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he essentiality of zinc for normal

brain  development is  well
established. It has been suggested that
primary and secondary zinc deficiencies
can contribute to the occurrence of
numerous human birth defects, including
many involving the central nervous
system. In a recent study, we searched for
zinc transporter genes that were critical
for neurodevelopment. We confirmed
that ZIP12 is a zinc transporter
encoded by the gene /39212 that is
highly expressed in the central nervous
systems of human, mouse, and frog
(Xenopus tropicalis) Using loss-of-function
methods, we determined that ZIP12 is
required for neuronal differentiation
and neurite outgrowth and necessary
for neurulation and embryonic viability.
These results highlight an essential need
for zinc regulation during embryogenesis
and nervous system development. We
suggest that s/c39412 is a candidate gene
for inherited neurodevelopmental defects
in humans.

Zinc Deficiency and Birth Defects

Zinc is an essential nutrient whose
requirement is increased during pregnancy
and lactation. Deficits of zinc due to
primary (low dietary intakes), or secondary
(nutrient-nutrient, disease-nutrient, and
gene-nutrient interactions) causes, can
result in an increased risk for multiple
pregnancy  complications  including
birth defects.! Low zinc status has been
reported to affect up to 50% of the world’s
population.! Women with acrodermatitis
enteropathica (AE), a genetic disorder
that results in a low absorption of zinc,
are characterized by a high frequency
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of pregnancy complications unless they
receive zinc supplementation.? The extent
to which other gene defects may contribute
to the occurrence of zinc deficiency is
a subject of debate. We submit that the
identification of other gene abnormalities
that increase the risk of maternal/conceptus
zinc deficiency would be valuable as it
could result in new genetic screens and
therapeutic approaches that would reduce
the risk for certain birth defects.

The Gene slc39a12 Encodes
ZIP12, A Zinc Transporter Highly
Expressed in the Brain

We identified sk39412, a

carrier and integral membrane protein,

solute

as a possible zinc transporter gene.* The
microarray data set published by Dezso
et al.* was used to identify 539412 as a
gene with high expression in the human
brain relative to other tissues. This data set
analysis is supported by expressed sequence
tag (EST) data in the National Center
for Biotechnology Information (NCBI)
Unigene database, as previously noted by
Eide’ and Taylor et al.® We determined
that the s/c39412 gene, also designated as
zinc transporter ZIP12, is highly expressed
in the adult brains of human and mouse
and developing brain of the frog, Xenopus
tropicalis® Given these observations, we
hypothesized that ZIP12 has a significant
role during neurulation and neuronal
development.

ZIP12 is Required for Key Aspects of
Mammalian Neuronal Development

We discovered that ZIP12 is
required for neuronal differentiation.?
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Figure 1. Pathways by which ZIP12 and zinc transport may affect CREB activation and neuronal differentiation. Cell signaling pathways leading to CREB
phosphorylation have been reviewed previously.'?

ZIP12 knockdown in Neuro-2a cells,
and differentiated
primary neuronal precursor cells leads
to impaired neurite sprouting and
outgrowth. ZIP12 is required for CREB
phosphorylation and activation during
Neuro-2a differentiation.
zinc transport by ZIP12 affects an early

primary neurons,

Furthermore,

stage of neuronal differentiation through
CREB phosphorylation, which is evident
within 30 min of differentiation. While
zinc transporters ZIP4, ZIP8, and
ZIP14 have been shown to affect CREB
phosphorylation in tissues outside the
nervous system,”” no previous studies have
linked neuronal zinc transport to CREB
activity.

Mechanistically, it is unclear how
perturbations to zinc homeostasis, ZIP12,
and CREB phosphorylation influence
differentiation.  Possibilities
include impaired tubulin polymerization
or disturbed kinase activity that
affects CREB  phosphorylation.  For
example, IMR-32 neuroblastoma cells

neuronal

incubated in zinc deficient media have
impaired translocation of NFAT and
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NF-kB secondary to perturbed tubulin

1.1 kinase

polymerization. Several
pathways can phosphorylate and activate
CREB (Fig. 1), as reviewed by Johannessen
et al.'”> We observed that neurite extension
induced by constitutive CREB activation
(expressed by viral protein 16-CREBY)
is not sensitive to ZIP12 inhibition or
extracellular zinc chelation. Constitutive
CREB
impaired neurite outgrowth caused by
ZIP12 knockdown, indicating that its
impact on neuronal differentiation occurs
upstream of CREB, rather than affecting
CRE-dependent transcription activated by
CREB.

ZIP12 s tubulin
polymerization as evidenced by the
observation that ZIP12 knockdown leads

to reduced microtubule stability and

activation effectively  rescues

important  for

increased sensitivity to depolymerization
by nocodozole. Disruption of tubulin
polymerization in cultured neural cells
decreases sprouting and reduces mean
neurite length." Intracellular chelation
of zinc leads to die-back of axonal and
dendritic increased

neurites without
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apoptosis.” Also, IMR-32 neuroblastoma
cells show altered microtubule structure
and reduced tubulin polymerization in
zinc chelated media.'® How might zinc
promote tubulin polymerization? While
tubulin possesses low affinity binding sites
for zinc, they are likely not relevant under
718 These low

affinity sites have historically been used to

physiological conditions.

produce tubulin sheets with anti-parallel
protofilaments, not the parallel orientation
found endogenously.” Zinc may indirectly
affect tubulin polymerization as tubulin
oxidation and altered tubulin dynamics
have been found in cellular and rat
models of zinc deficiency’® and have
been linked to impaired transcription
factor translocation.'”" The link between
tubulin polymerization and zinc may
involve microtubule associated proteins
(MAPs) assisting in microtubule stability
and affecting neurite outgrowth.?! Zinc
deficiency can affect numerous neurogenic
processes associated with cell signaling and
microtubule stability.*

A question that remains to be answered
is whether the multiple defects in neuronal

Volume 6 Issue 6



development observed by ZIP12 inhibition
are due to separate processes such as CREB
signaling and tubulin polymerization that
are disrupted by reduced zinc availability
or due to an interconnection between these
pathways, with a single upstream process
that is zinc dependent. Zinc is known to
be important for multiple physiological
processes that span roles including cell
signaling, enzyme co-factor mediation, and
DNA-binding structural motifs.?® A piece
of evidence that supports the possibility
of a single process is the rescue of neurite
outgrowth due to ZIP12 inhibition by
expression of a constitutively active CREB.
More research is required to delineate
between these two scenarios.

ZIP12 is Required for
Neural Tube Closure

Zinc deficiency is associated with an
increased risk of neural tube defects.!
We determined that ZIP12 is required
for neural tube closure and embryonic

tropicalis
observation

viability — during = Xenopus
This

was somewhat unexpected given the

embryogenesis.

substantial @b initio zinc content present
within the Xenopus zygote that does not
seem to change through developmental
stage 50** and the large number of varied
zinc uptake mechanisms in vertebrates.
This led us to the supposition that ZIP12
is functionally involved in redistribution
of zinc within the Xenopus embryo rather
than zinc uptake from its environment.
Intracellular chelation of zinc during
Xenopus development appears to slow
development during neurulation and
arrests development of the CNS with
obvious craniofacial deformities, including
microcephaly and anopthalmia.?

Two explanations for why ZIP12
is critical for neural tube closure are
its possible roles in cell signaling and
morphogenesis, which are processes that
are disrupted by ZIP12 knockdown in
mouse neuronal cultures. Our studies
that CREB is sensitive to
intracellular zinc concentrations, and
CREB inhibition leads to neural tube

defects in Xenopus.?® Further studies are

indicate
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needed to determineif neurulation requires
transcription factors that are sensitive to
zinc or ZIP12 activity. It is possible that
the impaired morphogenesis observed by
reduced tubulin polymerization in ZIP12
knockdown embryos reflects a disruption
in cell signaling. Microtubule function is
critical for neural tube closure in vertebrate
embryos.” Additional research is needed
to identify the mechanisms linking zinc to
neural tube closure, and whether there are
common processes between neurulation
and neurite extension that are dependent
upon ZIP12 and zinc.

Possible Role for slc39a12/ZIP12 in
Human Health and Development

Theidentificationof ZIP12inregulating
nervous system zinc homeostasis and
development represents an important step
in elucidating the connections between
zinc transport mechanisms and brain
function. Given our findings in Xenopus
tropicalis and the high conservation
of many pathways and processes for
neurulation and brain development, %
we propose that s/c39a12 is a candidate
gene for nervous system defects during
prenatal development with increased
penetrance during low maternal intake of
dietary zinc. We suggest that prevention
of zinc deficiency, such as through dietary
zinc supplementation, will reduce the risk
of neural tube defects and other congenital
malformations in individuals with select

ZIP12 polymorphisms.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were

disclosed.

Acknowledgments

This work was supported by the
University of California, Davis Center for
Health and Nutrition Research (R.B.R.),
NIH NCRR Grants P41 RR001395S1 (to
Joshua W. Hamilton and M.A.M.) and
P30 GM092374 (to Gary G. Borisy), by
the Eugene and Millicent Bell Fellowship
Fund in Tissue Engineering (M.A.M.),
and by the Hermann Foundation Research
Development Fund Award (M.A.M.).

Communicative & Integrative Biology

References
1. Uriu-Adams JY, Keen CL. Zinc and reproduction:

effects of zinc deficiency on prenatal and early
postnatal development. Birth Defects Res B Dev
Reprod Toxicol 2010; 89:313-25; http://dx.doi.
0rg/10.1002/bdrb.20264; PMID:20803691

2. Hambidge KM, Neldner KH & Walravens PA. Letter:
Zinc,acrodermatitis enteropathica, and congenital
malformations. Lancet 1975; 1:577-8; PMID: 47054;
doi:10.1016/S0140-6736(75)91601-3.

3. 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 20135 110:9903-8; http://dx.doi.
0rg/10.1073/pnas.1222142110; PMID:23716681

4. Dezso Z, Nikolsky Y, Sviridov E, Shi W, Serebriyskaya
T, Dosymbekov D, Bugrim A, Rakhmatulin E,
Brennan R]J, Guryanov A, et al. A comprehensive
functional analysis of tissue specificity of human gene
expression. BMC Biol 2008; 6:49; http://dx.doi.
org/10.1186/1741-7007-6-49; PMID:19014478

5. Eide DJ. The SLC39 family of metal ion transporters.
Pflugers Arch 2004; 447:796-800; http://dx.doi.
0rg/10.1007/s00424-003-1074-3; PMID:12748861

6. Taylor KM, Morgan HE, Smart K, Zahari NM,
Pumford S, Ellis 10, Robertson JF, Nicholson RI.
The emerging role of the LIV-1 subfamily of zinc
transporters in breast cancer. Mol Med 2007; 13:396-
406; http://dx.doi.org/10.2119/2007-00040.Taylor;
PMID:17673939

7. Aydemir TB, Liuzzi JP, McClellan S, Cousins R].
Zinc transporter ZIP8 (SLC39A8) and zinc influence
IFN-gamma expression in activated human T cells.
J Leukoc Biol 2009; 86:337-48; http://dx.doi.
0rg/10.1189/j1b.1208759; PMID:19401385

8. Hojyo S, Fukada T, Shimoda S, Ohashi W, Bin BH,
Koseki H, Hirano T. The zinc transporter SLC39A14/
ZIP14 controls G-protein coupled receptor-mediated
signaling required for systemic growth. PLoS One
2011; 6:€18059; http://dx.doi.org/10.1371/journal.
pone.0018059; PMID:21445361

9. ZhangY, Bharadwaj U, Logsdon CD, Chen C, Yao Q,
Li M. ZIP4 regulates pancreatic cancer cell growth by
activating IL-6/STAT3 pathway through zinc finger
transcription factor CREB. Clin Cancer Res 2010;
16:1423-30; http://dx.doi.org/10.1158/1078-0432.
CCR-09-2405; PMID:20160059

10. Mackenzie GG, Oteiza PI. Zinc and the cytoskeleton
in the neuronal modulation of transcription factor
NFAT. ] Cell Physiol 2007; 210:246-56; http://
dx.doi.org/10.1002/jcp.20861; PMID:17044076

11. Mackenzie GG, Zago MP, Keen CL, Oteiza PI.
Low intracellular zinc impairs the translocation
of activated NF-kappa B to the nuclei in human
neuroblastoma IMR-32 cells. J Biol Chem 2002;
277:34610-7; http://dx.doi.org/10.1074/jbc.
M203616200; PMID:12089148

12. Johannessen M, Delghandi MP, Moens U. What
turns CREB on? Cell Signal 2004; 16:1211-27;
http://dx.doi.org/10.1016/j.cellsig.2004.05.001;
PMID:15337521

13. Barco A, Alarcon JM, Kandel ER. Expression of
constitutively active CREB protein facilitates the
late phase of long-term potentiation by enhancing
synaptic capture. Cell 2002; 108:689-703; http://
dx.doi.org/10.1016/50092-8674(02)00657-8;
PMID:11893339

14. Daniels MP. Colchicine inhibition of nerve fiber
formation invitro. J Cell Biol 19725 53:164-76; http://
dx.doi.org/10.1083/jcb.53.1.164; PMID:4552141

€26207-3



20.

Yang Y, Kawataki T, Fukui K, Koike T. Cellular Zn**
chelators cause “dying-back” neurite degeneration
associated with energy impairment. ] Neurosci
Res 2007; 85:2844-55; http://dx.doi.org/10.1002/
jnr.21411; PMID:17628505

Mackenzie GG, Keen CL, Oteiza PI. Microtubules
are required for NF-kappaB nuclear translocation
in neuroblastoma IMR-32 cells: modulation by
zinc. ] Neurochem 2006; 99:402-15; htep://
dx.doi.org/10.1111/j.1471-4159.2006.04005.x;
PMID:17029595

Eagle GR, Zombola RR, Himes RH. Tubulin-zinc
interactions: binding and polymerization studies.
Biochemistry ~ 1983;  22:221-8;  http://dx.doi.
org/10.1021/bi00270a032; PMID:6403030

Gaskin F, Kress Y. Zinc ion-induced assembly
of tubulin. J Biol Chem 1977; 252:6918-24;
PMID:893451

Lowe J, Li H, Downing KH, Nogales E. Refined
structure of alpha beta-tubulin at 3.5 A resolution.
J Mol Biol 2001; 313:1045-57; http://dx.doi.
org/10.1006/jmbi.2001.5077; PMID:11700061
Mackenzie GG, Salvador GA, Romero C, Keen
CL, Oteiza PI. A deficit in zinc availability can
cause alterations in tubulin thiol redox status in
cultured neurons and in the developing fetal rat
brain. Free Radic Biol Med 2011; 51:480-9; http://
dx.doi.org/10.1016/j.freeradbiomed.2011.04.028;
PMID:21600978

€26207-4

21.

22.

23.

24.

25.

Poulain FE, Sobel A. The microtubule network
and neuronal morphogenesis: Dynamic and
coordinated orchestration through multiple players.
Mol Cell Neurosci 2010; 43:15-32; htep://dx.doi.
0rg/10.1016/j.mcn.2009.07.012; PMID:19660553
Gower-Winter SD, Corniola RS, Morgan TJ Jr.,
Levenson CW. Zinc deficiency regulates hippocampal
gene expression and impairs neuronal differentiation.
Nutr Neurosci 2013; 16:174-82; heep://dx.doi.org/10
.1179/1476830512Y.0000000043; PMID:23582512
Ho E, Ames BN. Low intracellular zinc induces
oxidative DNA damage, disrupts p53, NFkappa
B, and AP1 DNA binding, and affects DNA repair
in a rat glioma cell line. Proc Natl Acad Sci U S A
2002;  99:16770-5;  http://dx.doi.org/10.1073/
pnas.222679399; PMID:12481036

Nomizu T, Falchuk KH, Vallee BL. Zinc, iron,
and copper contents of Xenopus laevis oocytes
and embryos. Mol Reprod Dev 1993; 36:419-
23; http://dx.doi.org/10.1002/mrd.1080360403;
PMID:8305203

Jornvall H, Falchuk KH, Geraci G, Vallee BL.
1,10-Phenanthroline and Xenopus laevis teratology.
Biochem Biophys Res Commun 1994; 200:1398-
4006; http://dx.doi.org/10.1006/bbrc.1994.1606;
PMID:8185592

Communicative & Integrative Biology

26.

27.

28.

29.

Lutz B, Schmid W, Niehrs C, Schiitz G. Essential
role of CREB family proteins during Xenopus
embryogenesis. Mech Dev 1999; 88:55-66; http://
dx.doi.org/10.1016/50925-4773(99)00170-7;
PMID:10525188

Smedley M], M. Calcium
neurulation in mammalian embryos. II. Effects of
cytoskeletal inhibitors and calcium antagonists on the
neural folds of rat embryos. ] Embryol Exp Morphol
1986; 93:167-78; PMID:3734682

Gordon R. A review of the theories of vertebrate

Stanisstreet and

neurulation and their relationship to the mechanics
of neural tube birth defects. ] Embryol Exp Morphol
1985; 89(Suppl):229-55; PMID:3913733

Ueno N, Greene ND. Planar cell polarity genes and
neural tube closure. Birth Defects Res C Embryo
Today 2003; 69:318-24; http://dx.doi.org/10.1002/
bdrc.10029; PMID:14745972

Volume 6 Issue 6





