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The zinc transporter protein ZIP13
plays crucial roles in bone, tooth,

and connective tissue development, and
its dysfunction is responsible for the
spondylocheirodysplastic form of Ehlers-
Danlos syndrome (SCD-EDS, OMIM
612350). We recently reported that the
pathogenic mutations in ZIP13 reduce
its functional protein level by accelerat-
ing the protein degradation via the VCP-
linked ubiquitin proteasome pathway,
resulting in the disturbance of intracellu-
lar zinc homeostasis that appears to con-
tribute to SCD-EDS pathogenesis.
Finally, we implicate that possible thera-
peutic approaches for SCD-EDS would
be based on regulating the degradation of
the pathogenic mutant ZIP13 proteins.

Zinc Transporters: ZIP and ZnT
Families

Zinc (Zn) is an essential mineral in
human health.1 In particular, Zn plays
critical roles in the formation of connec-
tive tissues such as bone and skin, and in
growth signaling, and Zn deficiency
results in growth retardation, skin, and
immunological problems.1-5 Zn defi-
ciency was first discovered in Shiraz, Iran,
where many people were suffering from
similar symptoms, including severe
growth retardation, anemia, rough and
dry skin, and hepatosplenomegaly.1 How-
ever, when the patients went on a Zn-suf-
ficient diet, their symptoms improved,
demonstrating the importance of Zn in
human health.1

In mammalian cells, Zn homeostasis is
tightly maintained by Zn transporters,

which mobilize Zn across the cell mem-
brane.6,7 Based on their predicted mem-
brane topology, they are divided into 2
major groups: the ZnT and ZIP fami-
lies.6,7 The ZnT family is involved in Zn
efflux from the cytosol, and is classified
into 10 members including ZnT9, which
lacks evidence of transporting Zn, and
ZnT10, which was reported to mediate
man- ganese transport in human cells.
The X-ray structure of a bacterial ZnT
homolog YiiP suggested that the ZnT
family has a unique Y-shaped structure,
with 6 transmembrane domains.8 Muta-
tions in ZnT2 cause low Zn in human
breast milk.9,10 ZnT3-null mice lack Zn
in synaptic vesicles.11 ZnT8 is crucial for
insulin-crystal formation in diabetes melli-
tus.12 ZIP family members, the first gates
for Zn uptake into the cell, transport Zn
into the cytosol, elevating the intracellular
Zn level.6,7 ZIP family members have 7 or
8 putative transmembrane domains, but
no X-ray structure is currently available.
There are 14 ZIP family members in the
human genome.6,7 The function, struc-
ture, and related diseases, however, for
ZIP proteins are not well defined. The
ZIP family members in animals are
divided into 4 subfamilies according to
their conserved sequence: the ZIPI, ZIPII,
gufA, and LIV-1 subfamilies.7 The LIV-1
subfamily members consist mostly of
mammalian Zn transporters; they repre-
sent about half of the known human Zn
transporters, and contain a unique motif
in their transmembrane domains, the
HEXXH motif.7 In this paper, we focus
on the LIV-1 subfamily member ZIP13
that is critically involved in SCD-EDS
pathogenesis.
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ZIP Family Zn Transporters and
Human Diseases

ZIP family members play important
roles in acquired pathogeneses.13 A recent
report demonstrated that ZIP8-mediated
Zn accumulation in chondrocytes induces
the expression of metal-regulatory tran-
scription factor 1 (MTF1), which causes
osteoarthritis by up-regulating matrix-
degrading enzymes.14 However, few
human genetic diseases caused by muta-
tions in ZIP family members have been
reported.13 Until 2008, only one genetic
disease associated with a ZIP member,
acrodermatitis enteropathica, was known.13

Acrodermatitis enteropathica (AE; OMIM
201100) is a rare autosomal recessive disor-
der characterized by severe and generalized
Zn-deficiency symptoms in infants, like
periorificial and acral dermatitis, alopecia,
and diarrhea.15,16 Mutations in ZIP4 are
the main reason for AE.15 When the Zn
level in the body is low, the N-terminal
ectodomain of ZIP4 is cleaved off, and
ZIP4 accumulates on the intestinal apical
surface to take Zn in.17 Patients with AE
show a low Zn level in their blood and suf-
fer from clinical signs similar to patients
with Zn deficiency.16 If they do not take
additional Zn, they will die within 2
years.16 However, the health of these
patients is dramatically improved by taking
at least 1–2 mg Zn per kg body weight per
day.15

Ehlers-Danlos syndrome (EDS) is an
inherited disorder of connective tissue. 18 In
2008, a new type of EDS was reported.19,20

These patients exhibit both the common
features of EDS, like heritable disorders of
connective tissue, articular hypermobility,
and skin hyperelasticity, and distinct physi-
cal signs, such as short stature, tapering fin-
gers, wrinkled palms, and antimongoloid
eye slant with a lack of periorbital tissue.19,20

We initially performed a mutation analysis
for EDS-related genes in these patients, such
as the genes for collagen 1 and 3, and lysyl
hydroxylase, but failed to identify any muta-
tions.19 However, we found that these
patients’ symptoms were reminiscent of the
Zip13-KO mouse phenotypes, which
include growth retardation, kyphosis, osteo-
penia, abnormal cartilage development, cra-
niofacial changes, and decreased dermal and
corneal stromal collagen.19 SNPmicroarray,

microsatellite mapping, and mutation anal-
yses using samples from the patients’ family
members revealed the pathogenic mutation
to be glycine to aspartic acid at position 64
in the ZIP13 protein, which is encoded by
the SLC39A13 gene.19 Another group iden-
tified a deletion mutation in the ZIP13 pro-
tein from patients with EDS features, and
referred to the disease as a spondylocheiro
dysplastic form of EDS.20 This new type of
EDS is registered as spondylocheirodysplas-
tic Ehlers-Danlos syndrome (SCD-EDS,
OMIM 612350).

Pathogenic Mechanism of
SCD-EDS

Analyses of Zip13-KO mice revealed
that cells originating in the mesenchyme,
including osteoblasts, chondrocytes,
odontoblasts, and fibroblasts, show matu-
ration defects that affect connective tissue
development.19 Further molecular analy-
ses using these cells revealed that the
proper nuclear translocation of transcrip-
tion factor SMADs, which respond to
BMP and TGF-b and are critical for con-
nective tissue development, was impaired
in Zip13-KO cells, while their phosphory-
lation was unaffected.19 The Zn concen-
tration in the serum and primary
fibroblasts isolated from Zip13-KO mice
was comparable with wild-type.19 Zn lev-
els in the Golgi was up-regulated and
while in the nucleus it was down-regulated
in Zip13-KO cells.19 These findings were
consistent with the observation that
ZIP13 is normally expressed in the intra-
cellular peri-nuclear Golgi region.19

Taken together, these results indicated
that the intracellular Zn homeostasis is
disrupted in Zip13-KO cells, and thus,
that controlling intracellular Zn homeo-
stasis may be a therapeutic strategy for
SCD-EDS. To gain insights for improv-
ing the intracellular Zn homeostasis, we
first characterized and analyzed the SCD-
EDS pathogenic mutant ZIP13 pro-
teins.21,22 We found that the pathogenic
mutant ZIP13 proteins were promptly
removed via the ubiquitin proteasome
pathway.22 We next sought to identify
molecules associated with the degradation
pathways of the pathogenic mutant ZIP13
proteins, and found that inhibiting VCP

or HSP90 caused the mutant proteins to
accumulate within the cells (Fig. 1A).22

Understanding a pathogenic protein’s
degradation pathway is important for
developing therapeutic approaches. All
proteins have a defined lifetime; some last
a short time, while others are long-lived.
Similarly, pathogenic proteins are
degraded and replaced with new patho-
genic ones, if they are encoded in the
genome. If a disease results from the accu-
mulation of toxic proteins, the clinical
research focuses on rapid removal of the
pathogenic proteins by accelerating their
degradation pathway. In contrast, if a dis-
ease is caused by a deficiency of functional
proteins, and the pathogenic mutant pro-
teins are still functional, clinical therapies
seek to improve the lifetime and
proper localization of the proteins. Devel-
oping a functional activator, called a
“potentiator,” of a protein is an essential
goal of pharmacological research. How-
ever, because relatively little is known
about membrane protein degradation
pathways compared to those for soluble
proteins, and fewer direct functional anal-
yses have been reported for membrane
proteins, therapeutic approaches for dis-
eases related to membrane transporters
can be complicated and challenging.

Diseases Caused by Mutant
Transporters: Clinical Trials and

Therapies

How could SCD-EDS be treated? The
answers might come from other trans-
porter-related diseases. For example, cystic
fibrosis (CF) is the most common autoso-
malrecessive genetic disorder; it is caused
by mutations in the cystic fibrosis trans-
membrane conductance regulator (CFTR)
gene, which encodes a chloride ion chan-
nel that mediates epithelial anion trans-
port in the lung, liver, pancreas, digestive
tract, and skin.23 CF is fatal, and many of
the fatal mutations within the CFTR gene
have been identified, and found to affect
CFTR folding, stability, and channel gat-
ing.24 To control this disease, many
researchers have focused on these 3
points.24 In fact, CFTR represents the
largest research area on membrane pro-
tein-related folding and degradation, and

e974982-2 Volume 2 Issue 1Rare Diseases



various chaperones involved in CFTR’s
folding and degradation pathways have
been identified.25 VX-809, which was
screened from 164,000 small molecules, is
the most promising investigational drug
for CF.26 VX-809, a so-called CFTR
“corrector,” targets the most common
CFTR mutant protein, DF508, which
exhibits impaired CFTR processing in the
endoplasmic reticulum.27 VX-809
improves the processing of DF508 CFTR,
allowing the mutant protein to acquire
similar functional characteristics as normal
CFTR.28

For SCD-EDS, we first confirmed
that the proteasome inhibitors MG-132
and lactacystin could readily reverse the
phenotypes of the pathogenic ZIP13
mutants.22 These inhibitors are normally
toxic, activate various signaling path-
ways, and induce significant cell death.
Bortezomib, the first therapeutic protea-
some inhibitor to be used in humans,
was approved in the US for treating
multiple myeloma.29 Bortezomib suc-
cessfully causes the pathogenic ZIP13
mutant proteins to accumulate at nano-
molar ranges. However, this drug also
exhibits high cell toxicity over the long
term.22 Although researchers have devel-
oped many reversible proteasome inhibi-
tors with different points of action and
target cells, cell toxicity is still a barrier
to their clinical use. Because protea-
some-dependent degradation is a major
pathway for eukaryotic protein degrada-
tion, and proteasomes are involved in
various cellular processes, including cell
growth, gene regulation, stress response,
and apoptosis, it is not surprising that
proteasome inhibitors are highly toxic to
cells.30

Proteasomes are essential for protein
degradation, but they do not act alone.
For the degradation of membrane pro-
teins, various molecules are recruited.
Dozens of chaperones that act as folding
factors to promote protein degradation
have been reported, and there are diverse
types of chaperone coordination, which
depend on the target protein and muta-
tion. Chaperones are attractive therapeutic
targets, because they are not always essen-
tial for cell life, and some may specifically
act on a pathogenic protein. Thus, to
develop a drug for SCD-EDS, it might be

useful to target a chaperone that is specifi-
cally involved in processing the pathogenic
ZIP13 mutant protein, analogous to VX-
809 for CFTR. For this approach, we ini-
tially focused on VCP and HSP90.22 Their
inhibitors, DBeQ and 17AAG, readily
induced the accumulation of pathogenic
ZIP13 protein, and restored intracellular
Zn homeostasis.22 This result indicated that
clinical approaches for SCD-EDS might be
accomplished by screening for “correctors."
In CF research, chaperone-targeting inhibi-
tors with lower toxicity are being developed
and screened for clinical use. Similarly, the
modification of known inhibitors,

including DBeQ and 17AAG, to reduce
their cell toxicity, might also lead to effec-
tive therapies for SCD-EDS (Fig. 1A).

Conclusions and Future
Perspectives

We are beginning to understand the
pathogenesis of SCD-EDS and possible
clinical approaches for this disease. Thera-
peutic approaches for SCD-EDS based on
regulating the degradation of the patho-
genic mutant ZIP13 protein are being
considered. Future clinical directions

Figure 1. Schematic working mechanism of a “corrector” and a “potentiator” for a pathogenic
mutant form of ZIP13. (A) ZIP13 “corrector” inhibits the coordinated actions of cofactors including
the identified molecules, VCP and HSP90, involved in the unfolding and transport of mutant ZIP13
to the proteasome. As a result, the “corrector” causes an effective amount of functional ZIP13 pro-
tein to accumulate. (B) ZIP13 “potentiator” alters the equilibrium toward the active form, improving
the intracellular Zn homeostasis by increasing Zn influx.
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include “corrector” and “potentiator”
(Fig. 1B), gene therapy, and stem cell-
based therapy. Continuing detailed studies
of the molecular and physiological patho-
genic mechanisms underlying SCD-EDS
will be important for eventually control-
ling this disease.
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