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Zn2+ is required for many aspects of neuronal structure and func-
tion. However, the regulation of Zn2+ in the nervous system remains
poorly understood. Systematic analysis of tissue-profiling microar-
ray data showed that the zinc transporter ZIP12 (slc39a12) is highly
expressed in the human brain. In the work reported here, we con-
firmed that ZIP12 is a Zn2+ uptake transporter with a conserved
pattern of high expression in the mouse and Xenopus nervous sys-
tem. Mouse neurons and Neuro-2a cells produce fewer and shorter
neurites after ZIP12 knockdownwithout affecting cell viability. Zn2+

chelation or loading in cells to alter Zn2+ availability respectively
mimicked or reduced the effects of ZIP12 knockdown on neurite
outgrowth. ZIP12 knockdown reduces cAMP response element-bind-
ing protein activation and phosphorylation at serine 133, which is
a critical pathway for neuronal differentiation. Constitutive cAMP
response element-binding protein activation restores impairments
in neurite outgrowth caused by Zn2+ chelation or ZIP12 knockdown.
ZIP12 knockdown also reduces tubulin polymerization and increases
sensitivity to nocodazole following neurite outgrowth. We find that
ZIP12 is expressed during neurulation and early nervous system de-
velopment in Xenopus tropicalis,where ZIP12 antisense morpholino
knockdown impairs neural tube closure and arrests development
during neurulation with concomitant reduction in tubulin polymer-
ization in the neural plate. This study identifies a Zn2+ transporter
that is specifically required for nervous system development and
provides tangible links between Zn2+, neurulation, and neuronal
differentiation.
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Approximately 12% of Americans fail to consume the Esti-
mated Average Requirement for Zn2+ and could be at risk

for zinc deficiency (1). Zn2+ is a nutrient that plays critical roles in
more than 1,000 proteins, including enzyme catalysis, cell signaling,
and DNA repair (2), and as a result is essential for neural de-
velopment, learning, and memory (3). Gene–nutrient interactions
influence brain development, structure, and function throughout
all stages of life (4). Zn2+ supplementation can reduce the risk
for certain pregnancy complications (5–7), including congenital
defects, by preventing primary deficiencies caused by diet or by
treating secondary deficiencies, such as acrodermatitis enter-
opathica, a genetic disorder caused by a defect in intestinal Zn2+

transport secondary to a mutation in the Zn2+ IRT-like protein
ZIP4 (5). Members of the solute carrier 39 (SLC39) gene family
encoding the Zn2+ IRT-like proteins (ZIPs) are important com-
ponents of cellular Zn2+ homeostasis and encode proteins that
promote cellular Zn2+ uptake in a wide range of species (8). In
vertebrates, mutations in some SLC39 members have been linked
to developmental and metabolic disorders (5, 9–13), generally
leading to pleiotropic phenotypes.
Here, we analyzed published genome-wide microarray data

(14) to determine that slc39a12 (ZIP12) is highly expressed in the
human brain relative to other SLC30 and SLC39 transporters.We
used a reverse genetics approach to demonstrate that ZIP12 is an
essential Zn2+ transporter predominantly expressed in the brain.

We observed that ZIP12 is important for multiple aspects of
neuronal differentiation, including activation of cAMP response
element-binding protein (CREB), tubulin polymerization, and
neurite extension, in vitro. We show that ZIP12 is required for
neurulation and embryonic viability during Xenopus tropicalis
development. These findings show that the Zn2+ transporter
ZIP12 represents a point of regulation that links Zn2+ directly to
nervous system development.

Results
ZIP12 Is Highly Expressed in the Brain. We analyzed a previously
published microarray dataset (14) for human genes in the SLC30
and SLC39 families with brain-specific patterns of expression
that are likely to be important for nervous system development
and function (Fig. S1A). Of 32,878 probe sets, 1,130 genes
(3.44%) had a brain expression ratio greater than 5; of these,
1,118 genes (3.40%) were annotated with a gene symbol, Na-
tional Center for Biotechnology Information accession number,
or Celera transcript number (Dataset S1). The gene expression
of slc39a12 is 47-fold higher in the human brain than in other
tissues (Fig. S1A). The top five genes with the highest brain-
expression ratios (Dataset S1) have documented nervous system-
specific expression patterns and functions. The high expression
of ZIP12 in the human brain identified in our analysis is con-
sistent with a previous transcriptome analysis using expressed
sequence tag data (8).
Next, we examined slc39a12 expression in mice to gain insight

into the possible physiological roles of ZIP12. Our gene-
expression analysis revealed high levels of mZIP12 mRNA in
brain (Fig. 1A). We created an mZIP12-specific antibody that
binds to an N-terminal epitope before the first transmembrane
domain (Fig. 1B). mZIP12 protein expression was primarily in
the mouse brain (Fig. 1C) and was detected in the hippocampus,
frontal cortex, striatum, hypothalamus, and cerebellum (Fig. 1D).
Primary mouse neurons have endogenous ZIP12 expression at the
plasma membrane (Fig. 1E). mZIP12 localization to the plasma
membrane also was confirmed via epitope labeling in unpermea-
bilized CHO cells transfected with mZIP12-HA (Fig. S1 B–E).
Sequestration of extracellular Zn2+ with the Zn2+ chelator N,N,N′,
N′-tetrakis(2-pyridylmethyl)ethylenediamine (TPEN) resulted in
a redistribution of mZIP12 from the perinuclear space to the cy-
toplasm and plasma membrane, as detected by indirect immuno-
fluorescence (Fig. S1D) and cell-surface protein biotinylation (Fig.
S1E). TPEN also increased Zn2+ uptake in both control and
mZIP12-transfected cells (Fig. S1F), indicating that mZIP12 is
present at the plasma membrane of transfected CHO cells.
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mZIP12 protein also was detected in neurons in the Purkinje
cell layer of the cerebellum (Fig. 1F), medulla oblongata (Fig.
1G), and the frontal cortex (Fig. 1 H and I). No staining was
detected in the granule cells of the cerebellum (Fig. 1F), in-
dicating that not all neurons express ZIP12. The high expression
of ZIP12 in the brain suggests a functional role for ZIP12-
mediated Zn2+ transport in the nervous system.

slc39a12 Encodes the Zn2+ Transporter, ZIP12. The gene slc39a12
encodes a putative member of the SLC39 gene family of Zn2+

transporters. We characterized the kinetic properties of mZIP12
by transfecting CHO cells and measuring Zn2+ uptake using the
radioisotope 65Zn in varying concentrations of free Zn2+ (Fig. 2).
Zn2+ uptake was twofold higher in mZIP12-transfected cells
than in control cells (Fig. 2A). Addition of other metals in excess
did not prevent Zn2+ uptake (Fig. 2B), although copper and
cadmium did suppress Zn2+ uptake to a slight degree. Excess
cold (unlabeled) Zn2+ significantly reduced 65Zn uptake in both
control and mZIP12-transfected cells. ZIP12 activity is temper-
ature dependent because we did not observe significant Zn2+

uptake at 4 °C. We estimated the Km of mZIP12 to be 6.6 nM,
which indicates that mZIP12 has a high affinity for Zn2+, and
a Vmax of 2.7 pmol Zn2+·min−1·mg protein−1. Using inductively
coupled plasma mass spectrometry (ICP-MS), we observed that
mZIP12 induces the accumulation of Zn2+ (Fig. 2C). Over-
expression of ZIP12 increases metal response element (MRE)
activation by metal-regulatory transcription factor 1 (MTF-1),
a sensitive measure of cytoplasmic Zn2+ concentrations (Fig. 2D)
(15). Zinc sequestration with TPEN also increased Zn2+ uptake in
both control and mZIP12-transfected cells (Fig. S1F). The in-
crease in Zn2+ transport by transfection with ZIP12 did not af-
fect cell viability (Fig. 2E). These results indicate that increased
ZIP12 expression results in higher cellular Zn2+ uptake, in-
creased cellular Zn2+ accumulation, and increased cytoplasmic
Zn2+ concentration, consistent with ZIP12 functioning as a Zn2+

transporter.

ZIP12 Expression and Intracellular Zn2+ Increase During Stimulated
Neurite Outgrowth. We conducted studies to determine if neuro-
nal differentiation is accompanied by changes in cellular Zn2+

homeostasis and mZIP12 expression. We used the mouse neuro-
blastoma cell line, Neuro2a (N2a), a well-characterized model for
retinoic acid (RA)-induced differentiation (16). Quantitative trans-
cript analysis of endogenous mZIP12 in N2a cells revealed an
approximately threefold increase in mZIP12 gene expression in
differentiated cells versus control and reduced serum conditions
(Fig. S2A). A similar increase in mZIP12 mRNA expression was
found in neuronal precursor cells (NPCs) (Fig. S2B) following
differentiation. Endogenous mZIP12 protein expression increased
in N2a cells after differentiation (Fig. S2C). After 48 h differenti-
ated N2a cells displayed significantly increased Zn2+ uptake (Fig.
S2D), as measured by 65Zn, and increased fluorescence of the zinc
fluorophore Zinpyr-1 in perinuclear compartments, as measured
by microscopy (Fig. S2E) and flow cytometry (Fig. S2 F and G),
compared with undifferentiated cells. Time-dependent increases in
neurite extension, an early morphological sign of neuronal differ-
entiation, were observed in N2a cells treated with RA (Fig. S2H).
These changes in Zn2+ metabolism induced by differentiation oc-
curred without affecting cell viability (Fig. S2I).

ZIP12 Knockdown Reduces Zn2+ Uptake and Neurite Extension During
Differentiation.We used a ZIP12-specific shRNA plasmid to knock
down expression of endogenous mZIP12 in N2a cells. ZIP12
shRNA effectively reduced mZIP12 mRNA (Fig. S3A) and protein
(Fig. S3B) expression in differentiated N2a cells. Differentiation of
N2a cells increased Zn2+ uptake, which was decreased by ZIP12-
shRNA knockdown (Fig. S3C). No difference in cell viability was
observed between control cells and N2a cells transfected with
ZIP12-shRNA at 48 or 96 h posttransfection (Fig. S3D).
In differentiated N2a cells, knockdown of mZIP12 expression

resulted in fewer and shorter neurites compared with control

Fig. 1. ZIP12 is primarily expressed in the human and mouse brain. (A) ZIP12
mRNA expression detected in various mouse tissues by RT-PCR. (B) Detection
of mouse ZIP12 by immunoblotting in mZIP12-transfected CHO cells. (C andD)
ZIP12 protein expression detected in various mouse tissue lysates (C) and
brain region lysates (D) by immunoblotting. (C) Tissues include (from left to
right): brain, lung, skeletal muscle, liver, small intestine, heart, kidney, and
pancreas. (D) Brain regions include (from left to right): hippocampus (Hipp),
frontal cortex (FC), striatum (Str), hypothalamus (Hyp), and cerebellum (Cerb).
(E) ZIP12 is present at the plasmamembrane in primary mouse neurons. (Scale
bar: 10 μm.) (F–I) ZIP12 is present in coronal sections of various regions of the
mouse brain. Brain regions include (F) cerebellum (including Purkinje cell
layer), (G) medulla oblongata, (H) frontal cortex, and (I) corpus callosum (and
cortex). Arrows in F and G indicate neuronal staining. [Scale bar: 50 μm (60×
magnification) in F and G; 200 μm (20× magnification) in H and I.]

Fig. 2. ZIP12 is a high-affinity, Zn2+- specific transporter. (A) Zn2+ uptake at
different concentrations of free external Zn2+ by ZIP12 in CHO cells was
measured using 65Zn (n = 3, ± SE). The curve marked ZIP12 – Control repre-
sents net Zn2+ uptake in ZIP12-transfected cells minus uptake in control-
transfected cells. (B) Zn2+ uptake specificity of ZIP12 relative to other metals
determined using 65Zn (n = 3, ± SE). Excess Zn2+ indicates cold Zn2+ added to
uptake buffer during assay. (C) Increased Zn2+ content relative to cell number
by ZIP12 was measured by ICP-MS (n = 6, ± SE). (D) ZIP12 increases MRE ac-
tivation, measured by reporter assay (n = 6, ± SE). (E) ZIP12 overexpression
does not affect cell viability at 48 h posttransfection, measured by Trypan
blue exclusion (n = 6, ± SE). **P < 0.01; ***P < 0.001 versus control cells.
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cells (Table S1). Exposure to RA for periods of 48, 72, and 96 h
caused consistently longer neurites in cells treated with control
shRNA than in cells treated with ZIP12-shRNA over the same
time periods (Fig. 3 A and B and Fig. S4 A–C). We observed
a decrease in neurite length when N2a cells were differentiated
with dibutyryl cAMP instead of RA (Fig. S4D). Primary neurons,
either directly dissociated from mouse embryonic brain cortices
(Fig. S4 E and F) or primary mouse NPCs (Fig. S4G and H), had
shorter neurites after 48 h of transfection with ZIP12 shRNA.
These observations show that the ZIP12-dependent aberrant
neurite phenotype is consistent across many neuronal models of
differentiation and is not limited to a specific cell line or de-
pendent on cell line immortalization or specific inducers of dif-
ferentiation. These data indicate that neurite sprouting and
length are linked to intracellular Zn2+ and ZIP12 expression.
We characterized the role of Zn2+ on neurite outgrowth by

manipulating mZIP12 expression with ZIP12-shRNA and avail-
ability of extracellular and intracellular Zn2+ with the nonper-
meant Zn2+ chelator diethylene triamine pentaacetic acid (DTPA)
and the Zn2+ carrier, pyrithione (17), respectively. All experiments
reported here were performed on both N2a cells and primary
mouse NPCs differentiated for 48 h. Treatment of N2a cells with
DTPA resulted in fewer cells expressing neurites (Table S1).
DTPA treatment, which reduced available free Zn2+ concen-
trations below detection (Fig. S5 A and B) in both N2a cells (Fig.
3C) and differentiated mouse NPCs (Fig. S4I), reduced neurite
length in the cells transfected with control shRNA. This phe-
notype was restored by saturating DTPA with additional Zn2+

(Fig. 3C and Fig. S4I). In comparison, ZIP12 knockdown resulted
in cells with fewer neurites (Table S1) and reduced neurite length
(Fig. 3C and Fig. S4I) compared with control cells without DTPA
treatment. Treatment of ZIP12-knockdown cells with DTPA alone
or Zn2+-saturated DTPA did not have further negative effects on
neurite outgrowth. Similar results were found with Zn2+-deficient,
Chelex-treated medium. The effects of ZIP12 were observed in
N2a cells and differentiated mouse NPCs treated with Zn2+ pyr-
ithione. Zn2+ pyrithione radiolabeled with 65Zn crosses the plasma
membrane (Fig. S5 C and D) in greater amounts compared with

equimolar amounts of added Zn2+ alone. In the absence of Zn2+

pyrithione, knockdown of ZIP12 reduced neurite length com-
pared with N2a cells (Fig. 3D) and differentiated mouse NPCs
(Fig. S4J) transfected with control shRNA, whereas neurite
length was recovered with Zn2+ pyrithione treatment. Thus,
neurite length could be rescued by increasing intracellular Zn2+

availability with Zn2+ pyrithione in ZIP12 knockdown cells. Both
DTPA and Zn2+ pyrithione were used at concentrations that do
not affect cell viability (Fig. S5 E–H). These data indicate that
neurite sprouting and length are linked to intracellular Zn2+ and
ZIP12 expression.

ZIP12 Is Important for CREB Signaling and Tubulin Polymerization.We
investigated the role of ZIP12 on CREB function because we
observed that neurite outgrowth, a CREB signaling-dependent
critical step for neuronal differentiation (18), requires ZIP12.
N2a cells transfected with ZIP12 shRNA showed reduced CREB
activation after differentiation for 48 h (Fig. 4A) and impaired
phosphorylation at serine 133 (Fig. 4B) after incubation in dif-
ferentiating medium for 30 min at 48 h posttransfection. We did
not observe a difference in CREB activation and phosphoryla-
tion in undifferentiated cells transfected with control or ZIP12
shRNA. When we differentiated N2a cells while treating them
with chelator to eliminate extracellular Zn2+ availability (Fig. 4C),
we observed that DTPA-treated control-shRNA cells showed
a reduction in CREB activation that was similar to the reduction
induced by ZIP12 shRNA knockdown. This result demonstrates
that chelation of extracellular Zn2+ eliminates the effect of
ZIP12 on CREB activation. CREB phosphorylation was reduced
by intracellular Zn2+ chelation by TPEN in all conditions tested
(Fig. 4D), including both undifferentiated and differentiated
cells and cells transfected with control or ZIP12 shRNA. These
differences in the interactions of Zn2+ chelation and ZIP12 ex-
pression may be caused by the differing characteristics of the cell
impermeant chelator DTPA and the rapid cell permeant che-
lator TPEN and the time courses of the CREB activation and
phosphorylation assays.
We used viral protein 16 (VP16)-CREB, a constitutively active

CREB (19), to determine if the effects of Zn2+ and ZIP12 on
neurite extension could be rescued by CREB activation without
the induction of CREB phosphorylation. Transfection of VP16-
CREB resulted in an increase in neurite length in N2a cells in-
cubated in control and reduced serum media without RA sup-
plementation after 48 h as compared with cells transfected with
control plasmid (Fig. 4E). The neurite outgrowth induced by
constitutive VP16-CREB activation was not affected by extra-
cellular Zn2+ chelation by DTPA (Fig. 4F) or by ZIP12 shRNA
(Fig. 4G). These observations support the concept that CREB
activation is Zn2+-dependent and requires ZIP12 expression
during neuronal differentiation.
We examined tubulin polymerization states in N2a cells to

further our understanding of how neurite length, ZIP12, and
intracellular Zn2+ might be connected. Knockdown of ZIP12
resulted in a reduction of polymerized tubulin and an increase in
soluble tubulin (Fig. 4H) compared with the control. Tubulin ex-
pression, as measured by α-tubulin in whole-cell extracts, was not
affected in either treatment (Fig. 4H). The knockdown of ZIP12
did cause an increase in neurite retraction induced by nocodazole,
a microtubule-destabilizing agent. Here, neurite length was mea-
sured before and after nocodazole treatment for differentiated
N2a cells transfected with the control shRNA or the ZIP12
shRNA. Application of 500 nM nocodazole for 30 min resulted in
a decrease in neurite length in ZIP12-knockdown cells but not in
control cells (Fig. 4I). No changes in neurite length were observed
when nocodazole was withheld. Reductions in neurite length were
evident in both control and ZIP12 shRNA cells when a higher
concentration of nocodazole (1.5 μM) was used.

Fig. 3. Neurite extension is dependent on Zn2+ transport by ZIP12 and is
affected by Zn2+ availability. (A and B) ZIP12 shRNA reduces neurite length in
N2a cells (n = 50, ± SE). (C) Chelation of extracellular Zn2+ with DTPA mimics
the impairment of ZIP12 knockdown on neurite length in N2a cells (n = 50, ±
SE). (D) Zn2+ carrier pyrithione (ZP) restores neurite outgrowth impaired
by ZIP12 shRNA knockdown in N2a cells (n = 50, ± SE). (Scale bars: 100 μm.)
**P < 0.0, ***P < 0.001 versus control cells without DTPA or ZP; ##P < 0.01,
###P < 0.001 versus control cells with DTPA or ZIP12-shRNA cells without ZP.
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Differences in tubulin polymerization in N2a cells caused by
ZIP12-shRNA knockdown were visible by staining polymerized
tubulin with a fluorescent paclitaxel. ZIP12 knockdown resulted
in reduced polymerized tubulin in neurites and increased poly-
merized tubulin staining within the cell body at both 8 h and 48 h
differentiation (Fig. S6). Controls displayed staining for polymer-
ized tubulin primarily within neurites. Undifferentiated ZIP12
knockdown cells and control undifferentiated cells displayed no

discernible difference in polymerized tubulin content and orga-
nization. Polymerized tubulin was visibly prominent in neurites
of untransfected cells next to mZIP12-shRNA–transfected cells
in the same field of view. Some mZIP12-shRNA–transfected
cells showed reduced polymerized tubulin staining in neurites or
heavier tubulin staining in the cell body compared with neurites.
Collectively, these results link ZIP12-dependent Zn2+ transport
function to polymerized tubulin within extending neurites.

ZIP12 Is Expressed During Neurulation and Embryonic Nervous System
Development in X. tropicalis. The slc39a12 ortholog of X. tropicalis
shares 52% and 50% of its predicted amino acid sequence with
human and mouse ZIP12, respectively, and contains conserved
structural features of ZIP proteins. In X. tropicalis, slc39a12
and neighboring genes (contig NW_003163763) share a syntenic
relationship with human and mouse, indicating that xZIP12 is
the ZIP12 ortholog of this species. Gene expression of xZIP12
in adult X. tropicalis was highest in brain tissue, similar to our
observations for mouse tissues (Fig. 5A). xZIP12 gene expression
during development was first detected during early neural plate
formation (stage 13) and increased at the early tailbud stage
(stage 28). Onset of xZIP12 gene expression seems to be similar
to that of N-tubulin (Fig. 5B), which first occurs during early
neurulation (20). Using quantitative RT-PCR, we observed that
xZIP12 mRNA expression is higher in the neural plate than in
the rest of the embryo (Fig. 5C). In situ hybridization of X. tro-
picalis embryos showed that ZIP12 mRNA expression is highest
around the anterior neuropore in the neural plate (Fig. 5D), and
as embryogenesis proceeds, ZIP12 is present in the forebrain,
midbrain, and presumptive eye of the embryo (Fig. 5D). These
gene-expression patterns suggest that xZIP12 is important during
neurulation and subsequent nervous system development.

ZIP12 Is Required for Neurulation and Tubulin Polymerization. Based
on the developmental pattern of ZIP12 expression, we investigated
the functional role of xZIP12 in neurulation by targeted knock-
downwith antisensemorpholinos (MOs).Morpholino slc39a12MO1
prevents the initiation of xZIP12 translation (Fig. S7A), whereas
morpholino slc39a12MO2 causes exon exclusion and premature
termination of xZIP12 translation (Fig. S7 B and C). Embryos
injected with slc39a12MO1 and slc39a12MO2 developed through
gastrulation and neural plate formation but delayed at neural
tube closure and displayed severe neural tube defects. These
defects included incomplete closure of the neural tube (84/100) or
developmental arrest after neural tube closure (16/100) for em-
bryos injected with slc39a12MO1 (Fig. 5G) and delayed closure of
the neural tube (45/109) after 22 h for embryos injected with
slc39a12MO2 (Fig. 5K). All embryos injected with slc39a12MO1
were dead before developmental stage 22 and all embryos injec-
ted with slc39a12MO2 were dead before developmental stage 25
(Fig. 5M). In contrast, embryos injected with a mismatch mor-
pholino to slc39a12MO1 (n = 41) were developmentally normal
and indistinguishable from embryos injected with control mor-
pholino (Fig. 5 H and I). Few embryos injected with control
morpholino (1/153) (Fig. 5 F, H, and J) showed signs of neural
tube defects. Nearly all control-injected embryos (145/153) pro-
ceeded through normal development (stages 32–34). Collectively
these results support the concept that xZIP12 is required for
neurulation during development.
We explored whether xZIP12 affects neurulation through im-

paired tubulin polymerization. N-tubulin is expressed primarily in
the neural tube during closure in Xenopus laevis (21), whereas
α-tubulin is expressed throughout the embryo. Differences in
total N-tubulin and α-tubulin content were not detected in
slc39a12MO1-injected versus control-injected embryo extracts
(Fig. 5N). However, a reduced ratio of polymerized to soluble
N-tubulin was found in slc39a12MO1 compared with control

Fig. 4. ZIP12 is required for CREB signaling and tubulin polymerization. (A
and B) Differentiation of N2a cells increases cAMP response element (CRE)
activation (n = 6, ± SE) and CREB phosphorylation, both of which are blunted
by ZIP12 shRNA-mediated knockdown. ***P < 0.001 versus control un-
differentiated cells; ##P < 0.01 versus control differentiated cells. (C) Extra-
cellular Zn2+ chelation by DTPA mimics the blunting of CREB activation in
differentiated cells induced by ZIP12 shRNA knockdown (n = 6, ± SE). ***P <
0.001 versus control undifferentiated cells; ##P < 0.01 versus control differ-
entiated cells; +++P < 0.001 versus cells treated with DTPA. (D) Intracellular
Zn2+ chelation by TPEN reduces phosphorylation of CREB regardless of ZIP12
shRNA knockdown. (E) Constitutive activation of CREB by VP16-CREB1
transfection increases neurite extension in the absence of RA. ***P < 0.001
versus cells transfected with control plasmid. (F and G) Neurite outgrowth
induced by constitutive activation of CREB is not affected by (F) extracellular
Zn2+ chelation or (G) ZIP12 shRNA-mediated knockdown. ***P < 0.001 versus
cells transfected with control plasmid in reduced (Red) serum medium. ###P <
0.001 versus cells transfected with control plasmid and differentiating me-
dium. (H) ZIP12 knockdown alters soluble and polymerized tubulin fractions
in N2a cells without affecting total tubulin protein expression. (I) ZIP12
knockdown in differentiated N2a cells increases sensitivity to neurite re-
traction following microtubule destabilization by nocodazole (n = 50, ± SE).
***P < 0.001 versus cells before nocodazole.
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extracts (Fig. 5O). Differences in the ratio of polymerized to
soluble α-tubulin were not observed. Taken together, knockdown
of xZIP12 impairs normal neurulation and reduces the amount
of polymerized N-tubulin.

Discussion
Our data show the Zn2+ transporter ZIP12 is critical for neu-
ronal differentiation, neurulation, and embryonic development.
ZIP12 expression in the brain, conserved across human, mouse,
and frog is likely an indicator of evolutionary constraint caused
by the requirement of ZIP12 for nervous system development
and is consistent with other brain-specific genes (22). The
defects in neuronal maturation and neural tube closure caused
by ZIP12 inhibition are consistent with the localization and
expression of mZIP12 and xZIP12. Zn2+ transport by ZIP12
may support an increased demand for Zn2+ during early nervous

system development (4). Importantly, loss of ZIP12 could not
be offset by other numerous Zn2+ uptake pathways, such as
Zn2+-permeable Ca2+ channels (23), or other Zn2+ transpor-
ters. This finding underscores the importance of ZIP12 in its
nonredundant and critical role in neuronal development and
neurulation.
The Zn2+ uptake activity and cellular distribution of ZIP12 are

similar to that of several other members of the SLC39 family.
ZIP12-transfected cells have increased Zn2+ uptake, a high cel-
lular Zn2+ content, and increased cytoplasmic Zn2+ concen-
trations. These changes in cellular Zn2+ are similar to those that
can be induced by ZIP1, ZIP3, and ZIP4 of the SLC39 family
(24), which transit between the plasma membrane and peri-
nuclear regions and transport Zn2+ from the extracellular medium.
The finding that ZIP12 is detectable at the plasma membrane in
primary mouse neurons and transfected CHO cells is supported
by proteomic profiling (25), which identified ZIP12 (FLJ30499)
by LC-MS using extracted and digested plasma membrane pro-
teins from mouse brain. Similar to the Zn2+ transporters ZIP1,
ZIP3, and ZIP4 (24), a significant portion of ZIP12 is present
away from the plasma membrane, and Zn2+ chelation by TPEN
results in migration of ZIP12 away from the perinuclear region
and toward the plasma membrane. Interplay between the high,
nanomolar affinity of ZIP12 for Zn2+, regulation of ZIP12 lo-
calization at the plasma membrane, and tissue-specific expres-
sion of ZIP12 in the nervous system likely contributes to the role
of ZIP12 in development.
Neuronal differentiation requires ZIP12, which links Zn2+ to

physiological aspects of neuronal development. Previous studies
have shown that low dietary Zn2+ intake in rats and mice impairs
neurite outgrowth in the brain (26, 27). CREB activity and neurite
outgrowth are closely linked phases of neuronal differentiation.
RA induces rapid CREB phosphorylation, a critical step that
controls CREB transcriptional activity and neurite outgrowth
(18). Zn2+ transport by ZIP12 affects an early stage of neuronal
differentiation through CREB phosphorylation, which is evident
within 30 min of differentiation. Previous studies have shown Zn2+

ionophore PBT2 increases zinc availability, induces CREB phos-
phorylation, and promotes neuroprotection in cellular models
of Alzheimer’s disease (28). Furthermore, the role of Zn2+

transporters in cell signaling pathways (29–31) has been iden-
tified in tissues outside the nervous system. In support of the role
of Zn2+ in CREB signaling, the constitutive activation of CREB
signaling by VP16-CREB, which essentially bypasses the re-
quirement of CREB phosphorylation for activation activity, ef-
fectively rescues the impairment in neurite outgrowth caused by
either extracellular Zn2+ chelation or ZIP12 knockdown. Given
the wide range of biological functions for Zn2+, neural differ-
entiation may result in an increased need for Zn2+ that is met in
part by ZIP12. Although CREB signaling is affected by ZIP12
and Zn2+, it is possible that the impairments in CREB signaling
and other factors such as tubulin polymerization reflect a broad
delay in differentiation, given the diverse roles of Zn2+ in cell
metabolism (2). More studies will be needed to determine the
roles of ZIP12 and other Zn2+ uptake transporters, such as
ZIP10 (32), which is highly expressed in both brain and liver, at
different stages of neuronal development.
During embryogenesis, knockdown of ZIP12 expression im-

paired neural tube closure and arrested development. A crucial
role of ZIP12 for neurulation is consistent with reports link-
ing dietary Zn2+ deficiency in humans to neural tube defects
(7). The location of ZIP12 expression and the developmental
impairments in ZIP12MO embryos are closely linked. High
expression of ZIP12 was detected at the anterior neuropore,
the primary site of neural tube closure impairment. ZIP12 ex-
pression was concentrated in the eye and head region of Xenopus
tailbud-stage embryos, and for ZIP12MO embryos that proceeded
past neurulation, no optic vesicle or lens development could be

Fig. 5. ZIP12 is expressed primarily in the neural tube and brain of X. tropicalis
and is required for neural tube closure and embryonic viability. (A and B)
ZIP12 and β-actin or GAPDH expression was determined in various adult
tissues and developmental stages by RT-PCR. (C) ZIP12 mRNA expression is
elevated in the neural plate, as determined by quantitative RT-PCR (n = 6, ±
SE). ***P < 0.001 versus whole embryo; ###P < 0.001 versus rest of embryo.
(D) ZIP12 mRNA (slc39a12) is expressed during neurulation and early nervous
system development, analyzed by in situ hybridization. (E–M) ZIP12 knock-
down by antisense morpholino microinjection impairs X. tropicalis develop-
ment during neurulation. (N) Microinjection of slc39a12MO1 does not affect
tubulin protein content, analyzed by immunoblotting. (O) Microinjection of
slc39a12MO1 affects the ratio of polymerized to soluble β2-tubulin, as ana-
lyzed by polymerized tubulin fractionation and immunoblotting. (Scale bars:
250 μm in all images.)

Chowanadisai et al. PNAS | June 11, 2013 | vol. 110 | no. 24 | 9907

M
ED

IC
A
L
SC

IE
N
CE

S



discerned in the presumptive eye region. Tubulin polymerization
was impaired in the neural plate of slc39a12MO1 morphants.
Disruption of microtubules with different agents slows progression
of neurulation and impairs neural tube closure in vertebrate
embryos (33), similar to the effects seen in ZIP12-knockdown
embryos. Chelation of Zn2+ in Xenopus slows development
during neurulation, leading to arrest (34). The correlation be-
tween the temporal and spatial expression of ZIP12 and its
crucial requirement in neurulation all support the hypothesis
that ZIP12 has a specific role in CNS development.
Systematic analyses of tissue-specific patterns of gene coex-

pression across different species, as proposed by Ala et al. (35), can
effectively identify genes critical for nervous system function.
McGary et al. (36) have proposed that phenologs, in which dis-
ruptions in orthologous genes result in phenotypes across species,
can identify candidate disease genes in humans. Further in-
vestigation is warranted to determine if ZIP12 is a candidate gene
for nervous system defects during prenatal development with
increased penetrance during low maternal intake of dietary Zn2+.

Methods
All procedures were approved by the Institutional Animal Care and Use Com-
mitteeattheUniversityofCalifornia,DavisandtheMarineBiologicalLaboratory.

Microinjection of X. tropicalis Embryos with Antisense Morpholinos. Embryos
were injected at the one-cell stage with 10 ng morpholino with 0.2% rho-
damine dextran (Invitrogen) as a tracer.

Additional Methods.Details of microarray data analyses, reagents, cell culture,
transfection, Zn2+ uptake activity, plasmid construction, luciferase reporter
assays, ICP-MS, cell-surface biotinylation, anti-mouse ZIP12 antibody pro-
duction, indirect immunofluorescence, cell protein isolation, immunoblot-
ting, mouse brain immunohistochemistry, free Zn2+ measurements in
solutions, Zinpyr-1 staining, flow cytometry, cell viability, RT-PCR, neurite
length analyses, in situ hybridization, morpholino sequences and validation,
and tubulin organization are described in SI Methods. All statistical analyses
used are detailed in SI Methods.
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