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Zinc is a trace element that plays important functions in gene expression,
enzymatic activity and cellular signaling. Cellular zinc homeostasis is tightly
regulated by two solute carrier families: SLC30 (ZnT, zinc transporter) and
SLC39 (ZIP, zrt- and irt-like protein), which are responsible for the efflux and
influx of zinc respectively. Increasing evidence demonstrates that disturbed zinc
homeostasis is involved in a variety of diseases, as the altered expression of zinc
transporters usually remodels the tumor microenvironment and promotes
malignant development. Here, we review the structural properties, tissue
localization, and physiological functions of ZnT and ZIP transporters, with
emphasis on digestive systems, immune systems, neurobiological systems,
endocrine systems, and other systems. We focus on their pro-tumorigenic
mechanisms in different cancers, including hepatocellular carcinoma,
colorectal cancer, pancreatic cancer, gastric cancer, glioma, breast cancer,
prostate cancer, as well as other cancers. Overall, the ZIP family is commonly
upregulated in malignancies and promotes tumor development, through the
activation of signaling pathways by zinc influx. The ZnT family exhibits more
complex and context-dependent functions, performing tumor suppressive and
tumor promoting effects simultaneously. Zinc transporters show great potential
as diagnostic biomarkers and therapeutic targets, with many members displaying
prognostic relevance. Translational development is progressing, with antibody-
drug conjugates (ADCs) against ZIP6 and small molecule inhibitors targeting ZIP7
and ZIP8 entering preclinical and clinical trials. Future studies should focus on
full-length structure analysis of zinc transporters (particularly ZIP members), their
spatiotemporal dynamics and zinc signaling in the tumor microenvironment, and
their roles in therapy resistance, all of which are important for developing precise
targeting of zinc homeostasis in cancer treatment.
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1 Introduction

Zinc, the second most abundant trace element after iron, is
essential for many biological processes including gene expression,
enzyme function, neurotransmission, and apoptosis (1, 2). More
than 10% of the human proteome is thought to interact with zinc,
highlighting the importance of zinc in maintaining protein
structure and function, primarily via zinc fingers (3, 4). Because
of these crucial roles, cellular zinc levels must be tightly regulated,
with zinc homeostasis now emerging as a factor in many
pathologies, including cancer (5-7).

Zinc dyshomeostasis is a potent tumor promoter through
multiple mechanisms. Dysregulation of zinc uptake, trafficking,
sequestration, and export can perturb fundamental cellular
activities such as cell proliferation, cell differentiation, and cell
death (7). For example, zinc deficiency activates oncogenic signal
transduction cascades, including MAPK/ERK and JNK pathways
(8), and regulates epithelial-mesenchymal transition (EMT) via
zinc-regulated transporters (9, 10). These disturbances in zinc
balance drive malignant transformation by endowing cancer cells
with bioenergetic and biosynthetic benefits (11).

Intracellular zinc homeostasis is maintained by the opposing
activities of two solute carrier (SLC) families; the SLC30 (ZnT)
family exports zinc from the cytoplasm, while the SLC39 (ZIP)
family imports it. Together with metallothioneins that act as buffers
for intracellular zinc, these transporters maintain zinc availability
and subsequent signaling pathways (2). However, beyond this basic
physiological function, accumulating evidence suggests that specific
ZnT and ZIP members play a role in cancer development. Instead of
passive regulators of zinc balance, these proteins are now
considered to be active participants in tumorigenesis and
therefore attractive therapeutic targets. Here we summarize the
roles of zinc transporters in health and disease. We also discuss their
emerging potential as diagnostic biomarkers and therapeutic targets
for cancer.

2 Molecular landscape of the ZnT and
ZIP families

To provide context for their physiological and pathological
roles, we first outline the distinct molecular characteristics of the
ZnT and ZIP families. This section covers their evolutionary
classification, tissue distribution, subcellular localization, and
structure-function relationships (Figures 1, 2; Table 1).

2.1 The basic knowledge of ZnT

The ZnT family belongs to the cation diffusion facilitator (CDF)
family, and its members act as Zn>*/H" antiporters, exporting zinc
from the cytoplasm against its electrochemical gradient, and
thereby safeguarding cells from zinc overload and toxicity (2). In
humans, the ten main members of the ZnT family (ZnT1-10) are
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highly conserved in evolution, even though their genes are located
on different chromosomes (Figure 1A, Table 1).

Phylogenetic analysis of ZnT1-10 separates the ZnT family into
four major subfamilies. Subfamily I includes ZnT5, ZnT6, and ZnT7,
which exhibit the greatest mutual amino acid sequence identity.
Subfamily II includes ZnT2, ZnT3, ZnT4, and ZnT8, which have
high sequence homology and contain similar structural features such
as the HCH motif. Subfamily III includes ZnT1 and ZnT10, two
highly homologous transporters predominately located at the plasma
membrane. Subfamily IV contains only ZnT9, which is markedly
different from other ZnTs in both amino acid sequence and
subcellular localization (Figure 1A).

Functionally, subfamily I members are primarily localized to the
early secretory pathway, particularly the Golgi apparatus. There,
ZnT5 and ZnT6 form a heterodimer that functions together with
ZnT7 to transport zinc into this compartment. This process is
essential for the activation of zinc-dependent enzymes, such as
alkaline phosphatases (ALPs) (12, 13). Subfamily II members
(ZnT2, ZnT3, ZnT4, and ZnT8) mainly function in the secretory
pathway and are mostly found in the membranes of secretory
vesicles, endosomes, and lysosomes. ZnT3 is highly and specifically
expressed in synaptic vesicles of hippocampal and cerebral cortical
neurons, where it concentrates vesicular zinc, serving as a marker for
this pool and playing an important role in regulating
neurotransmission (14). ZnT8 is almost exclusively expressed in
pancreatic B-cells, where it transports zinc into insulin secretory
granules, thereby promoting insulin biosynthesis; this has led to
intense study of this protein in diabetes research (15). ZnT2 and
ZnT4 are mainly expressed in the mammary gland (particularly
during lactation), prostate, and intestine, where they facilitate zinc
secretion into milk and prostatic fluid, respectively (16, 17). In
subfamily ITI, ZnT1 and ZnT10 share a common localization to the
plasma membrane but differ in their functions. ZnT1 functions as a
general Zn>"/H" antiporter, exporting zinc from the cytoplasm to the
extracellular space (18). In contrast, Zn'T10 mainly functions as a Ca®
*/Mn** antiporter, mediating manganese efflux from cells (19). ZnT9
constitutes subfamily IV because of its low sequence similarity to
other ZnTs. It is ubiquitously expressed and localizes mainly to the
mitochondrial membrane, where it functions as a proton-coupled
zinc antiporter. This zinc efflux activity is critical for maintaining zinc
homeostasis, mobilizing zinc pools, and preserving mitochondrial
morphology and function (20-22). In addition, TMEM163 is a newly
identified mammalian ZnT, structurally related to the CDF
superfamily and essential for maintaining zinc homeostasis in
neuronal and vascular tissues (23-25) (Figures 1A, 2; Table 1).

ZnTs generally assemble as dimers. Most are homodimers,
although ZnT5 and ZnT6 form a functional heterodimer. Each
monomer consists of two core domains: a transmembrane domain
(TMD) with six helices (TM1-TM6) that mediates Zn>*
translocation, and a cytosolic C-terminal domain (CTD) with a
unique metallochaperone-like ofof fold that is important for
dimer stability and zinc sensing. Most ZnTs have a conserved
HDHD motif within the TMD to tetrahedrally coordinate Zn>*
(Figure 1A, left). Despite this conserved topology, the overall
structure of ZnTs is varied. ZnT8 and its subfamily members

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1750534
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhou et al.

10.3389/fimmu.2025.1750534

A (sLc30 (znT)

" U’Subfamilyl
e} e
« S
2 s g
%y, Smé b
Q>
9&@
. StCa0a,
Subfamily I TMEM163
SLCaoPB 5
C3
» %4y
S ®
& @ o,
7 8 » Subfamily 11l
Q k4
7
Subfamily IV
Name ™2 TM5
ZnT3 165 DAAHLLADVGSMMGSLFSLWLST 127 238 TSVRAAFVHVLGDLL 244
ZnT2 103 DAAHLLTDFASMLISLFSLWMSS 125 215 PSVRAAFIHVIGDEM 229
ZnT8 103 DAAHLLIDLTSFLLSLFSLWLSS 125 212 ASVRAAFVHALGDLF 226
ZnT4 143 DALHMLTDLSAIILTLLALWLSS 165 269 LAVRAAFVHALGDLV 283
ZnT5 448 DGFHMLFDCSALVMGLFAALMSR 476 587 ANMRGVFLHVLADTL 601
ZnT9 269 EAIMSLSDTCNQGLLALGISKSV 291 411 MGLTSITGNPLYDSL 425
ZnT1 40 DSFHMLSDVLALVVALVAERFAR 62 243 LNMRGVFLHVLGDAL 257
ZnT10 40 DSFNMLSDLISLCVGLSAGYIAR 62 236 LNIRGVLLHVMGDAL 250
ZnT7 67 DSFHMFFDSTAILAGLAASVISK 89 232 QILQGVFLHILADTL 246
ZnT6é 63 YTYLTIFDLFSLMTCLISYWVTL 85 193 IFLPRMNPFVLIDLA 207
@ L
/@ ~
w W oy,
W \ Iy
T™MD 8 U
Cytosol
Histidine-rich domain
B V shape
T™MD
Cytoplasmic

hzaT3 (PDB: 8XN1)

hZnT8 (PDB: 6XPE)

GufA subfamily
0w
9 3 o Subfamily |
W % 8 5
S ol
%, > b,
9
3(0‘7945 NG
LIV-1 subfamil .
il SLC39A8 SLC39A3 gy bfamily I
St
g g,
> 02
S 4o %
S § § %
> 8 %
a %
Name ™4 TM5
ZIP1 181 CVLVFSLALHSVFEGLAVGL--------- LCLALLLHKGILAVSLSLRLL 230
ZIP3 171 LSLAFALSAHSVFEGLALGL-- --LFVGVAVHETLVAVALGISMA 220
ZIP2 166 LVLLLSLSFHSVFEGLAVGL--------- LCLAVLAHKGLVVFGVGMRLY ~ 215
ZIP11 195 ALLILAITIHNVPEGLAVGF--------- LAIGIGIONFPEGLAVSLPLR 253
ZIP9 146 ITTTLGLVVHAAADGVALGA-- --VFVAIMLHKAPAAFGLVSFLM 198
ZIP4 498 YMITLGDAVHNFADGLAVGA-- --TSLAVFCHELPHELGDFAALL 549
ZIP12 505 IMILVGDSLHNFADGLAIGA--------- TTIAILCHEIPHEMGDFAVLL 556
ZIP5 385 WMVLLGDGLHNLTDGLAIGA--------- TTLAVFCHELPHELGDFAMLL 436
ZIP6 597 WMVIMGDGLHNFSDGLAIGA-- --TSVAVFCHELPHELGDFAVLL 648
ZIP10 671 WMVIMGDGIHNFSDGLAIGA-- --TSIAVFCHELPHELGDFAVLL 722
ZIP8 305 WMITLCDALHNFIDGLAIGA-- --TSIAILCEEFPHELGDFVILL 356
ZIP14 338 WMITLSDGLHNFIDGLAIGA-- --TSVAILCEEFPHELGDFVILL 389
ZIP7 320 YLNLAADLAHNFTDGLAIGA-- ==TTMTVLLHEVPHEVGDFAILV 371
ZIP13 219 YLNLLANTIDNETHGLAVAA--------- TTMAILLHEIPHEVGDFAILL 270
COOH
N H 2 A
7
N oW vy |//// o A\ Wy V ”/ \
0

% ~U Cytosol
HEXPHE motif —

@ Histidine-rich domain @

il

mushroom shape

torpedo shape

/ﬁ

h2nT10 (POB: 9KV2)

hzaT1. (PDB: SXMF)

FIGURE 1

indicate Zn®* efflux (from the cytoplasm to the extracellu

Basic information on SLC30 and SLC39 family members. (A) Left panel: SLC30 (ZnT) family (purple). Right panel: SLC39 (ZIP) family (cyan). The figure
is organized from top to bottom as follows: Top: Phylogenetic tree. Middle: Alignment of homologous sequences at key residues (evolutionarily
conserved residues are shown in color; non-conserved residues are in black). Bottom: Topology model of the zinc transporters. Orange arrows

ular space or organelle lumen); yellow arrows indicate n’*
(B) SLC30 family members exhibit distinct structural shapes across different subfamilies. ZnT3, ZnT4, and ZnT8 all belong to subfamily Il and form a
typical V-shaped dimer, characterized by well-separated transmembrane domains (TMDs) at its center. In contrast, ZnT7, a member of subfamily |,
assembles into a tighter mushroom-shaped dimer with more extensive TMD-TMD interactions. Meanwhile, ZnT1 and ZnT10, both classified under
subfamily Ill, associate to form compact dimers that present a torpedo-like shape.

l bfamily 11l i

influx (into the cytoplasm).

ZnT3 and ZnT4 have a typical V-shaped arrangement with well-
separated TMDs in the center of the dimer (26-28). By comparison,
ZnT7 is a tighter mushroom-shaped dimer with greater TMD-
TMD interactions. ZnT1 has a unique torpedo-like shape due to a
highly extended extracellular cysteine-rich region that forms a lasso
stabilized by disulfide bonds (27, 29-31). ZnT10, which belongs to
the same subfamily as ZnT1, also has a similar torpedo-shaped
architecture, indicating that a compact dimerization mode is
evolutionarily preferred. However, unlike ZnT1, ZnT10 lacks the
extracellular cysteine-rich region and instead relies on alternative
TMD and CTD contacts to form a compact dimer (32) (Figure 1B).
These different shapes likely reflect their specialized functions in
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different cellular membranes (e.g., plasma membrane, Golgi,
endoplasmic reticulum, endosomes). The similarity between ZnT1
and ZnT10 suggests that a similar structure-function relationship
may be present in the same subfamily.

2.2 The basic knowledge of ZIP

The ZIP family consists of 14 members (ZIP1-14), whose genes
are located on multiple chromosomes, and these proteins mediate
zinc import into the cytoplasm from the extracellular space or the
organellar lumen. In contrast to ZnTs, ZIP-mediated Zn>" transport
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is independent of the H'-gradient but can be modulated by
extracellular pH and membrane potential. Moreover, many ZIP
transporters can also mediate the uptake of other divalent metal
ions such as Fe**, Mn**, and Cd** (Table 1).

The ZIP family is phylogenetically subdivided into four
subfamilies. Subfamily I includes only ZIP9. Subfamily II is an
evolutionarily older and smaller group including ZIP1, ZIP2, and
ZIP3. The largest and best studied group is the LIV-1 subfamily
including ZIP4-8, ZIP10, and ZIP12-14. Finally, the gufA subfamily
includes only ZIP11, named for its homology to the bacterial gufA
gene (Figure 1A, right).

Subfamily I contains only ZIP9, a broadly expressed transporter
with varied subcellular localization (33) (Table 1). In addition to its
role in zinc transport, ZIP9 has been extensively studied for its non-
canonical function as a membrane androgen receptor mediating
rapid androgen signaling (34). This suggests that the physiological
functions of ZIPs may include additional roles beyond
ion transport.

Subfamily II members are mainly targeted to the plasma
membrane to mediate Zn*" influx from the extracellular space,
and their functional diversity stems from different tissue-specific
expression patterns. ZIP1 is expressed in all tissues examined, but
down-regulated in prostate cancer, and serves as the major zinc
importer from circulating blood plasma into prostate cells (35, 36).
ZIP3 is highly expressed in hippocampal dentate gyrus granule cells
and mammary alveolar cells to control zinc accumulation and
mediate zinc reuptake from milk, respectively (37, 38). In
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contrast, ZIP2, which is evolutionarily distant from other
members, transports multiple divalent cations such as Zn>*, Cd**,
Cu**, and Co**, with decreasing affinity (39). Its expression is highly
cell type-specific and it regulates innate immune signaling through
the maintenance of zinc homeostasis, as demonstrated in
cardiomyocyte hypertrophy models (40).

Members of the LIV-1 subfamily have a highly conserved
HEXPHE (His-Glu-X-Pro-His-Glu) motif in their extracellular
domain, usually positioned between TM4 and TM5. This
signature motif is involved in zinc binding and peptide bond
hydrolysis. According to the genetic distance, the LIV-1 subfamily
can be subdivided into four groups: (a) ZIP7 and ZIP13; (b) ZIP5,
ZIP6 and ZIP10; (c) ZIP4 and ZIP12; and (d) ZIP8 and ZIP14.
Unlike other members, ZIP7 and ZIP13 are localized in the Golgi
and endoplasmic reticulum (ER) membranes, respectively, where
they mobilize Zn>" from the respective organellar lumen into the
cytoplasm. Both are important for cellular homeostasis, with ZIP7
being especially important for mediating Zn>*-induced ferroptosis
(41-43). Other members are mainly localized to the cell membrane.
ZIP6 and ZIP10 form a heterodimer that mediates cellular zinc
uptake. This zinc uptake induces EMT and is required for the zinc-
dependent initiation of mitosis (44, 45). ZIP5 is expressed in a
tissue-specific manner with predominant localization in intestine,
pancreas, liver, and kidneys. At the cellular level, it transports zinc
from the blood into intestinal epithelial cells, which is critical for
systemic zinc homeostasis (46). ZIP4 is specifically and highly
expressed on the apical membrane of duodenal and jejunal
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TABLE 1 Basic information on SLC30 and SLC39 family members.

Family Subfamily

Protein name

Subcellular location (Simplified)

Iso1:Golgi apparatus/stack/ TGN membrane; Cytoplasmic/secretory/

Expression (Key tissues/
Conditions)

Ubiquitous.

Substrate &
notes

SLC30A5 ZnT5 Chr5 (q13.1-13.2) COPII vesicle membrane. High: pancreas, liver, kidney. Zn**
Is02: ER, cell, apical membrane. Beta cells (protein level).
Brain (cerebellum, hippocampus); B-cells, colon,
I SLC30A6 ZnT6 Chr2 (p22.3) Golgi apparatus, TGN membrane. eye, lung. Zn**
Lower in bone, cervix, etc.
High: megakaryocytes, bone marrow, small
SLC30A7 ZnT7 Chrl (p21.2) Golgi/TGN/SR membrane; Cytoplasmic vesicle; Mitochondrion. intestine. Zn**
Testis (Leydig cells), adrenal & pituitary glands.
Isol: Secretory granule, endosome/lysosome, mitochondrion inner
SLC30A2 ZnT2 Chrl (p36.11) membrane. Intestine, kidney, seminal vesicles, testis (Rat). Zn>*
Is02: Cell membrane.
Brain-: ific (hi 3 . Testi
SLC30A3 ZnT3 Chr2 (p23.3) Synaptic vesicle membrane; Late endosome, lysosome membrane. rain-specific (hippocampus, cortex). Testis Zn**
germ cells (Mouse).
SLC30
I Pancreatic beta cells.
SLC30A8 ZnT8 Chr8 (q24.11) Secretory vesicle membrane; Cell membrane. Subcutaneous fat (lean > obese). Zn*t
Variable in PBMCs.
High: brain, testis (Rat).
Also: 1l intestine, lung, kidney, st h,
SLC30A4 ZnT4 Chrl5 (q21.1) Endosome, late endosome, lysosome membrane. $0: smatl nfestine, lung, Xidney, stomac Zn**
colon (Rat).
High: brain, mammary epithelium (Mouse).
SLC30A1 ZnT1 Chrl (q32.3) Cell membrane (basolateral); ER, Golgi, nucleus membrane. Ul.:>1f:1u1tous (Humafl). Zn**
Duodenum, jejunum, neuroglial cells (Rat).
111 Fetal liver & brain.
Adult: 1l intesti li testes > brai
SLC30A10 ZnT10 Chrl (q41) Cell membrane; Golgi, recycling/early endosome membrane. smat infestine ,> Hver > testes > brain > Mn**/Zn**
ovary > colon > cervix > prostate > placenta.
Liver & neurons (protein level).
v SLC30A9 ZnT9 Chr4 (p13) Mitochondrion membrane; Nucleus; ER. Ubiquitous (fetal/adult tissues, cancer lines). Zn**
Golgi/TGN, cell membrane; Cytoplasm (perinuclear); High: pancreas, testis, pituitary.
1 SLC39A9 ZIP9 Chrl4 (q24.1) § ’ . _’ ytop P ’ Moderate: kidney, liver, uterus, heart, prostate, Zn**
Mitochondrion; Nucleus. .
brain.
Zn*" (Inhibited b
SLC39 SLC39A1 ZIP1 Chrl (q21.3) Cell membrane; ER membrane. Ubiquitous (adult/fetal tissues, epidermis). n (I\rIliZi)l e by
1 High: testes, hippocampus dentate gyrus
SLC39A3 ZIP3 Chrl9 (p13.3) Cell membrane (apical). (Mouse). Zn>*
Mammary gland (Mouse).
(Continued)
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TABLE 1 Continued

Family Subfamily

Protein name

Subcellular location (Simplified)

Expression (Key tissues/

Conditions)

Substrate &
notes

Zn2+ Cd2+ Cu2+

duodenum, jejunum, colon (Mouse).

C02+
SLC39A2 ZIP2 Chrl4 (q11.2) Cell membrane. Prostate & uterine epithelial cells. (Active at pH 6.5;
Inhibited by high
K*).
High: bone, eye. Osteoblasts, odontoblasts,
SLC39A13 ZIP13 Chrll (p11.2) Golgi, cytoplasmic vesicle, ER membrane. igh ZZ:mZeﬁer;g stzs(;/[zusoer)l‘o asts Zn**
SLC39A7 7IP7 Chr6 (p21.32) ER membrane; Golgi, cis-Golgi network membrane. X qblqulfous (Human). Zn**
High: intestinal crypts (Mouse).
High: breast, prostate, placenta, kidney, pituitary.
SLC39A6 ZIP6 Chr18 (q12.2) Cell membrane (apical, lamellipodium, raft). Low: heart, intestine. Zn**
High in adenocarcinoma cells.
SLC39A10 ZIP10 Chr2 (q32.3) Cell membrane (apical). Liver, kidney, brain (Mouse). Zn>*
Liver, kidney, pancreas, small intestine, colon,
SLC39A5 ZIP5 Chrl2 (q13.3) Cell membrane (basolateral). spleen; Zn**
fetal liver/kidney.
LIV-1
High: kidney, small intestine, st h, colon,
SLC39A4 ZIP4 Chr8 (q24.3) Cell membrane (apical); recycling endosome membrane. '8 ne}f 'sma tiestine stomach, co‘on Zn**
jejunum, duodenum.
Brain, H .
SLC39A12 ZIP12 Chrl0 (p12.33) Plasma membrane. i X rjam eve (, uman) Zn>*
High: brain regions, testis germ cells (Mouse).
Ubiquitous.
. High: pancreas. Zn**, Mn**, Cd*",
SLC39A8 ZIP8 Chr4 (q24 Cell b I/basolateral); L b 3
4 (q24) ell membrane (apical/basolateral); Lysosome membrane Macrophages; BBB endothelial cells (protein Fe®*, Co®*
level).
Ubiquitous.
High: liver, pancreas, fetal heart. Zn?*, Mn**, Cd*",
SLC39A14 ZIP14 Chr8 (p21.3 Cell b ical lateral); Endo/l b 3
18 (p21.3) ell membrane (apical/basolateral); Endo/lysosome membrane Neurons, osteoblasts, osteoclasts; BBB endothelial Fe®*
cells; macrophages (protein level).
High: 3 h, il s . Low: liver,
GufA SLC39A11 ZIP11 Chrl7 (q24.3-q25.1) Cell membrane; Nucleus; Cytoplasm; Golgi. igh: testes, stomach, fleum, cecum. Low: fiver Zn**, Cu**

Data sources: Locus, UCSC (https://genome.ucsc.edu/); all other fields, UniProt (https://www.uniprot.org/). TGN: trans-Golgi network, ER: Endoplasmic Reticulum, SR: Sarcoplasmic Reticulum, PBMCs: Peripheral Blood Mononuclear Cells, BBB: Blood-Brain Barrier,

Iso: Isoform. (This table was compiled from the respective entries on the UCSC and UniProt websites; data are for human unless otherwise specified.).
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epithelial cells, where it acts as the main gatekeeper for dietary zinc
absorption (47, 48). ZIP12 displays pronounced tissue-specificity
with high expression in the nervous system, testis, and prostate. It is
essential for vertebrate neural tube closure and neurite outgrowth
and contributes to synaptic zinc in auditory cortex astrocytes. It also
supports spermatogenesis by maintaining zinc homeostasis and
providing oxidative stress protection (49-51). ZIP8 and ZIP14 are
ubiquitously expressed. In addition to the plasma membrane, both
are found on the lysosomal membrane. These transporters mediate
the uptake of several divalent metal ions such as Mn**, Zn**, Cd**,
and Fe®" (52-54), and are associated with inflammatory responses
and metabolic diseases (55, 56).

The gufA subfamily member ZIP11 is enriched in mouse testes
and certain digestive tissues, mainly residing in the plasma
membrane, nuclear envelope, and Golgi apparatus (57, 58). It acts
as a Mn?* transporter, influences mitochondrial function, and
represses mTORCI signaling via regulation of cellular manganese,
thus promoting longevity and anti-aging phenotypes (59)
(Table 1, Figure 2).

Structurally, canonical ZIPs contain a TMD with eight helices
(TM1-TM8), extracellular N- and C-termini, and a variable
histidine-rich loop between TM3 and TM4 required for metal
binding. Amphipathic TM4 and TMS5 helices are thought to form
a cavity through which metal ions are transported (60) (Figure 1A).
ZIPs generally function as dimers; for example, the crystal structure
of the extracellular domain of ZIP4 shows a functional dimer
arranged around a PAL motif (61). While bacterial homologues
such as BbZIP have been solved (62, 63), the structures of full-length
human ZIPs remain unsolved and are a key target for future studies.

The distinct molecular features of ZnT and ZIP transporters, as
detailed above, underpin their system-level integration. This
foundation enables the precise spatiotemporal regulation of zinc
across different tissues, which is critical for its physiological

functions in major organ systems.

3 Gatekeepers of zinc homeostasis

Cellular zinc homeostasis is not a steady state maintained by
individual transporters, but rather a dynamic balance regulated by a
complex network of ZnT and ZIP transporters. This network allows
for flexible and precise regulation, frequently through the
counteracting activities of its components, to deliver zinc ions to
the proper place, at the right time, and in the appropriate
concentration for their biological functions. The following
sections discuss the important roles of this regulatory network in
the human systems (Table 2).

3.1 Digestive system
ZnT and ZIP transporters are essential for maintaining zinc

homeostasis in human digestive system. Their coordinated activity
is fundamental to healthy digestive function. Conversely, when this
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system is thrown out of balance, it can become a factor in the
development of various gastrointestinal diseases.

Zinc uptake across the intestinal epithelium is mediated by
ZI1P4, the major apical zinc importer in enterocytes. ZIP4
expression is regulated by cellular zinc status in a feedback
manner. And mutations in SLC39A4, the gene that encodes ZIP4,
result in the zinc deficiency disorder acrodermatitis enteropathica
(47, 64). Cellular zinc is then exported into the portal circulation
mainly via the basolateral transporter ZnT1, which is critical for
systemic zinc distribution (65, 66). In addition to these primary
transporters, basolateral ZIP5 and the intracellular ZnT5/ZnT6
complex play auxiliary roles in zinc homeostasis and
compartmentalization in the gut (46, 65).

Zinc transporters play important roles in shaping mucosal
immunity. For example, ZnT2 expression in Paneth and colonic
cells buffers cytosolic zinc to promote TLR4 signaling, autophagy,
and host defense against pathogens (67, 68). Polymorphisms in
SLC39A8 are associated with Crohn’s disease possibly via
mechanisms involving disrupted manganese homeostasis,
glycosylation defects, and changes in the gut microbiota (69, 70).
In the context of inflammatory bowel disease (IBD), ZIP10 and
ZIP14 fine-tune the immune response: ZIP10 helps regulate T-cell
function, while ZIP14 modulates inflammatory responses in
macrophages (71, 72).

In gastrointestinal malignancy, zinc transporters are found to be
altered with specific pathologic implications; ZIP4 serves as an
oncoprotein in pancreatic cancer, gastric cancer, and hepatocellular
carcinomas by inducing EMT, chemoresistance, and cachexia (73—
75), while the expression of SLC30A1 and SLC39A6 is associated
with poor prognosis (76-79). SLC30A4 and SLC39A8 act as tumor
suppressors in a context-dependent manner (80, 81). ZnT10 and
ZIP14 provide neuroprotection by exporting Mn** through the
hepatobiliary system. The failure of this system leads to toxic Mn**
accumulation, resulting in liver fibrosis and neuronal loss (82-84).

ZnT and ZIP families provide a fine-tuning regulatory network
to maintain digestive health. Disruption of this network contributes
to pathogenesis, creating prospects for diagnostic and
therapeutic translation.

3.2 Immune system

ZnT and ZIP transporters serve as key regulators of the immune
system by controlling zinc homeostasis. Through their management
of zinc fluxes across membranes, they directly shape immune cell
development, activation, and function.

In innate immunity, macrophages deploy zinc as a bactericide.
Zinc efflux into phagosomes via ZnT1 renders an inhospitable
milieu for intracellular pathogens (85). Zinc influx via ZIP10 is
necessary for pro-inflammatory activation of macrophages, whose
loss leads to impaired activation and apoptosis (86). ZIP8 not only
suppresses NF-kB signaling through zinc-dependent inhibition of
IxB kinase (IKK), but also promotes IL-1f production and
ferroptosis in sepsis (87, 88). Additionally, ZIP14, induced by IL-
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TABLE 2 Summary of ZIP and ZnT transporter functions in human physiological systems.

System Family Key members Specific function References
The major apical zinc importer in enterocytes;
Primary zinc absorption across intestinal epithelium;
ZIP4 Mutation causes acrodermatitis enteropathica; (47, 48, 73, 74, 75)
Serves as an oncoprotein by inducing EMT, chemoresistance and
cachexia in variou cancers
ZIP5 Basolateral zinc import; contributes to zinc handling in the gut (46)
ZIP . .
ZIP14 Modulates inflammatory responses in macrophages; (72, 84)
Coordinates hepatobiliary manganese excretion; prevents neurotoxicity ?
ZIP10 Modulates immune responses by regulating T-cell function (71)
Genetic risk factor for Crohn’s disease via disrupted manganese
Digestive System ZIP8 homeostasis; (69, 70, 81)
Functions as tumor suppressor in specific contexts
ZnT1 Facilitflt.es zinc efflux i.nto. port.al c.ircglation; (65, 66)
Critical for systemic zinc distribution
ZnT5/ZnT6 Intracellular zinc handling and compartmentalization (65)
Z0T2 Buffers cytoplasmic zing; enables TLR4 signaling, autophagy and host (67, 68)
ZnT defense
ZnT1 Associated with poor prognosis in gastrointestinal malignancy (76, 77)
ZnT4 Functions as tumor suppressor in specific contexts (80)
ZnT10 Coordinates hepatobiliary manganese excretion; prevents neurotoxicity (82, 83)
Drives zinc influx essential for macrophage pro-inflammatory activation;
ZIP10 . (86, 93)
Promotes early B-cell survival through STAT3/5-dependent pathways
Attenuates NF-kB signaling; promotes IL-1B production and ferroptosis
during sepsis;
ZIP8 69, 87, 88, 91
Supports Th17 differentiation via lysosomal zinc release; ¢ )
Polymorphisms predispose to colitis by disrupting gut barrier integrity
7Ip ZIP14 C'ontributes to h?rpozincemia during inflammation; . (89, 96)
Tumor-mediated upregulation causes T cell and macrophage exhaustion
Immune System 216 Phosphorylated by Zap70 at TCR synapse; enables zinc influx for T-cell (90)
proliferation
71p7 Deficiency disrupts ER—to-cytos?l Zin.c transport; causes ©2)
agammaglobulinemia
ZIP9 tumor-mediated upregulation causes T cell and macrophage exhaustion (95)
Mediates zinc efflux into phagosomes; creates toxic environment for
ZnT1 h (85)
ZnT pathogens
ZnT8 Serves as major autoantigen in type 1 diabetes (94)
7IP3 Mediates zinc reuptake into presynaptic terminals; 37)
Mediates zinc influx promoting neuronal death in epileptic models
Drives neurite extension and neural tube closure via cytoskeletal
ZIP12 regulation; (49, 100)
zIp Overexpression in schizophrenia
N Syst
ervous System ZIP8 LoF variants contribute to schizophrenia pathogenesis (102)
7IP14 Regulate manganese entry into l?rain; dysfunction causes parkinsonian (104)
disorders
Loads zinc into synaptic vesicles for activity-dependent release;
ZnT ZnT3 's zInc Into synaptic vesicles for activity-cependent rel (97, 103)
Deficiency correlates with synaptic failure in Alzheimer’s disease
(Continued)
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TABLE 2 Continued

System Family Key members Specific function References
Interacts with NMDA receptor GluN2A subunit; modulates synaptic
ZnT1 function; (98, 99, 101)
Upregulation protects against zinc-mediated excitotoxicity
ZnT4-7 Show altered expression in amyloid plaques (103)
ZIP6, 7 Implicated in B-cell zinc homeostasis and insulin processing (108)
Z1P4 Enhances glucose-stimulated insulin secretion (109)
7Ip ZIP5 Modulates insulin and glucagon secretion; impacts glucose tolerance (110, 111)
ZIP13 Negative regulator of beige adipocyte biogenesis by suppressing C/EBP- 117)
p
ZIP3 Expression regulated by prolactin linking endocrine signaling (119)
Endocrine Transfer of zinc from the B-cell to insulin secretory granules;
System Facilitates insulin crystallization/storage/release;
ZnT8 X (112-114)
T2D risk factor;
T1D autoantigen
7nT ZnT3,5,7 Complementary roles in insulin secretion dynamics (105-107)
ZnT1 Mutations cause aberrant sodium conductance driving aldosteronism (115)
ZnT10 LoF leads to manganese accumulation causing hypothyroidism (116)
ZnT2 Expression regulated by prolactin linking endocrine signaling (118)
ZIP1 Promotes osteoblast differentiation and bone formation (120)
ZIP13 LoF mutations impair BMP/TGF-p signaling, cause skeletal dysplasia (121, 122)
Drives osteoarthritis via MTF1-dependent MMP-13 expression;
7IP ZIP8 Knockdown depletes manganese; impairs myotube formation and (125, 128)
proliferation
71p7 Complex'es with NLRX1; ‘regl‘llateé mitochondrial zinc and mitop'hagy; (124, 130)
Musculoskeletal Essential for myogenesis; silencing suppresses myotube formation
System . .
ZIP14 Dysregulation promotes cancer cachexia-related muscle atrophy (131, 132)
ZnT5 Deficiency leads to osteopenia; confirms bone mineralization role (123)
ZnT7 Knockout induces skeletal muscle insulin resistance (126)
ZnT Interacts with L-type calcium channels; mediates zinc influx and inhibits
ZnT1 . (127)
channel activity
ZnT6 Variants protect against rheumatoid arthritis severity (129)
ZIP6/ZIP10 Form heterodimer mediates meiotic maturati‘o'n, which is necessary for (133)
the oocyte-to-egg transition
ZIP
ZIP12 Protects spermatogonia from oxidative stress (51)
ZnT3 Modulate cytosolic and vesicular zinc levels in response to estrogen (134)
Reproductive Mediates placental zinc efflux; impairment causes fetal growth
System ZnT1 restriction; (135)
ZnT Defense against cadmium-induced toxicity in testicular cells
ZnT2, 4 Transport zinc into milk; LoF depletes milk zinc (136, 137)
T8 Supports zinc accumulation 'in Leydig cells; facilitates testosterone (138)
biosynthesis
Respiratory 7Ip 71P8 Promotes zinc influx; suppresses NF-«B; strengthens antibacterial (139, 140)
System defense
(Continued)
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TABLE 2 Continued

10.3389/fimmu.2025.1750534

System Family Key members Specific function References

ZIP14 Drives ferroptosis in silica-induced fibrosis and acute lung injury (141)

ZIP2 Dysfunction underlies mucin overproduction in cystic fibrosis (142)
ZIP4, 5 Upregulated in lung cancer; activates PI3K/AKT signaling (73, 143)

ZIP8 Imports cadmium into proximal tubules; mediates nephrotoxicity (145)

ZIP14 Critical mediator of ferroptosis during acute kidney injury (147)

ZIP

Urinary System ZIP1 Accumulates high zinc in prostate; silencing reduces apoptosis in cancer (36)
ZIP4, ZIP6/LIV-1 Overexpressed in prostate cancer; promotes EMT (149, 150)

ZnT ZnT9 Mutations cause renal tubulopathy with glucosuria/aminoaciduria (146)
ZIP2 Protects against myocardial ischemia/reperfusion injury via STAT3 (151, 152)

Maintains cardiac mitochondrial iron balance; downregulation
ZIP13 . (155, 156)
aggravates I/R injury
. ZIP . . . . .
Circulatory ZIP8 Polymorphisms associate with hypertension and coronary disease (157, 158)
System

ZIP14 Inhibition reduces vascular smooth muscle ferroptosis and calcification (160)

ZIP10 Deletion causes embryonic hematopoietic failure (159)

ZnT ZnT5 LoF causes lethal cardiomyopathy (153)

*LoF, loss-of-function.

6, participates in the hypozincemia observed in inflammation and
infection (89).

In adaptive immunity, zinc transporters are involved in
lymphocyte signaling. Upon T-cell receptor binding, ZIP6 is
rapidly phosphorylated by Zap70. This zinc influx then activates
the NFAT/NF-xB pathway, ultimately driving T-cell proliferation
(90). In T-helper cells, ZIP8 is involved in Th17 differentiation
through a mechanism of lysosomal zinc release (91). In B-cells,
ZIP7 deficiency disrupts ER-to-cytosol zinc transfer, impairs B cell
receptor (BCR) signaling, and causes agammaglobulinemia (92),
whereas ZIP10 promotes early B-cell survival through STAT3/5-
dependent pathways (93).

The importance of zinc transporters in immunopathology is
evident in each disease state: ZnT8 is an autoantigen in type 1
diabetes (94), ZIP8 polymorphisms predispose to colitis by disrupting
gut barrier integrity (69), and tumor-mediated upregulation of ZIP9/
ZIP14 causes T cell and macrophage exhaustion (95, 96). Collectively,
these works uncovered dysfunctions in zinc transporters as a major
pathological mechanism.

Together, the data demonstrate that zinc transporters are the
pivotal gatekeepers of immune homeostasis, and deregulation of
them is a commonality among different inflammatory diseases. It is
therefore of interest to focus on these transporters as potential
targets for new immunomodulatory therapies.
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3.3 Nervous system

ZnT and ZIP transporters act together to regulate neuronal zinc
homeostasis, which is necessary for synapse function,
neurodevelopment, and the pathology of neurodegenerative
disease. In the hippocampus, the presynaptic ZnT3 loads synaptic
vesicles with zinc to be released upon activation (14, 97). It has been
shown that synaptically released zinc is transported back into the
presynaptic terminal by transporters such as ZIP3 (37). On the
postsynaptic side, ZnT1 directly interacts with the GIuN2A subunit
of NMDA receptor, modulating receptor function and dendritic
spine morphology (98, 99). This trans-synaptic zinc signal is
essential for synaptic plasticity and cognition.

During neurodevelopment, ZIP12 is involved in neurogenesis and
neural tube closure by regulating cytoskeletal dynamics in a zinc-
dependent manner (49, 100). In pathology, upregulated ZnT1 can serve
to prevent zinc neurotoxicity, whereas intracellular accumulation of
zinc induced by ZIP3 accelerates neuronal death in epilepsy (37, 101).

There is already clinical evidence that the dysregulation of zinc
transporters is involved in neuropathological conditions. ZIP12 is
overexpressed in schizophrenia, and loss-of-function mutations of
ZIP8 cause phenotypic abnormalities by destabilizing glutamate
signaling and promoting neuroinflammation (100, 102). Numerous
ZnTs (ZnT1, ZnT3-ZnT7) have been found to be differentially
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expressed in the vicinity of amyloid plaques in Alzheimer’s disease
(103). Moreover, ZIP14 functions in control of manganese uptake
into the brain, and defects in this function can lead to accumulation
of manganese and parkinsonian syndromes (104).

Taken together, these results indicate that the concerted action
between ZnT and ZIP transporters assures zinc homeostasis in
neural areas. On the other hand, their malfunction results in a
variety of neurological disorders.

3.4 Endocrine system

ZnT and ZIP transporters are crucial for systemic and cellular
zinc homeostasis, which is essential for the function of the
endocrine system. By controlling zinc partitioning, these
transporters directly regulate key endocrine processes, such as
hormone biosynthesis, secretory granule maturation, and
stimulated hormone secretion.

Pancreatic B-cells form a highly complex regulatory network.
ZnT3, ZnT5 and ZnT7 have been shown to have overlapping effects
on insulin secretion dynamics (105-107). Conversely, zinc uptake
through ZIPs is also important, as ZIP6 and ZIP7 have been
implicated in B-cell zinc homeostasis and insulin processing
(108), whereas ZIP4-mediated zinc influx augments glucose-
stimulated insulin secretion (109). In comparison, ZIP5 has been
found to modulate the secretion of both insulin and glucagon
towards systemic regulation of glucose tolerance (110, 111). And
zinc is important for inducing insulin crystallization, storage, and
secretion. The transfer of zinc from the B-cell to insulin secretory
granules is mediated by ZnT8 (112). Variation at the SLC30A8
locus, which encodes ZnT8, has been identified as a risk factor for
type 2 diabetes (113). In type 1 diabetes, ZnT8 is a dominant
autoantigen and ZnT8 autoantibodies predominate in new
onset (114).

The role of zinc transporters for hormonal regulation is not
confined to the pancreas. When mutated in the adrenal, ZnT1
results in abnormal sodium conductance and calcium level changes
that cause overproduction of aldosterone and primary
aldosteronism (115). Mutations in ZnT10 result in thyroid-
specific Mn>* accumulation with inhibition of thyroid peroxidase
(TPO), resulting in hypothyroidism (116). In adipose biology,
ZIP13 acts as a negative regulator of beige adipocyte biogenesis
by inhibiting C/EBP-} and offers opportunities in obesity research
(117). Moreover, the expression of transporters such as ZnT2 and
ZIP3 is regulated by hormones like prolactin, linking endocrine
signaling with zinc homeostasis (118, 119).

In sum, ZnT and ZIP transporters constitute an essential
regulatory axis in endocrine physiology by maintaining zinc
homeostasis. Mechanistically, their dysfunction is linked to
endocrine and metabolic diseases, such as diabetes, aldosteronism,
thyroid disease, and obesity.
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3.5 Musculoskeletal system

ZnT and ZIP transporters sustain zinc homeostasis, which is
essential for the structural and functional integrity of the
musculoskeletal system.

In skeletal development, zinc transporters play critical yet
distinct roles in skeletogenesis. ZIP1 promotes osteoblast
differentiation and bone formation (120), whereas loss-of-
function mutations in SLC39A13 impair BMP/TGF-f signaling,
leading to skeletal dysplasia and osteopenia as seen in
spondylocheiro dysplastic form of the Ehlers-Danlos syndrome
(121, 122). Similarly, SLC30A5 deficiency disrupts bone
mineralization and results in osteopenia in mice (123).

In skeletal muscle, specific zinc transporters are required for
development and metabolism. SLC39A7 is required for myogenesis,
since its silencing prevents Akt phosphorylation and reduces
myotube formation (124). Similarly, SLC39A8 is needed in
myoblasts to provide manganese necessary for SOD2 activation,
which is required for myotube formation and proliferation (125).
Also, SLC30A7 has a relevant metabolic role, because its knockout
causes skeletal muscle insulin resistance and alters fatty acid
metabolism (126). Zinc transporters modulate excitation-
contraction coupling, such as ZnT1, which interacts with L-type
calcium channels to allow zinc influx for calcium signaling, but also
directly inhibits channel activity by binding to the Cavf
subunit (127).

In joints, zinc transporters are involved in degenerative
pathologies; ZIP8 drives osteoarthritis progression by inducing
MTF1-dependent MMP-13 expression in chondrocytes (128),
whereas SLC30A6 variants are associated with decreased severity
in rheumatoid arthritis (129). In intervertebral discs, ZIP7
associates with NLRX1 to control mitochondrial zinc and
mitophagy, thereby delaying cellular senescence and tissue
degeneration (130). Importantly, their involvement reaches
systemic conditions, as illustrated by the fact that ZIP14
dysregulation induces cancer cachexia-induced muscle atrophy
via zinc dyshomeostasis (131, 132).

The pivotal role of ZnT and ZIP transporters in musculoskeletal
health positions them as promising targets for
therapeutic intervention.

3.6 Reproductive system

ZnT and ZIP transporters regulate vertebrate reproduction by
establishing the optimal zinc availability for gametogenesis,
fertilization, and gestation.

In oogenesis, an inflammatory complex of ZIP6-ZIP10
mediates meiotic maturation by engaging a zinc signaling cascade.
This cascade commands microtubule reorganization and chromatin
condensation, which are necessary for the oocyte-to-egg transition.
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Additionally, this transition prepares the zygote by accumulating
zinc store to generate the post-fertilization zinc spark (45, 133).
Meanwhile, ZnT3 modulates cytosolic and vesicular zinc levels in
response to estrogen (134).

After fertilization, placental zinc transport is essential for fetal
growth and development. A crucial regulatory step is zinc efflux out
of the placenta mediated by ZnT1. Disruption of this process results
in fetal zinc insufficiency and subsequent growth restriction. One
known cause of this functional disturbance is maternal cadmium
exposure (135). During lactation, ZnT2 and ZnT4 are essential for
secreting zinc into milk. The deletion or mutation of either
transporter severely reduces milk zinc content (136, 137).

In the male reproductive system, zinc transporters are
fundamental to spermatogenesis and endocrine function. ZnT8
has a key role in testosterone biosynthesis favoring zinc
accumulation in the Leydig cells (138), while ZIP12 maintains the
spermatogenic lineage by protecting spermatogonia from oxidative
stress (51).

Taken together, ZnT and ZIP transporters regulate reproductive
processes by controlling zinc homeostasis, and their dysregulation
drives infertility, lactation failure, as well as other
reproductive disorders.

3.7 Other systems

ZnT and ZIP transporters represent essential players for the
control of respiration, urination, and circulation. Their dysfunction
drives the pathogenesis of related diseases, from asthma and
pulmonary fibrosis to nephropathy and hypertension.

3.7.1 Respiratory system

Zinc transporters critically modulate pulmonary immunity and
disease pathogenesis. ZIP8 also mediates the uptake of Zn** into
lung epithelial cells and macrophages to suppress NF-xkB-mediated
immunity and promote antibacterial defense (139, 140). The
induction of ferroptosis by ZIP14 contributes to tissue injury in
silica-induced fibrosis and acute lung injury, and its upregulation
worsens the pathology (141). On the other hand, dysfunctional
ZIP2 leads to mucin overproduction and defective airway surface
hydration in cystic fibrosis (142). Upregulated ZIP4 and ZIP5 in
lung cancer activate PI3K/AKT signaling to promote tumor growth
and chemoresistance (143, 144). Thus, ZIPs together control
immune response, metal burden, and tissue integrity in lung.

3.7.2 Urinary system

Zinc transporters play critical roles in renal and prostatic
physiology. In the kidney, ZIP8 imports cadmium into the
proximal tubules and directly contributes to nephrotoxicity (145).
Mutations in ZnT9 cause a renal tubulopathy with glucosuria and
aminoaciduria, suggesting a role in reabsorption (146). ZIP14 drives
ferroptosis in acute kidney injury by altering iron homeostasis,
while its inhibition protects against vascular calcification (147, 148).
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In the prostate, high zinc levels are maintained by ZIP1, and loss in
adenocarcinoma reduces intracellular zinc and apoptosis,
promoting tumorigenesis (36). Additionally, ZIP4 and ZIP6/LIV-
1 are upregulated in prostate cancer, remodel the tumor
microenvironment, and induce epithelial-mesenchymal transition
(149, 150). Together, these transporters control metal disposition,
cellular stress responses, and oncogenic transformation in urinary
and prostatic tissues.

3.7.3 Circulatory system

Zinc transporters are critical for cardiovascular integrity and
hematopoiesis. In the heart, ZIP2 protects against myocardial
ischemia/reperfusion injury through improved mitochondrial
function in a STAT3-dependent manner (151, 152). Loss of
function of ZnT5 leads to lethal cardiomyopathy, indicating its
structural importance (153, 154). ZIP13 maintains cardiac
mitochondrial iron homeostasis, and its suppression worsens
ischemia/reperfusion injury by activating CaMKII and ferroptosis
(155, 156). In the vasculature, inhibition of ZIP14 reduces vascular
calcification by decreasing smooth muscle cell ferroptosis (148),
whereas ZIP8 polymorphisms are associated with hypertension and
coronary disease, possibly due to cadmium toxicity (157, 158). For
blood cell production, ZIP10 is required for embryonic
hematopoiesis (159), and its deficiency causes erythrocytosis via
manganese accumulation and HIF-2o-mediated EPO
overproduction (160). Overall, ZnT and ZIP transporters are key
players in cardiac contractility, vascular health, erythropoiesis, and
systemic zinc homeostasis.

In physiology, ZnT and ZIP transporters are custodians of zinc
homeostasis; in cancer, this network is subverted, repurposing them
as promoters of tumorigenesis. The following sections delineate the
mechanisms underlying this pathogenic switch across cancer types.

4 Promoters of tumorigenesis

ZnT and ZIP transporters are implicated in cancer through
their role in zinc homeostasis. Their dysregulation can reprogram
zinc distribution and influence signaling pathways, thereby
supporting tumorigenesis. While the upregulation of ZIP
transporters often drives a pro-oncogenic zinc influx, ZnT activity
exhibits dual, context-dependent roles. The interplay between these
families constitutes a crucial regulatory layer that significantly
impacts cancer progression (Figure 3).

4.1 Hepatocellular carcinoma

ZIP and ZnT transporters contribute to malignancy in HCC.
Members of the ZIP family generally display pro-tumorigenic
activities by mediating zinc influx. For example, ZIP1 promotes
HCC progression via a DRP1-dependent mechanism that leads to
mitochondrial fission and mitochondrial membrane potential

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1750534
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhou et al. 10.3389/fimmu.2025.1750534
ZIP1/4/6/10
OC/ CC/EC ZnT5/9 CRC
bl 215 ZIP1 T ZIP4/6/7 l
zIpaing 2010 zm " zpg _
\ 2znT5 J 1 z
ZnT1
ZnT3 it
4
ESCC ZIP4/11 PC
™ ZIP4/5/6/14 N anIs ZnT1/6 1 ZIP3
N
A\
ZnT1/7 ;r -~ v ~ v /r ZnT2/3/517 Lo
A O o I \z|p1/7/10111
ZnT4
v v v v o
ZnT3
ZIP1/4/5/7111 ZIPs zZp1oY  ZnT7 1 GC
3 ZIP1/4I7114
- / /P
zIP1 ¥ ZIP3
N ZIP8/14 - ZIP1/2/3/4I5] -~
ZIP14 ZIP1/2/3 v 6/7/9/10/11
J T
N ZnT1/4
ZnT1/2/8
Z1P9 ZIP9
BC
BCa PCa
FIGURE 3
The relationship between expression of SLC30 and SLC39 family members with different cancers. Orange lines and red text represent upregulated
protein in the corresponding cancer, while gray lines and black text represent downregulated protein. Blue lines and text indicate that protein
expression is altered in the cancer, but the specific details are currently unknown. HCC, hepatocellular carcinoma; CRC, colorectal cancer; PC,
pancreatic cancer; GC, gastric cancer; BC, breast cancer; PCa, prostate cancer; BCa, bladder cancer; RCC, renal cell carcinoma; LUAD, lung
adenocarcinoma; OSCC, oral squamous cell carcinoma; ESCC, esophageal squamous cell carcinoma; OC, ovarian cancer; CC, cervical cancer; EC,
endometrial cancer.

(A¥m) loss. Its oncogenic activity is highlighted by the inhibition of
proliferation, invasion, and migration after its silencing, together
with reduced levels of cyclin D1, MMP2, and Wnt/B-catenin
signaling components. Additionally, ZIP1 overexpression
correlates with an immunosuppressive tumor microenvironment
characterized by increased Th2 cell infiltration and decreased
cytotoxic cell infiltration (161, 162). SLC39A6 is also
overexpressed in liver cancer and rewires mitochondrial energy
metabolism by modulating the CREB1-PCK1 axis to provide energy
for cancer cell motility (79). Moreover, the upregulation of ZIP4
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and ZIP10 adds to this pro-oncogenic force, with ZIP10 reported to
inhibit apoptosis and enhance cell migration (163, 164).

In contrast, the roles of ZnT family members in HCC are
contextually complex. Rather than having a uniformly pro-
tumorigenic role, ZnT1 expression is notably reduced in tumor-
associated macrophages. This loss promotes inflammation and
immunosuppression by impairing the zinc-dependent endosomal
internalization of TLR4 and PD-L1 (165). By contrast, ZnT5 is
upregulated in HCC cells and contributes to cancer hallmarks
including immune infiltration, angiogenesis, and EMT (166).
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Moreover, ZnT9 expression is markedly increased in HCC relative
to adjacent tissue and correlates with tumor progression, potentially
via maintenance of mitochondrial function (167).

In HCC, ZIPs often drive tumorigenic signals, whereas ZnTs
variably modulate the tumor microenvironment. This mechanistic
understanding provides a rationale for combination therapies that
simultaneously target multiple zinc transporters.

4.2 Colorectal cancer

ZIP and ZnT transporters promote CRC progression. For
instance, SLC39A4 transcription is induced by the UKLEF/PCBP2
axis (168). ZIP6 is highly expressed in CRC tissues relative to
normal tissue, and has been identified as a promising therapeutic
target, with antibody-drug conjugate (ADC) demonstrating strong
anti-tumor activity in preclinical models (169). Endoplasmic
reticulum-resident ZIP7 is often overexpressed in advanced CRC,
and its inhibition leads to cell cycle arrest and cell death (170). In
tumor samples, decreased expression of SLC39A8 is associated with
advanced stage and poor prognosis. Mechanistically, SLC39A8
represents a therapeutic vulnerability as it can be targeted by
small molecules to induce ferroptosis (171).

ZnT family members have multifaceted and context-dependent
roles in CRC. A prime example is SLC30A10, which has
predominantly tumor suppressor activity. Its expression is often
downregulated in CRC, and low levels are associated with cancer
progression and metastasis; functionally, its loss promotes cancer
cell proliferation and migration (172). Paradoxically, forced
expression of SLC30A10 can confer 2.7- to 4-fold resistance to the
chemotherapeutic agent cisplatin in CRC (173). SLC30A3 is
dysregulated in CRC, and its increased expression results in
enhanced chemosensitivity with a 3.3-fold reduction in IC50 of
cisplatin (173, 174). Furthermore, ZnT9 is substantially upregulated
and acts as a [B-catenin coactivator to enhance Wnt/B-catenin
signaling and facilitate the progression of CRC (175, 176).

This network reflects the dual clinical significance of ZIPs (like
ZIP6 and ZIP8) as druggable target genes. While the context-
dependent roles of ZnTs serve as prognostic markers or
combinatorial strategies in CRC.

4.3 Pancreatic cancer

A dynamic interplay between ZIP and ZnT transporters fuels
the progression of PC. The ZIP family is largely pro-tumorigenic;
for instance, ZIP4 is a biomarker that is overexpressed in serum
exosomes and correlates with poor prognosis (177).
Mechanistically, ZIP4 promotes metastasis and EMT by
upregulating the ZEB1/YAP1-ITGA3 axis and silencing ZO-1/
Claudin-1 (73, 178), induces gemcitabine resistance by silencing
ENTI via ZEB1 (74), and promotes cancer cachexia by releasing
vesicles via RAB27B (75). Other members of the ZIP family also
have unique roles; for example, RREB1-mediated silencing of ZIP
decreases intracellular zinc, thereby promoting early tumorigenesis
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(179), whereas ZIP11 overexpression predicts poor prognosis and
promotes proliferation via ERK1/2 (77).

The ZnT family also promotes PC progression. Both ZnT1 and
ZnT6 are upregulated, and the knockdown of either attenuates
cancer cell proliferation by suppressing overlapping signaling
pathways, including ERK1/2, p38 MAPK, and NF-kB; while ZnT1
uniquely impacts the mTOR pathway (77).

Hence, PC is dependent on a network of zinc transporters that
acts in concert with ZIP4 to consolidate several hallmark features of
cancer. With the help of ZnTs, this ZIP4-centric network highlights
the essentiality of zinc signaling in PC and meanwhile identifies
actionable biomarkers and therapeutic options.

4.4 Gastric cancer

In GC, ZIP family members exhibit multifaceted functions in
tumorigenesis. One key mechanism involves ZIP10, which
establishes a positive feedback loop with c-Myc. This loop
activates zinc-dependent protein kinase CK2, thereby triggering
both MAPK/ERK and PI3K/AKT signaling pathways to facilitate
subsequent c-Myc expression, proliferation, and invasion (180).
Therapeutically, this axis can be targeted, as exemplified by a novel
STATS3 inhibitor, XYA-2, which co-suppresses MYC and SLC39A10
to elicit anti-tumor effects (181). Beyond ZIP10, other ZIPs
contribute to tumorigenesis: SLC39A1 is upregulated in gastric
adenocarcinoma and acts as an oncogene by promoting tumor
growth and metastasis (182), whereas upregulated SLC39A7
promotes cell growth and survival through the Akt/mTOR
pathway (183). In contrast, SLC39A11 may act as a tumor
suppressor, since its higher mRNA level is associated with good
prognosis (184).

In addition to the oncogenic contribution of ZIP family, the
ZnT family also plays a crucial role in GC progression and
prognosis. Bioinformatic analysis suggests that overexpression of
ZnT family correlates with patient outcome and immune cell
infiltration, and nominates SLC30A5 and SLC30A7 as potential
prognostic biomarkers (80). Functional studies show that SLC30A2
and SLC30A3 play oncogenic roles (80). Experimental validation
demonstrates that ZnT2 promotes proliferation, invasion, and
migration, and confers resistance to zinc-induced cytotoxicity and
Wnt/B-catenin signaling activation (185). By contrast, SLC30A4 is
often downregulated in GC (80).

In summary, the ZIP and ZnT families in GC provide a
promising landscape for prognostic biomarkers and
therapeutic interventions.

4.5 Glioma

SLC30A3 is a highly expressed tumor suppressor in
glioblastoma (GBM). It suppresses GBM cell proliferation and
migration and induces apoptosis by activating the MAPK
signaling pathway. However, its expression is silenced by the
overexpressed HDACI in GBM tissues (186). Conversely,
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SLC30A7 promotes tumorigenesis by acting as an essential
cuproptosis regulator through the JAK2/STAT3/ATP7A
pathway (187).

In the ZIP family, several members promote glioma progression
by different mechanisms. SLC39A1 is highly expressed in glioma
tissues and associates with poor prognosis. Functionally, it promotes
tumor proliferation, suppresses apoptosis, upregulates MMP2/MMP9,
and may also modulate immune cell infiltration (188). Likewise,
SLC39A7 is highly expressed and correlated with poor prognosis. It
promotes glioma cell proliferation, invasion, and migration via the
TNF-o-mediated NF-kB pathway (189). The most elaborated
mechanism is for ZIP4, which is overexpressed in GBM and
associated with shorter overall survival. It promotes GBM
proliferation, migration, invasion, and metastasis by upregulating
TREMI1 through ZEBI. Moreover, it drives the secretion of
TREM1-enriched extracellular vesicles that activate microglia via the
Akt-ERK1/2-STAT3 axis, thus remodeling the tumor immune
microenvironment and promoting tumor progression (190). In
addition, SLC39A14 supports tumor growth and inhibits ferroptosis
by activating the cGMP-PKG pathway (191). In contrast,
downregulated SLC39A10 likely acts as a tumor suppressor, as its
elevated expression is correlated with improved patient survival (192).

In glioma, ZnT and ZIP transporters form an interconnected
network that contributes to a pivotal role in regulating tumor
growth. Although ZIPs (ZIP1, ZIP4 and ZIP7) mainly contribute
to malignancy, ZnTs are functionally dualistic; ZnT3 functions as a
tumor suppressor, whereas ZnT7 facilitates tumorigenesis, together
orchestrating the pathogenic topology.

4.6 Breast cancer

ZnT and ZIP families maintain the fluency of transition
between luminal and basal cells during breast cancer. Conversely,
although the SLC30 family coordinates zinc efflux and trafficking,
individual exporters also exhibit tumorigenic roles in cancer
models, representing a highly context-dependent function.

In breast cancer, critical ZIP members promote progression by
different mechanisms. The oncogene SLC39A7 is overexpressed in
the luminal A subtype, where its phosphorylation releases zinc from
organelles to activate tyrosine kinase signaling pathway via
receptors such as EGFR, IGF1-R, and Src, promoting
proliferation, invasion, and endocrine therapy resistance (193).
ZIP6 (LIV-1) has subtype-specific roles; in estrogen receptor-
positive (ER") cancers, STAT3 transactivates it to induce zinc-
mediated EMT via GSK-3f inhibition and Snail stabilization (9),
whereas its surface overexpression in triple-negative breast cancer
(TNBC) predicts poor prognosis and identifies it as a target for
ADCs (194). Its structurally related family member ZIP10
associates with ZIP6 to form a heterodimer that drives EMT and
cancer aggression (9, 195). Several ZIP members (SLC39A1-5,9, 11)
are overexpressed in breast cancer and correlated with poor
prognosis, implying oncogenicity. By contrast, SLC39A8 and
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SLC39A14 are more highly expressed in normal tissue, suggesting
a tumor-suppressor function(196).

In parallel with the roles of ZIP transporters, ZnT family
members display a complex, context-dependent regulation in
breast cancer. This duality is illustrated by ZnT2; loss-of-function
mutations drive malignant transformation by causing ER stress and
metabolic deregulation in mammary epithelia (197), while in
established tumors, ZnT2 overexpression promotes cell survival in
conditions of zinc excess via vesicular sequestration (198). In
contrast, ZnT1 was found to be differentially expressed in breast
tumors by preferentially localizing at the plasma membrane of
cancerous cells (e.g, MCF-7) but not normal epithelia, which
implies a unique function for this transporter for zinc removal
out of malignant cells (199). Finally, SLC30A8 genetic variants are a
significant modifier of breast cancer risk supporting their etiologic
nature (200).

The ZIP and ZnT families create a co-regulated network, whose
perturbation disrupts zinc homeostasis and contributes to breast-
cancer progression. The ZIP family (ZIP7, ZIP6) mainly functions
as tumor facilitators, whereas the ZnT family (ZnT2, ZnT1) exhibits
context-dependent roles in tumorigenesis and therapy resistance.

4.7 Prostate cancer

PCa development is accompanied by a drastic decrease in
cellular zinc due to the silencing of the zinc importers ZIP1, ZIP2
and ZIP3. These transporters act as tumor suppressors by importing
zinc into cells to induce mitochondrial apoptosis. Their silencing in
PCa, by epigenetic and transcriptional mechanisms, enables cancer
cells to bypass this apoptotic mechanism and promotes tumor
progression (201-204). In contrast to this loss of zinc import, the
zinc transporter ZIP9 is overexpressed in malignant prostate tissues
where its role appears to be context-dependent. When activated by
testosterone or DHT, it initiates a unique apoptotic pathway. This
pathway involves G protein activation followed by an increase in
intracellular zinc concentration, phosphorylation of Erk1/2 and the
upregulation of pro-apoptotic genes like Bax and p53 (33, 34).

Accompanying the modified zinc influx, ZnT transporters that
export and sequester zinc are often upregulated in prostate cancer
(205). An important example is the plasma membrane transporter
ZnT1 whose increased activity maintains a low cytosolic zinc
concentration. Importantly, inhibition of ZnT1 or elevation of
intracellular zinc results in cell death with therapeutic
implications (206, 207). The role of ZnT4 seems to be context
dependent. Although ZnT4 expression is higher in prostate cancer
than in normal tissue from other organs, immunoreactivity for
ZnT4 decreases from benign to invasive and metastatic disease (16).

Together, the ZIP and ZnT families collaboratively establish a
zinc-deficient cytosol in prostate cancer—the former through lost
import function (ZIP1-3) and the latter via enhanced efflux (ZnT1
and ZnT4)—collectively disabling zinc-mediated apoptosis to fuel
tumor development.
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4.8 Other cancers

In a variety of other cancers, zinc transporters have context-
dependent roles in driving tumor progression. In bladder cancer
(BCa), overexpressed ZIP9 acts as a membrane androgen receptor
whose activation by dihydrotestosterone triggers a Goi/MAPK/
MMP9 signaling cascade promoting cell migration and invasion
(208). Conversely, SLC39A3 is downregulated, with increased
expression conferring protection from BCa (209). In renal cell
carcinoma (RCC), opposing roles are seen for zinc transporters;
ZIP1 is a downregulated tumor suppressor that reprograms
metabolism to restrain growth (210), whereas SLC39A14 is
upregulated via a circRNA-miRNA axis to promote tumorigenesis
(211). Lung adenocarcinoma (LUAD) features upregulated SLC39
transporters (SLC39A1, 4, 5, 7, 11) associated with poor prognosis;
functionally, ZIP5 activates PI3K/AKT signaling (144) and SLC39A7
is required for cancer cell survival and growth (212). In cervical cancer
(CC), SLC39A11 displays oncogenic properties, since loss-of-function
reduces malignancy (213). Meanwhile, upregulated ZnT1/ZnT10
impact the immune landscape/drug responses; ZnT1 drives broad
resistance whereas ZnT10 is sensitive to specific inhibitors
(Neopeltolide, Tozasertib) (214). In ovarian cancer (OC), zinc
transporters ZIP4/ZIP13 promote aggressiveness via independent
pathways; overexpressed ZIP4 drives drug resistance and
tumorigenesis via increased expression of the stem cell marker
NOTCH3 (215). Conversely, high ZIP13 levels indicate negative
prognosis and its loss represses malignancy; this control is
important because zinc distribution via ZIP13 changes gene
profiling leading to an activation of the pro-metastatic Src/FAK
(216). Altered zinc transporter expression in endometrial cancer
(EC) plays a role in pathogenesis through different mechanisms.
Reduced SLC30A3 expression could disturb the intracellular zinc
homeostasis and thus cause oxidative stress that contributes to all
types of immune escape as well as epithelial damage. On the other
hand, SLC30A5 is related to chemotherapy resistance as its
overexpression in salinomycin-treated EC cells would be a drug-
triggered response to stress that allows establishing zinc metabolic
homeostasis (217, 218). High levels of ZIP transporters (ZIP4, ZIP6,
ZIP14, ZIP5) are associated with promoting tumor growth via several
oncogenic pathways in esophageal squamous cell carcinoma (ESCC).
Functionally, ZIP4 promotes growth and chemoresistance; ZIP6
enhances invasion and metastasis; ZIP14 activates PI3K/Akt/mTOR
signaling; and ZIP5 supports proliferation and migration via COX2/
cyclin D1 regulation (219-222). In oral squamous cell carcinoma
(OSCQ), distinct mechanisms involving ZnT family members
contribute to pathogenesis. SLC30A1 is transcriptionally increased in
Porphyromonas gingivalis-infected cells and can be targeted by siRNA
and zinc ionophores to induce cytotoxic zinc overload (223).
Meanwhile, circRNA_100290 (a non-coding RNA associated with
SLC30A?7) exhibits remarkably increased expression levels in OSCC. It
acts as a competing endogenous RNA (ceRNA) which sequesters miR-
378a, thereby releasing its inhibition of GLUTI and promoting
glycolysis and cell proliferation (224).

The widespread implication of ZnT and ZIP transporters in
tumorigenesis, with subtle but well-studied mechanisms between

Frontiers in Immunology

16

10.3389/fimmu.2025.1750534

different types of cancers, also makes them an attractive therapeutic
target. This has given rise to increasing efforts toward translating
these findings into practical clinical applications.

5 Targets for clinical therapy

The families of ZnT and ZIP are central in controlling
intracellular zinc levels, with their imbalance being more
frequently associated with tumorigenesis, cancer evolution, and
patient prognoses. This core pathogenic role highlights the
outstanding value of these targets as novel therapeutic modulators
in clinical oncology (Table 3).

Many of these ZnTs and ZIPs also display strong associations
with patient survival across cancer types, making them promising
candidates as diagnostic and prognostic biomarkers. For example,
SLC30A1 is an independent prognostic factor in hepatocellular and
pancreatic carcinomas (76, 77). Likewise, ZIP4 acts as a diagnostic
and prognostic marker in pancreatic cancer, with its high
expression in tumors and its presence in exosomes indicating
potential for non-invasive diagnosis (177). Expression of
SLC39A6 is a strong prognostic indicator in breast cancer, with
high levels associated with a good prognosis in luminal subtypes,
but predicting poor survival and failure to respond to treatment in
triple negative breast cancer (164, 194, 225). In addition,
overexpression of SLC39A10 in hepatocellular and gastric
carcinomas (164, 184) and SLC39AII in pancreatic cancer is
consistently associated with poor prognosis (226), suggesting their
widespread clinical utility.

Targeted therapeutic approaches against zinc transporters are
rapidly expanding. Small molecule drugs have led to the discovery
of a potent and selective inhibitor of ZIP7 that inhibits tumor
growth by causing zinc overload and stress in the endoplasmic
reticulum (227). Efforts to target ZIP8 have followed similar
strategies of fragment-based screening and metal chelating
approaches to generate leads that disrupt metal ion homeostasis
(228, 229). The compound 3-Hydro-2,2,5,6-tetramethylpyrazine
was identified as an inducer of ZnT1, showing potential in liver
cancer models (230). Development of antibody-drug conjugates
(ADCs) represents a significant step forward and several agents
targeting ZIP6 show promise; ladiratuzumab vedotin (SGN-LIV1A)
is in clinical trials for metastatic breast cancer (231) and BRY812
targets colorectal cancer in preclinical models (169), validating ZIP6
as a promising therapeutic target in a range of cancers. The unique
expression profile of these transporters (especially SLC39A12) on
cancer cells highlights their potential for future targeted
therapeutics, such as next generation ADCs (199).

Genetic and nucleic-acid-based interventions offer a promising
alternative approach; for example, RNAi mediated inhibition of the
oncogenic transporter SLC39A4 has been extensively validated in
preclinical models of pancreatic, gallbladder, and nasopharyngeal
carcinomas, where it suppresses tumor growth and overcomes
chemoresistance (10, 232, 233). Knockdown of SLC39A13
similarly hampers the migration and invasion of ovarian cancer
cells (216).
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TABLE 3 Clinical translational potential and druggability of zinc transporters in cancer.

Zinc Cancer . Targeted therapeutic Clinical potential &
Role as a biomarker ; o References
transporter typel(s) strategies druggability assessment
Pri I ti
Hepatocellular mRNA or protein expression Small Molecule: rlm'ary vatue as'a prognostic
X K i biomarker. Direct drug
SLC30A1 Carcinoma, (either high or low) serves as an 3-Hydro-2,2,5,6- i K
. . . . development is lagging, (76, 77, 230)
(ZnT1) Pancreatic independent prognostic factor for tetramethylpyrazine was . .
X R K representing a fertile area for
Cancer poor outcomes. identified as an inducer. i
future exploration.
Pancreatic High translational potential
i i ial.
Cancer, A novel diagnostic and prognostic Nucleic Acid-based: Su ogrte ab extensivi functional
SLC39A4 Gallbladder marker; high expression in tumor Knockdown with shRNA/siRNA PR R Y' .
K R K o genetic validation, making it highly (10, 232, 233)
(Z1P4) Carcinoma, tissue and exosomes offers promise inhibits tumor growth and R Lo ?
. . . . suitable for inhibitor or nucleic
Nasopharyngeal for non-invasive detection. overcomes chemoresistance. .
. acid drug development.
carcinoma
A powerful prognostic indicator: Biologics (ADC): Leading translation efforts. Well-
SLC39A6 high levels correlate with favorable SGN-LIVIA is in clinical trials defined prognostic value and an
(ZIP6/LIV-1) Breast Cancer prognosis in luminal subtypes but for metastatic breast cancer ADC candidate already in clinical (199, 231)
predict poor survival and therapy BRY812 targets colorectal cancer trials, establishing a successful
failure in TNBC. in preclinical models therapeutic paradigm.
Therapy- Small Molecule:
resistant Breast A potent and selective inhibitor High druggability. A well-
SLC39A7 Cancer, has been developed, which characterized small-molecule 227)
(Z1P7) T-cell Acute suppresses tumor growth by inhibitor confirms its targetability,
Lymphoblastic inducing endoplasmic reticulum placing it close behind SLC39A6.
Leukemia zinc overload and stress.
Small Molecule: Nascent potential. Emerging as a
SLC39A8 Inhibitors have been identified small-molecule target with (228, 229)
(Z1P8) via fragment-based screening and identified lead compounds, but ’
metal-chelating strategies. remains in early-stage discovery.
N t potential. Has broad utilit
Hepatocellular Elevated expression is consistently ascent po en‘ ° . o roa. h—y
SLC39A10 X K . K as a prognostic biomarker; its role
Carcinoma, associated with unfavorable patient - . L (164, 184)
(ZIP10) . . as a therapeutic target is in early
Gastric Cancer prognosis. .
exploration.
Pri 1 i
SLC39A11 Pancreatic Elevated expression is associated i rimary vaiue as a Prognostlf
. . - biomarker. Therapeutic potential (226)
(ZIP11) Cancer with unfavorable prognosis. K
remains to be developed.
Potential Biologics: E i tential. A isi
Distinctive expression and cellular 0, entia 1,0 ogics 'merglr‘lg potentia promlsmg
SLC39A12 Breast Cancer, L . . Provides a rationale for diagnostic marker and therapeutic
localization highlight its potential K K i X (199)
(ZIP12) Prostate Cancer as a diaenostic marker developing Antibody-Drug target, particularly suitable for
i .
& Conjugates (ADCs). ADC development.
Nucleic Acid-based: Fu‘nctional ‘validation stage. Gen‘etic
SLC39A13 . .. . intervention demonstrates anti-
Ovarian Cancer - Knockdown significantly impedes . . (216)
(ZIP13) L K i metastatic effects, supporting its
migration and invasion of OC. .
role as a therapeutic target.

The clinical translation of zinc transporters has a mixed but
hopeful prognosis. In the short term, ZIP6 is ahead with an ADC
candidate, followed by ZIP7 and ZIP8 with robust preclinical
validation. The long-term potential includes the emerging ZIP targets
and the underexplored ZnT family. Further advances will require
structural knowledge and delivery technologies, which may cement
these families of proteins as the foundation for new cancer treatments.

6 Conclusion and outlook

Zinc homeostasis, which is mainly controlled by the ZnT and
ZIP families of transporters, is crucial for various physiological
processes in various organ systems. In this review, we have explored
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the molecular architecture, tissue distribution, and systemic roles of
these transporters, emphasizing their functions as critical regulators
across multiple physiological systems, including digestion,
immunity, neurology, endocrinology, and reproduction, as well as
other systems. Besides having these physiological functions, there is
now overwhelming evidence to support a role for these
transporters in tumorigenesis. A commonality is that ZIP family
proteins exhibit pivotal oncogene promiscuity due to activation of
pro-growth, invasion, and survival signaling pathways. By contrast,
the ZnT family exhibits a more complex, context-dependent
function to fine tune malignant phenotypes towards inhibitory or
promoting effects.

Dysregulated zinc transporters are associated with the
progression and therapeutic resistance in several cancers,
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suggesting that they would be potential cancer biomarkers. Their
clinical trial potential is rapidly being realized with several
strategies. For instance, ADC Ladiratuzumab vedotin targeting
ZIP6 shows clinical efficacy (231) and novel ADC BRY812
targeting ZIP6 reduces growth, migration, and stemness of
colorectal cancer cells in preclinical studies (169). Meanwhile,
advances in small molecule inhibitors of ZIP7 and ZIP8 point
toward a growing target space for this protein class (227-229).

In the future, a number of important lines need to be followed
up. First, the advances in structural biology to solve full-length
structures of human zinc transporters, especially ZIPs, will enable
rational design of specific inhibitors. Second, elucidating the spatial
and temporal features of zinc signaling in the tumor
microenvironment is essential to understanding how it modifies
therapeutic resistance. Third, combinatorial approaches targeting
oncogenic ZIP influx and compensatory ZnT-mediated efflux could
have synergistic effects. Finally, the search for unconventional
functions of transporters (e.g., transmembrane androgen receptor
function in the context of ZIP9) may lead to the identification of
novel signaling modalities and potential new therapeutic targets.

In conclusion, ZnT and ZIP zinc transporter families have been
identified as a class of regulators of oncogenesis and appealing
molecular targets for therapy. Their journey from bench to bedside
is currently under way with the support of biomarker approaches
and a broad choice of therapeutic modalities. With high intellectual
and scientific challenges, future directions will be to obtain more
mechanistic insights and novel targeted approaches which could
take the maximum advantage of this family of proteins as
anticancer drugs.

Author contributions

YZ: Conceptualization, Investigation, Writing — original draft,
Writing - review & editing. GH: Writing - review & editing.
ML: Writing - review & editing. MZ: Writing - review & editing.
BW: Writing - review & editing. JG: Conceptualization, Funding
acquisition, Project administration, Supervision, Writing — review
& editing.

References

1. Theleritis C, Demetriou M, Stefanou M-I, Alevyzakis E, Makris M, Zoumpourlis
V, et al. Zinc in psychosis (Review). Mol Med Rep. (2025) 32:201. doi: 10.3892/
mmr.2025.13566

2. Kambe T, Tsuji T, Hashimoto A, Itsumura N. The physiological, biochemical, and
molecular roles of zinc transporters in zinc homeostasis and metabolism. Physiol Rev.
(2015) 95:749-84. doi: 10.1152/physrev.00035.2014

3. Andreini C, Bertini I, Rosato A. Metalloproteomes: A bioinformatic approach.
Accounts Chem Res. (2009) 42:1471-9. doi: 10.1021/ar900015x

4. Lo MN, Damon L], Wei Tay J, Jia S, Palmer AE. Single cell analysis reveals
multiple requirements for zinc in the mammalian cell cycle. eLife. (2020) 9:e51107.
doi: 10.7554/eLife.51107

5. HuH, Xu Q, Mo Z, Hu X, He Q, Zhang Z, et al. New anti-cancer explorations based
on metal ions. ] Nanobiotechnol. (2022) 20:457. doi: 10.1186/s12951-022-01661-w

6. Stockwell BR, Jiang X, Gu W. Emerging mechanisms and disease relevance of
ferroptosis. Trends Cell Biol. (2020) 30:478-90. doi: 10.1016/j.tcb.2020.02.009

Frontiers in Immunology

10.3389/fimmu.2025.1750534

Funding

The author(s) declared that financial support was received for this
work and/or its publication. This work was supported by funds from
the Noncommunicable Chronic Diseases-National Science and
Technology Major Project (2025ZD0549800), the National Natural
Science Foundation of China (32270832), the Guangdong Basic and
Applied Basic Research Foundation (2023B1515020039), the Shenzhen
Science and Technology Program (RCYX20221008092904016), the
Shenzhen University 2035 Program for Excellent Research (2022C012),
and the Program for Youzuzhikeyan of Shenzhen University.

Conflict of interest

The authors declared that this work was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that generative AI was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

7. Chen B, Yu P, Chan WN, Xie F, Zhang Y, Liang L, et al. Cellular zinc metabolism
and zinc signaling: from biological functions to diseases and therapeutic targets. Signal
Transduction Targeted Ther. (2024) 9:6. doi: 10.1038/s41392-023-01679-y

8. Yamasaki S, Sakata-Sogawa K, Hasegawa A, Suzuki T, Kabu K, Sato E, et al. Zinc is a
novel intracellular second messenger. J Cell Biol. (2007) 177:637-45. doi: 10.1083/jcb.200702081

9. Hogstrand C, Kille P, Ackland Margaret L, Hiscox S, Taylor Kathryn M. A
mechanism for epithelial-mesenchymal transition and anoikis resistance in breast
cancer triggered by zinc channel ZIP6 and STATS3 (signal transducer and activator of
transcription 3). Biochem J. (2013) 455:229-37. doi: 10.1042/bj20130483

10. Zeng Q, Liu Y-m, Liu J, Han J, Guo J-x, Lu S, et al. Inhibition of ZIP4 reverses epithelial-
to-mesenchymal transition and enhances the radiosensitivity in human nasopharyngeal
carcinoma cells. Cell Death Dis. (2019) 10:588. doi: 10.1038/s41419-019-1807-7

11. Hojyo S, Fukada T. Zinc transporters and signaling in physiology and
pathogenesis. Arch Biochem Biophysics. (2016) 611:43-50. doi: 10.1016/
j.abb.2016.06.020

frontiersin.org


https://doi.org/10.3892/mmr.2025.13566
https://doi.org/10.3892/mmr.2025.13566
https://doi.org/10.1152/physrev.00035.2014
https://doi.org/10.1021/ar900015x
https://doi.org/10.7554/eLife.51107
https://doi.org/10.1186/s12951-022-01661-w
https://doi.org/10.1016/j.tcb.2020.02.009
https://doi.org/10.1038/s41392-023-01679-y
https://doi.org/10.1083/jcb.200702081
https://doi.org/10.1042/bj20130483
https://doi.org/10.1038/s41419-019-1807-7
https://doi.org/10.1016/j.abb.2016.06.020
https://doi.org/10.1016/j.abb.2016.06.020
https://doi.org/10.3389/fimmu.2025.1750534
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhou et al.

12. Suzuki T, Ishihara K, Migaki H, Matsuura W, Kohda A, Okumura K, et al. Zinc
transporters, ZnT5 and ZnT7, are required for the activation of alkaline phosphatases,
zinc-requiring enzymes that are glycosylphosphatidylinositol-anchored to the
cytoplasmic membrane. J Biol Chem. (2005) 280:637-43. doi: 10.1074/jbc.M411247200

13. Fukunaka A, Kurokawa Y, Teranishi F, Sekler I, Oda K, Ackland ML, et al. Tissue
nonspecific alkaline phosphatase is activated via a two-step mechanism by zinc
transport complexes in the early secretory pathway. J Biol Chem. (2011) 286:16363—
73. doi: 10.1074/jbc.M111.227173

14. Cole TB, Wenzel HJ, Kafer KE, Schwartzkroin PA, Palmiter RD. Elimination of
zinc from synaptic vesicles in the intact mouse brain by disruption of the ZnT3 gene.
Proc Natl Acad Sci U.S.A. (1999) 96:1716-21. doi: 10.1073/pnas.96.4.1716

15. Chimienti F, Devergnas S, Pattou F, Schuit F, Garcia-Cuenca R, Vandewalle B,
et al. In vivo expression and functional characterization of the zinc transporter ZnT8 in
glucose-induced insulin secretion. J Cell Sci. (2006) 119:4199-206. doi: 10.1242/
jcs.03164

16. Henshall SM, Afar DEH, Rasiah KK, Horvath LG, Gish K, Caras I, et al.
Expression of the zinc transporter ZnT4 is decreased in the progression from early
prostate disease to invasive prostate cancer. Oncogene. (2003) 22:6005-12. doi: 10.1038/
sj.onc.1206797

17. Lopez V, Kelleher Shannon L. Zinc transporter-2 (ZnT2) variants are localized to
distinct subcellular compartments and functionally transport zinc. Biochem J. (2009)
422:43-52. doi: 10.1042/BJ20081189

18. Nishito Y, Kambe T. Zinc transporter 1 (ZNT1) expression on the cell surface is
elaborately controlled by cellular zinc levels. J Biol Chem. (2019) 294:15686-97.
doi: 10.1074/jbc.RA119.010227

19. Levy M, Elkoshi N, Barber-Zucker S, Hoch E, Zarivach R, Hershfinkel M, et al.
Zinc transporter 10 (ZnT10)-dependent extrusion of cellular Mn* is driven by an
active Ca2'-coupled exchange. ] Biol Chem. (2019) 294:5879-89. doi: 10.1074/
jbc.RA118.006816

20. Perez Y, Shorer Z, Liani-Leibson K, Chabosseau P, Kadir R, Volodarsky M, et al.
SLC30A9 mutation affecting intracellular zinc homeostasis causes a novel cerebro-renal
syndrome. Brain. (2017) 140:928-39. doi: 10.1093/brain/awx013

21. Kowalczyk A, Gbadamosi O, Kolor K, Sosa J, Andrzejczuk L, Gibson G, et al.
Evolutionary rate covariation identifies SLC30A9 (ZnT9) as a mitochondrial zinc
transporter. Biochem J. (2021) 478:3205-20. doi: 10.1042/BCJ20210342

22. Deng H, Qiao X, Xie T, Fu W, Li H, Zhao Y, et al. SLC-30A9 is required for Zn>"
homeostasis, Zn*" mobilization, and mitochondrial health. Proc Natl Acad Sci U S A.
(2021) 118:2023909118. doi: 10.1073/pnas.2023909118

23. Sanchez VB, Ali S, Escobar A, Cuajungco MP. Transmembrane 163 (TMEM163)
protein effluxes zinc. Arch Biochem Biophysics. (2019) 677:108166. doi: 10.1016/
j.abb.2019.108166

24. do Rosario MC, Bey GR, Nmezi B, Liu F, Oranburg T, Cohen ASA, et al. Variants
in the zinc transporter TMEM163 cause a hypomyelinating leukodystrophy. Brain.
(2022) 145:4202-9. doi: 10.1093/brain/awac295

25. Yuan Y, Liu T, Huang X, Chen Y, Zhang W, Li T, et al. A zinc transporter,
transmembrane protein 163, is critical for the biogenesis of platelet dense granules.
Blood. (2021) 137:1804-17. doi: 10.1182/blood.2020007389

26. Xue ], Xie T, Zeng W, Jiang Y, Bai X-c. Cryo-EM structures of human ZnT8 in
both outward- and inward-facing conformations. eLife. (2020) 9:¢58823. doi: 10.7554/
eLife.58823

27. Long Y, Zhu Z, Zhou Z, Yang C, Chao Y, Wang Y, et al. Structural insights into
human zinc transporter ZnT1 mediated Zn>" efflux. EMBO Rep. (2024) 25:5006-5025-
5025. doi: 10.1038/544319-024-00287-3

28. Ishida H, Yo R, Zhang Z, Shimizu T, Ohto U. Cryo-EM structures of the zinc
transporters ZnT3 and ZnT4 provide insights into their transport mechanisms. FEBS
Lett. (2025) 599:41-52. doi: 10.1002/1873-3468.15047

29. Li Y, Ma J, Wang R, Luo Y, Zheng S, Wang X. Zinc transporter 1 functions in
copper uptake and cuproptosis. Cell Metab. (2024) 36:2118-29.e2116. doi: 10.1016/
j.cmet.2024.07.009

30. Sun C, He B, Gao Y, Wang X, Liu X, Sun L. Structural insights into the calcium-
coupled zinc export of human ZnT1. Sci Adv. (2024) 10:eadk5128. doi: 10.1126/
sciadv.adk5128

31. Sun S, Xie E, Xu S, Ji S, Wang S, Shen J, et al. The intestinal transporter SLC30A1
plays a critical role in regulating systemic zinc homeostasis. Advanced Sci. (2024)
11:2406421. doi: 10.1002/advs.202406421

32. Shen X, Zhang JK, Sun P, Zhong H, He R, Wang S, et al. Molecular mechanisms
of SLC30A10-mediated manganese transport. Nat Commun. (2025) 16:8581.
doi: 10.1038/s41467-025-63616-7

33. Thomas P, Pang Y, Dong J, Berg AH. Identification and characterization of
membrane androgen receptors in the ZIP9 zinc transporter subfamily: II. Role of
human ZIP9 in testosterone-induced prostate and breast cancer cell apoptosis.
Endocrinology. (2014) 155:4250-65. doi: 10.1210/en.2014-1201

34. Thomas P, Pang Y, Dong J. Membrane androgen receptor characteristics of
human ZIP9 (SLC39A) zinc transporter in prostate cancer cells: Androgen-specific
activation and involvement of an inhibitory G protein in zinc and MAP kinase
signaling. Mol Cell Endocrinol. (2017) 447:23-34. doi: 10.1016/j.mce.2017.02.025

Frontiers in Immunology

19

10.3389/fimmu.2025.1750534

35. Franklin RB, Ma J, Zou J, Guan Z, Kukoyi BI, Feng P, et al. Human ZIP1 is a
major zinc uptake transporter for the accumulation of zinc in prostate cells. ] Inorganic
Biochem. (2003) 96:435-42. doi: 10.1016/S0162-0134(03)00249-6

36. Franklin RB, Feng P, Milon B, Desouki MM, Singh KK, Kajdacsy-Balla A, et al.
hZIP1 zinc uptake transporter down regulation and zinc depletion in prostate cancer.
Mol Cancer. (2005) 4:32. doi: 10.1186/1476-4598-4-32

37. Bogdanovic M, Asraf H, Gottesman N, Sekler I, Aizenman E, Hershfinkel M.
The ZIP3 zinc transporter is localized to mossy fiber terminals and is required for
kainate-induced degeneration of CA3 neurons. J Neurosci. (2022) 42:2824-34.
doi: 10.1523/jneurosci.0908-21.2022

38. Kelleher SL, Lopez V, Lonnerdal B, Dufner-Beattie ], Andrews GK. Zip3
(Slc39a3) functions in zinc reuptake from the alveolar lumen in lactating mammary
gland. Am ] Physiology-Regulatory Integr Comp Physiol. (2009) 297:R194-201.
doi: 10.1152/ajpregu.00162.2009

39. Franz MC, Pujol-Gimenez J, Montalbetti N, Fernandez-Tenorio M, DeGrado
TR, Niggli E, et al. Reassessment of the transport mechanism of the human zinc
transporter SLC39A2. Biochemistry. (2018) 57:3976-86. doi: 10.1021/
acs.biochem.8b00511

40. Fang Y, Wang S, Lv J, Zhao Z, Guo N, Wu G, et al. Slc39a2-mediated zinc
homeostasis modulates innate immune signaling in phenylephrine-induced
cardiomyocyte hypertrophy. Front Cardiovasc Med. (2021) 8:736911. doi: 10.3389/
fcvm.2021.736911

41. Woodruff G, Bouwkamp CG, de Vrij FM, Lovenberg T, Bonaventure P, Kushner
SA, et al. The zinc transporter SLC39A7 (ZIP7) is essential for regulation of cytosolic
zinc levels. Mol Pharmacol. (2018) 94:1092-100. doi: 10.1124/mol.118.112557

42. LiH, CuiY,HuY, Zhao M, Li K, Pang X, et al. Mammalian SLC39A13 promotes
ER/Golgi iron transport and iron homeostasis in multiple compartments. Nat
Commun. (2024) 15:10838. doi: 10.1038/s41467-024-55149-2

43. Chen P-H, WuJ, Xu Y, Ding C-KC, Mestre AA, Lin C-C, et al. Zinc transporter
ZIP7 is a novel determinant of ferroptosis. Cell Death Dis. (2021) 12:198. doi: 10.1038/
$41419-021-03482-5

44. Taylor Kathryn M, Muraina IA, Brethour D, Schmitt-Ulms G, Nimmanon T,
Ziliotto S, et al. Zinc transporter ZIP10 forms a heteromer with ZIP6 which regulates
embryonic development and cell migration. Biochem ]. (2016) 473:2531-44.
doi: 10.1042/BCJ20160388

45. Nimmanon T, Ziliotto S, Ogle O, Burt A, Gee JMW, Andrews GK, et al. The
ZIP6/ZIP10 heteromer is essential for the zinc-mediated trigger of mitosis. Cell Mol Life
Sci. (2021) 78:1781-98. doi: 10.1007/s00018-020-03616-6

46. Geiser ], De Lisle RC, Andrews GK. The zinc transporter Zip5 (Slc39a5)
regulates intestinal zinc excretion and protects the pancreas against zinc toxicity.
PLoS One. (2013) 8:€82149. doi: 10.1371/journal.pone.0082149

47. Kiiry S, Dréno B, Béezieau S, Giraudet S, Kharfi M, Kamoun R, et al. Identification
of SLC39A4, a gene involved in acrodermatitis enteropathica. Nat Genet. (2002)
31:239-40. doi: 10.1038/ng913

48. Dufner-Beattie J, Wang F, Kuo Y-M, Gitschier J, Eide D, Andrews GK. The
acrodermatitis enteropathica gene ZIP4 encodes a tissue-specific, zinc-regulated zinc
transporter in mice *. J Biol Chem. (2003) 278:33474-81. doi: 10.1074/jbc.M305000200

49. Chowanadisai W, Graham DM, Keen CL, Rucker RB, Messerli MA. Neurulation
and neurite extension require the zinc transporter ZIP12 (slc39a12). Proc Natl Acad Sci
U S A. (2013) 110:9903-8. doi: 10.1073/pnas.1222142110

50. Manning A, Mendelson BZ, Bender PTR, Bainer K, Ruby R, Shifflett VR, et al.
The astrocytic zinc transporter ZIP12 is a synaptic protein that contributes to synaptic
zinc levels in the mouse auditory cortex. J Neurosci. (2025) 45:€2067242025.
doi: 10.1523/jneurosci.2067-24.2025

51. Zhu X, Yu C, Wu W, Shi L, Jiang C, Wang L, et al. Zinc transporter ZIP12
maintains zinc homeostasis and protects spermatogonia from oxidative stress during
spermatogenesis. Reprod Biol Endocrinol. (2022) 20:17. doi: 10.1186/s12958-022-
00893-7

52. He L, Girijashanker K, Dalton TP, Reed J, Li H, Soleimani M, et al. ZIP8,
member of the solute-carrier-39 (SLC39) metal-transporter family: characterization of
transporter properties. Mol Pharmacol. (2006) 70:171-80. doi: 10.1124/mol.106.024521

53. Steimle BL, Smith FM, Kosman DJ. The solute carriers ZIP8 and ZIP14 regulate
manganese accumulation in brain microvascular endothelial cells and control brain
manganese levels. ] Biol Chem. (2019) 294:19197-208. doi: 10.1074/jbc.RA119.009371

54. Liuzzi JP, Aydemir F, Nam H, Knutson MD, Cousins R]. Zip14 (Slc39al4)
mediates non-transferrin-bound iron uptake into cells. Proc Natl Acad Sci. (2006)
103:13612-7. doi: 10.1073/pnas.0606424103

55. Pyle CJ, Akhter S, Bao S, Dodd CE, Schlesinger LS, Knoell DL. Zinc modulates
endotoxin-induced human macrophage inflammation through ZIP8 induction and C/
EBP Inhibition. PLoS One. (2017) 12:¢0169531. doi: 10.1371/journal.pone.0169531

56. Kim M-H, Aydemir TB, Kim ], Cousins R]. Hepatic ZIP14-mediated zinc
transport is required for adaptation to endoplasmic reticulum stress. Proc Natl Acad
Sci. (2017) 114:E5805-14. doi: 10.1073/pnas.1704012114

57. Yu'Y, Wu A, Zhang Z, Yan G, Zhang F, Zhang L, et al. Characterization of the
GufA subfamily member SLC39A11/Zipll as a zinc transporter. /] Nutr Biochem.
(2013) 24:1697-708. doi: 10.1016/j.jnutbio.2013.02.010

frontiersin.org


https://doi.org/10.1074/jbc.M411247200
https://doi.org/10.1074/jbc.M111.227173
https://doi.org/10.1073/pnas.96.4.1716
https://doi.org/10.1242/jcs.03164
https://doi.org/10.1242/jcs.03164
https://doi.org/10.1038/sj.onc.1206797
https://doi.org/10.1038/sj.onc.1206797
https://doi.org/10.1042/BJ20081189
https://doi.org/10.1074/jbc.RA119.010227
https://doi.org/10.1074/jbc.RA118.006816
https://doi.org/10.1074/jbc.RA118.006816
https://doi.org/10.1093/brain/awx013
https://doi.org/10.1042/BCJ20210342
https://doi.org/10.1073/pnas.2023909118
https://doi.org/10.1016/j.abb.2019.108166
https://doi.org/10.1016/j.abb.2019.108166
https://doi.org/10.1093/brain/awac295
https://doi.org/10.1182/blood.2020007389
https://doi.org/10.7554/eLife.58823
https://doi.org/10.7554/eLife.58823
https://doi.org/10.1038/s44319-024-00287-3
https://doi.org/10.1002/1873-3468.15047
https://doi.org/10.1016/j.cmet.2024.07.009
https://doi.org/10.1016/j.cmet.2024.07.009
https://doi.org/10.1126/sciadv.adk5128
https://doi.org/10.1126/sciadv.adk5128
https://doi.org/10.1002/advs.202406421
https://doi.org/10.1038/s41467-025-63616-7
https://doi.org/10.1210/en.2014-1201
https://doi.org/10.1016/j.mce.2017.02.025
https://doi.org/10.1016/S0162-0134(03)00249-6
https://doi.org/10.1186/1476-4598-4-32
https://doi.org/10.1523/jneurosci.0908-21.2022
https://doi.org/10.1152/ajpregu.00162.2009
https://doi.org/10.1021/acs.biochem.8b00511
https://doi.org/10.1021/acs.biochem.8b00511
https://doi.org/10.3389/fcvm.2021.736911
https://doi.org/10.3389/fcvm.2021.736911
https://doi.org/10.1124/mol.118.112557
https://doi.org/10.1038/s41467-024-55149-2
https://doi.org/10.1038/s41419-021-03482-5
https://doi.org/10.1038/s41419-021-03482-5
https://doi.org/10.1042/BCJ20160388
https://doi.org/10.1007/s00018-020-03616-6
https://doi.org/10.1371/journal.pone.0082149
https://doi.org/10.1038/ng913
https://doi.org/10.1074/jbc.M305000200
https://doi.org/10.1073/pnas.1222142110
https://doi.org/10.1523/jneurosci.2067-24.2025
https://doi.org/10.1186/s12958-022-00893-7
https://doi.org/10.1186/s12958-022-00893-7
https://doi.org/10.1124/mol.106.024521
https://doi.org/10.1074/jbc.RA119.009371
https://doi.org/10.1073/pnas.0606424103
https://doi.org/10.1371/journal.pone.0169531
https://doi.org/10.1073/pnas.1704012114
https://doi.org/10.1016/j.jnutbio.2013.02.010
https://doi.org/10.3389/fimmu.2025.1750534
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhou et al.

58. Martin AB, Aydemir TB, Guthrie GJ, Samuelson DA, Chang SM, Cousins RJ.
Gastric and colonic zinc transporter ZIP11 (Slc39al1) in mice responds to dietary zinc
and exhibits nuclear localization. ] Nutr. (2013) 143:1882-8. doi: 10.3945/jn.113.184457

59. Xia Z, Tang B, Li X, Li X, Jia Y, Jiang J, et al. A novel role for the longevity-
associated protein SLC39A11 as a manganese transporter. Research. (2024) 7:440.
doi: 10.34133/research.0440

60. Eide DJ. Zinc transporters and the cellular trafficking of zinc. Biochim Biophys
Acta (BBA) - Mol Cell Res. (2006) 1763:711-22. doi: 10.1016/j.bbamcr.2006.03.005

61. Zhang T, Sui D, Hu J. Structural insights of ZIP4 extracellular domain critical for
optimal zinc transport. Nat Commun. (2016) 7:11979. doi: 10.1038/ncomms11979

62. Zhang T, Liu ], Fellner M, Zhang C, Sui D, Hu J. Crystal structures of a ZIP zinc
transporter reveal a binuclear metal center in the transport pathway. Sci Adv. (2017) 3:
€1700344. doi: 10.1126/sciadv.1700344

63. Pang C, Chai J, Zhu P, Shanklin J, Liu Q. Structural mechanism of intracellular
autoregulation of zinc uptake in ZIP transporters. Nat Commun. (2023) 14:3404.
doi: 10.1038/s41467-023-39010-6

64. Hennigar SR, Olson CI, Kelley AM, McClung JP. Slc39a4 in the small intestine
predicts zinc absorption and utilization: a comprehensive analysis of zinc transporter
expression in response to diets of varied zinc content in young mice. ] Nutr Biochem.
(2022) 101:108927. doi: 10.1016/j.jnutbio.2021.108927

65. Yu YY, Kirschke CP, Huang L. Immunohistochemical analysis of ZnT1, 4, 5, 6,
and 7 in the mouse gastrointestinal tract. J Histochem Cytochem. (2007) 55:223-34.
doi: 10.1369/jhc.6A7032.2006

66. McMahon R], Cousins R]. Regulation of the zinc transporter ZnT-1 by dietary
zinc. Proc Natl Acad Sci U S A. (1998) 95:4841-6. doi: 10.1073/pnas.95.9.4841

67. McGourty K, Vijayakumar R, Wu T, Gagnon A, Kelleher SL. ZnT2 is critical for
TLR4-mediated cytokine expression in colonocytes and modulates mucosal
inflammation in mice. Int J Mol Sci. (2022) 23:11467. doi: 10.3390/ijms231911467

68. Podany AB, Wright J, Lamendella R, Soybel DI, Kelleher SL. ZnT2-mediated
zinc import into paneth cell granules is necessary for coordinated secretion and paneth
cell function in mice. Cell Mol Gastroenterol Hepatol. (2016) 2:369-83. doi: 10.1016/
j.jemgh.2015.12.006

69. Nakata T, Creasey EA, Kadoki M, Lin H, Selig MK, Yao J, et al. A missense
variant in SLC39A8 confers risk for Crohn’s disease by disrupting manganese
homeostasis and intestinal barrier integrity. Proc Natl Acad Sci. (2020) 117:28930-8.
doi: 10.1073/pnas.2014742117

70. Li D, Achkar J-P, Haritunians T, Jacobs JP, Hui KY, D’Amato M, et al. A
pleiotropic missense variant in SLC39A8 is associated with Crohn’s disease and human
gut microbiome composition. Gastroenterology. (2016) 151:724-32. doi: 10.1053/
j.gastro.2016.06.051

71. Shao Y, Mu Q, Wang R, Luo H, Song Z, Wang P, et al. SLC39A10 is a key zinc
transporter in T cells and its loss mitigates autoimmune disease. Sci China Life Sci.
(2025) 68:1855-70. doi: 10.1007/s11427-024-2817-y

72. Mitchell SB, Thorn TL, Lee M-T, Kim Y, Comrie JMC, Bai ZS, et al. Metal
transporter SLC39A14/ZIP14 modulates regulation between the gut microbiome and
host metabolism. Am J Physiology-Gastrointestinal Liver Physiol. (2023) 325:G593-607.
doi: 10.1152/ajpgi.00091.2023

73. Liu M, Zhang Y, Yang J, Zhan H, Zhou Z, Jiang Y, et al. Zinc-dependent
regulation of ZEBI and YAPI coactivation promotes epithelial-mesenchymal
transition plasticity and metastasis in pancreatic cancer. Gastroenterology. (2021)
160:1771-83.e1771. doi: 10.1053/j.gastro.2020.12.077

74. Liu M, Zhang Y, Yang ], Cui X, Zhou Z, Zhan H, et al. ZIP4 increases expression
of transcription factor ZEBI to promote integrin 031 signaling and inhibit expression
of the gemcitabine transporter ENT1 in pancreatic cancer cells. Gastroenterology.
(2020) 158:679-92.e671. doi: 10.1053/j.gastro.2019.10.038

75. Yang ], Zhang Z, Zhang Y, Ni X, Zhang G, Cui X, et al. ZIP4 promotes muscle
wasting and cachexia in mice with orthotopic pancreatic tumors by stimulating
RAB27B-regulated release of extracellular vesicles from cancer cells.
Gastroenterology. (2019) 156:722-34.e726. doi: 10.1053/j.gastro.2018.10.026

76. Kakita N, Katayama K, Yasui T, Satake S, Aoi K, Jo H, et al. Zinc transporter 1
expression in hepatocellular carcinoma correlates with prognosis: A single-center
retrospective study. J Trace Elements Med Biol. (2024) 82:127354. doi: 10.1016/
j.jtemb.2023.127354

77. Zhu B, Huo R, Zhi Q, Zhan M, Chen X, Hua Z-C. Increased expression of zinc
transporter ZIP4, ZIP11, ZnT1, and ZnT6 predicts poor prognosis in pancreatic cancer.
J Trace Elements Med Biol. (2021) 65:126734. doi: 10.1016/j.jtemb.2021.126734

78. Wan Z, Wang X. Role of SLC39A6 in the development and progression of liver
cancer. Oncol Lett. (2022) 23:77. doi: 10.3892/01.2022.13197

79. Yu Z, Chen C, Gu H, Dong J, Zhang Y, Wang J, et al. Suppression of SLC39A6-
CREBI axis in liver cancer causes PCK1-mediated mitochondrial dysfunction. Cell
Proliferation. (2023) 56:¢13527. doi: 10.1111/cpr.13527

80. Guo Y, He Y. Comprehensive analysis of the expression of SLC30A family genes
and prognosis in human gastric cancer. Sci Rep. (2020) 10:18352. doi: 10.1038/541598-
020-75012-w

81. Peng Y, Ouyang C, Wu Y, Ma R, Li H, Li Y, et al. A novel PCDscore based on
programmed cell death-related genes can effectively predict prognosis and therapy

Frontiers in Immunology

10.3389/fimmu.2025.1750534

responses of colon adenocarcinoma. Comput Biol Med. (2024) 170:107933.
doi: 10.1016/j.compbiomed.2024.107933

82. Mercadante CJ, Prajapati M, Conboy HL, Dash ME, Herrera C, Pettiglio MA,
et al. Manganese transporter Slc30a10 controls physiological manganese excretion and
toxicity. J Clin Invest. (2019) 129:5442-61. doi: 10.1172/jci129710

83. Taylor CA, Hutchens S, Liu C, Jursa T, Shawlot W, Aschner M, et al. SLC30A10
transporter in the digestive system regulates brain manganese under basal conditions
while brain SLC30A10 protects against neurotoxicity. J Biol Chem. (2019) 294:1860-76.
doi: 10.1074/jbc. RA118.005628

84. Prajapati M, Conboy HL, Hojyo S, Fukada T, Budnik B, Bartnikas TB. Biliary
excretion of excess iron in mice requires hepatocyte iron import by Slc39al4. J Biol
Chem. (2021) 297:100835. doi: 10.1016/j.jbc.2021.100835

85. Na-Phatthalung P, Sun S, Xie E, Wang J, Min ], Wang F. The zinc transporter
Slc30al (ZnT1) in macrophages plays a protective role against attenuated Salmonella.
eLife. (2024) 13:89509. doi: 10.7554/eLife.89509

86. Gao H, Zhao L, Wang H, Xie E, Wang X, Wu Q, et al. Metal transporter Slc39a10
regulates susceptibility to inflammatory stimuli by controlling macrophage survival.
Proc Natl Acad Sci U S A. (2017) 114:12940-5. doi: 10.1073/pnas.1708018114

87. Liu M-J, Bao S, Galvez-Peralta M, Pyle Charlie ], Rudawsky Andrew C, Pavlovicz
Ryan E, et al. ZIP8 regulates host defense through zinc-mediated inhibition of NF-kB.
Cell Rep. (2013) 3:386-400. doi: 10.1016/j.celrep.2013.01.009

88. Zhang T, Wang S, Hua D, Shi X, Deng H, Jin S, et al. Identification of ZIP8-
induced ferroptosis as a major type of cell death in monocytes under sepsis conditions.
Redox Biol. (2024) 69:102985. doi: 10.1016/j.redox.2023.102985

89. Liuzzi JP, Lichten LA, Rivera S, Blanchard RK, Aydemir TB, Knutson MD, et al.
Interleukin-6 regulates the zinc transporter Zipl4 in liver and contributes to the
hypozincemia of the acute-phase response. Proc Natl Acad Sci. (2005) 102:6843-8.
doi: 10.1073/pnas.0502257102

90. Kim B, Kim HY, Lee W-W. Zap70 regulates TCR-mediated Zip6 activation at
the immunological synapse. Front Immunol. (2021) 12:687367. doi: 10.3389/
fimmu.2021.687367

91. Kang J-A, Kwak J-S, Park S-H, Sim K-Y, Kim SK, Shin Y, et al. ZIP8 exacerbates
collagen-induced arthritis by increasing pathogenic T cell responses. Exp Mol Med.
(2021) 53:560-71. doi: 10.1038/512276-021-00591-1

92. Anzilotti C, Swan DJ, Boisson B, Deobagkar-Lele M, Oliveira C, Chabosseau P,
et al. An essential role for the Zn®* transporter ZIP7 in B cell development. Nat
Immunol. (2019) 20:350-61. doi: 10.1038/s41590-018-0295-8

93. Miyai T, Hojyo S, Ikawa T, Kawamura M, Irie T, Ogura H, et al. Zinc transporter
SLC39A10/ZIP10 facilitates antiapoptotic signaling during early B-cell development.
Proc Natl Acad Sci. (2014) 111:11780-5. doi: 10.1073/pnas.1323549111

94, Wenzlau JM, Juhl K, Yu L, Moua O, Sarkar SA, Gottlieb P, et al. The cation efflux
transporter ZnT8 (SIc30A8) is a major autoantigen in human type 1 diabetes. Proc Natl
Acad Sci. (2007) 104:17040-5. doi: 10.1073/pnas.0705894104

95. Buj R, Cole AR, Danielson J, Xu J, Hurd D, Kishore A, et al. Zinc availability in
the tumor microenvironment dictates anti-PD1 response in CDKN2A™" tumors via
increased macrophage phagocytosis. bioRxiv. (2025). doi: 10.1101/2025.02.08.637227

96. Yang Y, Liu Q, Luo J, Qi Z, Li S, Shen L, et al. SOX4-ZIP14-zinc metabolism
mediates oncogenesis and suppresses T cell immunity in nasopharyngeal carcinoma.
Cell Rep Med. (2025) 6:102300. doi: 10.1016/j.xcrm.2025.102300

97. Upmanyu N, Jin J, Emde H, Ganzella M, Bésche L, Malviya VN, et al.
Colocalization of different neurotransmitter transporters on synaptic vesicles is
sparse except for VGLUT1 and ZnT3. Neuron. (2022) 110:1483-97.e1487.
doi: 10.1016/j.neuron.2022.02.008

98. Mellone M, Pelucchi S, Alberti L, Genazzani AA, Di Luca M, Gardoni F. Zinc
transporter-1: a novel NMDA receptor-binding protein at the postsynaptic density. J
Neurochemistry. (2015) 132:159-68. doi: 10.1111/jnc.12968

99. Anderson CT, Radford RJ, Zastrow ML, Zhang DY, Apfel UP, Lippard SJ, et al.
Modulation of extrasynaptic NMDA receptors by synaptic and tonic zinc. Proc Natl
Acad Sci U S A. (2015) 112:E2705-2714. doi: 10.1073/pnas.1503348112

100. Dean B, Hopper S, Scarr E. Changes in levels of the zinc transporter SLC39A12
in Brodmann’s area 44: Effects of sex, suicide, CNS pH and schizophrenia. ] Psychiatr
Res. (2024) 177:177-84. doi: 10.1016/j.jpsychires.2024.07.017

101. Pan R, Liu KJ. ZNT-1 expression reduction enhances free zinc accumulation in
astrocytes after ischemic stroke. In: Applegate RL, Chen G, Feng H, Zhang JH, editors.
Brain Edema XVI: Translate Basic Science into Clinical Practice. Springer International
Publishing, Cham (2016). p. 257-61.

102. Tseng WC, Reinhart V, Lanz TA, Weber ML, Pang J, Le KXV, et al.
Schizophrenia-associated SLC39A8 polymorphism is a loss-of-function allele altering
glutamate receptor and innate immune signaling. Trans Psychiatry. (2021) 11:136.
doi: 10.1038/s41398-021-01262-5

103. Zhang L-H, Wang X, Stoltenberg M, Danscher G, Huang L, Wang Z-Y.
Abundant expression of zinc transporters in the amyloid plaques of Alzheimer’s
disease brain. Brain Res Bull. (2008) 77:55-60. doi: 10.1016/j.brainresbull.2008.03.014

104. Tuschl K, Meyer E, Valdivia LE, Zhao N, Dadswell C, Abdul-Sada A, et al.
Mutations in SLC39A14 disrupt manganese homeostasis and cause childhood-onset
parkinsonism-dystonia. Nat Commun. (2016) 7:11601. doi: 10.1038/ncomms11601

frontiersin.org


https://doi.org/10.3945/jn.113.184457
https://doi.org/10.34133/research.0440
https://doi.org/10.1016/j.bbamcr.2006.03.005
https://doi.org/10.1038/ncomms11979
https://doi.org/10.1126/sciadv.1700344
https://doi.org/10.1038/s41467-023-39010-6
https://doi.org/10.1016/j.jnutbio.2021.108927
https://doi.org/10.1369/jhc.6A7032.2006
https://doi.org/10.1073/pnas.95.9.4841
https://doi.org/10.3390/ijms231911467
https://doi.org/10.1016/j.jcmgh.2015.12.006
https://doi.org/10.1016/j.jcmgh.2015.12.006
https://doi.org/10.1073/pnas.2014742117
https://doi.org/10.1053/j.gastro.2016.06.051
https://doi.org/10.1053/j.gastro.2016.06.051
https://doi.org/10.1007/s11427-024-2817-y
https://doi.org/10.1152/ajpgi.00091.2023
https://doi.org/10.1053/j.gastro.2020.12.077
https://doi.org/10.1053/j.gastro.2019.10.038
https://doi.org/10.1053/j.gastro.2018.10.026
https://doi.org/10.1016/j.jtemb.2023.127354
https://doi.org/10.1016/j.jtemb.2023.127354
https://doi.org/10.1016/j.jtemb.2021.126734
https://doi.org/10.3892/ol.2022.13197
https://doi.org/10.1111/cpr.13527
https://doi.org/10.1038/s41598-020-75012-w
https://doi.org/10.1038/s41598-020-75012-w
https://doi.org/10.1016/j.compbiomed.2024.107933
https://doi.org/10.1172/jci129710
https://doi.org/10.1074/jbc.RA118.005628
https://doi.org/10.1016/j.jbc.2021.100835
https://doi.org/10.7554/eLife.89509
https://doi.org/10.1073/pnas.1708018114
https://doi.org/10.1016/j.celrep.2013.01.009
https://doi.org/10.1016/j.redox.2023.102985
https://doi.org/10.1073/pnas.0502257102
https://doi.org/10.3389/fimmu.2021.687367
https://doi.org/10.3389/fimmu.2021.687367
https://doi.org/10.1038/s12276-021-00591-1
https://doi.org/10.1038/s41590-018-0295-8
https://doi.org/10.1073/pnas.1323549111
https://doi.org/10.1073/pnas.0705894104
https://doi.org/10.1101/2025.02.08.637227
https://doi.org/10.1016/j.xcrm.2025.102300
https://doi.org/10.1016/j.neuron.2022.02.008
https://doi.org/10.1111/jnc.12968
https://doi.org/10.1073/pnas.1503348112
https://doi.org/10.1016/j.jpsychires.2024.07.017
https://doi.org/10.1038/s41398-021-01262-5
https://doi.org/10.1016/j.brainresbull.2008.03.014
https://doi.org/10.1038/ncomms11601
https://doi.org/10.3389/fimmu.2025.1750534
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhou et al.

105. Smidt K, Jessen N, Petersen AB, Larsen A, Magnusson N, Jeppesen JB, et al.
SLC30A3 responds to glucose- and zinc variations in beta-cells and is critical for insulin
production and in vivo glucose-metabolism during beta-cell stress. PLoS One. (2009) 4:
€5684. doi: 10.1371/journal.pone.0005684

106. Huang L, Yan M, Kirschke CP. Over-expression of ZnT7 increases insulin
synthesis and secretion in pancreatic -cells by promoting insulin gene transcription.
Exp Cell Res. (2010) 316:2630-43. doi: 10.1016/j.yexcr.2010.06.017

107. Syring KE, Boortz KA, Oeser JK, Ustione A, Platt KA, Shadoan MK, et al.
Combined deletion of Slc30a7 and Slc30a8 unmasks a critical role for ZnT8 in glucose-
stimulated insulin secretion. Endocrinology. (2016) 157:4534-41. doi: 10.1210/en.2016-
1573

108. Liu Y, Batchuluun B, Ho L, Zhu D, Prentice KJ, Bhattacharjee A, et al.
Characterization of zinc influx transporters (Zips) in pancreatic B Cells: roles in
regulating cytosolic zinc homeostasis and insulin secretion *. ] Biol Chem. (2015)
290:18757-69. doi: 10.1074/jbc.M115.640524

109. Hardy AB, Prentice KJ, Froese S, Liu Y, Andrews GK, Wheeler MB. Zip4
mediated zinc influx stimulates insulin secretion in pancreatic beta cells. PLoS One.
(2015) 10:€0119136. doi: 10.1371/journal.pone.0119136

110. Chen W, Cui W, Wu ], Zheng W, Sun X, Zhang J, et al. Blocking IL-6 signaling
improves glucose tolerance via SLC39A5-mediated suppression of glucagon secretion.
Metab - Clin Exp. (2023) 146:155641. doi: 10.1016/j.metabol.2023.155641

111. Wang X, Gao H, Wu W, Xie E, Yu Y, He X, et al. The zinc transporter Slc39a5
controls glucose sensing and insulin secretion in pancreatic 3-cells via Sirtl- and Pgc-
lo-mediated regulation of Glut2. Protein Cell. (2018) 10:436-49. doi: 10.1007/s13238-
018-0580-1

112. Nyarko-Danquah I, Pajarillo E, Digman A, Soliman KFA, Aschner M, Lee E.
Manganese accumulation in the brain via various transporters and its neurotoxicity
mechanisms. Molecules. (2020) 25:5880. doi: 10.3390/molecules25245880

113. Flannick J, Thorleifsson G, Beer NL, Jacobs SBR, Grarup N, Burtt NP, et al.
Loss-of-function mutations in SLC30A8 protect against type 2 diabetes. Nat Genet.
(2014) 46:357-63. doi: 10.1038/ng.2915

114. Nielsen LB, Vaziri-Sani F, Pérksen S, Andersen M-LM, Svensson ], Bergholdt
R, et al. Relationship between ZnT8ADb, the SLC30A8 gene and disease progression in
children with newly diagnosed type 1 diabetes. Autoimmunity. (2011) 44:616-23.
doi: 10.3109/08916934.2011.576724

115. Rege J, Bandulik S, Nanba K, Kosmann C, Blinder AR, Plain A, et al. Somatic
SLC30A1 mutations altering zinc transporter ZnT1 cause aldosterone-producing
adenomas and primary aldosteronism. Nat Genet. (2023) 55:1623-31. doi: 10.1038/
541588-023-01498-5

116. Liu C, Hutchens S, Jursa T, Shawlot W, Polishchuk EV, Polishchuk RS, et al.
Hypothyroidism induced by loss of the manganese efflux transporter SLC30A10 may
be explained by reduced thyroxine production. J Biol Chem. (2017) 292:16605-15.
doi: 10.1074/jbc.M117.804989

117. Fukunaka A, Fukada T, Bhin J, Suzuki L, Tsuzuki T, Takamine Y, et al. Zinc
transporter ZIP13 suppresses beige adipocyte biogenesis and energy expenditure by
regulating C/EBP-B expression. PLoS Genet. (2017) 13:¢1006950. doi: 10.1371/
journal.pgen.1006950

118. Qian L, Lopez V, Seo YA, Kelleher SL. Prolactin regulates ZNT2 expression
through the JAK2/STATS5 signaling pathway in mammary cells. Am J Physiology-Cell
Physiol. (2009) 297:C369-77. doi: 10.1152/ajpcell.00589.2008

119. Kelleher SL, Lonnerdal B. Zip3 plays a major role in zinc uptake into mammary
epithelial cells and is regulated by prolactin. Am J Physiology-Cell Physiol. (2005) 288:
C1042-7. doi: 10.1152/ajpcell.00471.2004

120. Tang Z, Sahu SN, Khadeer MA, Bai G, Franklin RB, Gupta A. Overexpression
of the ZIP1 zinc transporter induces an osteogenic phenotype in mesenchymal stem
cells. Bone. (2006) 38:181-98. doi: 10.1016/j.bone.2005.08.010

121. Fukada T, Civic N, Furuichi T, Shimoda S, Mishima K, Higashiyama H, et al.
The zinc transporter SLC39A13/ZIP13 is required for connective tissue development;
its involvement in BMP/TGF-beta signaling pathways. PLoS One. (2008) 3:e3642.
doi: 10.1371/journal.pone.0003642

122. Giunta C, Elgioglu NH, Albrecht B, Eich G, Chambaz C, Janecke AR, et al.
Spondylocheiro dysplastic form of the Ehlers-Danlos syndrome—An autosomal-
recessive entity caused by mutations in the zinc transporter gene SLC39A13. Am |
Hum Genet. (2008) 82:1290-305. doi: 10.1016/j.ajhg.2008.05.001

123. Inoue K, Matsuda K, Itoh M, Kawaguchi H, Tomoike H, Aoyagi T, et al.
Osteopenia and male-specific sudden cardiac death in mice lacking a zinc transporter
gene, Znt5. Hum Mol Genet. (2002) 11:1775-84. doi: 10.1093/hmg/11.15.1775

124. Myers SA, Nield A, Chew GS, Myers MA. The zinc transporter, Slc39a7 (Zip7)
is implicated in glycaemic control in skeletal muscle cells. PLoS One. (2013) 8:€79316.
doi: 10.1371/journal.pone.0079316

125. Gordon SJV, Fenker DE, Vest KE, Padilla-Benavides T. Manganese influx and
expression of ZIP8 is essential in primary myoblasts and contributes to activation of
SOD2¥. Metallomics. (2019) 11:1140-53. doi: 10.1039/c8mt00348¢

126. Huang L, Tepaamorndech S, Kirschke CP, Newman JW, Keyes WR, Pedersen
TL, et al. Aberrant fatty acid metabolism in skeletal muscle contributes to insulin
resistance in zinc transporter 7 (znt7)-knockout mice. ] Biol Chem. (2018) 293:7549-63.
doi: 10.1074/jbc.M117.817692

Frontiers in Immunology

21

10.3389/fimmu.2025.1750534

127. Levy S, Beharier O, Etzion Y, Mor M, Buzaglo L, Shaltiel L, et al. Molecular basis
for zinc transporter 1 action as an endogenous inhibitor of L-type calcium channels *. ]
Biol Chem. (2009) 284:32434-43. doi: 10.1074/jbc.M109.058842

128. Yu J, Qin Y, Zhou N. Knockdown of Circ_SLC39A8 protects against the
progression of osteoarthritis by regulating miR-591/IRAK3 axis. ] Orthopaedic Surg
Res. (2021) 16:170. doi: 10.1186/s13018-021-02323-7

129. Adelino JE, Addobbati C, Pontillo A, Fragoso TS, Duarte A, Crovella S, et al. A
genetic variant within SLC30A6 has a protective role in the severity of rheumatoid
arthritis. Scand ] Rheumatol. (2017) 46:326-7. doi: 10.1080/03009742.2016.1209551

130. Song Y, Liang H, Li G, Ma L, Zhu D, Zhang W, et al. The NLRX1-SLC39A7
complex orchestrates mitochondrial dynamics and mitophagy to rejuvenate
intervertebral disc by modulating mitochondrial Zn>* trafficking. Autophagy. (2024)
20:809-29. doi: 10.1080/15548627.2023.2274205

131. Wang G, Biswas AK, Ma W, Kandpal M, Coker C, Grandgenett PM, et al.
Metastatic cancers promote cachexia through ZIP14 upregulation in skeletal muscle.
Nat Med. (2018) 24:770-81. doi: 10.1038/s41591-018-0054-2

132. Shakri AR, Zhong TJ, Ma W, Coker C, Kim S, Calluori S, et al. Upregulation of
ZIP14 and altered zinc homeostasis in muscles in pancreatic cancer cachexia. Cancers
(Basel). (2019) 12:3. doi: 10.3390/cancers12010003

133. Que EL, Bleher R, Duncan FE, Kong BY, Gleber SC, Vogt S, et al. Quantitative
mapping of zinc fluxes in the mammalian egg reveals the origin of fertilization-induced
zinc sparks. Nat Chem. (2015) 7:130-9. doi: 10.1038/nchem.2133

134. Kageyama A, Terakawa ], Takarabe S, Sugita H, Kawata Y, Ito J, et al. Zinc
transporter ZnT3/Slc30a3 has a potential role in zinc ion influx in mouse oocytes. ]
Reprod Dev. (2024) 70:338-42. doi: 10.1262/jrd.2024-044

135. Wang H, Wang Y, Bo Q-L, Ji Y-L, Liu L, Hu Y-F, et al. Maternal cadmium
exposure reduces placental zinc transport and induces fetal growth restriction in mice.
Reprod Toxicol. (2016) 63:174-82. doi: 10.1016/j.reprotox.2016.06.010

136. McCormick NH, Lee S, Hennigar SR, Kelleher SL. ZnT4 (SLC30A4)-null
(“lethal milk”) mice have defects in mammary gland secretion and hallmarks of
precocious involution during lactation. Am ] Physiology-Regulatory Integr Comp
Physiol. (2015) 310:R33-40. doi: 10.1152/ajpregu.00315.2014

137. Lee S, Hennigar SR, Alam S, Nishida K, Kelleher SL. Essential role for zinc transporter
2 (ZnT2)-mediated zinc transport in mammary gland development and function during
lactation *. J Biol Chem. (2015) 290:13064-78. doi: 10.1074/jbc.M115.637439

138. Zhang X, Guan T, Yang B, Chi Z, Wang Z-Y, Gu HF. A novel role for zinc
transporter 8 in the facilitation of zinc accumulation and regulation of testosterone
synthesis in Leydig cells of human and mouse testicles. Metab - Clin Exp. (2018) 88:40-
50. doi: 10.1016/j.metabol.2018.09.002

139. Samuelson DR, Smith DR, Cunningham KC, Wyatt TA, Hall SC, Murry DJ,
et al. ZIP8-mediated intestinal dysbiosis impairs pulmonary host defense against
bacterial pneumonia. Int J Mol Sci. (2022) 23:1022. doi: 10.3390/ijms23031022

140. Hall SC, Smith DR, Dyavar SR, Wyatt TA, Samuelson DR, Bailey KL, et al.
Critical role of zinc transporter (ZIP8) in myeloid innate immune cell function and the
host response against bacterial pneumonia. J Immunol. (2021) 207:1357-70.
doi: 10.4049/jimmunol.2001395

141. Zhang B, Wang E, Zhou S, Han R, Wu W, Sun G, et al. RELA-mediated
upregulation of LINC03047 promotes ferroptosis in silica-induced pulmonary fibrosis
via SLC39A14. Free Radical Biol Med. (2024) 223:250-62. doi: 10.1016/
j.freeradbiomed.2024.08.002

142. Kamei S, Fujikawa H, Nohara H, Ueno-Shuto K, Maruta K, Nakashima R, et al.
Zinc deficiency via a splice switch in zinc importer ZIP2/SLC39A2 causes cystic
fibrosis-associated MUC5AC hypersecretion in airway epithelial cells. eBioMedicine.
(2018) 27:304-16. doi: 10.1016/j.ebiom.2017.12.025

143. Wu D-m, Liu T, Deng S-h, Han R, Xu Y. SLC39A4 expression is associated with
enhanced cell migration, cisplatin resistance, and poor survival in non-small cell lung
cancer. Sci Rep. (2017) 7:7211. doi: 10.1038/s41598-017-07830-4

144. Liu Z, Hu Z, Cai X, Liu S. SLC39A5 promotes lung adenocarcinoma cell
proliferation by activating PI3K/AKT signaling. Pathol - Res Pract. (2021) 224:153541.
doi: 10.1016/}.prp.2021.153541

145. Fujishiro H, Yano Y, Takada Y, Tanihara M, Himeno S. Roles of ZIP8, ZIP14,
and DMT1 in transport of cadmium and manganese in mouse kidney proximal tubule
cells. Metallomics. (2012) 4:700-8. doi: 10.1039/c2mt20024d

146. Steel DBD, Danti FR, Abunada M, Kamien B, Malhotra S, Topf M, et al. Clinical
phenotype in individuals with Birk-Landau-Perez syndrome associated with biallelic
SLC30A9 pathogenic variants. Neurology. (2023) 100:e2214-23. doi: 10.1212/
'WNL.0000000000207241

147. Tan F, Cao D, Huang L, Ma Y, Wang C, Zhang Z, et al. Augmenter of liver
regeneration (ALR) can regulate iron homeostasis through the INOS/NO/SLC39A14
pathway to reduce ferroptosis in acute kidney injury. FEBS J. (2025) 292:5130-50.
doi: 10.1111/febs.70103

148. Aierken Y, He H, Li R, Lin Z, Xu T, Zhang L, et al. Inhibition of Slc39a14/Sc39a8
reduce vascular calcification via alleviating iron overload induced ferroptosis in vascular
smooth muscle cells. Cardiovasc Diabetol. (2024) 23:186. doi: 10.1186/512933-024-02224-7

149. Chen Q-g, Zhang Z, Yang Q, Shan G-y, Yu X-y, Kong C-z. The role of zinc
transporter ZIP4 in prostate carcinoma. Urologic Oncol Semin Original Investigations.
(2012) 30:906-11. doi: 10.1016/j.urolonc.2010.11.010

frontiersin.org


https://doi.org/10.1371/journal.pone.0005684
https://doi.org/10.1016/j.yexcr.2010.06.017
https://doi.org/10.1210/en.2016-1573
https://doi.org/10.1210/en.2016-1573
https://doi.org/10.1074/jbc.M115.640524
https://doi.org/10.1371/journal.pone.0119136
https://doi.org/10.1016/j.metabol.2023.155641
https://doi.org/10.1007/s13238-018-0580-1
https://doi.org/10.1007/s13238-018-0580-1
https://doi.org/10.3390/molecules25245880
https://doi.org/10.1038/ng.2915
https://doi.org/10.3109/08916934.2011.576724
https://doi.org/10.1038/s41588-023-01498-5
https://doi.org/10.1038/s41588-023-01498-5
https://doi.org/10.1074/jbc.M117.804989
https://doi.org/10.1371/journal.pgen.1006950
https://doi.org/10.1371/journal.pgen.1006950
https://doi.org/10.1152/ajpcell.00589.2008
https://doi.org/10.1152/ajpcell.00471.2004
https://doi.org/10.1016/j.bone.2005.08.010
https://doi.org/10.1371/journal.pone.0003642
https://doi.org/10.1016/j.ajhg.2008.05.001
https://doi.org/10.1093/hmg/11.15.1775
https://doi.org/10.1371/journal.pone.0079316
https://doi.org/10.1039/c8mt00348c
https://doi.org/10.1074/jbc.M117.817692
https://doi.org/10.1074/jbc.M109.058842
https://doi.org/10.1186/s13018-021-02323-7
https://doi.org/10.1080/03009742.2016.1209551
https://doi.org/10.1080/15548627.2023.2274205
https://doi.org/10.1038/s41591-018-0054-2
https://doi.org/10.3390/cancers12010003
https://doi.org/10.1038/nchem.2133
https://doi.org/10.1262/jrd.2024-044
https://doi.org/10.1016/j.reprotox.2016.06.010
https://doi.org/10.1152/ajpregu.00315.2014
https://doi.org/10.1074/jbc.M115.637439
https://doi.org/10.1016/j.metabol.2018.09.002
https://doi.org/10.3390/ijms23031022
https://doi.org/10.4049/jimmunol.2001395
https://doi.org/10.1016/j.freeradbiomed.2024.08.002
https://doi.org/10.1016/j.freeradbiomed.2024.08.002
https://doi.org/10.1016/j.ebiom.2017.12.025
https://doi.org/10.1038/s41598-017-07830-4
https://doi.org/10.1016/j.prp.2021.153541
https://doi.org/10.1039/c2mt20024d
https://doi.org/10.1212/WNL.0000000000207241
https://doi.org/10.1212/WNL.0000000000207241
https://doi.org/10.1111/febs.70103
https://doi.org/10.1186/s12933-024-02224-z
https://doi.org/10.1016/j.urolonc.2010.11.010
https://doi.org/10.3389/fimmu.2025.1750534
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhou et al.

150. Lue HW, Yang X, Wang R, Qian W, Xu RZ, Lyles R, et al. LIV-1 promotes
prostate cancer epithelial-to-mesenchymal transition and metastasis through HB-EGF
shedding and EGFR-mediated ERK signaling. PLoS One. (2011) 6:€27720. doi: 10.1371/
journal.pone.0027720

151. Du L, Zhang H, Zhao H, Cheng X, Qin J, Teng T, et al. The critical role of the
zinc transporter Zip2 (SLC39A2) in ischemia/reperfusion injury in mouse hearts. J Mol
Cell Cardiol. (2019) 132:136-45. doi: 10.1016/j.yjmcc.2019.05.011

152. Zhao L, Zhang R, Zhang S, Zhang H, Yang Q, Xu Z. Upregulation of p67phox
in response to ischemia/reperfusion is cardioprotective by increasing ZIP2 expression
via STAT3. Free Radical Res. (2022) 56:115-26. doi: 10.1080/10715762.2022.2052057

153. Lieberwirth JK, Joset P, Heinze A, Hentschel J, Stein A, lannaccone A, et al. Bi-
allelic loss of function variants in SLC30A5 as cause of perinatal lethal cardiomyopathy.
Eur ] Hum Genet. (2021) 29:808-15. doi: 10.1038/s41431-020-00803-8

154. Dolgin V, Chabosseau P, Bistritzer J, Noyman I, Staretz-Chacham O, Wormser
O, et al. Severe neonatal hypotonia due to SLC30A5 variant affecting function of ZnT5
zinc transporter. JIMD Rep. (2025) 66:¢12465. doi: 10.1002/jmd2.12465

155. Li H, Wang X, Zhang Y, Yang Y, Zhang JZ, Zhou B. SLC39A13 regulates heart
function via mitochondrial iron homeostasis maintenance. Circ Res. (2025) 137:e144—
56. doi: 10.1161/CIRCRESAHA.125.326201

156. Zhang R, Wang J, Yang Q, Yu Y, Cheng X, Xu Z. Downregulation of the zinc
transporter ZIP13 (Slc39a13) leads to ferroptosis by inhibiting mitochondrial iron-
sulfur cluster biosynthesis and induces ischemia/reperfusion injury in mouse hearts.
Antioxidants Redox Signaling. (2025) 43:328-44. doi: 10.1089/ars.2024.0815

157. Verouti SN, Pujol-Giménez J, Bermudez-Lekerika P, Scherler L, Bhardwaj R,
Thomas A, et al. The allelic variant A391T of metal ion transporter ZIP8 (SLC39A8)
leads to hypotension and enhanced insulin resistance. Front Physiol. (2022) 13:912277.
doi: 10.3389/fphys.2022.912277

158. van Duijvenboden S, Ramirez J, Young W], Olczak KJ, Ahmed F, Alhammadi
MJAY, et al. Integration of genetic fine-mapping and multi-omics data reveals
candidate effector genes for hypertension. Am J Hum Genet. (2023) 110:1718-34.
doi: 10.1016/j.ajhg.2023.08.009

159. He X, Ge C, Xia J, Xia Z, Zhao L, Huang S, et al. The zinc transporter SLC39A10
plays an essential role in embryonic hematopoiesis. Adv Sci (Weinh). (2023) 10:
€2205345. doi: 10.1002/advs.202205345

160. Prajapati M, Zhang JZ, Chiu L, Chong GS, Mercadante CJ, Kowalski HL, et al.
Hepatic HIF2 is a key determinant of manganese excess and polycythemia in
SLC30A10 deficiency. JCI Insight. (2024) 9:e169738. doi: 10.1172/jci.insight.169738

161. Ma X, Zhuang H, Wang Q, Yang L, Xie Z, Zhang Z, et al. SLC39A1
overexpression is associated with immune infiltration in hepatocellular carcinoma
and promotes its Malignant progression. | Hepatocell Carcinoma. (2022) 9:83-98.
doi: 10.2147/jhc.S349966

162. Li R, Wang Z, Cheng L, Cheng Z, Wu Q, Chen F, et al. Coordination of
SLC39A1 and DRPI facilitates HCC recurrence by impairing mitochondrial quality
control. Clin Transl Med. (2025) 15:€70362. doi: 10.1002/ctm2.70362

163. Xu X, Guo HJ, Xie HY, LiJ, Zhuang RZ, Ling Q, et al. ZIP4, a novel determinant
of tumor invasion in hepatocellular carcinoma, contributes to tumor recurrence after
liver transplantation. Int ] Biol Sci. (2014) 10:245-56. doi: 10.7150/ijbs.7401

164. Ma Z, Li Z, Wang S, Zhou Q, Ma Z, Liu C, et al. SLC39A10 upregulation
predicts poor prognosis, promotes proliferation and migration, and correlates with
immune infiltration in hepatocellular carcinoma. J Hepatocell Carcinoma. (2021)
8:899-912. doi: 10.2147/jhc.5320326

165. Yang D, Tian T, Li X, Zhang B, Qi L, Zhang F, et al. ZNT1 and Zn*>" control
TLR4 and PD-L1 endocytosis in macrophages to improve chemotherapy efficacy
against liver tumor. Hepatology. (2024) 80:312-29. doi: 10.1097/
hep.0000000000000629

166. Liu Y, Lu T, Li R, Cui L, Xu R, Teng S, et al. Integrated pan-cancer genomic
analysis reveals the role of SLC30A5 in the proliferation, metastasis, and prognosis of
hepatocellular carcinoma. J Cancer. (2024) 15:4686-99. doi: 10.7150/jca.97214

167. Gartmann L, Wex T, Griingreiff K, Reinhold D, Kalinski T, Malfertheiner P,
et al. Expression of zinc transporters ZIP4, ZIP14 and ZnT?9 in hepatic carcinogenesis—
An immunohistochemical study. J Trace Elements Med Biol. (2018) 49:35-42.
doi: 10.1016/j.jtemb.2018.04.034

168. Li Y, Liu L. UKLF/PCBP2 axis governs the colorectal cancer development by
transcriptionally activating SLC39A4. Biochim Biophys Acta (BBA) - Mol Cell Res.
(2024) 1871:119755. doi: 10.1016/j.bbamcr.2024.119755

169. Liu X, Liu W, Wu Y, Wang Y, Jiang Q, Li Y, et al. Investigation of the cytotoxic
effects and mechanisms of the SLC39A6-targeting ADC drug BRY812 in CRC. Sci Rep.
(2025) 15:18275. doi: 10.1038/s41598-025-03713-1

170. Luo Y, Shen Y, Ju Z, Zhang Z. ZIP7 (SLC39A7) expression in colorectal cancer
and its correlation with clinical prognosis. Transl Cancer Res. (2020) 9:6471-8.
doi: 10.21037/tcr-20-2640

171. Geng J, Wang Y, Lv F, Yu X, Gong M, Zhang J, et al. Coumestrol facilitates
apoptosis in colorectal cancer cells by interacting with ZIP8 protein via the ferroptosis
pathway. J Cancer. (2024) 15:4656-67. doi: 10.7150/jca.94628

172. Hou L, Liu P, Zhu T. Long noncoding RNA SLC30A10 promotes colorectal
tumor proliferation and migration via miR-21¢/APC axis. Eur Rev Med Pharmacol Sci.
(2020) 24:6682-91. doi: 10.26355/eurrev_202006_21655

Frontiers in Immunology

10.3389/fimmu.2025.1750534

173. Kamynina M, Rozenberg JM, Kushchenko AS, Dmitriev SE, Modestov A,
Kamashev D, et al. Forced overexpression and knockout analysis of SLC30A and
SLC39A family genes suggests their involvement in establishing resistance to cisplatin
in human cancer cells. Int ] Mol Sci. (2024) 25:12049. doi: 10.3390/ijms252212049

174. Lei J, Fu J, Wang T, Guo Y, Gong M, Xia T, et al. Molecular subtype
identification and prognosis stratification by a immunogenic cell death-related gene
expression signature in colorectal cancer. Expert Rev Anticancer Ther. (2024) 24:635—
47. doi: 10.1080/14737140.2024.2320187

175. Barresi V, Valenti G, Spampinato G, Musso N, Castorina S, Rizzarelli E, et al.
Transcriptome analysis reveals an altered expression profile of zinc transporters in
colorectal cancer. J Cell Biochem. (2018) 119:9707-19. doi: 10.1002/jcb.27285

176. Yao H, Ren D, Wang Y, Wu L, Wu Y, Wang W, et al. KCTD?9 inhibits the Wnt/
[-catenin pathway by decreasing the level of B-catenin in colorectal cancer. Cell Death
Dis. (2022) 13:761. doi: 10.1038/541419-022-05200-1

177. Jin H, Liu P, Wu Y, Meng X, Wu M, Han J, et al. Exosomal zinc transporter
ZIP4 promotes cancer growth and is a novel diagnostic biomarker for pancreatic
cancer. Cancer Sci. (2018) 109:2946-56. doi: 10.1111/cas.13737

178. Liu M, Yang J, Zhang Y, Zhou Z, Cui X, Zhang L, et al. ZIP4 promotes
pancreatic cancer progression by repressing ZO-1 and claudin-1 through a ZEB1-
dependent transcriptional mechanism. Clin Cancer Res. (2018) 24:3186-96.
doi: 10.1158/1078-0432.CCR-18-0263

179. Franklin RB, Zou J, Costello LC. The cytotoxic role of RREBI, ZIP3 zinc
transporter, and zinc in human pancreatic adenocarcinoma. Cancer Biol Ther. (2014)
15:1431-7. doi: 10.4161/cbt.29927

180. Ren X, Feng C, Wang Y, Chen P, Wang S, Wang J, et al. SLC39A10 promotes
Malignant phenotypes of gastric cancer cells by activating the CK2-mediated MAPK/
ERK and PI3K/AKT pathways. Exp Mol Med. (2023) 55:1757-69. doi: 10.1038/s12276-
023-01062-5

181. Guan X, Yang J, Wang W, Zhao B, Hu S, Yu D, et al. Dual inhibition of MYC
and SLC39A10 by a novel natural product STAT3 inhibitor derived from Chaetomium
globosum suppresses tumor growth and metastasis in gastric cancer. Pharmacol Res.
(2023) 189:106703. doi: 10.1016/j.phrs.2023.106703

182. Yu D, Chen Y, Luo M, Peng Y, Yi S. Upregulated solute carrier SLC39A1
promotes gastric cancer proliferation and indicates unfavorable prognosis. Genet Res.
(2022) 2022:1256021. doi: 10.1155/2022/1256021

183. Zhang Y, Bai J, Si W, Yuan S, Li Y, Chen X. SLC39A7, regulated by miR-139-5p,
induces cell proliferation, migration and inhibits apoptosis in gastric cancer via Akt/mTOR
signaling pathway. Bioscience Rep. (2020) 40:BSR20200041. doi: 10.1042/bsr20200041

184. Ding B, Lou W, Xu L, Li R, Fan W. Analysis the prognostic values of solute
carrier (SLC) family 39 genes in gastric cancer. Am J Transl Res. (2019) 11:486-98.

185. Li F, Zhang X, Feng L, Zhang X. SLC30A2-mediated zinc metabolism
modulates gastric cancer progression via the Wnt/B-catenin signaling pathway. FBL.
(2024) 29:351. doi: 10.31083/j.fb12910351

186. Zhang L, Liu Z, Dong Y, Kong L. Epigenetic targeting of SLC30A3 by HDAC1
is related to the Malignant phenotype of glioblastoma. IUBMB Life. (2021) 73:784-99.
doi: 10.1002/iub.2463

187. Yu W, Gui S, Xie J, Peng L, Xiao J, Luo H, et al. Investigation of cuproptosis
regulator-mediated modification patterns and SLC30A7 function in GBM. Aging
(Albany NY). (2024) 16:3554-82. doi: 10.18632/aging.205545

188. Wang P, Zhang ], He S, Xiao B, Peng X. SLC39A1 contribute to Malignant
progression and have clinical prognostic impact in gliomas. Cancer Cell Int. (2020)
20:573. doi: 10.1186/512935-020-01675-0

189. Chen L, Zhou J, Li L, Zhao J, Li H, Zheng W, et al. SLC39A7 promotes
Malignant behaviors in glioma via the TNF-o-mediated NF-kB signaling pathway. ]
Cancer. (2021) 12:4530-41. doi: 10.7150/jca.54158

190. Zhang L, Yang J, Zhou Z, Ren Y, Chen B, Tang A, et al. A zinc transporter
drives glioblastoma progression via extracellular vesicles-reprogrammed microglial
plasticity. Proc Natl Acad Sci. (2025) 122:¢2427073122. doi: 10.1073/pnas.2427073122

191. ZhangY, Wu X, Zhu J, Lu R, Ouyang Y. Knockdown of SLC39A14 inhibits glioma
progression by promoting erastin-induced ferroptosis SLC39A14 knockdown inhibits
glioma progression. BMC Cancer. (2023) 23:1120. doi: 10.1186/512885-023-11637-0

192. Prasad B, Tian Y, Li X. Large-scale analysis reveals gene signature for survival
prediction in primary glioblastoma. Mol Neurobiol. (2020) 57:5235-46. doi: 10.1007/
§12035-020-02088-w

193. Ziliotto S, Gee JMW, Ellis IO, Green AR, Finlay P, Gobbato A, et al. Activated
zinc transporter ZIP7 as an indicator of anti-hormone resistance in breast cancer.
Metallomics. (2019) 11:1579-92. doi: 10.1039/c9mt00136k

194. Saravanan R, Balasubramanian V, Sundaram S, Dev B, Vittalraj P, Pitani RS,
et al. Expression of cell surface zinc transporter LIV1 in triple negative breast cancer is
an indicator of poor prognosis and therapy failure. J Cell Physiol. (2024) 239:e31203.
doi: 10.1002/jcp.31203

195. Kagara N, Tanaka N, Noguchi S, Hirano T. Zinc and its transporter ZIP10 are
involved in invasive behavior of breast cancer cells. Cancer Sci. (2007) 98:692-7.
doi: 10.1111/j.1349-7006.2007.00446.x

196. Liu L, Yang J, Wang C. Analysis of the prognostic significance of solute carrier
(SLC) family 39 genes in breast cancer. Bioscience Rep. (2020) 40:BSR20200764.
doi: 10.1042/BSR20200764

frontiersin.org


https://doi.org/10.1371/journal.pone.0027720
https://doi.org/10.1371/journal.pone.0027720
https://doi.org/10.1016/j.yjmcc.2019.05.011
https://doi.org/10.1080/10715762.2022.2052057
https://doi.org/10.1038/s41431-020-00803-8
https://doi.org/10.1002/jmd2.12465
https://doi.org/10.1161/CIRCRESAHA.125.326201
https://doi.org/10.1089/ars.2024.0815
https://doi.org/10.3389/fphys.2022.912277
https://doi.org/10.1016/j.ajhg.2023.08.009
https://doi.org/10.1002/advs.202205345
https://doi.org/10.1172/jci.insight.169738
https://doi.org/10.2147/jhc.S349966
https://doi.org/10.1002/ctm2.70362
https://doi.org/10.7150/ijbs.7401
https://doi.org/10.2147/jhc.S320326
https://doi.org/10.1097/hep.0000000000000629
https://doi.org/10.1097/hep.0000000000000629
https://doi.org/10.7150/jca.97214
https://doi.org/10.1016/j.jtemb.2018.04.034
https://doi.org/10.1016/j.bbamcr.2024.119755
https://doi.org/10.1038/s41598-025-03713-1
https://doi.org/10.21037/tcr-20-2640
https://doi.org/10.7150/jca.94628
https://doi.org/10.26355/eurrev_202006_21655
https://doi.org/10.3390/ijms252212049
https://doi.org/10.1080/14737140.2024.2320187
https://doi.org/10.1002/jcb.27285
https://doi.org/10.1038/s41419-022-05200-1
https://doi.org/10.1111/cas.13737
https://doi.org/10.1158/1078-0432.CCR-18-0263
https://doi.org/10.4161/cbt.29927
https://doi.org/10.1038/s12276-023-01062-5
https://doi.org/10.1038/s12276-023-01062-5
https://doi.org/10.1016/j.phrs.2023.106703
https://doi.org/10.1155/2022/1256021
https://doi.org/10.1042/bsr20200041
https://doi.org/10.31083/j.fbl2910351
https://doi.org/10.1002/iub.2463
https://doi.org/10.18632/aging.205545
https://doi.org/10.1186/s12935-020-01675-0
https://doi.org/10.7150/jca.54158
https://doi.org/10.1073/pnas.2427073122
https://doi.org/10.1186/s12885-023-11637-0
https://doi.org/10.1007/s12035-020-02088-w
https://doi.org/10.1007/s12035-020-02088-w
https://doi.org/10.1039/c9mt00136k
https://doi.org/10.1002/jcp.31203
https://doi.org/10.1111/j.1349-7006.2007.00446.x
https://doi.org/10.1042/BSR20200764
https://doi.org/10.3389/fimmu.2025.1750534
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhou et al.

197. Lee S, Zhou Y, Gill DL, Kelleher SL. A genetic variant in SLC30A2 causes breast
dysfunction during lactation by inducing ER stress, oxidative stress and epithelial
barrier defects. Sci Rep. (2018) 8:3542. doi: 10.1038/s41598-018-21505-8

198. Lopez V, Foolad F, Kelleher SL. ZnT2-overexpression represses the cytotoxic
effects of zinc hyper-accumulation in Malignant metallothionein-null T47D breast
tumor cells. Cancer Lett. (2011) 304:41-51. doi: 10.1016/j.canlet.2011.01.027

199. Barman SK, Nesarajah AN, Zaman MS, Malladi CS, Mahns DA, Wu MJ.
Distinctive expression and cellular localisation of zinc homeostasis-related proteins in
breast and prostate cancer cells. ] Trace Elements Med Biol. (2024) 86:127500.
doi: 10.1016/j.jtemb.2024.127500

200. Parada H, Cleveland R]J, North KE, Stevens ], Teitelbaum SL, Neugut Al et al.
Genetic polymorphisms of diabetes-related genes, their interaction with diabetes status,
and breast cancer incidence and mortality: The Long Island Breast Cancer Study
Project. Mol Carcinogenesis. (2019) 58:436-46. doi: 10.1002/mc.22940

201. Desouki MM, Geradsts J, Milon B, Franklin RB, Costello LC. hZip2 and hZip3
zinc transporters are down regulated in human prostate adenocarcinomatous glands.
Mol Cancer. (2007) 6:37. doi: 10.1186/1476-4598-6-37

202. Makhov PB, Golovine KV, Kutikov A, Canter DJ, Rybko VA, Roshchin DA,
et al. Reversal of epigenetic silencing of AP-2alpha results in increased zinc uptake in
DU-145 and LNCaP prostate cancer cells. Carcinogenesis. (2011) 32:1773-81.
doi: 10.1093/carcin/bgr212

203. Milon BC, Agyapong A, Bautista R, Costello LC, Franklin RB. Ras responsive
element binding protein-1 (RREB-1) down-regulates hZIP1 expression in prostate
cancer cells. Prostate. (2010) 70:288-96. doi: 10.1002/pros.21063

204. Feng P, Li T, Guan Z, Franklin RB, Costello LC. The involvement of Bax in
zinc-induced mitochondrial apoptogenesis in Malignant prostate cells. Mol Cancer.
(2008) 7:25. doi: 10.1186/1476-4598-7-25

205. Singh CK, Malas KM, Tydrick C, Siddiqui IA, Iczkowski KA, Ahmad N.
Analysis of zinc-exporters expression in prostate cancer. Sci Rep. (2016) 6:36772.
doi: 10.1038/srep36772

206. Xue Y, Tang H, Chen G, Pan Y, Li D, Ping Y. Correction: Intracellular
regulation of zinc by metal-organic framework-mediated genome editing for prostate
cancer therapy. Biomater Sci. (2024) 12:807. doi: 10.1039/d3bm90068a

207. Barman SK, Zaman MS, Veljanoski F, Malladi CS, Mahns DA, Wu M]J.
Expression profiles of the genes associated with zinc homeostasis in normal and
cancerous breast and prostate cells. Metallomics. (2022) 14:mfac038. doi: 10.1093/
mtomcs/mfac038

208. Chen J, Chou F, Yeh S, Ou Z, Shyr C, Huang C, et al. Androgen
dihydrotestosterone (DHT) promotes the bladder cancer nuclear AR-negative cell
invasion via a newly identified membrane androgen receptor (mAR-SLC39A9)-
mediated Goi protein/MAPK/MMPY intracellular signaling. Oncogene. (2020)
39:574-86. doi: 10.1038/541388-019-0964-6

209. Li S, Gui ], Karagas MR, Passarelli MN. Transcriptome-wide association study
identifies genes associated with bladder cancer risk. Sci Rep. (2025) 15:1390.
doi: 10.1038/541598-025-85565-3

210. Yuan Y, Liu Z, Li B, Gong Z, Piao C, Du Y, et al. Integrated analysis of
transcriptomics, proteomics and metabolomics data reveals the role of SLC39A1 in
renal cell carcinoma. Front Cell Dev Biol. (2022) 10:977960. doi: 10.3389/
fcell.2022.977960

211. Zeng ], Feng Q, Wang Y, Xie G, Li Y, Yang Y, et al. Circular RNA circ_001842
plays an oncogenic role in renal cell carcinoma by disrupting microRNA-502-5p-
mediated inhibition of SLC39A14. J Cell Mol Med. (2020) 24:9712-25. doi: 10.1111/
jemm.15529

212. ZhouH, Zhu Y, Qi H, Liang L, Wu H, Yuan J, et al. Evaluation of the prognostic
values of solute carrier (SLC) family 39 genes for patients with lung adenocarcinoma.
Aging (Albany NY). (2021) 13:5312-31. doi: 10.18632/aging.202452

213. Kim EY, Verdejo-Torres O, Diaz-Rodriguez K, Hasanain F, Caromile L,
Padilla-Benavides T. Single nucleotide polymorphisms and Zn transport by ZIP11
shape functional phenotypes of HeLa cells. Metallomics. (2024) 16:mfae006.
doi: 10.1093/mtomcs/mfae006

214. Zhang J, Chen XW, Shu LS, Liu CD. The correlation and role analysis of
SLC30A1 and SLC30A10 in cervical carcinoma. J Cancer. (2022) 13:1031-47.
doi: 10.7150/jca.56777

215. Fan Q, Zhang W, Emerson RE, Xu Y. ZIP4 is a novel cancer stem cell marker in
high-grade serous ovarian cancer. Cancers (Basel). (2020) 12:3692. doi: 10.3390/
cancers12123692

Frontiers in Immunology

23

10.3389/fimmu.2025.1750534

216. Cheng X, Wang J, Liu C, Jiang T, Yang N, Liu D, et al. Zinc transporter
SLC39A13/ZIP13 facilitates the metastasis of human ovarian cancer cells via activating
Src/FAK signaling pathway. ] Exp Clin Cancer Res. (2021) 40:199. doi: 10.1186/s13046-
021-01999-3

217. Yi T, Yang Z, Shen P, Huang Y. Immunogenic cell death-related genes as
prognostic biomarkers and therapeutic insights in uterine corpus endometrial
carcinoma: an integrative bioinformatics analysis. Front Oncol. (2025) 15.
doi: 10.3389/fonc.2025.1588703

218. Januszyk P, Januszyk K, Wierzbik-Stronska M, Boron D, Grabarek B. Analysis
of the Differences in the Expression of mRNAs and miRNAs Associated with Drug
Resistance in Endometrial Cancer Cells Treated with Salinomycin. Curr Pharm
Biotechnol. (2021) 22:541-8. doi: 10.2174/1389201021666200629151008

219. Xia C, Chen X, Li J, Chen P. SLC39A4 as a novel prognosis marker promotes
tumor progression in esophageal squamous cell carcinoma. Onco Targets Ther. (2020)
13:3999-4008. doi: 10.2147/0tt.5245094

220. Cheng X, Wei L, Huang X, Zheng J, Shao M, Feng T, et al. Solute carrier family
39 member 6 gene promotes aggressiveness of esophageal carcinoma cells by increasing
intracellular levels of zinc, activating phosphatidylinositol 3-kinase signaling, and up-
regulating genes that regulate metastasis. Gastroenterology. (2017) 152:1985-
1997.e1912. doi: 10.1053/.gastro.2017.02.006

221. Qu H, Yu Q, Ye L, Zheng J. SLC39A14 promotes the development of
esophageal squamous cell carcinoma through PI3K/Akt/mTOR signaling pathway.
Int Immunopharmacol. (2025) 146:113831. doi: 10.1016/j.intimp.2024.113831

222. Jin J, Li Z, Liu J, Wu Y, Gao X, He Y. Knockdown of zinc transporter ZIP5
(SLC39A5) expression significantly inhibits human esophageal cancer progression.
Oncol Rep. (2015) 34:1431-9. doi: 10.3892/0r.2015.4097

223. Zhou J-Y, Shen Q-H, Xiong Y-W, Chen J-W, Hui Q, Zhou R, et al. Zinc-
mediated metalloimmunotherapy with dual elimination of tumor and intratumoral
bacteria in oral squamous cell carcinoma. Biomaterials. (2025) 323:123439.
doi: 10.1016/j.biomaterials.2025.123439

224. Chen X, Yu J, Tian H, Shan Z, Liu W, Pan Z, et al. Circle RNA
hsa_circRNA_100290 serves as a ceRNA for miR-378a to regulate oral squamous
cell carcinoma cells growth via Glucose transporter-1 (GLUT1) and glycolysis. J Cell
Physiol. (2019) 234:19130-40. doi: 10.1002/jcp.28692

225. Althobiti M, El-sharawy KA, Joseph C, Aleskandarany M, Toss MS, Green AR,
et al. Oestrogen-regulated protein SLC39A6: a biomarker of good prognosis in luminal
breast cancer. Breast Cancer Res Treat. (2021) 189:621-30. doi: 10.1007/s10549-021-
06336-y

226. Meng Y, Li Y, Fang D, Huang Y. Identification of solute carrier family genes
related to the prognosis and tumor-infiltrating immune cells of pancreatic ductal
adenocarcinoma. Ann Transl Med. (2022) 10:57. doi: 10.21037/atm-21-6341

227. Nolin E, Gans S, Llamas L, Bandyopadhyay S, Brittain SM, Bernasconi-Elias P,
et al. Discovery of a ZIP7 inhibitor from a Notch pathway screen. Nat Chem Biol.
(2019) 15:179-88. doi: 10.1038/s41589-018-0200-7

228. Pujol-Giménez J, Poirier M, Bithlmann S, Schuppisser C, Bhardwaj R, Awale M,
et al. Inhibitors of human divalent metal transporters DMT1 (SLC11A2) and ZIP8
(SLC39A8) from a GDB-17 fragment library. ChemMedChem. (2021) 16:3306-14.
doi: 10.1002/cmdc.202100467

229. Poirier M, Pujol-Gimeénez J, Manatschal C, Bithlmann S, Embaby A, Javor S,
et al. Pyrazolyl-pyrimidones inhibit the function of human solute carrier protein
SLC11A2 (hDMTI1) by metal chelation. RSC Med Chem. (2020) 11:1023-31.
doi: 10.1039/d0md00085j

230. Ishida T, Yamaguchi T, Takechi S. 3-Hydro-2,2,5,6-tetramethylpyrazine: A
novel inducer of zinc transporter-1 in HepG2 human hepatocellular carcinoma cells.
Arch Biochem Biophysics. (2015) 580:57-63. doi: 10.1016/j.abb.2015.07.002

231. Sussman D, Smith LM, Anderson ME, Duniho S, Hunter JH, Kostner H, et al. SGN-
LIV1A: A novel antibody-drug conjugate targeting LIV-1 for the treatment of metastatic
breast cancer. Mol Cancer Ther. (2014) 13:2991-3000. doi: 10.1158/1535-7163.MCT-13-0896

232. Li M, Fan K, Zheng B, Zekria D, Suo T, Liu H, et al. Knockdown of SLC39A4
expression inhibits the proliferation and motility of gallbladder cancer cells and tumor
formation in nude mice. Cancer Manag Res. (2021) 13:2235-46. doi: 10.2147/
cmar.5282269

233. Li M, Zhang Y, Bharadwaj U, Zhai QJ, Ahern CH, Fisher WE, et al. Down-
regulation of ZIP4 by RNA interference inhibits pancreatic cancer growth and increases
the survival of nude mice with pancreatic cancer xenografts. Clin Cancer Res. (2009)
15:5993-6001. doi: 10.1158/1078-0432.Ccr-09-0557

frontiersin.org


https://doi.org/10.1038/s41598-018-21505-8
https://doi.org/10.1016/j.canlet.2011.01.027
https://doi.org/10.1016/j.jtemb.2024.127500
https://doi.org/10.1002/mc.22940
https://doi.org/10.1186/1476-4598-6-37
https://doi.org/10.1093/carcin/bgr212
https://doi.org/10.1002/pros.21063
https://doi.org/10.1186/1476-4598-7-25
https://doi.org/10.1038/srep36772
https://doi.org/10.1039/d3bm90068a
https://doi.org/10.1093/mtomcs/mfac038
https://doi.org/10.1093/mtomcs/mfac038
https://doi.org/10.1038/s41388-019-0964-6
https://doi.org/10.1038/s41598-025-85565-3
https://doi.org/10.3389/fcell.2022.977960
https://doi.org/10.3389/fcell.2022.977960
https://doi.org/10.1111/jcmm.15529
https://doi.org/10.1111/jcmm.15529
https://doi.org/10.18632/aging.202452
https://doi.org/10.1093/mtomcs/mfae006
https://doi.org/10.7150/jca.56777
https://doi.org/10.3390/cancers12123692
https://doi.org/10.3390/cancers12123692
https://doi.org/10.1186/s13046-021-01999-3
https://doi.org/10.1186/s13046-021-01999-3
https://doi.org/10.3389/fonc.2025.1588703
https://doi.org/10.2174/1389201021666200629151008
https://doi.org/10.2147/ott.S245094
https://doi.org/10.1053/j.gastro.2017.02.006
https://doi.org/10.1016/j.intimp.2024.113831
https://doi.org/10.3892/or.2015.4097
https://doi.org/10.1016/j.biomaterials.2025.123439
https://doi.org/10.1002/jcp.28692
https://doi.org/10.1007/s10549-021-06336-y
https://doi.org/10.1007/s10549-021-06336-y
https://doi.org/10.21037/atm-21-6341
https://doi.org/10.1038/s41589-018-0200-7
https://doi.org/10.1002/cmdc.202100467
https://doi.org/10.1039/d0md00085j
https://doi.org/10.1016/j.abb.2015.07.002
https://doi.org/10.1158/1535-7163.MCT-13-0896
https://doi.org/10.2147/cmar.S282269
https://doi.org/10.2147/cmar.S282269
https://doi.org/10.1158/1078-0432.Ccr-09-0557
https://doi.org/10.3389/fimmu.2025.1750534
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	SLC30 (ZnT) and SLC39 (ZIP) zinc transporter families: from gatekeepers of zinc homeostasis to promoters of tumorigenesis and targets for clinical therapy
	1 Introduction
	2 Molecular landscape of the ZnT and ZIP families
	2.1 The basic knowledge of ZnT
	2.2 The basic knowledge of ZIP

	3 Gatekeepers of zinc homeostasis
	3.1 Digestive system
	3.2 Immune system
	3.3 Nervous system
	3.4 Endocrine system
	3.5 Musculoskeletal system
	3.6 Reproductive system
	3.7 Other systems
	3.7.1 Respiratory system
	3.7.2 Urinary system
	3.7.3 Circulatory system


	4 Promoters of tumorigenesis
	4.1 Hepatocellular carcinoma
	4.2 Colorectal cancer
	4.3 Pancreatic cancer
	4.4 Gastric cancer
	4.5 Glioma
	4.6 Breast cancer
	4.7 Prostate cancer
	4.8 Other cancers

	5 Targets for clinical therapy
	6 Conclusion and outlook
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


