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Abstract

Zinc is essential for normal erythroid cell functions and therefore intracellular zinc homeostasis during erythroid
differentiation is tightly regulated. However, a characterization of zinc transporters in erythrocytes has not been conducted.
The membrane fraction of mature mouse RBC was screened for zinc transporter expression using western analysis as a first
step in the characterization process. ZnT1, Zip8, and Zip10 were detected among the 12 transporter proteins tested. We
examined expression of these zinc transporters during erythropoietin (EPO)-induced differentiation of splenic erythroid
progenitor cells into reticulocytes. Both Zip8 and Zip10 mRNA increased by 2—-6 h after addition of EPO to the cells. In
contrast, maximal RNA levels for the zinc transporter ZnT1 and erythroid §-aminolevulinic acid synthase were only produced
by 24 h after EPO. We confirmed these changes in transcript abundance by western analysis. Dietary zinc status influences
zinc-dependent functions of RBC. To determine whether the identified zinc transporters respond to dietary zinc status, mice
were fed a zinc-deficient or control diet. Incorporation of ®8Zn into erythrocytes in vitro was significantly increased in cells
from the zinc-deficient mice. Western analysis and densitometry revealed that erythrocyte Zip10 was upregulated and ZnT1
was downregulated in the zinc-depleted mice. Zip8 was not affected by restricted zinc intake. Collectively, these data
suggestthatthe zinc transporters ZnT1, Zip8, and Zip10 are important for zinc homeostasis in erythrocytes and that ZnT1 and
Zip10 respond to the dietary zinc supply. J. Nutr. 138: 2076-2083, 2008.

Introduction

Differential expression of zinc transporters is an important
component for the regulatory mechanism of zinc homeostasis.
There are 2 distinct gene families of zinc transporters, 10 ZnT
(Slc30a) and 14 Zip (Slc39a) transporter genes (1,2). ZnT
proteins facilitate the removal of cytosolic free zinc either by
exporting zinc through the plasma membrane or by sequestering
zinc in vesicles, whereas the Zip transporters function in an
opposite manner as a pathway for zinc influx through the plasma
membrane or from vesicles.

The zinc concentration is ~15 times greater in mature RBC
than in plasma (3). More than 90% of RBC zinc functions as a
component essential for the activity of zinc metalloenzymes,
particularly carbonic anhydrase and Cu®*/Zn**-superoxide
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dismutase (4). Some zinc may be bound to metallothionein
(MT)* (5,6). Calculations of zinc recycling through the human
erythron suggest there is an overall turnover for this pool of
between 0.12 and 0.25 mg zinc/d (7). This estimate is based on a
zinc concentration of 20-40 ug zinc/g hemoglobin, a RBC zinc
pool of 15-30 mg, and an RBC turnover rate of 120 d.

Various routes of zinc influx into circulating RBC have been
reported. Mechanisms suggested involve Cl"/HCO®  anion
exchanger activity, neutral complex formation with thiocyanate
or salicylate ions, and chelation by amino acids (8-10). A
calcium-dependent zinc efflux by a Cu>*/Zn*" exchanger has
been considered as the mechanism for the cellular zinc export
from circulating RBC (11). These mechanisms were proposed
before the identification of any zinc transporter proteins. There-
fore, reconsideration of the possible transport mechanisms is
necessary. Additionally, there have been animal and human
studies with zinc-deficient subjects implying expression of zinc-

4 Abbreviations used: ALAS-2, erythroid 8-aminolevulinic acid synthase; AMEM,
a minimum essential medium; AP, affinity-purified IgG; EPO, erythropoietin; MT,
metallothionein; MTF-1, metal-response element binding transcription factor 1;
PHZ, phenylhydrazine; gPCR, quantitative real-time PCR; vol, volume.
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responsive intrinsic factors that influence the RBC zinc transport
system (12-15). In those studies, RBC from zinc-deficient subjects
consistently demonstrated higher ®*Zn uptake in vitro. Unfortu-
nately, various forms of stress that produce hypozincemia also
increase ®*Zn uptake kinetics by RBC. This diminishes the latter
as a diagnostic tool for assessment of zinc status (13,15). Al-
though the zinc uptake rate is likely to be influenced by zinc
transporter expression, there have been no reports related to the
identification of erythroid zinc transporters.

Proteins involved in zinc metabolism and function in the
enucleated mature RBC are remnants from earlier developmental
stages where gene expression and protein production were active.
A study showing increased zinc uptake by the bone marrow
during induced erythropoiesis in zinc deficiency supports the
necessity of an adequate amount of zinc during erythroid
differentiation (16). In addition, a well-studied role of zinc in
erythroid differentiation is its incorporation into zinc finger
transcription factors essential for the expression of proteins
involved in events of terminal erythroid maturation (17,18). Zinc
status/supplementation may influence hemoglobin production
(19). In contrast, there have been reports of sideroblastic anemia
caused by zinc intoxication (20,21). This may be due to the
interference of excessive free zinc ions with incorporation of
ferrous ions into protoporphyrin during heme biosynthesis (22).
Consequently, it seems critical for the intracellular zinc level to be
tightly regulated during late-stage erythroid differentiation so
that adverse effects introduced by an inadequate or excessive zinc
supply can be avoided.

The major aim of this study was to determine which zinc
transporters may be involved in the erythroid zinc trafficking
system. Our results define that the zinc transporters found in
circulating erythrocytes include ZnT1, Zip8, and Zip10. We then
identify the temporal trends in expression of those genes in
differentiating erythroid progenitor cells and their responsiveness
to the dietary zinc supply.

Materials and Methods

Mice and diets. Young male mice of the CD-1 strain (Charles River)
were housed and fed as previously described (23,24). The mice were fed a
commercial diet (Teklad 8604, Harlan) and received conventional
husbandry. For some experiments, the mice were fed the AIN76 diet
(Research Diets) formulated with egg white rather than casein and
containing <1 mg zinc/kg diet or 30 mg zinc/kg diet and were given
deionized drinking water (23). In this case, the plasma zinc concentrations
and small intestinal MT-1 mRNA levels were analyzed as positive controls
for induction of zinc deficiency by the zinc-restricted diet (25). These
methods were approved by the University of Florida Institutional Animal
Care and Use Committee.

Preparation of RBC membranes. Whole blood was collected from
anesthetized mice by cardiac puncture and placed into EDTA-treated
tubes for most experiments. Three volumes (vol) of wash buffer [§ mmol/
L Na,HPO, (pH 7.4), 0.15 mol/L NaCl] was added. After centrifugation
at 2000 X g; 10 min at 4°C, the RBC-enriched pellet was washed
extensively with 2 vol of wash buffer. In all cases, the presence of RBC was
confirmed by phase contrast microscopy. Isolated RBC were lysed by
washing with 3 vol of a hypotonic lysis buffer [5 mmol/L Na,HPO, (pH
7.4) containing protease inhibitor cocktail (P2714; Sigma)]. After
centrifugation at 12,000 X g; 10 min at 4°C, RBC membranes were
separated from the supernatant and the residual debris pellet. The cell lysis
step was repeated with the membrane pellet until it lost its red color (5-7
times). Each final membrane fraction was suspended in 5 mmol/L Tris-
HClI, 0.5% Triton X-100 with the protease inhibitor cocktail and protein
concentrations were determined colorimetrically (Bio-Rad) (26). In the
mice fed controlled amounts of zinc, heparin-treated tubes were utilized to

obtain plasma from whole blood to measure the zinc concentration by
atomic absorption spectrophotometry.

Primary erythroid progenitor cells. Primary erythroid progenitor cells
were prepared from spleens of phenylhydrazine (PHZ)-treated anemic
mice. CD-1 mice were injected with PHZ (60 mg/kg body weight; Sigma)
in saline, intraperitoneally, on d 1 and 2. On d 5, the PHZ-treated mice
were killed and the spleen was collected. Splenocyte suspensions were
prepared by mincing the spleen, placing the fragments in @ minimum
essential medium (AMEM; Mediatech) containing 10% fetal bovine
serum and antibiotic/antimycotic solution (Sigma), and passing the
disrupted spleen through nylon mesh. Viability of the isolated splenocytes
was determined with Trypan Blue (Sigma).

To induce further differentiation of the late-stage erythroid progen-
itors, the splenocytes at 5.0 X 10° cells/L of the above supplemented
AMEM were treated with 5 kIU/L of recombinant human erythropoietin
(EPOj; ProSpec-Tany) and then incubated for up to 48 h at 37°C in 5%
CO,. Differentiation was confirmed by comparing the hemoglobin
content of cells collected at 0 and 48 h after EPO treatment using
o-dianisidine staining and light microscopy (27).

RNA isolation and quantitative real-time-PCR. Erythroid cells were
harvested at various time points up to 48 h. After centrifugation at400 X g;
5 min at 4°C, cells were lysed with TRIzol reagent (Invitrogen) for total
RNA isolation. Total RNA was treated with DNase I (Ambion) to avoid
any DNA contamination and the concentrations were determined
spectrophotometrically.

Relative mRNA levels of the erythroid §-aminolevulinic acid synthase
(ALAS-2) and specific zinc transporter genes were measured by quanti-
tative real-time PCR (qPCR). All qPCR assays were conducted with SYBR
Green (Applied Biosystems) and cDNA templates generated by using the
High-Capacity cDNA Archive method (Applied Biosystems). Primers for
the PCR application of ALAS-2, Zip8, and Zip10 cDNA were designed
with PRIMER EXPRESS V2.0 (Applied Biosystems) (Supplemental Table
1). We have reported other primer sequences previously (25). The
specificity of each primer pair was confirmed by melting curve analyses
and the relative quantity was determined by normalization with respec-
tive 18S rRNA values.

Protein isolation. Erythroid splenocytes were treated and collected as
above. Total membrane fractions of the cells were prepared by utilizing a
commercial membrane protein extraction method (BioVision). Cell
pellets (~1.0 X 10® cells) were homogenized as recommended by the
manufacturer and the final cellular membrane fraction was placed in
50 uL of solubilization buffer [5 mmol/L Tris-HCI, 0.5% Triton X-100
with protease inhibitor cocktail (BioVision)] and stored at —80°C until
used. The protein concentrations were determined as above.

Affinity-purified antibodies. Rabbits were injected with respective
antigenic peptides for production of polyclonal antibodies against
numerous murine Zip and ZnT transporters as previously described
(28,29). The amino acid sequences used are presented in Supplemental
Table 2. Briefly, total IgG was prepared from serum using the PROSEP-A
procedure (Millipore). Affinity chromatography of each antibody was as
previously described (28,29)

Western analysis. Protein preparations (40 ug) were denatured in an
equal amount of Laemmli buffer for 15 min at 55°C and separated by
SDS-PAGE (10% acrylamide). For the assessment of glycosylation,
protein samples (20 ug) were digested with 10 uL PNGase F (New
England Bio Labs) for 2 h at 37°C prior to denaturation. Detection of
zinc transporters by western analysis was as previously described (27).
Equal protein loading was confirmed by Ponceau Red staining. Spec-
ificity of the primary antibody was determined by preincubation with the
respective peptide (250 mg/L peptide). Blots of erythroid splenocyte
membranes were stripped (Restore PLUS; Pierce) and then reprobed
with an anti-Na"/K*-ATPase a1 monoclonal antibody (Santa Cruz Bio-
technology) and enhanced chemiluminescence-peroxidase labeled anti-
mouse antibody (Santa Cruz Biotechnology) as primary and secondary
antibody, respectively.
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Immunocytochemistry. Purified RBC were incubated in wells of a Lab-
Tek chambered cover glass (Nunc), pretreated with 0.01% solution of
poly-L-lysine (Sigma), for 1 h. Attached cells were fixed and permeabilized
by 4% paraformaldehyde in 0.1 mol/L PBS for 30 min and 0.1% Triton
X-100, 1% bovine serum albumin in PBS for 10 min, respectively. After an
extensive wash with PBS, the cellular localization of ZnT1, Zip8, or

Zip10 was visualized by immunolabeling and fluorescence microscopy as
described earlier (25,26).

Measurement of erythrocyte zinc uptake. Erythrocytes were isolated
from heparinized whole blood as above. RBC were resuspended to 7%
with prewarmed serum-free DMEM (Mediatech) and incubated under
reciprocal shaking at 37°C for 1 h. After centrifugation at 300 X g for 10
min, packed RBC were added into ice-cold DMEM containing 45 uCi/L
(1 Ci = 37 GBq) ®*Zn (Oak Ridge National Laboratory) and 7.5 wmol/L
ZnCl, with the same 7% ratio of cells to medium. Aliquots of each cell
suspension were incubated at 37°C for designated times. After removal of
the zinc-supplemented medium, cells were washed 3 times with ice-cold
10 mmol/L HEPES-buffered saline containing 10 mmol/L EDTA and the
final cell pellets were lysed in 0.2% SDS and 0.2 mol/L. NaOH. ®*Zn was
measured with a y-ray spectrometer (Packard) and total zinc accumula-
tion was calculated (26).

Statistical analysis. Data are expressed as means * SD of biological
replicates. In experiments with erythroid splenocytes, data were analyzed
by 2-way ANOVA with time and EPO treatment as independent variables
(Prism 5, GraphPad Software). Differences between each treatment group
were determined using the Bonferroni post-test. For comparison between
the dietary groups in the controlled zinc intake study, Student’s # test was
conducted (InStat, GraphPad Software). The level of significance was set
at P < 0.05 for all analyses.

Results

Zinc transporters expressed in circulating mature erythrocytes
were identified at the protein level. Membrane fractions (eryth-
rocyte ghosts) were prepared directly from blood of adult mice.
Purity of the RBC population was confirmed by light microscopy.
Of the ZnT proteins tested (ZnT1, ZnT2, ZnT4, ZnT35, and
7ZnT6), ZnT1 was the only ZnT detected in the erythrocyte
membrane fractions (Fig. 1A). As the estimated molecular mass at
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FIGURE 1 Western analysis of zinc transporters in RBC mem-
branes. Erythrocytes were lysed by hypotonic buffer and the plasma
membrane fraction was separated by SDS-PAGE. Among the trans-
porters tested, only ZnT1 (A), Zip8 (B), and Zip10 (C) were detected.
Specificity of signals was determined by preexposing the respective
antibodies to their corresponding peptide.
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30 kDa was inconsistent with that reported with this antibody in
our previous studies (28,29), the specificity of this affinity-
purified antibody to ZnT1 was further evaluated by peptide
competition. The signal on the blot was competed out when the
antibody was preincubated with the ZnT1 peptide (Fig. 1A).
Among the Zip proteins screened (Zip1, Zip2, Zip3, Zip4, Zip8,
Zip10, and Zip14), only Zip8 and Zip10 were detected (Fig.
1B,C). The rabbit Zip8 antibody produced a major band of
immunoreactivity at 60 kDa (Fig. 1B). A very faint band was
observed at ~30 kDa. Upon peptide competition, the 60-kDa
band disappeared, suggesting specificity for Zip8. Zip10 had the
expected band size of 40 kDa shown by others (30). Peptide
competition showed this single prominent signal was eliminated
by preincubation with the Zip10 peptide (Fig. 1C).

The localization of these zinc transporters to plasma mem-
brane of the RBC was further confirmed by immunocytochem-
istry. When cells were labeled by either anti-ZnT1, -Zip8, or-Zip10
antibodies, positive immunoreactivity was observed throughout
the cells but with higher intensity around the plasma membrane
fraction of each cell (Fig. 2A-C). In contrast, no fluorescence was
detected when the anti-zinc transporter antibodies were excluded
during preparation (Fig. 2D).

The transporter proteins in circulating RBC are remnants of
the protein components synthesized in differentiating erythroid
progenitor cells. To evaluate the expression of the ZnT and Zip
transporters during cell maturation, we utilized an in vitro model
of late-stage erythroid progenitors, splenocytes prepared from
PHZ-treated anemic mice exhibiting splenomegaly. An increase
in the number of hemoglobin-positive cells determined with
o-dianisidine was observed in the cell population incubated with
EPO for 48 h (data not shown). Transcript abundance of an EPO-

B Zip8

D Control

FIGURE 2 |Immunofluorescence detection of zinc transporters in
RBC. Erythrocytes were placed on poly-L-lysine—coated coverslips and
fixed by 4% paraformaldehyde. After permeabilization, cells were
treated with anti-ZnT1 (A), anti-Zip8 (B), or anti-Zip10 (C) AP. Cellular
localization of each transporter was visualized by immunofluorescence
microscopy after incubation with a secondary Alexa Fluor 594-
conjugated anti-rabbit IgG antibody. (D) No signals were detected in
the absence of a primary antibody.



dependent erythroid-specific gene, ALAS-2, was also measured
during the 48 h time course as a marker of terminal erythroid
differentiation. Values were normalized to 18S rRNA and 0 h of
cells cultured in the presence or absence of EPO. Maximum
relative ALAS-2 mRNA abundance was observed at 24 h, with a
2-fold increase after EPO stimulation (Fig. 3). This temporal
pattern of ALAS-2 expression in the EPO-treated cells is
consistent with that reported by Hodges et al. (31).

We further investigated the expression of transporter genes
during late-stage erythroid differentiation. ZnT1 mRNA during
cell differentiation was similar to that of ALAS-2 mRNA. The
change in ZnT1 transcript levels was observed by 24 h. The
mRNA abundance of ZnT1 in differentiating cells was ~2-fold
higher than the 0-h basal levels in EPO-deprived cells (Fig. 4A).
Zip8 was the least responsive to EPO treatment among the 3
transporter genes examined. After an initial (2 h) increase after
EPO was added, Zip8 mRNA levels steadily declined (Fig. 5A).
Zip10 mRNA levels in differentiating cells showed less than a
1-fold increase after 6 h of incubation with EPO (Fig. 6A).
However, as for Zip8, the Zip10 transcript levels were not
sustained and decreased to <50% of the basal (0 h) levels after 24 h
of EPO treatment. Cells deprived of EPO showed a steady decrease
in both Zip8 and Zip10 mRNA levels throughout the 48-h period.

Effects of EPO induction on protein levels were determined by
western analyses using total erythroid cell membrane prepara-
tions. Abundance of ZnT1 protein was greater at the 27-h time
point in EPO-mediated differentiation (Fig. 4B). Peptide compe-
tition supports specificity of the 60-kDa band (Fig. 4C). The
apparent discrepancy between the molecular mass estimates of
ZnT1 in RBC ghosts vs. erythroid progenitor cells is discussed
below. Zip8 protein levels (9 h) were greater with EPO treatment
(Fig. 5B). The induction of Zip10 expression by EPO was
observed in differentiating erythroid splenocytes at 9 h (Fig. 6B).
Peptide competition also supports the specificity of protein bands
for Zip8 and Zip10 (Figs. 5C and 6C).

Having identified those zinc transporters that are highly
expressed in RBC, we next evaluated their responsiveness to
dietary zinc restriction. After the mice were fed the zinc-deficient
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FIGURE 3 Relative ALAS-2 mRNA abundance in EPO-treated and -
deprived cells. Splenocytes were collected from spleens of PHZ-
injected mice and pooled for culture in each experiment. Cells were
placed in AMEM containing 10% fetal bovine serum with or without
recombinant EPO (5 IU/mL). gPCR assays were performed using total
RNA. Values at each time point are relative to the basal levels at 0 h
and were normalized to 18S rRNA. Data are means * SD of 4
independent experiments, n = 4. ***Different from EPO deprived
(EPO-) cells, P < 0.001.
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FIGURE 4 Regulation of ZnT1 expression during terminal erythroid
differentiation. (A) Relative ZnT1 mRNA abundance in erythroid
progenitor cells was measured after being cultured in the conditions
described in Figure 3. Data are means * SD, n = 4 (independent
experiments). **Different from EPO deprived (EPO-) cells, P < 0.01;
*** P < 0.001. (B) EPO-dependent ZnT1 protein expression was
analyzed by western analysis. Total cellular membrane fractions were
isolated and proteins were separated by SDS-PAGE. The relative
densitometric value of ZnT1 in the EPO-treated cells was 2.3-fold of
the control level after 27 h of incubation. Densitometric values of Na*/
K*-ATPase levels were used for normalization. (C) Specificity of the
60-kDa band was determined by preincubating the respective
antibody with a ZnT1 peptide solution.

diet for 3 wk, RBC were isolated and their ability to accumulate
5Zn in vitro was assessed. The RBC population of zinc-deficient
mice had a greater (P < 0.001) *Zn uptake (16.0 = 1.2 pmol/mg
protein) than in controls (11.7 = 0.8 pmol/mg protein) during the
60-min incubation period (Fig. 7). Western analysis demon-
strated that both ZnT1 and Zip10 are zinc responsive to zinc
depletion, but in contrast, Zip8 is not influenced by zinc depletion
(Fig. 8A). Densitometric values indicated ZnT1 protein decreased
by 40%, whereas that for Zip10 increased >350% in mice fed the
zinc-restricted diet, and confirmed that Zip8 was not responsive
to the dietary zinc supply (Fig. 8B). The plasma zinc and intestinal
MT-1 mRNA levels were reduced in all mice fed the zinc-deficient
diet and served as positive controls for zinc-deficient conditions
(Supplemental Fig. 1).

Discussion

Even though differential activities of the erythroid zinc trafficking
system have been shown by certain conditions such as zinc
deficiency or bicarbonate deprivation (9,10,12-14), no studies
have defined the presence of zinc transporters in circulating RBC,
with 1 exception. That occurred during the screening of 340 RBC
membrane proteins identified by MS-based proteomics (32).
ZnT1 was 1 of 47 transporter proteins detected in this analysis of
mature human RBC. Consequently, with this dearth of informa-
tion, the purpose of this study was to determine which trans-
porters are expressed in mature RBC. Our strategy was to use a
battery of 12 well-characterized antibodies to gain an initial
understanding of which ZnT and Zip transporter proteins may
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FIGURE 5 Regulation of Zip8 expression during terminal erythroid
differentiation. (A) Relative Zip8 mRNA abundance in erythroid
progenitor cells were measured after being cultured in the conditions
described in Figure 3. Data are means * SD, n = 4 (independent
experiments). ***Different from EPO deprived (EPO-) cells, P <
0.001. (B) Western analysis for detection of the EPO-dependent Zip8
protein expression was conducted as in Figure 4B. Relative densito-
metric values of the 60-kDa and 120-kDa bands for Zip8 in the EPO-
treated cells were 1.5-fold of their respective control levels after 9 h of
incubation. (C) Specificity of the 60-kDa and 120-kDa bands was
determined by preincubating the respective antibody with a Zip8
peptide solution.

function in the adult murine erythrocyte. Our finding that ZnT1,
Zip8, and Zip10 are primarily localized to the plasma membrane
fits with the proteomic analysis of RBC membrane proteins cited
above (32). In addition, our localization is comparable to those of
erythroid glucose transporters and endothelial-type nitric oxide
synthase to the plasma membrane of RBC reported by others
(33,34).

A unique characteristic of circulating erythrocytes is their
enucleated nature. Consequently, transporters that function in
mature cells are remnants formed during preceding developmen-
tal stages, i.e. erythropoiesis. Splenocytes from PHZ-treated
animals most accurately represent the physiological aspects of in
vivo erythroid progenitor cell differentiation (33). EPO acts as a
key factor for the initiation of further differentiation of late-stage
erythroid progenitor cells into reticulocytes in vivo or in vitro
(35,36). The actions of EPO in RBC protein production during
terminal erythroid differentiation can be categorized into 2
general aspects: the introduction of synthesis of specific proteins
and the enhancement of an ongoing production of proteins
initiated at a developmental stage prior to terminal erythroid
differentiation (37). Our results indicate that basal levels of
transporter mRNA expressed prior to the in vitro EPO induction
could not be sustained when further erythroid differentiation was
discontinued. Therefore, zinc transporter protein abundance in
mature RBC is the result of EPO-mediated enhancement of
transporter expression initiated prior to the terminal erythroid

2080 Ryu et al.
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FIGURE 6 Regulation of Zip10 expression during terminal erythroid
differentiation. (A) Relative Zip10 mRNA abundance in erythroid
progenitor cells was measured after being cultured in the conditions
described in Figure 3. Data are means * SD, n = 4 (independent
experiments). *Different from EPO deprived (EPO-) cells, P < 0.05;
*** P < 0.001. (B) Western analysis for detection of the EPO-
dependent Zip10 protein expression was conducted as in Figure 4B.
The relative densitometric value of Zip10 in the EPO-treated cells was
2.5-fold of the control level after 9 h of incubation. (C) Specificity of the
40-kDa band was determined by preincubating the respective
antibody with a Zip10 peptide solution.

developmental stage. In comparison, the ALAS-2 mRNA levels in
non-EPO-treated cells were sustained at the basal (0 h) level. The
temporal increase of ALAS-2 expression induced by EPO during
terminal erythroid differentiation was clearly evident in our
experiments.
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FIGURE 7 Effect of dietary zinc status on erythrocyte zinc trans-
port. Mice were fed a zinc-deficient or control diet for 21 d. Zinc
accumulation in RBC in vitro was calculated from ©°Zn uptake
measured by ~y-ray spectrometry. Isolated RBC were incubated in
DMEM containing %®ZnCl, at 37°C. Zinc uptake reactions were
stopped by storage in ice. Cells were washed with HEPES-buffered
saline containing 10 mmol/L EDTA. ®5Zn accumulation was expressed
as pmol/mg protein. Data are means = SD, n = 3. ***Different from
zinc adequate, P < 0.001.
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FIGURE 8 Effect of dietary zinc status on protein levels of RBC zinc
transporters. Whole blood was collected from mice fed a zinc-
deficient or control diet for 21 d. Erythrocyte membrane fractions
were prepared as previously described. (A) Western analyses for
ZnT1, Zip8, and Zip10 were conducted and (B) relative abundance of
each transporter was determined by densitometric analysis. Data are
expressed as mean = SD, n = 3. **Different from zinc adequate, P <
0.01.

The hierarchical precedence of EPO-dependent expression of
the 2 zinc importers, Zip8 and Zip10, to that of the exporter,
ZnT1, is in agreement with the zinc expenditure trend during
terminal erythroid differentiation. Thus, the early EPO respon-
siveness of Zip8 and Zip10 gene expression may be associated
with an increased requirement of zinc supply based on metabolic
use during these events. However, after these cells reach the very
late stage of terminal erythropoiesis, metabolic needs of zinc
decrease and, additionally, free zinc ions can adversely affect
heme biosynthesis by interfering with incorporation of ferrous
iron into protoporphyrin (22,38). Thus, the later EPO-dependent
expression of ZnT1 could be a strategic mechanism for differen-
tiating progenitor cells to remove excessive free zinc ions and,
consequently, ensure the normal hemoglobin biosynthesis at the
final step of RBC maturation.

The temporal trends in EPO-dependent expression of each
transporter gene were confirmed in protein levels as well.
Molecular masses of Zip10 in the erythroid progenitor cells
corresponded to those determined in mature RBC. The migration
of Zip8 during PAGE is in agreement with the findings of others
(39) and was consistently observed at 60 kDa in both RBC and
erythroid progenitor cells. However, the presence of a larger band
size of Zip8 (~120 kDa) was also observed in the erythroid
progenitor cells. Glycosylation of mouse Zip8 protein has been
shown by previous studies (40,41). In addition, cell type- and
stage-dependent glycosylation activities in differentiating cells
have been reported (42,43). Thus, as we have shown here using
the glycosidase, PNGaseF (Supplemental Fig. 2), the 120-kDa
band of Zip8 is reduced, suggesting that it is likely a product of

glycosylation activity that may cease upon the termination of
erythropoiesis. Of relevance is that substantial glycosylation has
been observed with aquaporin 9, the major glycerol transport
protein in mouse erythrocytes (44). Even though the predicted
molecular mass of ZnT1 calculated from the amino acid
composition is 55 kDa, the estimated molecular mass of ZnT1
in RBC was ~30 kDa. Compared with that found with total cell
lysates of erythroid progenitors (~30 kDa; data not shown), the
molecular size of ZnT1 detected in the total cellular membrane
fraction (~60 kDa) is closer to the predicted size of ZnT1. Our
previous experience with this antibody for ZnT1 detection in
intestinal and liver cells produced apparent molecular masses of
42 and 36 kDa, respectively (28). Thus, the discrepancy in the
aberrant migration of ZnT1 in this study might have been
introduced by variations related to the preparation procedures of
each protein sample and/or cell development and type.

The zinc responsiveness and bicarbonate dependency of
the zinc transport across the erythrocyte membrane has been
well-characterized through various animal and human studies
(9,10,12-15). However, the molecular mechanisms of these
phenomena have not been clarified. Even though the enucleated
nature of mature RBC and the limitations in current biochemical
methodologies for functional assays do not allow the direct
assessment of a specific transporter function in these cells, the
following evidence strongly implicates ZnT1, Zip8, and Zip10
involvement in zinc trafficking across the erythrocyte plasma
membrane. Here, we have shown ZnT1 and Zip10 are regulated
in a zinc-dependent manner but in opposite modes. Our results
from the controlled dietary zinc intake study confirm the
differential expression pattern of these transporters and corre-
spond well to the ®*Zn accumulation levels of RBC in vitro. Thus,
we suggest that the modulated zinc uptake rate of RBC during
zinc deficiency may be associated with upregulation of Zip10 and
the downregulation of ZnT1 during preceding erythroid devel-
opmental stages. In a recent study, the stimulatory effects of
bicarbonate on the Zip8 transport activity for either zinc or
cadmium have been shown by Zip8-transfected MDCK cells
(41). The observation of bicarbonate dependency of Zip8
activities suggests it is the transporter mediating the bicarbon-
ate-dependent zinc uptake by erythrocytes (9,10).

In this report, we have identified EPO- and zinc-mediated
mechanisms as modes of regulation for ZnT1 and Zip10 in
erythroid cells. At the present time, we cannot determine whether
these regulatory mechanisms are independent or work in con-
cert during terminal erythroid differentiation. However, it is of
interest that the DNA binding of metal-response element bind-
ing transcription factor 1 (MTF-1) has been associated with the
regulatory mechanism of both of these transporter genes, albeit in
an opposite manner (45,46). We also found that the temporal
pattern of MTF-1 mRNA expression follows that of ZnT1 while
opposing that of Zip10 mRNA abundance, particularly during
the late stage of EPO-induced differentiation (data not shown).
In addition, we have previously reported that the induction of
bone marrow MT by zinc, which is also mediated by MTF-1, is
dependent on stimulation of erythropoiesis (16). Although the
effects of EPO on MTF-1 in erythroid progenitor cells need to be
further explored, we suggest that EPO-dependent expression of
MTEF-1 may be involved in the regulation of Zip10 and ZnT1
expression during erythroid maturation and zinc deficiency.

Plasmodia, the protozoan responsible for malaria, accumulate
large quantities of zinc while in the host RBC (47,48). The
proliferative stage of this parasite occurs in host erythrocytes,
which provide nutrients and metabolites (49). Our delineation of
Zip8 and Zip10 as major transporters of zinc accumulation by
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RBC suggest they provide the route by which the malarial parasite
acquires its large complement of zinc. Restriction of zinc ac-
quisition via changes in transport may represent a therapeutic
target (49). Also relevant to RBC-related diseases is that
erythrocyte Zip10 upregulates during zinc deficiency as shown
in our studies. Consequently, infectious disease concurrent with
zinc deficiency may provide the pathogen additional availability
of this essential nutrient. Such a scenario could have a negative
impact on morbidity, particularly in the blood stage of malaria
infection when the parasite is very metabolically active (44,50).
Overall, Zip8, Zip10, and ZnT1 have been identified as
erythroid zinc transporters and EPO-mediated expression of
these transporters was confirmed in differentiating erythroid
progenitor cells. Furthermore, ZnT1 and Zip10 expression is
responsive to dietary zinc restriction but with opposing modes of
the response. Several suggestions for further approaches, partic-
ularly, with clinical perspectives can be derived from these results.
Specifically, the differential expression of Zip10 and ZnT1 in
RBC could be targets for the assessment of dietary zinc status and
therapeutic actions against diseases involving erythrocytes.
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