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Zinc is essential but potentially toxic, so intracellular zinc levels are
tightly controlled. A key strategy used by many organisms to
buffer cytosolic zinc is to store it within vesicles and organelles.
It is yet unknown whether vesicular or organellar sites perform
this function in mammals. Human ZIP13, a member of the Zrt/Irt-like
protein (ZIP) metal transporter family, might provide an answer to
this question. Mutations in the ZIP13 gene, SLC39A13, previously
were found to cause the spondylocheiro dysplastic form of Ehlers—
Danlos syndrome (SCD-EDS), a heritable connective tissue disorder.
Those previous studies suggested that ZIP13 transports excess zinc
out of the early secretory pathway and that zinc overload in the
endoplasmic reticulum (ER) occurs in SCD-EDS patients. In contrast,
this study indicates that ZIP13's role is to release labile zinc from
vesicular stores for use in the ER and other compartments. We pro-
pose that SCD-EDS is the result of vesicular zinc trapping and ER zinc
deficiency rather than overload.

homeostasis | collagen

Zinc is an essential trace element. It serves as a catalytic or
structural cofactor and mediates numerous metabolic pro-
cesses. However, excess zinc is toxic. Therefore, intracellular zinc
concentrations must be tightly maintained within a narrow op-
timal range. Cytosolic labile zinc in mammalian cells has been
estimated to be at or below nanomolar concentrations (1, 2). Two
metal transporter families, the SLC30A/cation diffusion fa-
cilitator (CDF)/zinc transporter (ZnT) family and the SLC39A/
Zrt/Irt-like protein (ZIP) family, are primarily responsible for
regulating zinc homeostasis in eukaryotes. ZnT proteins export
zinc from the cytosol to outside the cell or into intracellular
organelles, whereas ZIP transporters import zinc into the cytosol
from the extracellular milieu or organellar lumen (3). The hu-
man genome encodes 10 ZnTs and 14 ZIPs, and the functions of
many of them are still unclear.

Zinc is required in the cytosol and organelles, including those
of the secretory pathway. Many zinc-dependent proteins reside
in the secretory pathway, and others obtain this cofactor as they
pass through the secretory system en route to their final desti-
nation. Resident zinc-requiring enzymes include the endoplasmic
reticulum (ER)-localized chaperones calnexin and calreticulin (4)
and GPI-phosphoethanolamine transferases (5, 6). Secreted zinc
proteins include matrix metalloproteases (7), alkaline phosphatases
(ALPs) (8), and angiotensin-converting enzymes (9). We previously
showed that zinc is required for ER function. Both yeast and
human cells experience ER stress when zinc deficient (10).

Among the ZnT proteins, ZnT5, ZnT6, and ZnT7 reside in the
secretory pathway and transport zinc into the Golgi, whereas ZnT8
loads zinc into pancreatic secretory granules for insulin packaging
(11, 12). Among ZIP family members, ZIP7 was found in the ER
(13), and ZIP9 localizes to the Golgi (14), but their roles are not
well understood.
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ZIP13 is a member of the SLC39A/ZIP family (15). Recessive
mutations in the ZIP13 gene, SLC39413, were found to cause the
spondylocheiro dysplastic form of Ehlers—Danlos syndrome (SCD-
EDS) (16, 17). EDS is a group of heritable connective tissue dis-
orders characterized by joint hypermobility, skin elasticity, and
tissue fragility. Six different types of EDS have been identified,
which generally are caused by mutations in collagen genes or
genes involved in collagen modification or assembly (18).

SCD-EDS clinically resembles EDS type VI caused by mutations
in the procollagen-lysine, 2-oxoglutarate 5-dioxygenase (PLODI)
gene encoding lysyl hydroxylase (LH1) (19). LH1 is an ER-resident
enzyme responsible for procollagen hydroxylation on lysine resi-
dues (18). Lysine hydroxylation is required for cross-linking col-
lagen fibrils for structural integrity. In addition to the overlapping
clinical symptoms of SCD-EDS and EDS type VI, SCD-EDS
patients show skeletal dysplasia and abnormalities of the hands.
Interestingly, SCD-EDS—causing mutations were mapped to
SLC39A13 by two independent groups, and two of the authors
of this study (C.G. and B.S.) previously had identified a deletion
mutation in two family pedigrees (16). Subsequently, Fukada et al.
(17) reported an amino acid substitution in ZIP13 from a third
family and generated a Slc39a13~'~ knockout mouse that re-
capitulated the defects observed in the patients, thereby demon-
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strating that mutations in SLC39413 cause SCD-EDS. SCD-EDS
patients show normal collagen synthesis but decreased levels
of collagen lysine and proline hydroxylation (16). Synthesis and
posttranslational modifications of the nascent a-chains of collagen
occur in the ER. The activities of lysyl and prolyl hydroxylases were
not defective when assayed in SCD-EDS cell lysates (16). Because
high zinc inhibits these hydroxylases in vitro, we proposed that
impaired hydroxylation of lysyl and prolyl residues might be caused
by ER zinc overload in SCD-EDS patients. Therefore, it was hy-
pothesized that ZIP13 localized to the early secretory pathway and
transported zinc out of the ER (16). This idea was supported by
the observation that mouse ZIP13 protein was in the Golgi (17).
It is likely that the zinc status of the Golgi and ER are closely
linked by vesicular trafficking between those compartments.

Here we report our investigations of this hypothesis. We provide
evidence that ZIP13 is indeed a zinc transporter. However, we
show that, rather than localizing to the Golgi or ER, the endog-
enous human ZIP13 protein localizes to vesicles. Based on our
results, we propose that ZIP13 is critical for zinc homeostasis
by releasing labile zinc from vesicular stores for use in the ER
and other compartments. Without functional ZIP13, as occurs
in SCD-EDS, labile zinc becomes trapped in vesicles where it is
unavailable for use elsewhere in the cell. Thus, we propose that
the effects of SLC39413 mutations on collagen modification are
the result of zinc deficiency rather than zinc excess in the early
secretory pathway.

Results

ZIP13 Is a Zinc-Specific Transporter. To test if ZIP13 transports
zinc, the protein was overexpressed in HEK293 cells, and zinc
uptake was monitored. ZIP13 overexpression increased ®Zn up-
take compared with control cells (Fig. 14). ZIP13-dependent zinc

uptake was concentration dependent and saturable with an ap-
parent K, of ~2 uM, similar to other mammalian ZIP transporters
(20-22). It should be noted that this zinc transportation assay
measures uptake across the plasma membrane, but endogenous
ZIP13 normally resides on intracellular vesicles (see below). Thus,
the activity detected here likely reflects that of mislocalized ZIP13,
and we have noted that ZIP13 overexpression leads to accumu-
lation of the protein in the plasma membrane.

To assess the substrate specificity of ZIP13, competition assays
were performed with cells overexpressing ZIP13 in the presence
of excess nonradioactive metal cations. Addition of 10- or 50-fold
excess of nonradioactive zinc to cells overexpressing ZIP13 caused
a marked decrease in ®Zn uptake, whereas the presence of other
metal ions did not have similarly strong effects (Fig. 1B). These
results suggest that ZIP13 transports zinc specifically.

SLC39A13 Is Expressed in Many Tissues and Is Regulated by Zinc. Tissue-
specific expression of SLC39413, which encodes ZIP13, was ex-
amined by Northern blotting. SLC39413 was widely expressed
among many human tissues tested (SI Appendix, Fig. S1). Ex-
pression was especially high in the heart, placenta, and skeletal
muscle. We also detected SLC39A413 expression in HeLa cells
(Fig. 1C). To test whether SLC39413 was regulated by zinc,
HeLa cells were grown in the presence of a zinc chelator, N,N,N’,
N’-tetrakis(2-pyridylmethyl) ethylenediamine (TPEN), and a range
of zinc concentrations. Quantitative RT-PCR (qRT-PCR) analysis
showed SLC39413 expression was elevated ~fivefold by severe
zinc-limiting conditions (i.e., 5 pM TPEN) relative to that in basal
medium (Fig. 1C). These results were consistent with the increased
Slc39a13 expression observed in tissues from zinc-deficient mice
(23). Increased levels of ZIP13 protein also were observed under
zinc-limiting conditions (Fig. 1D).
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Fig. 1. ZIP13 is a zinc transporter, and SLC39A13 expression is regulated by zinc. (A) Concentration-dependent zinc uptake (pmol-min~"-mg protein™") in
HEK293 cells overexpressing ZIP13 (A) or vector-only control cells (@). n = 3; *P < 0.05. (B) Competition assays with HEK293 cells overexpressing ZIP13.
5Zn accumulation (pmol/mg protein) was measured in the presence of 10- or 50-fold molar excess of the metals indicated. C, control with no metals added.
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*P < 0.05. (D) Quantitation of ZIP13 protein levels under different zinc conditions. Untransfected HelLa cells were grown in basal medium or were treated for
12 h with 5 pM TPEN (low zinc) or 100 pM ZnCl; (high zinc). ZIP13 protein levels were detected by immunoblots and normalized with total protein. Mean

values are shown. n = 4; *P < 0.05. Error bars indicate SE.
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Thus, ZIP13 expression is regulated by zinc at the level of
transcription and/or mRNA stability.

ZIP13 Localizes to Intracellular Vesicles. To determine the subcellular
localization of endogenous ZIP13, immunofluorescence micros-
copy was conducted with HeLa cells using an anti-ZIP13 antibody.
ZIP13 localized to punctate vesicles dispersed throughout the cy-
toplasm (SI Appendix, Fig. S2). Immunoblot and immunofluores-
cence analyses with anti-ZIP13 antibody pretreated with the ZIP13
antigen peptide or probed with the secondary antibody alone
confirmed the specificity of anti-ZIP13 antibody (S Appendix,
Fig. S2 A and B). Immunofluorescence microscopy with other
cell types, such as HEK293, HepG2, and primary dermal fibro-
blasts, revealed that the vesicular localization of ZIP13 is not
unique to HeLa cells (Fig. 2B and SI Appendix, Fig. S2C). The
vesicular distribution of ZIP13 was not noticeably affected by zinc
status (SI Appendix, Fig. S3).

Vesicular localization of ZIP13 was confirmed using primary
dermal fibroblasts from an SCD-EDS patient (P3/II) and from
an unaffected heterozygous parent (M2/II) and siRNA-treated
HeLa cells. Little ZIP13 protein was detected in fibroblasts from
the SCD-EDS patient relative to the heterozygous control (Fig. 24),
and detection of ZIP13-containing vesicles in these cells also
was reduced (Fig. 2B). The apparent molecular weight of ZIP13
detected by SDS/PAGE was lower than its expected molecular
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mass (35 kDa), likely because of the largely hydrophobic nature
of the protein, its high capacity to bind SDS, and, therefore, its
more rapid migration during gel electrophoresis (24). Transfecting
HeLa cells with a pool of four siRNAs targeting ZIP13 decreased
SLC39413 mRNA 10-fold (Fig. 2D) and also decreased punctate
Z1P13 staining (Fig. 2E). Control experiments verified that ZIP13
siRNAs did not affect SLC39A41 and SLC39A47, which encode
related ZIP transporters (see SI Appendix, Fig. S54). Also, two
individual siRNAs from the pool of four were found to decrease
SLC39A413 mRNA and ZIP13 protein levels significantly when
used alone (see SI Appendix, Fig. S5 B and C). These data strongly
indicate a punctate vesicular distribution of endogenous ZIP13.

ZIP13 Does Not Colocalize with Many Known Organellar Markers. To
identify the ZIP13 compartment(s), colocalization experiments
were done with several well-characterized organellar markers.
The punctate distribution of ZIP13 we observed was not con-
sistent with the network-like structure of the ER. Furthermore,
colocalization experiments with the ER markers CD3A-GFP and
the KDEL receptor confirmed that ZIP13 is not abundant in the
ER (Fig. 3). The mouse ortholog of ZIP13 and a V5-tagged allele
of human ZIP13 previously were reported to localize to trans-
Golgi (17, 25). However, endogenous human ZIP13 did not
colocalize with the frans-Golgi marker, Golgin-97 (Fig. 3), and
ZIP13 did not colocalize with markers for mitochondria, perox-
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Fig. 2. Cells with loss of ZIP13 function. (A) Immunoblot with primary fibroblasts. Fibroblasts from an SCD-EDS patient (P3/1l) and fibroblasts from a het-
erozygous parent (M2/1l) were grown in basal medium, and total membranes were prepared for ZIP13 immunoblotting. (B) Immunofluorescence staining of
ZIP13 in primary fibroblasts. M2/Il and P3/Il cells were grown under basal conditions and probed with anti-ZIP13 antibody. (C) FluoZin-3-stained images of
primary fibroblasts showing labile zinc distribution. The cells were treated with 100 uM ZnCl, for 12 h before staining. (D) Expression of SLC39A13 in Hela
cells treated with siRNA. Hela cells were transiently transfected with nontargeting control siRNA (NT) or a pool of siRNAs targeting ZIP13 (siZIP13). Total
RNA was isolated from the transfectants, and SLC39A13 levels were detected by qRT-PCR. Mean values are shown. n = 3; *P < 0.001. Error bars indicate SE.
(E) Immunofluorescence staining of ZIP13 in NT and siZIP13 Hela cells. (F) FluoZin-3 staining of NT and siZIP13 cells treated as in C.
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Fig. 3. ZIP13 does not localize to the ER or Golgi. Inmunofluorescence colocalization with ZIP13 (red) and ER (CD3A-GFP, KDELR) or Golgi (Golgin97) markers

(green) in Hela cells.

isomes, lysosomes, autophagosomes, early endosomes, late endo-
somes, or recycling endosomes, nor with vesicles bearing adaptins
AP-1, -2, or -3 or the Rab4, 5, 7, 9, or 11 GTPases (SI Appendix,
Fig. S4). Thus, despite extensive effort, the identity of ZIP13
compartment is unknown and appears to be unique.

Loss of ZIP13 Increases Vesicular Zinc. Human ZIP13 is not abun-
dant in the ER or Golgi. Therefore, SCD-EDS symptoms are not
likely to be caused by zinc excess in those compartments, as was
proposed (16, 17). An alternative hypothesis arose from the
observation that labile zinc accumulates in vesicles in mamma-
lian cells (26, 27). The subcellular localization of ZIP13 and the
regulation of SLC39413 mRNA levels by zinc status suggested a
role for ZIP13 in mobilizing vesicular stores of labile zinc. Thus,
we predicted that cells with reduced ZIP13 function would ac-
cumulate labile zinc within those vesicles. To test this prediction,
HeLa cells transfected with nontargeting or ZIP13-targeting
siRNA pools and primary fibroblasts from an SCD-EDS patient
and a heterozygous parent were stained with a zinc-specific
fluorescent dye, FluoZin-3, after treatment with high zinc. SCD-
EDS is recessive, so the unaffected heterozygous parental cells
provide a genetically related control for experiments addressing
ZIP13 function. Interestingly, cells with decreased ZIP13, i.e.,
P3/1I and siZip13, showed more FluoZin-3-stained vesicles and
higher fluorescence intensity than their corresponding negative
control cells (Fig. 2 C and F).

This pattern also was observed for HeLa cells treated with
individual siRNAs (SI Appendix, Fig. S5D). FluoZin-3 staining
with cells grown in basal medium revealed a less obvious but
consistent pattern of more fluorescent vesicles in cells with re-
duced ZIP13 function (SI Appendix, Fig. S6). Zinc detection with
Newport Green dichlorodihydrofluorescein diacetate (DCF), an-
other zinc-responsive fluorophore, showed similar results, confirm-
ing that cells with reduced ZIP13 function had more vesicular labile
zinc than control cells (SI Appendix, Fig. S7). Because of technical
hurdles, it currently is unclear if ZIP13-containing vesicles and
FluoZin-3/Newport Green DCF-stained compartments are the
same (Discussion).

Jeong et al.

The apparent increase in vesicular zinc in cells with reduced
Z1P13 function could indicate increased total zinc or changes in
its intracellular distribution. Total cellular zinc levels measured by
inductively coupled plasma mass spectrometry were not signifi-
cantly affected in primary fibroblasts and siRNA-treated HeLa
cells (SI Appendix, Fig. S8). Therefore, loss of ZIP13 function
alters the distribution of cellular labile zinc but does not increase
total accumulation.

Loss of ZIP13 Decreases Cytosolic Zinc. Vesicular localization of
ZIP13 and redistribution of labile zinc in cells with reduced ZIP13
function suggested that the pathomechanism of SCD-EDS might
be zinc deficiency in the secretory pathway caused by the trap-
ping of labile zinc in vesicles. To test this idea, we first assessed
the impact of decreased ZIP13 function on cytosolic zinc levels.
We predicted that cells with decreased ZIP13 activity would have
less cytosolic zinc. Expression of two metallothionein (MT)
genes, MTla and MT2a, is activated by elevated zinc (28).
Therefore, their expression was examined in primary fibroblasts
as an indirect measure of zinc status. qRT-PCR analysis showed
that MTIa and MT2a expression was lower in fibroblasts from
an SCD-EDS patient than in control cells grown in basal medium
(Fig. 4 A and B). After high-zinc treatment, no significant dif-
ference between patient and control cells was observed, indicating
that the differences in MT expression seen in basal medium
were caused by zinc status and not by other factor(s) affecting
MT expression.

MT genes are poorly expressed in HeLa cells (29). Therefore,
we used a Zapl-based luciferase reporter as an indirect assay of
cytosolic zinc. Zapl is a zinc-responsive transcription factor from
yeast, regulated by zinc binding directly to its two activation
domains to inhibit their function (30). When Zap1l was fused to
the DNA-binding domain of Gal4 (Gal4pgp), zinc-responsive
transcription in yeast was conferred on Gal4-regulated reporters
(31). Zinc regulation of Gal4DBD-ZaSp1 fusion also was found
in HeLa cells expressing a GAL1Y”S-luciferase reporter. Re-
porter expression was elevated upon treatment with increasing
concentrations of TPEN, whereas increased zinc reversed the
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expressing cyto-ZapCY2 under basal conditions.

effect (SI Appendix, Fig. S9). These results indicated that the
Gal4pgp-Zapl fusion can be used as a marker of zinc status in
mammalian cells.

To examine cytosolic zinc in HeLa cells, siRNAs were
cotransfected with the GAL1Y*S-luciferase reporter and a plasmid
expressing either Gal4pgp alone or the Gal4pgp-Zap1 fusion.
These cells were grown in basal, low-zinc (5 pM TPEN), and high-
zinc (100 pM Zn) media, and luciferase activity was assayed. Cells
treated with ZIP13-targeting siRNAs showed higher luciferase
activity than control cells under all conditions tested, suggesting
that reduced ZIP13 function resulted in decreased cytosolic zinc
(Fig. 4C). Increased zinc availability decreased luciferase activity,
showing that the Galdpgp-Zapl fusion was zinc responsive, but
100 pM zinc was not sufficient to restore cytosolic zinc in siZIP13
cells to control levels.

As a more direct assay, we used a recently developed fluorescent
sensor, cyto-ZapCY2, to assess cytosolic zinc (2). ZapCY2 contains
two zinc fingers (Znfl and 2) from Zapl sandwiched between
enhanced cyan fluorescent protein (eCFP) and citrine fluorescent
protein. When the sensor binds zinc (Kg' = 811 pM), it changes
conformation, resulting in increased FRET from eCFP to citrine.
The change in FRET can be detected by calculating the FRET
ratio, which is the ratio of YFP (535 nm) to eCFP (475 nm)
emission intensities upon excitation of eCFP (434 nm). Therefore,
the FRET ratio is used as a reporter of labile zinc concentration.
As shown (Fig. 4D), FRET ratios were substantially lower in HeLa
cells transfected with ZIP13-targeting siRNAs grown in basal
medium than in cells transfected with nontargeting siRNA (1.72 +

E3534 | www.pnas.org/cgi/doi/10.1073/pnas. 1211775110

0.21 vs. 2.55 + 0.08, respectively; P < 0.0001). These results confirm
observations from the indirect assays of MT expression and Zapl
activity that loss of ZIP13 function decreases cytosolic zinc.

Loss of ZIP13 Decreases Zinc in the Secretory Pathway. To determine
if zinc trapping within vesicles causes zinc deficiency in the se-
cretory pathway, we assayed the activity of ALPs. ALPs are zinc
dependent and acquire zinc in the ER and/or Golgi (11). Because
ALPs require zinc to be functional, their activity can reflect zinc
levels in those compartments. We first measured ALP activity in
primary fibroblasts. When grown in basal medium, fibroblasts from
an SCD-EDS patient showed significantly less ALP activity than
heterozygous control cells (Fig. 54). After treatment with 5 uM
TPEN, ALP activity was reduced dramatically in both cell types,
highlighting the zinc dependence of ALP. When 50 pM zinc was
added to the medium, ALP activity in the patient fibroblasts was
not restored. However, when the cells were supplemented with
50 pM zinc and 5 pM pyrithione, a zinc ionophore, to improve zinc
access to the ER and Golgi, ALP activity in patient fibroblasts
was increased to that of control cells (Fig. 5B).

ALP activity also was measured in siRNA-treated HeLa cells.
Because endogenous ALP activity in HeLa cells is low (SI Appendix,
Fig. S10), the tissue-nonspecific alkaline phosphatase (TNAP) iso-
zyme was overexpressed in these cells. Under basal conditions,
TNAP activity was reduced significantly in cells treated with
Z1P13-targeting siRNAs as compared with control cells (Fig. 5C).
In both cell lines TNAP activity was reduced dramatically by
treatment with 5 pM TPEN but was increased by zinc treat-
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ment. Adding 50 pM zinc to the growth medium restored TNAP
activity to control levels. These data are consistent with zinc
deficiency in the early secretory pathway of cells with reduced
ZIP13 expression.

Loss of ZIP13 Function Causes ER Stress. We showed previously that
ER zinc deficiency disrupts ER function and induces ER stress
(10). We therefore predicted that loss of ZIP13 function and the
resulting loss of ER zinc caused by vesicular trapping would
induce ER stress responses. To test this hypothesis, we used a
luciferase reporter, SxATF6-luciferase, that is responsive to the
activity of the ER stress-responsive transcription factor, ATF6
(32). HeLa cells were cotransfected with the SXATF6-luciferase
reporter and either control or ZIP13-targeting siRNAs, and lucif-
erase activity was measured. SXATF6-luciferase expression showed
a twofold increase in siZIP13-treated cells compared with control
cells grown in basal or zinc-supplemented media (Fig. 6, Inset).
Because supplementation of zinc did not restore SXATF6-
luciferase activity to control levels, we cotransfected the cells
with a plasmid encoding ZnT7, which transports zinc into the
early secretory pathway (11, 33). Because of variability in the
results, it was unclear whether ZnT7 expression restored normal
ATTF6 activity. However, in control experiments with the ER stress
inducer tunicamycin, we noted cells with reduced ZIP13 func-
tion were hypersensitive to the effects of this drug in inducing
ATFG6 activity (Fig. 6). This hypersensitivity phenotype also was
not suppressed by high zinc alone but was rescued by coexpression
of ZnT7. These results are consistent with increased ER stress
in cells with reduced ZIP13 function that can be suppressed by
transportation of zinc into the early secretory pathway.

Jeong et al.

Discussion

Mutations in SLC39A413 recently were discovered to cause a vari-
ant form of EDS, SCD-EDS. We previously proposed that ZIP13
functions in the early secretory pathway to reduce ER zinc levels;
without ZIP13 function, the secretory pathway becomes over-
loaded with zinc, which interferes with collagen modification by
inhibiting lysyl and prolyl hydroxylases. We tested that model and
report our results here. We show that ZIP13 is a zinc transporter,
consistent with a recent finding that cells overexpressing V5 epi-
tope-tagged ZIP13 accumulated more zinc than control cells (25).
Competition studies also suggest that ZIP13 transports zinc with
high preference over other metals.

Contrary to expectations, however, we did not find accumula-
tion of human ZIP13 in the ER, as previously speculated (16), or
in the Golgi, as observed for mouse ZIP13 (17). Instead, endog-
enous human ZIP13 is localized to punctate vesicles dispersed
throughout the cytoplasm. Thus, our results suggest the primary
site of ZIP13 action is not in the early secretory pathway but
elsewhere in the cell. Notably, this conclusion does not contradict
the observations of Fukada et al. (17); close examination of their
immunofluorescence results show mouse ZIP13 localized on nu-
merous cytoplasmic vesicles in addition to the Golgi. It is possible
that mouse ZIP13 and the human protein localize slightly differ-
ently. Alternatively, the anti-mouse ZIP13 antibody may not have
been completely specific for ZIP13 and possibly could have detec-
ted other proteins. Using ZIP13-targeting siRNAs and fibroblasts
from an SCD-EDS patient, we confirmed the specificity of our
antibody. With a V5 epitope-tagged ZIP13 allele, Bin et al. (25)
localized the human protein to the Golgi and ER. However, mis-
localization of this fusion protein is not surprising; we have found
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total protein. Inset shows luciferase activity detected under basal and high-zinc
conditions. Mean values are shown. n = 3; *P < 0.05. Error bars indicate SE.

that proper ZIP13 localization is very sensitive to both epitope
tagging and expression levels.

The absence of human ZIP13 in the early secretory pathway
led us to consider an alternative hypothesis of ZIP13 function.
We proposed that the role of ZIP13 is to efflux labile zinc from
vesicular stores (Fig. 7). According to this model, loss of ZIP13
function causes accumulation of zinc in those vesicles and depletes
zinc from the cytosol, nucleus, and other compartments, including
the ER. We tested this hypothesis in several ways using two dif-
ferent cell types, primary fibroblasts from an SCD-EDS patient
and an unaffected heterozygous parent and HeLa cells trans-
fected with ZIP13-targeting siRNAs or nontargeting control
siRNA. Primary fibroblasts have the advantage of being a normal,
nontransformed cell line. However, although parent and offspring
cells are closely related, a major caveat is that they are not ge-
netically identical, and this lack of identity could explain the var-
iations observed between the two cell types. siRNA treatment of
HelLa cells has the advantage of genetic homogeneity, albeit in
a cell line that has been greatly altered from its normal state.
Importantly, we obtained similar results from both cell types.

Consistent with our alternate hypothesis, loss of ZIP13 function
caused the accumulation of labile zinc in vesicles. For technical
reasons, it has not yet been possible to colocalize this labile zinc
with ZIP13. Because permeabilization of cells disrupts labile zinc
staining, immunofluorescence could not be used to colocalize
labile zinc with ZIP13 by immunofluorescence microscopy. Ex-
tensive efforts to tag ZIP13 with fluorescent protein markers
(e.g., tdTomato, mCherry) for this analysis were unsuccessful
because these tags caused mislocalization of the fusion protein.
Analysis of ZIP13-containing vesicles by proteomic methods may
provide other markers more amenable to tagging that can be used
to test this colocalization.

Also consistent with our hypothesis, we showed that zinc levels
in the cytosol were decreased in cells with reduced ZIP13 ac-
tivity. This decrease was shown with indirect assays (i.e., MT
expression and Zapl activity) as well as a direct FRET zinc sensor.
MT expression is a widely used biomarker of intracellular zinc,
and cytosolic and nuclear labile zinc pools are likely to be in
equilibrium because of free diffusion through nuclear pores. Our
use of the yeast Zap1 transcription factor as an assay for intra-
cellular zinc in mammalian cells may be of use to other researchers
in the zinc field. Because Zap1 is induced by zinc deficiency and
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MTs are turned on by zinc excess, these two methods provide
complementary assays to cover a broad range of zinc status.

Our prediction that zinc levels in the secretory pathway would
be low rather than elevated was tested using ALPs as indicators
of zinc status. ALP activities were low in cells with reduced ZIP13
function, and this defect was suppressed by high zinc. These results
clearly refute the model of ER zinc overload and instead suggest
the secretory pathway is zinc deficient. ER stress also was elevated
in cells lacking full ZIP13 function and was suppressible by in-
creasing available zinc. We attempted to use the ER-targeted
ZapCY1 FRET sensor (K4’ = 2.5 pM) as a more direct measure
of ER zinc (2) but did not detect a decrease in labile zinc in this
compartment. One simple explanation for this paradox is that
ER zinc is buffered at a very low level, and consequently under
resting conditions the amount of sensor with zinc bound is less
than 20% (2). Thus, the sensor is at its lower limit for detecting
zinc, and decreases in labile zinc may not be detected readily.
Alternatively, ALP/TNAP and ER-ZapCY1 might detect different
pools of ER zinc. Nonetheless, the fact that no increase in ER zinc
was observed with the FRET sensor indicates that loss of ZIP13
does not cause overload of labile ER zinc.

The hypothesis of secretory pathway zinc overload was supported
by the detection of elevated levels of zinc in the Golgi of fibroblasts
from Slc39a137~ knockout mice using electron probe X-ray mi-
croanalysis (17). However, this result must be viewed with caution.
The cells used for this analysis were fixed, stained, and embedded
before analysis, and such manipulations are well known to cause loss
and/or redistribution of diffusible elements (34). In addition, mea-
suring elemental content using counts per second fails to account
for background electron and X-ray scattering from mass thickness
and the heavy metal stain used. Thus, the distribution of total zinc in
these cells warrants reanalysis using improved methods.

This study supports the hypothesis that ER zinc deficiency
underlies SCD-EDS. If so, how does that deficiency lead to the
disease symptoms? One notable observation is that, although
collagen hydroxylation is reduced in SCD-EDS patients, the activity
of hydroxylase enzymes was normal or even elevated when assayed
in lysates (16). Therefore, we propose the defects observed in
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Fig. 7. Proposed model of ZIP13 function. ZIP13 localizes to vesicular sites that
buffer cytosolic zinc levels to provide zinc for use in other compartments.
Uptake into the ZIP13 compartment competes with uptake into other com-
partments and with utilization in the cytosol and nucleus. Cells with reduced
ZIP13 function accumulate zinc in vesicles, causing zinc deficiency in the cytosol
and other organelles, such as the ER, and leading to ER dysfunction and stress.
Blue circles represent zinc ions, and the white question marks denote unknown
zinctransporters. ZnT5, ZnT6, and ZnT7 likely contribute to zinc uptake into the
ER, although they are primarily Golgi transporters. ZIP7, which is localized to
the ER, transports zinc out of the ER. The relationship of the ZIP13 compart-
ment (black question mark) to known organelles remains to be determined.
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SCD-EDS patients are caused by a more general ER dysfunction
rather than by the inhibition of hydroxylase activity per se. Collagen
hydroxylation could be disrupted by reduced activity of ER resi-
dent chaperones such as calreticulin or Dnal orthologs that re-
quire zinc for function; these proteins are known to play critical
roles in collagen biogenesis (35). In support of this model, mouse
embryonic fibroblasts that lack calreticulin were found to have
reduced type I procollagen processing and extracellular matrix
deposition (36). Collagen maturation may be one of many pro-
cesses affected by vesicular zinc trapping and zinc deficiency in
other compartments. Fukada et al. (17) noted defects in BMP/
TGF-p signaling in Slc39a13~'~ knockout mice; these defects may
be caused by zinc deficiency in the secretory pathway affecting
surface receptor activity or low cytosolic zinc altering receptor-
mediated signal transduction. For example, TGF-p—stimulated
Smad?2 nuclear translocation requires the zinc-dependent SARA
protein (37).

Interestingly, many of the clinical features of SCD-EDS patients
and phenotypes of Slc39a13~'~ knockout mice resemble symptoms
of zinc deficiency in humans and animal models, such as growth
retardation, decreased bone mineralization, and defects in colla-
gen matrix formation (38-41). These similarities further support
the model that the effects of ZIP13 mutations result from zinc
deficiency in the ER and/or other compartments. These consid-
erations suggest that providing zinc supplements to patients with
SCD-EDS may have therapeutic benefits, and this notion could be
tested using the Slc39a13~"~ knockout mice currently available (17).

A major unresolved question is the identity of the ZIP13
compartment. Endogenous human ZIP13 localized to cytosolic
vesicles. Extensive efforts to colocalize ZIP13 with organellar
marker proteins indicated that these vesicles were not the ER,
Golgi, mitochondria, peroxisomes, autophagosomes, lysosomes,
early endosomes, late endosomes, recycling endosomes, or vesicles
bearing adaptin proteins AP-1, -2, or -3 or Rab4, 5, 7, 9, or 11
GTPases. Thus, the ZIP13 compartment appears to be unique.
We currently are using proteomics to identify other components
to characterize ZIP13-containing vesicles better.

Despite these remaining questions, our results suggest ZIP13
plays an important role in zinc homeostasis by controlling vesic-
ular zinc storage. The observed increase in SLC39413 mRNA and
ZIP13 protein in zinc-limited cells is consistent with ZIP13 mo-
bilizing zinc stores when cells are deficient. Organellar zinc storage
sites have been discovered previously in yeast, plants, and, most
recently, nematodes (42-44). The existence of vesicular zinc stores
in mammalian cells has long been suggested by studies using zinc-
staining fluorophores such as Zinquin or Newport Green. These
probes consistently revealed that labile zinc is localized to vesicles
dispersed throughout the cytoplasm of a large number of cell types
(27, 45-50). These vesicles have been referred to as “zincosomes”
because their relationship to known compartments was unclear
(26, 51). Zincosomes were reported to be late endosomes (27, 52),
but this result later was shown to be an experimental artifact (53).
On the other hand, the ZIP13 vesicles may result from endocytotic
events, given that many ZIP transporters reside on the plasma
membrane (15). Nonetheless, the organellar identity of zinco-
somes is still unknown. Suggested roles for zincosomes in cel-
lular zinc homeostasis include detoxifying excess zinc (27, 53),
buffering cytosolic zinc from transient perturbations of zinc ho-
meostasis (26, 49, 51, 54, 55), and storing readily accessible zinc
for later use under zinc deficiency (54, 56). The zinc transporters
that move zinc into and out of zincosomes also are unknown.
We propose that ZIP13 is the transporter that is responsible
for zinc efflux from this compartment. If so, ZIP13 will be a
useful molecular tool with which to study the identity and function
of vesicular zinc stores in mammalian cells.

Jeong et al.

Materials and Methods

Antibodies. A polyclonal antibody that recognizes human ZIP13 was generated
against a peptide corresponding to residues 28-46 (RAGGSQPALRSRGTATACQ)
of ZIP13 in rabbits (Strategic BioSolutions). After the second bleed, the ZIP13-
specific antibodies were purified using peptide bound to CNBr-Sepharose
beads (GE Healthcare) following the manufacturer’s protocol. A rabbit
polyclonal antibody against a cytosolic loop of ZIP13 (Novus Biologicals)
also was used in this study.

siRNA Transfection. HelLa cells were transfected with sSiGENOME SMART
pool siRNA targeting SLC39A13 or siGENOME non-targeting siRNA at a final
concentration of 25 nM using DharmaFECT Duo reagent (Dharmacon). For
transfections with single siRNAs, a final concentration of 10 nM was used.
All experiments were done 48 h after transfection.

FluoZin-3 Staining. Primary fibroblasts or siRNA-transfected Hela cells were
treated with 100 pM ZnCl;, for 12 h before FluoZin-3 (Invitrogen) staining.
FluoZin-3 stock solution (1 mM) was mixed with Pluronic F-127 [20% (wt/vol)
solution in DMSO; final concentration of 0.01% in staining medium] at a ratio
of 2:1 immediately before use and then was added to Eagle’s minimal essential
medium (MEM) without serum to a final concentration of 1 uM FluoZin-3. The
cells pretreated with high zinc were washed with PBS and stained for 1 h at
37 °Cin a humidified CO, incubator, washed three times with PBS, and fixed
with 4% (vol/vol) formaldehyde in PBS for microscopy. To ensure equal loading
of FluoZin-3, cells were treated with high zinc in the presence of pyrithione
before staining; no difference in staining intensity was observed (S/ Appendix,
Fig. S11). Informed patient consent was obtained for use of patient cells. The
Health Sciences Institutional Review Board of the University of Wisconsin—
Madison was responsible for overseeing the work with patients’ cells.

Zap1-Based Luciferase Assays. Hela cells were cotransfected with siRNA, pGal4-
UAS luciferase (pG5luc; Promega), Renilla control (pRL-TK; Promega), and
Gal4DBD-Zap1 fusion cloned in pcDNA3.1. In this construct, full-length Zap1 is
fused to the Gal4 DNA-binding domain (31). Twenty-four hours after transfection,
the cells were grown over a range of zinc levels, and a dual luciferase assay was
conducted using the Dual Luciferase Reporter Assay system (Promega). Zap1-in-
duced luciferase activity was normalized to Renilla luciferase and total protein.

5xATF6-Luciferase Assays. Hela cells were cotransfected with siRNA, 5xATF6-
GL3, and pRL-TK (Promega). Luciferase activity was measured by using the Dual
Luciferase Assay kit (Promega) according to the manufacturer’s directions.
5xATF6-luciferase activity was normalized to Renilla luciferase and total protein.

ALP Activity Measurements. Hela cells were cotransfected with siRNA, a human
TNAP cDNA clone (clone ID: 5752191) obtained from Thermo Scientific
Open Biosystems, and pRL-TK (Renilla luciferase). For primary fibroblasts,
endogenous ALP activity of the cells was measured. ALP assays were con-
ducted following Suzuki et al. (11) with modifications. Total cellular protein
extracts were prepared from cells lysed in lysis buffer [10 mM Tris-HCI
(pH 7.5), 0.5 mM MgCl,, 0.1% (vol/vol) Triton X-100] and were pre-
incubated for 10 min at room temperature; then 100 pL of substrate so-
lution [2 mg/mL p-nitrophenyl phosphate in 1 M diethanolamine buffer
(pH 9.8), with 0.5 mM MgCl,] was added to 10 puL of cell extracts. After
incubation for 10 min at room temperature, ALP activity was measured
based on the p-nitrophenol released by its absorbance at 405 nm, and
the activity was normalized to Renilla luciferase and total protein. Shrimp
ALP (Promega) was used as a standard.

FRET Zinc Sensors. Hela cells grown in basal medium were cotransfected
with siRNA and pcDNA3-ZapCY2 (GenBank JF261180.1). Cells were imaged at
room temperature 48-52 h after transfection in HBSS supplemented with
20 mM Hepes, pH 7.4. Images were acquired on an Axiovert 200M inverted
microscope (Zeiss) equipped with a xenon arc lamp (XBO75), a Cascade 512B
CCD camera (Roper Scientific), a 40x plan-apo oil objective, and MetaFluor
software (Molecular Devices). Microscope filter combinations used for FRET
and CFP imaging are as follows: 430/24-nm excitation filter, 455-nm dichroic
mirror, 535/25-nm (FRET) and 470/24-nm (CFP) emission filters. The mean
FRET and CFP fluorescence intensity of each cell were calculated from ac-
quired images using Image) software, and the mean background intensity
was subtracted from these values before the FRET ratio was calculated. Cells
expressing ~1-20 uM sensor were included in the analysis.
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