��P < 0.01.
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observed a punctuate zinquin staining only in cells cultured

in high zinc containing medium. Such an intense zinquin

staining concentrated in intracellular vesicles has been

observed with normal medium in other cell types, includ-

ing airway epithelial cells [34], kidney and MDCK cells

[35] and in an epithelial model resistant to zinc toxicity

[36]. Thus, zinquin fluorescence level and localization are

cell-type dependent. Zinpyr-1 is a new fluorescent probe,

combining a fluorescein moiety as a reporting group and

four pyridyl groups for zinc chelation [27]. Zinpyr binds

Zn2þ in a 1:2 stoechoiometric ratio with a three- to five-

fold fluorescent enhancement. It is membrane permeant

and its fluorescence is mainly localized in Golgi network in

several cell lines, including HeLa cells or COS-7 [27].

When combined, the fluorescent properties of zinquin and

zinpyr-1 are a good indication of the global intracellular

zinc status. Moreover, they have different excitation/emis-

sion wavelengths, which may explain in part the slower

fading effect for zinpyr-1. The choice of a zinc fluorescent

marker is dependent on which cells and organelles are

studied and may be of significant importance depending on

the experimental conditions.

We next examined the effect of zinc supplementation or

deficiency on the transcriptional response of ZnT-1, ZnT-5

and ZnT-7 by real-time PCR. It was found that an increased

intracellular zinc level, resulting from extracellular zinc

supplementation, do not induce any up- or down-regulation

of ZnT-5 and ZnT-7 gene expression. Yet, the inducing

effect of zinc supplementation on ZnT-1 gene over-expres-

sion appears to be general (see above) as we also observed

a significant one with a short kinetics. Induction of ZnT-1

expression has been described as a protection mechanism

against high intracellular zinc levels provoked by extra-

cellular zinc treatment [12] or after neuronal ischemia [37],

and was explained by the binding of the metal-specific

transcription factor MTF-1 on two metal response ele-

ments (MRE) in ZnT-1 promoter [25]. From our experi-

ments, we conclude that ZnT-5 and ZnT-7 are not involved

in a cellular protection mechanism against high extracel-

lular zinc level in cells previously cultured in medium with

normal zinc concentration.

Conversely, we observed a huge increase in ZnT-7 and a

moderate increase in ZnT-5 genes expression after extra-

cellular sub-toxic zinc chelator treatment (Fig. 8). A pre-

vious study indicated that ZnT-5 and ZnT-7 gene

expressions were not changed or slightly decreased in

THP-1 cells upon TPEN treatment [38]. But this study

was performed with 10 mM TPEN, a concentration known

to induce apoptosis in several cell lines [5,6,39] and to

remove zinc from all zinc-containing proteins, and hence

from transcription factors [40]. Another study reports a

very slight increase in ZnT-5 gene expression by zinc ions,

as measured by semi-quantitative RT–PCR. However, in

this report this effect seems to be cell-type dependent, since

ZnT-5 was up-regulated by zinc ions in intestinal Caco-2

cells, but not in placental JAR cells [41].

The Golgi network only, zinc deficiency induced, zin-

pyr-1 fluorescence combined with the ZnT-5 and ZnT-7

gene over-expression, confirm the hypothesis for a function

of ZnT-5 and/or ZnT-7 in regulating intra-golgi zinc level

[18,21]. This adaptative mechanism might help providing

zinc to neo-synthesised proteins and keep some important

biochemical reaction during zinc deficiency. An other

hypothesis, similar to what has been described for

ZRC1 in Saccharomyces cerevisiae [42], could be a

mechanism for protecting the cell from zinc efflux (or

zinc shock) following a zinc deficiency period, preventing

a deleterious increase of cytosolic zinc due to a massive

influx of zinc. In zinc-limited cells, ZRC1 transcription,

required for resistance to this zinc shock, was found to be

induced by the zinc-responsive transcription factor Zap1

[42,43].

In conclusion, while the MTF-1 driven zinc transporter

ZnT-1 was confirmed to be induced by zinc ions, we

showed that ZnT-5 and ZnT-7 gene expression did not

respond to zinc supplementation, but they are strongly up-

regulated by zinc depletion in HeLa cells (Fig. 9). This

work represents the first evidence of a regulating mechan-

ism in response to zinc deficiency at the transcriptional

level for ZnT-5 and ZnT-7 in cultured cells. We also point

out the possible occurrence of a low zinc level transcription

factor similar to zap1 but yet to be identified.

Fig. 8. Influence of zinc supplementation and depletion on ZnT-1 mRNA

expression in HeLa cells. HeLa cells were cultured with 100 mM zinc (A)

or 5.67 mM TPEN (B) for different times as indicated. Total poly-Aþ RNA

was reverse transcribed and the cDNA amplified by real-time PCR using

specific primers for ZnT-1. The PCR products were detected with SYBR

green fluorescence chemistry. PCR values were normalized to those

produced with primers for cyclophylin A. Values are means � S.D.; n ¼ 5.

Asterisks indicate values significantly different from those for control

culture at �P < 0.05 or ��P < 0.01.
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