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Molecular and pathophysiological aspects of metal
ion uptake by the zinc transporter ZIP8 (SLC39A8)

Zhong-Sheng Zang, T Yan-Ming Xut and Andy T. Y. Lau*

Cite this: Toxicol. Res., 2016, 5, 987

Zinc ion (Zn?*) is essential for life; its deficiency in the human body could cause stunted growth, anemia
and susceptibility to infection. The Zn transporter ZIP8 (also known as SLC39A8) is an important Zn?*
importer; aberrant Zn?* influx mediated by ZIP8 can lead to the pathogenesis of osteoarthritis and inflam-
matory diseases. ZIP8 also mediates the cellular uptake of divalent metal ions including iron, manganese,
and the toxic heavy metal cadmium. Individuals with SLC39A8 mutations and transgenic mouse models
are starting to reveal the critical role that this gene plays in embryonic development and the metabolism
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of essential metal ions. Here we summarize our current understanding of ZIP8's function and regulation,
at both the molecular and biological levels. We also review the association of ZIP8 with various diseases
and its linkage with complex disorders like obesity, hypertension, and schizophrenia as revealed by several

Published on 18 February 2016. Downloaded by RSC Internal on 30/01/2018 14:37:47.

www.rsc.org/toxicology

1. Introduction

Zinc (Zn) is vital for nearly all life, it is essential for gene tran-
scription, cell growth, differentiation and development.® Zn is
an integral component of numerous proteins, including
enzymes, growth factors, cytokines, receptors, and transcrip-
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large genome-wide association studies.

tion factors.>® The dysregulation of Zn homeostasis has been
implicated in many diseases. Zn deficiency could cause
stunted growth , neurodegeneration,” immune system dysfunc-
tion, and chronic inflammation;® while excessive Zn accumu-
lation can be toxic to cells.”® In mammals, the cellular Zn
level is tightly regulated by primarily two metal ion transporter
families: SLC30A (ZnT) and SLC39A (ZIP).” The ZnT family,
which consists of 10 members, lowers the intracellular Zn level
by shipping Zn>" from the cytosol into the extracellular
environment or intracellular organelles. In contrast, the ZIP
family, which consists of 14 Zn*>" importers, transport Zn>"
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into the cytoplasm from the extracellular environment or intra-
cellular organelles, such as the endoplasmic reticulum (ER)
and lysosome.®°

Z1P8 (also known as SLC39A8) was originally identified in
monocytes by screening ¢DNA transcripts that were highly
induced by the Mycobacterium bovis BCG cell wall, therefore it
is also called as BIGM103, short for BCG-inducible gene in the
monocyte clone 103.'° As a member of SLC39A transporters,
ZIP8 has a high affinity for several divalent metal ions includ-
ing Zn>", iron (Fe**), manganese (Mn>") and the toxic heavy
metal cadmium (Cd*").'°** ZIP14 shares a similar metal ion
transport profile with that of ZIP8, however, ZIP8 is suggested
to play a more important role than ZIP14 in terms of Cd*'-
induced toxicity in the testis, kidney, and lung."*'* In lung
epithelia, ZIP8 is critical in Zn-mediated cytoprotection upon
inflammation."™"® In T cells, ZIP8 controls interferon (IFN)-y
expression and its immune function through the regulation of
Zn release from the lysosome.® ZIP8 also regulates innate
immunity through Zn-mediated inhibition of NF-xB activity in
macrophages and monocytes,'” strongly indicating that ZIPS is
a unique Zn transporter influencing immune system function
during microbacterial infection and inflammation.

Recently, renowned genome-wide
studies (GWAS) on large populations revealed the unexpected
association of the genetic aberration of SLC39A8 with hyper-
tension, obesity and schizophrenia.’®?* Close involvement of
ZIPS in osteoarthritis (OA) pathogenesis as well as direct
linkage with Mn-deficiency related disorders were also
reported.>**® Although there are already several exceptional
reviews covering the overall biological functions of SLC39A
transporters, >* % the unique roles ZIP8 play in immune
system function, OA progression, and more recently Fe homeo-
stasis haven’t been well-discussed elsewhere. Here we give a
review of these advances and discuss the molecular, biological,
and pathological perspectives of ZIPS.
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2. Structural aspects

Fig. 1 illustrates the predicted transmembrane domains
(TMDs) and putative functional motifs of human ZIP8."® Most
ZIPs feature three predicted TMDs at the N-terminus and four
or five predicted TMDs at the C-terminus. Many ZIP members
also have a long intracellular loop located between TMD III
and IV, generally containing 2-5 copies of histidine-rich
domains (Hx)n.>® ZIP8 is predicted to have seven TMDs with
an EExxH motif localized at the extracellular loop between
TMD 1V and V.'° This motif fits the consensus sequence of a
Zn-binding motif HExxH found in many Zn metalloproteases,
except the first histidine is replaced by a glutamic acid (E).
This alteration has been suggested to confer an ability to bind/
transport metal ions other than Zn>*"."**° Two copies of the
NxHxHx motif exist in the long cytoplasmic loop between TMD
II and IV. This histidine-rich cluster (Hx)n was proposed to
interact with transition metals, especially Zn, copper and
nickel, thus facilitating metal ion binding/transport,*® or parti-
cipating in its ubiquitination and degradation, like in ZIP4.*"

At the N-terminus, a leucine zipper motif is found on ZIP8,
it consists of 28 amino acids with a periodic repetition of
leucine residues at every seventh position. This motif is pro-
posed to exist in an alpha-helical conformation, the leucine
residues from two helixes could crosslink with each other,
facilitating dimerization and in some cases oligomerization of
proteins.®” The existence of the ZIP8 dimer was supported by
two lines of evidence. First, in activated T cells, two bands of
sizes of ~75 kDa and ~150 kDa were detected using both
native and denaturing SDS gel electrophoresis; further treat-
ment with PNGase didn’t reduce the sizes of either band,®
indicating that ZIP8 is likely to exist in a dimeric form in acti-
vated T cells. Second, in HEK 293 T cells transfected with the
wild type rat ZIP8, two immunoreactive bands in sizes of
~45 kDa and ~100 kDa were detected.'” Interestingly, when
transfected with mutant rat ZIP8, in which three potential
N-glycosylation sites were mutated, both bands shifted down
in parallel compared to the wild type rat ZIP8, suggesting that
the 100 kDa form could be the dimer of the 45 kDa protein.
Although the existence of the ZIP8 protein dimer is well-
appreciated, it is unclear now whether the leucine zipper motif
is required for ZIP8 dimerization and the exact cellular func-
tion of the ZIP8 protein dimer.

3. Post-translational modifications

Three N-glycosylation sites have been detected in rat ZIPS8 (i.e.,
N40, N88, and N96). Interestingly, mutation of these three
sites doesn’t affect its Fe or Zn transport activity, indicating
that these glycans are not required for its metal ion trans-
port."” In agreement with rat ZIP§, human ZIP8 protein was
also found to be glycosylated in tumor necrosis factor-o (TNF-o)-
treated and ZIP8-transfected human BEAS-2B cells."® The
glycosylated form was exclusively detected in the membrane
part, suggesting that glycosylation may play an important role

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Proposed structure of human Zn transporter ZIP8 (NP_001128618.1), its putative functional motifs and post-translational modifications. Four
phosphorylation sites (blue dots) are verified by MS. N40, N88 and N273 (pink dots) are three putative N-glycosylation sites. The signal peptide of
the first 22 amino acids is predicted using PTM code2. NxHxHx (yellow dots) indicates a putative histidine-rich region, which may play a role in
metal-binding/transport, or ubiquitination and degradation. EEFPH fits the consensus sequence HEXXH of the Zn-binding motif found in metallo-
proteases. Non-synonymous SNP rs13107325 alters alanine to threonine at position 391 of the human ZIP8 protein (red dot), GWAS based on a large
population reveals this SNP to be associated with traits related to hypertension, body mass index/obesity, and schizophrenia.

for the suitable trafficking of ZIP8 to the plasma membrane or
intracellular organelles. Although the existence of N-linked glyco-
sylation on human ZIP8 is well-known, the exact glycosylation
sites have not been pinpointed experimentally. Alignment
between rat and human ZIP8 identifies conservation at the
first two glycosylation sites i.e., N40 and N88. Another glyco-
sylation site at N273, which is predicted with a high score
using several algorithms, has been documented at the
UniProtKB database (the three putative glycosylation sites on
human ZIP8 protein are denoted as pink dots in Fig. 1).

So far, four mass spectrometry (MS)-verified phosphoryl-
ation sites (shown as blue dots in Fig. 1) on human ZIP8 have
been documented. Prediction using NetphosK shows that S278
can be phosphorylated by casein kinase I (CKI),** S288 by
protein kinase A (PKA),>* and T424 by protein kinase
C (PKC).”® Among them, PKC has been demonstrated to affect
different transporters, either by directly modifying their
activity or by altering their stability.**>® In the
THP-1 monocytic cell line, phorbol 12-myristate 13-acetate
(PMA, an activator of PKC) treatment entirely abolished the
ZIP8 protein expression.'® In line with this, PKC activation was
found to decrease intracellular Cd accumulation in HEK
cells,* suggesting that PKC could be a negative modulator of
ZIP8 thus protecting cells against Cd intoxication. Recently,
ZIP7 was reported to be phosphorylated by casein kinase 2
(CK2) in response to the excessive extracellular Zn level and
epidermal growth factor (EGF) treatment.’ ZIP7, unlike ZIPS, is
primarily localized in ER. This phosphorylation could activate
the transport activity of ZIP7, thereby releasing Zn>" into the
cytosol from ER, leading to subsequent activation of down-
stream signaling pathways that would promote cell prolifer-
ation and migration. In human proximal tubule cells, the

This journal is © The Royal Society of Chemistry 2016

punctate expression pattern of ZIP8 protein across the cyto-
plasm is consistent with its presence in ER.'>*° Besides,
ZIP8 has also been observed in the mitochondria,'® endosome
and lysosome.®*' Therefore, it is tempting to speculate that
the phosphorylation of ZIP8 in intracellular organelles or the
plasma membrane is likely to affect its transport activity,
leading to cytosolic metal ion depletion or accumulation
under certain conditions.

4. Tissue distribution, subcellular
localization and molecular sizes

ZIP8 expression varies markedly between different tissues and
cell types. Most studies demonstrate that ZIP8 is abundantly
expressed in the testis, kidney and lung while expressed at a
low level in the brain and prostate.'®'**> High expression of
ZIP8 in the placenta was also noted,'®'>** suggesting that
ZIP8 could play an important role in embryo development.
Equally diverse is the subcellular localization and the sizes
of ZIP8 detected in different types of cells (Table 1). The
majority of studies confirmed that endogenous ZIP8 was pri-
marily expressed at the plasma membrane,®'>*° consistent
with its proposed role as a metal ion importer. ZIP8 is loca-
lized at the apical surface of mouse renal proximal tubule cells
and MDCK cells.** However, in human proximal tubule cells,
both the apical and basolateral presence were detected, reflect-
ing the species discrepancy of ZIP8 distribution.’® Likewise,
ZIP8 expression in the cytosol was also observed. In some
cells, paranuclear and ER localizations were suggested,”®
however, critical co-localization evidence with nuclear and
ER-specific markers is required to support this statement. In

Toxicol. Res., 2016, 5, 987-1002 | 989
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Table 1 Summary of the molecular sizes and subcellular localizations of ZIP8

Protein Localization Molecular size Tissue/cell line Expression Ref.
hZ1p8 Lysosome 52 kDa HeLa Endogenous 10
hZ1pP8 PM/cytosol Membrane (140 kDa)/cytosol (55 kDa) BEAS-2B/ hLECs Endogenous 15
hZzIP8-DsRed PM/mitochondria/cytosol ~ PM, mitochondria (140 kDa)/cytosol (55 kDa) BEAS-2B Transient
transfection
hZ1p8 PM/lysosome 150 kDa/75 kDa T cells Endogenous 8
hZIP8 PM/cytosol/ER 80 kDa/49 kDa Human proximal tubule cells Endogenous 40
hZIP8 ND 80 kDa/49 kDa/43 kDa Normal proximal and distal Endogenous
tubule cells
hZ1p8 PM/cytosol/ER 80 kDa/49 kDa/43 kDa Parental UROtsa Endogenous
hZIP8 PM/cytosol/ER 49 kDa Normal urothelial cells Endogenous
hZIP8 Membrane/cytosol 140 kDa/55 kDa/>140 kDa (induced) THP1/A549 /Macrophage Endogenous 17
mZIP8-HA PM 86 kDa/55 kDa MFF Retroviral 76
transfection
mZIP8-HA Apical surface Unknown MDCK Transient 44
transfection
mZIP8 PM Unknown Kidney Transgenic 104
mZIP8 PM 120 kDa/60 kDa RBCs Endogenous 41
rZIP8 PM/cytosol/endosome 100 kDa/80 kDa/45 kDa HEK-293T Transient 12
transfection
rZIP8 PM/cytosol 150 kDa/140 kDa/130 kDa HAIIE cells Endogenous
rZIP8 PM 100 kDa/50 kDa Primary hippocampal neurons Endogenous 78
rZIP8 Apical surface /Nucleus ND Hair cells in the inner ear Endogenous 45

hZIP8, human ZIP8; mZIP8, mouse ZIP8; rZIP8, rat ZIP8; PM, plasma membrane; RBC, red blood cells; hLECs, human lung epithelial cells; MFF,

mouse fetal fibroblast; ND, no data.

addition, ZIP8 was found in the lysosome of T cells, serving as
a Zn>" intracellular store to activate its immune function upon
activation.® In transfected HEK293 T and BEAS-2B cells, endo-
somal and mitochondrial localizations of ZIP8 were reported,'>"
since a co-localization study using an overexpressed system can
lead to artifacts, future verification of the localization of endo-
genous ZIP8 in these cells would be necessary.

Surprisingly, nuclear localization of ZIP8 was reported
recently.”” The distribution of ZIP8 and ZIP14 is altered in rat
inner ear cells during development. ZIP8 was highly expressed
in the nucleus of hair cells, Hensen cells and the inner sulcus
in the adult rat, while in the neonates, it was mainly localized
in the cytoplasm and on the apical pole of hair cells within the
organ of corti. The presence of ZIP8 in the nucleus could indi-
cate a likely involvement in providing Zn>" to the Zn*"-requir-
ing transcription factor for its proper function during
development. Besides, Mn>", a substrate of both ZIP8 and
ZIP14, is toxic to hair cells in the ear. Since there’s no
expression of the divalent metal transporter 1 (DMT1) in hair
cells,*® this suggests that ZIP8 and ZIP14 may play a role in
Mn**-induced toxicity in ears.

The distribution of ZIP8 in the plasma membrane, cytosol,
lysosome and other organelles strongly indicates the existence
of the degradation/recycling process of ZIP8 protein. This
notion was further supported by two studies. First, the
expression of membrane-localized ZIP8 in polarized MDCK
cells is affected by the extracellular Zn** level. It is induced
when the Zn>" level is low in the culturing medium, otherwise
it is down-regulated when the physiological level of Zn is
present,*! similar to the behavior of ZIP4.>! In ZIP4, the histi-
dine-rich motifs between TMD III and IV are required for its

990 | Toxicol. Res., 2016, 5, 987-1002

ubiquitination/degradation and are highly conservative with
that of ZIP8. Second, in H4IIE rat hepatoma cells, Fe loading
increased the total and cell membrane level of the ZIP8 trans-
porter.”> Similarly, ZIP14 expression on the membrane is
induced by Fe overload, which results from inhibition of the
endocytosis and degradation in the proteasomes.’” Intrigu-
ingly, this Fe-level-regulated degradation of ZIP14 transporter
requires N-linked glycosylation, especially at the N102 site, but
not the histidine-rich cluster observed in ZIP4. This N102 was
not found to be conservative between human ZIP14 and ZIP8.
Currently, the degradation and recycling process of ZIP8
remains unexplored, hence it would be interesting to investi-
gate the degradation mechanism of ZIP8 and whether this
process is controlled by the histidine-rich cluster and
glycosylation.

Different groups have reported various molecular sizes of
ZIP8 in different types of cells, we believe that ZIP8 dimeriza-
tion and glycosylation could be the explanation. So far, the
molecular sizes of ZIP8 discovered can be categorized into four
types: heavily glycosylated ZIP8, which is generally more than
140 kDa; partially glycosylated ZIP8, which is around 100 kDa;
ZIP8 dimer, which is between 100 kDa and 150 kDa; and lastly
the native ZIP8, which is around 50 kDa. Usually the heavily
glycosylated form is specifically localized in the membrane
and exists only in exogenously transfected cells or cells
induced by LPS, TNF-a or other inflammatory cytokines.'>"'>'”
It is also noteworthy that home-made antiserum prepared
against different peptides of ZIP8 was used in most of the
studies mentioned above, this may cause the disparity to some
degree, and therefore independent verification of these
western blot results is in great demand.

This journal is © The Royal Society of Chemistry 2016
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5. Regulation of ZIP8

5.1. Inflammatory cytokines

ZIP8 is highly inducible by lipopolysaccharide (LPS) and a
variety of inflammatory cytokines (Fig. 2)."° LPS appears to
regulate the expression of the ZIP8 transporter in a time-
dependent way. In bone marrow derived macrophages, ZIP8
was induced at 4 hours of LPS treatment, however, it was sup-
pressed at 24 hours. This suppression can be inhibited by
2-deoxyglucose, a glycolysis inhibitor.”® In lung epithelia,
among the 10 ZnT and 14 ZIP transporter genes, only
ZIP8 mRNA is strongly induced under TNF-a treatment, result-
ing in increased intracellular Zn concentration and cell survi-
val."® Similarly, in mouse articular chondrocytes, interleukin
(IL)-1p, a proinflammatory cytokine that promotes catabolism
in cartilage, markedly induced ZIP8 expression among ZnT
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and ZIP transporter members. In T cells, upon activation, ZIP8
is strongly upregulated, leading to Zn release from the lyso-
some concomitantly with increased secretion of IFN-y and per-
forin (both are indicators of T cell activation).® In mouse B
cells, a comprehensive microarray analysis demonstrated that
IL-5 could significantly induce the mRNA expression of ZIPS8,
since IL-5 is a B cell growth and differentiation factor required
for its functional maturation, these results suggest that
ZIP8 may contribute to B cell development through Zn*'-
mediated downstream effectors.*’

5.2. Transcription regulators

The mechanism of ZIP8 regulation by various inflammatory
cytokines was clarified recently. ZIP8 was found to be a down-
stream target gene of NF-kB. NF-kB controls ZIP8 expression
while ZIP8 negatively regulates the NF-«xB pathway and
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Fig. 2 Regulation of ZIP8. ZIP8 can be induced by LPS and various cytokines like TNF-a, IL-1p and IL-5. Glucose and estrogen can affect the mRNA
expression level of ZIP8. Extracellular Zn?>* and Fe?* concentration can regulate the expression of the plasma membrane localized ZIP8. Intracellu-
larly, ZIP8-mediated Zn uptake can affect the activity of transcription factors directly like MTF1, or indirectly like NF-xB. Notably, NF-«B is a regulator
of ZIP8, forming a negative feedback to control the intracellular Zn?* level. Besides, the transcription factor SP1 and HIF-2« can also modulate the
transcription of ZIP8. Interestingly, GSH can decrease the expression of SP1 thereby downregulating ZIP8 expression. Some evidence, though at a
less sufficient level, also suggests that ligand-dependent nuclear receptors like AR, ER, and ERR control ZIP8 transcription. Solid lines represent
experimentally confirmed interactions, dashed lines represent possible interactions with less-sufficient evidence.
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proinflammatory responses through Zn-mediated suppression
of IkappaB kinase (IKK) activity in monocytes, macrophages,
and lung epithelia.'” Also, the transcription factor SP1 is able
to bind the promoter region of ZIP8 and is required for its
expression. Elevated GSH level could reduce the expression of
SP1, leading to decreased expression of ZIP8, which could
attenuate Cd-induced cytotoxicity (Fig. 2).>° Microarray
profiling in the MiaPaCa2 pancreas epithelial cell line also
showed that ZIPS is a nuclear protein (NUPR1)-dependent
target gene.>

5.3. Chemical/drug

In mouse pancreatic f cells, ZIP8 mRNA expression was
induced in response to glucose, an effect that was highly
magnified by the addition of diazoxide, a pharmacologic
insulin secretion inhibitor.* As mentioned earlier, the ZIP8
transporter on the cell surface is induced by Zn depletion and
Fe overload in the extracellular matrix,""'* which can be
explained by the strong competition between Zn>* and Fe*" for
ZIP8 binding. When excessive Fe is present, the ZIP8 transpor-
ter on the membrane is highly induced due to the Zn
deficiency caused by Fe competition. Although Zn depletion by
treating cells with a specific Zn chelator didn’t increase ZIP8
protein expression in the total lysate of H4IIE cells,'” the level
of ZIP8 in the membrane remains unknown, which requires
further investigation.

5.4. MicroRNA

MicroRNAs (miRNAs) have emerged as an important regulator
of gene expression, estimated at regulating up to 10% of
human genes.”> miRNAs are single-stranded RNA of 18-24
nucleotides,®® binding to the 7-nucleotide seed region located
at 3’ UTR of the target mRNA transcripts in eukaryotes and
abrogate translation by causing mRNA destabilization and
degradation.>® miRNA dysregulation has been linked to many
diseases, notably cancer and inflammatory cartilage
disease.’®° In chondrocytes, a study on the mechanism of OA
pathogenesis discovered a novel way of ZIP8 regulation.
miR-488, a single-stranded RNA of 22 nucleotides, could
suppress the expression of ZIP8 and further reduce cartilage
degradation through the decreased Zn content in
chondrocytes.®

5.5. Hormones and hormone-related receptors

Through extensive literature mining, we noticed a significant
change of ZIP8 expression can be induced by steroid hor-
mones. Although some of the evidence is incomplete, yet, they
suggest ZIP8 could be a downstream target gene of various
hormones and hormone-related receptors (illustrated in
Fig. 2). First, estrogen can significantly induce the expression
of ZIP8 mRNA in MCF-7 cells,’" an estrogen receptor (ER) posi-
tive breast cancer cell line. Antihormones such as 4-hydroxy-
tamoxifen and fulvestrant are routinely used for treating ER
positive breast cancers.®” In an effort to examine the potential
role that individual LIV-1 family members may play in the
development of antihormone-resistant breast cancer, Taylor

992 | Toxicol Res., 2016, 5, 987-1002
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et al. discovered that the expression level of ZIP8 mRNA was
highly elevated in the fulvestrant-resistant MCF-7 cell line,
indicating a possible role of ZIP8 in the development of anti-
hormone resistance.®® Second, using the microarray approach
to screen ER and estrogen-related receptor (ERR) transcrip-
tomes in MCF-7 cells, ER and ERR were shown to positively
regulate ZIP8.°* In line with that, rosiglitazone (an activator of
ERR) was also demonstrated to induce the expression of
ZIP8 mRNA in the 393P-shz murine lung cancer cell line.®®
Lastly, a hybridization assay using cDNA from the testis of an
androgen receptor (AR)-mutated transgenic mouse showed
that ZIP8 transcripts were significantly downregulated com-
pared to the wild type,®® suggesting that AR may function as a
transcriptional regulator of ZIP8 in the testis.

6. Metal ion uptake properties and its
transport mechanism

ZIP8 was shown to possess high affinity for Zn>*, Fe*", and
Cd** followed by Mn>" and mercury (Hg>"),">**%" closely
matching that of ZIP14.°”°® Among these, Cd is of special
interest since it is a well-known toxic and carcinogenic heavy
metal. Using ZIP8 capped RNA microinjected Xenopus oocyte
cultures, Nebert et al. shows that the K, value for Cd** is
0.48 uM, higher than that of Zn>" and Fe*",*” hence, it is not
surprising to observe that ZIP8-mediated Cd>" uptake demon-
strated a robust inhibition by Zn>* and Fe®*. However, Mn*",
which was a strong competitor for Cd** uptake in mouse fetal
fibroblast cultures, didn’t inhibit Cd*" influx in the Xenopus
oocyte system;'! the reason for this discrepancy remaining
unclear. A further electrogenic experiment demonstrates that
ZIP8 is a Zn>*/(HCO;)~ symporter that moves one cation and
two anions into the cells as an electroneutral complex, the

optimal temperature for its metal ion transport activity is at
37 0(.12:44,67

7. Physiological function as revealed
by a transgenic mouse

The generation of the SLC39A8(neo/neo) hypomorphic mouse
has markedly advanced our understanding of the overall
physiological function of ZIP8. This transgenic mouse line
carries the SLC39A8(neo) allele where intron 3 of SLC39A48 loci
was interspaced with the neo gene, thus causing significantly
decreased expression of ZIP8 in the embryo, yolk sac, fetus
and other tissues compared to the wild type littermate.®®
SLC39A8(neo/neo) homozygotes are pale, have stunted growth,
and die between gestational day 18.5 and 48 hours postnatally.
They exhibit hypoplasia at several organs, including the
spleen, liver, lung, kidney and lower limbs, concomitant with
diminished Zn** and Fe*" levels. They also show symptoms of
severe anemia, which results from Fe deficiency as indicated
by the decreased hemoglobin level, serum Fe level, red cell
number, and total Fe binding capacity. The number of erythro-

This journal is © The Royal Society of Chemistry 2016
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cytes was also strikingly affected,”® indicating that ZIPS-
mediated Fe and Zn transport plays a crucial, and yet unrecog-
nized role in multiple organ organogenesis and hematopoiesis
during early embryo development.

8. The potential role of ZIP8 in metal
ion metabolism

ZIP and ZnT proteins are primary regulators of cellular Zn
homeostasis. Among the ZIP members, ZIP4 has the most
clearly defined role; responsible for intestinal absorption of
dietary Zn,”" whereas ZIP8 and ZIP14 seems to mediate Zn
homeostasis in pancreatic p cells.”*”>

Cd is a major component of cigarette smoke, contributing
to chronic obstructive pulmonary disease and lung cancer.”® >
Because of its well-known toxicity and carcinogenicity, the
mechanism of Cd*" transport has been extensively studied.
Clear evidence has identified ZIP8 as the transporter respon-
sible for Cd**-induced necrosis in testis, one of the most sensi-
tive organs for Cd toxicity.”® Transgenic mice carrying 3 extra
copies of the SLC39A8 gene demonstrated enhanced Cd*'-
induced damage to the testis as well as the kidney, where ZIP8
is specifically localized at the apical surface of proximal tubule
cells.”” In lung tissue, the research of Napolitano et al. strongly
suggested ZIP8 as a key mediator of Cd**-mediated toxicity in
lung epithelia, where ZIP8 expression is highly upregulated by
the inflammatory microenvironment resulting from chronic
cigarette exposure.'® Additionally, their results indicate that
excessive Zn can prevent Cd>"-mediated toxicity in human
lung epithelial A549 cells, indisputably supporting the fact
that Cd** enters into cells by hijacking Zn** transporters. The
role ZIP8 plays in Zn homeostasis and Cd transport have been
summarized before, for details, we refer the readers to the fol-
lowing reviews.>®?°

As for Fe transport, given the apparent functional defects of
hematopoiesis observed in SLC39A8(neo/neo) hypomorphic
neonates,”® we can conclude that Fe metabolism mediated by
ZIP8 plays an important role in early embryonic development.
In the ZIP8 hypomorphs, the Fe level in the liver was signifi-
cantly decreased probably due to the impaired Fe transfer
process across the placenta. Consistent with that, in the pla-
cental cell line BeWo cells, suppression of ZIP8 expression
decreased Fe uptake by 40%."

In the primary hippocampal neurons, ZIP8 was suggested
to mediate both non-transferrin bound iron (NTBI) and trans-
ferrin-bound iron (TBI) uptake (shown in Fig. 3).”® First, the
strong co-localization of ZIP8 and a ferrireductase Steap2 was
observed on the surface of the soma and dendrites, suggesting
that these two proteins may function together to support Fe**
reduction prior to Fe** uptake. Secondly, ZIP8 was also shown
to co-localize with the transferrin receptor/transferrin (TfR/Tf)
complex on the cell membrane, suggesting that TBI uptake in
neurons could also rely on a non-canonical pathway, other
than the well-characterized endocytosis-dependent Fe trans-
port. Indeed, blocking Tf internalization with an endocytosis

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Cellular mechanism of ZIP8-mediated Fe uptake in the hippo-
campal neuron. On one hand, Tf (transferrin)-bound Fe binds to the Tf
receptor (TfR) at the cell membrane, and is transported into cells
through TfR-dependent endocytosis. In the acidic environment of the
endosome, Fe* is reduced to Fe?* by Steap2 reductase, Fe* is then
transported to the cytosolic plasma by DMT1, forming labile Fe pools in
the cytosol for further deployment. On the other hand, Steap2 at the
plasma membrane can directly reduce Fe**, either Tf-bound or conju-
gated with citrate, to Fe?*, which is subsequently imported into the
cytosol by ZIP8.

inhibitor doesn’t affect Fe uptake from TBI. Since the optimal
pH of DMT1 and ZIP8 mediated Fe uptake is 5.5 and 7.5,">”°
respectively, and the pH of the brain interstitial fluid is 7.2,%°
therefore, ZIP8 rather than DMT1 is a more appropriate candi-
date transporter for TBI uptake at the cell surface through an
endocytosis-independent process. In terms of NTBI uptake in
primary hippocampal neurons, whether presented as Fe** or
Fe**-citrate, reductase-independent Fe®" uptake was the most
efficient. On the one hand, kinetic analysis of Zn** inhibition
of Fe*" uptake indicated that DMT1 plays only a minor role in
the uptake of NTBI. On the other hand, ZIP8 knock-down
greatly impaired Fe®" uptake, suggesting that ZIP8 plays a
major role in NTBI uptake. Collectively, these observations
strongly suggest that ZIP8 and Steap2 play a major role in Fe
accumulation from NTBI and TBI in hippocampal neurons.

9. Association of ZIP8 with disease
9.1. Diseases related to infection and inflammation

As discussed previously, ZIP8 plays an important role in
immune response. In accord with that, ZIP8 has been associ-
ated with diseases related to infection and inflammation.
For instance, ZIP8 mRNA expression levels were found to be
elevated in the monocytes from HIV-infected donors in
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conjunction with the increased intracellular Zn content which
is linked to the resistance to apoptosis.®* Since monocytes are
the targets of HIV infection and serve as a reservoir for HIV
replication and assembly, this suggest that lowering the Zn
content in the monocytes in HIV+ individuals could re-sensi-
tize these cell to apoptosis and improve survival and outcome
of the disease. Recently, a joint analysis of gene expression
and genotypic data on malaria infected western African chil-
dren identified SLC39A8 as one of the associations that are
implicated in genotype-by-infection interaction.’* ZIP8, as
mentioned earlier, is markedly upregulated upon primary
T cell activation and affects its immune function through Zn**
influx.® Since supplementation of Zn has been reported to
help reduce the morbidity and mortality of infectious
disease,® this interaction demonstrates a robust in vivo geno-
type-by-infection effect that is directly linked to the key process
of ZIP8 mediated T-cell development. These observations are
consistent with the results reported among different groups
showing that ZIP8 was the most significantly upregulated
transporter in response to cytokines, bacteria, and sepsis,
suggesting its unique role in innate immunity.

9.2. Osteoarthritis

Growing evidence has shown that Zn plays a key role in the
pathogenesis of OA.*"®> Zn acts as a structural component of
matrix-degrading enzymes, among them, matrix metalloprotei-
nase 3 (MMP3), MMP13 and ADAMTS5 are known to play
crucial roles in OA pathogenesis.®*®® In a study to investigate
the regulation of Zn®>" homeostasis during OA onset and pro-
gression, ZIP8 markedly increased, becoming the most domi-
nantly expressed transporter among ZnT and ZIP members in
chondrocytes under OA pathological conditions and in the OA
cartilage.>® It is unclear why ZIP8 is markedly induced in the
OA cartilage; we speculate that synovial inflammation, a
common pathologic change of OA, could be one of the
answers. ZIP8-mediated Zn influx increases the expression of
matrix-degrading enzymes in chondrocytes. ZIP8 overexpres-
sion in mice cartilage tissue causes OA cartilage destruction
whereas ZIP8 knockout inhibits OA pathogenesis. More impor-
tantly, the metal-regulatory transcription factor 1 (MTF1)
was identified as a critical transcription factor in mediating
Zn>*/ZIP8-induced matrix-degrading enzyme expression. What
makes it more complicated is that the hypoxia-inducible factor
(HIF)-2a can upregulate ZIP8, resulting in increased Zn>*
influx and MTF1 activity.®* In turn, MTF1 was revealed to be a
novel transcriptional regulator of HIF-2a. In a reciprocal way,
the ZIP8-Zn-MTF1 axis and HIF-2a activate each other and can
synergistically promote the expression of matrix-degrading
enzymes, leading to OA cartilage destruction (Fig. 2). There-
fore, preventing the progression of OA, would require concomi-
tant inhibition of the ZIP8-Zn-MTF1 catabolic cascade and
HIF-2a activity in chondrocytes. The miR-488 targeting ZIP8
could also have important diagnostic and therapeutic poten-
tial, since it is significantly decreased in OA chondrocytes and
could protect bone tissues from cartilage degradation by inhi-
biting MMP13 activity.®°
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9.3. Zn and Mn deficiency

During the preparation of our manuscript, Boycott et al.
reported a homozygous variant, c.112G > C (p.Gly38Arg),
affecting the highly conserved residue of ZIP8 protein.’® This
homozygous mutation is responsible for autosomal-recessive
disorders characterized by intellectual disability, develop-
mental delay, hypotonia, strabismus, cerebellar atrophy and
variable short stature. However, ZIP8 protein expression and
subcellular localization have demonstrated no overt difference
on lymphoblast and fibroblast cells between control and
affected individuals. Whereas Zn and Mn levels in blood were
variably low in all affected individuals; urine levels were high,
indicating that the mutation impairs both the Zn and Mn
transport of ZIP8, which can result in poor absorption of these
elements through the kidney. At the same time, Park et al
identified two individuals with two different SLC39A8 variants:
the first one is ¢.112G > C (p.Gly38Arg) and c.1019T > A
(p-Ile340Asn); the second one is ¢.97G > A (p.Val33Met) and
€.1004G > C (p.Ser335Thr) on the paternal allele and ¢.610G >
T (p.Gly204Cys) on the maternal allele.>® These five mutations
are all at highly conserved sites of ZIP8. The two affected indi-
viduals have a more severe phenotype than the case subjects
described by Boycott et al. They have undetectable blood Mn
levels which impairs the function of Mn-dependent enzymes,
particularly p-1,4-galactosyltransferase, a Golgi enzyme essen-
tial for the glycosylation of important glycoproteins. Defective
glycosylation leads to a severe disorder with a deformed skull,
seizures, short limbs, profound psychomotor retardation and
hearing loss.

9.4. Cancer risk and complex disorders

Recent GWAS projects have revealed surprising associations
between one single nucleotide polymorphism (SNP) in
SLC39A8  with  schizophrenia,®***°*  hypertension,'*??
obesity,'®*' and several metabolic traits such as body mass
index and the high-density lipoprotein cholesterol (HDL-C)
level (summarized in Table 2).°>°* This SNP, rs13107325,
located between putative TMD V and VI, alters an alanine
(major allele) to a threonine (minor allele, schizophrenia risk
allele) at amino acid position 391 (denoted in Fig. 1). Alanine
(A) is hydrophobic while threonine (T) is hydrophilic and
polar. Ng et al suggest that this SNP might abrogate the
protein formation of ZIP8, therefore conferring an adverse
effect on its metal ion transporter activity.”> Interestingly, SNP
rs13107325 displays a regional distribution with high frequen-
cies in Europe and the Middle East, followed by Central Asia
and Egypt, and is totally absent in East Asia, South Asia, South-
east Asia and most regions in Africa. Based on this evolution-
ary analysis and other exploratory analyses, Li et al. postulate
that when the ancestors of modern humans migrated out of
Africa, the colder environment in Europe may have served as a
selective pressure, resulting in increased SLC39A8 T allele,
which enabled them to better adapt to the cold temperature
and protected them from hypertension.”® Meanwhile, this
T allele also increases the risk for schizophrenia, obesity and
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Table 2 Summary of the association of rs13107325 (SLC39A8 T allele) with various human complex traits
Sample size

Traits Initial Replication ~ Frequency P-value Region  Study Ref.
SBP, DBP, HP 69395 133361 0.05 2.30x1077  EU Ehret et al. (2011) 19
DBP 87736 68 368 ND ND EU Tragante et al. (2014) 23
BMI, Obesity 123 865 125931 0.07 1.50 x10™°  EU Speliotes et al. (2010) 18
BMI 168267 109703 ND ND EU Berndt et al. (2013) 21
HDL-C 16 056 22128 0.08 2.1%x107° EU Waterworth et al. (2010) 93
HDL-C 99900 — 0.07 <7x107" EU Teslovich et al. (2010) 92
HDL-C 94595 93 982 0.08 1.10x 107"  EU Willer et al. (2013) 94
Schizophrenia 4545 cases; 15 575 controls — 0.08 2.7x107° EU Carrera et al. (2012) 20
Schizophrenia 35476 cases; 46 839 controls  — 0.08 1.54x107"  EU Ripke et al. (2014) 22
Stress 182 — ND ND EU Bruenig et al. (2014) 97
Gray matter volume 1292 — >0.07,<0.08  <10x107* EU Lajous et al. (2015) 98
Mn level in serum 949 — ND 5.1x10° " EU Ng et al. (2015) 95

SBP, systolic blood pressure; DBP, diastolic blood pressure; HP, hypertension; BMI, body mass index; HDL-C, high-density lipoprotein
cholesterol; ND, no data; EU, Europe. Detailed information about sample ascertainment, data collection and statistical analyses can be found in
the original studies. Some of the data have been reviewed by Li and colleagues, we recommend their paper to readers who are interested in a

more extensive analysis.”®

related metabolic traits (e.g., lower HDL-C and energy uptake
from the nutrients). It has been suggested that ZIP§ may be
involved in HDL-C metabolism through Zn-mediated inflam-
matory activity.’

It is noteworthy that rs13107325 is also associated with
chronic stress,”” and gray matter volume in the subcortical
region (Table 2).°® Together, these studies seem to indicate an
attractive linkage between ZIP8 and cerebral functionality.
Since Zn is crucial for neurotransmitter communication
between neurons,”® *°" we speculate that the SLC39A8 T allele
might have a negative effect on neural signal transduction and
contribute to psychiatric disorders through its impact on Zn
homeostasis. Besides, rs13107325 associating with the Mn
level in blood,” two other SNP rs10014145 and rs233804
located at the intron of SLC39A8, have been suggested to affect
the Cd concentration in human blood."**

Numerous studies have found that germline copy number
variations (CNVs) can predispose individuals towards cancer
occurrence. Recently, a study on the germline CNVs of renal
clear cell carcinoma, the most common type of kidney cancer,
revealed a significant loss of CNVs at the SLC39A8 genomic
locus, occurring in 1.89% of cases (7/370) and 0.10% (3/3000)
of controls."*

10. Conclusions and perspectives

We have sought here to provide detailed knowledge about the
Zn transporter ZIP8, on which research has gained a lot of
momentum in recent years. Although its function as a broad-
spectrum divalent metal ion importer has been well-studied, it
is not until recent years that we have started to appreciate its
physiological and pathological implications. We believe that
conditional knockout or transgenic mice of ZIP8, if possible,
will continue to unravel its physiological role in different
tissues, especially in the brain and liver. On the other hand,

This journal is © The Royal Society of Chemistry 2016

down to the molecular level, the exact role of these post-trans-
lational modifications (i.e., glycosylation and phosphorylation)
sites and putative motifs mentioned in the article remains
unclear; it will only be solved by site-directed mutagenesis
until the crystal structure of ZIP family members is acquired.
As this field moves forward, we anticipate that the insights we
gained about ZIP8 will help us better understand the overall
function of the ZIP protein family and improve our health.
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