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Airway mucus hyperproduction and fluid imbalance are important hallmarks of cystic fibrosis (CF), the most
common life-shortening genetic disorder in Caucasians. Dysregulated expression and/or function of airway ion
transporters, including cystic fibrosis transmembrane conductance regulator (CFTR) and epithelial sodium chan-
nel (ENaC), have been implicated as causes of CF-associated mucus hypersecretory phenotype. However, the
contributory roles of other substances and transporters in the regulation of CF airway pathogenesis remain
unelucidated. Here, we identified a novel connection between CFTR/ENaC expression and the intracellular
Zn2+ concentration in the regulation of MUC5AC, a major secreted mucin that is highly expressed in CF airway.
CFTR-defective and ENaC-hyperactive airway epithelial cells specifically and highly expressed a unique, alterna-
tive splice isoform of the zinc importer ZIP2/SLC39A2 (ΔC-ZIP2), which lacks the C-terminal domain. Important-
ly, ΔC-ZIP2 levels correlated inversely with wild-type ZIP2 and intracellular Zn2+ levels. Moreover, the splice
switch to ΔC-ZIP2 as well as decreased expression of other ZIPs caused zinc deficiency, which is sufficient for in-
duction of MUC5AC; while ΔC-ZIP2 expression per se induced ENaC expression and function. Thus, our findings
demonstrate that the novel splicing switch contributes to CF lungpathology via the novel interplay of CFTR, ENaC,
and ZIP2 transporters.
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1. Introduction

Airway homeostasis of fluid volume, viscosity, and chemical compo-
nents is essential for maintaining mucus clearance and keeping the
lungs free from microbial infections, which is mainly regulated by epi-
thelial ion transporters. One well-known and characterized transporter
is the cystic fibrosis transmembrane conductance regulator (CFTR), a
cyclic AMP-dependent Cl− channel that controls fluid and ion transport
across the lung epithelium. Consistently, CFTR dysfunction causes an
imbalance between fluid absorption and secretion, which leads to the
development of cystic fibrosis (CF), a genetic disease characterized by
hyperviscoelastic mucus secretions in the lungs (Haq et al., 2016;
Elborn, 2016). The epithelial sodium channel (ENaC) is also a major
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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ion transporter that is expressed in the apical membrane of airway ep-
ithelial cells in the lungs. ENaC activation helps the generation of a con-
centration gradient of sodium ions, followed by water absorption by
cells; however, its hyperactivation can result in airway mucus hyper-
production and dysregulated airway clearance (Almaça et al., 2013;
Astrand et al., 2015; Haq et al., 2016). Indeed, the expression and func-
tion of ENaCwere inversely associatedwith lung function in CF patients
(Boucher, 2007).Moreover, we andothers have reported thatmicewith
airway-specific overexpression of βENaC (βENaC-transgenic [Tg] mice)
exhibit the critical pulmonary phenotypes of CF, such asmucus obstruc-
tive, airway inflammatory, and emphysematous phenotypes (Mall et al.,
2004; Johannesson et al., 2012; Shuto et al., 2016). These findings imply
that CFTR and ENaC are essential ion transporters that control airway
fluid homeostasis. Importantly, because an inverse relationship be-
tween CFTR and ENaC functions has been widely accepted in CF re-
search fields (Mall and Galietta, 2015), hyperactive-ENaC condition is
increasingly being recognized as a CF-like condition. Notably, despite
the contribution of Cl− and Na+ imbalance in CF airway, little is
known about the role of other substances and their transporters in the
regulation of CF-associated airway phenotypes.

The zinc ion (Zn2+) plays an essential role in many biological activ-
ities in different organisms by regulating the proper functions of zinc-
finger proteins, which mainly control cellular transcription, and zinc-
containing enzymes involved in the antioxidant defense system
(Vallee and Falchuk, 1993; Andreini et al., 2006; Hara et al., 2017).
Thus, zinc deficiency causes a variety of symptoms associated with oxi-
dative stress, inflammation, aging, and other symptoms (Prasad, 2013;
Fukada et al., 2011). One interesting research topic is how the zinc ion
functions in transducing cellular signals (referred to as “zinc signaling”),
like the calcium ion (Ca2+) (Liang et al., 2016; Fukada et al., 2011). The
importance of the zinc ion and its related signal pathways has been de-
scribed for numerous aspects of, not only physiology, but also in the pa-
thology of diseases, such as diabetes, Alzheimer's disease, and cancer
(Miao et al., 2013; Duce et al., 2010; Grattan and Freake, 2012). More-
over, based on the facts that zinc levels are dysregulated (lower in
blood and higher in sputum) in CF patients (Gray et al., 2010; Van
Biervliet et al., 2007;Damphousse et al., 2014) and that zinc supplemen-
tation can improve CF phenotypes (respiratory function and the inci-
dence of infection) (Van Biervliet et al., 2008; Abdulhamid et al.,
2008), zinc dysregulation may also be a possible pathophysiological
hallmark of CF. However, these findings could only explain the impor-
tance of zinc in airway in a nutritional but not as cellular and molecular
aspects. Thus, how zinc levels are controlled under pathological CF con-
ditions and exactly which molecules are responsible for zinc regulation
in CF airway epithelial cells are interesting questions to be investigated.

In this study, we first showed decreased levels of intracellular zinc as
a common feature in both CFTR-defective CF airway epithelial and
ENaC-hyperactive, CF-like airway epithelial cells. We also determined
the down-regulation of several zinc importer ZIPs (Zrt-, Irt-like pro-
teins) in CF and CF-like airway cells. Importantly, electrophoretic analy-
sis revealed that a novel and unexpected, pathologically relevant
splicing switch in zinc importer ZIP2 (Zrt-, Irt-like protein 2)/SLC39A2
is dominantly involved in intracellular zinc depletion in CF and CF-like
airway epithelial cells. This study shows that zinc deficiency via the
unique splicing switch of ZIP2 is crucial for CF lung pathology, especially
with respect to the induction ofMUC5AC, amajor secretedmucin that is
highly expressed in CF airway, which is exerted by the novel interplay of
CFTR, ENaC, and ZIP2 transporters.

2. Materials and Methods

2.1. Cell Culture

The human bronchial 16HBE14o- (Cozens et al., 1992), CFBE41o-
(Cozens et al., 1994), βγENaC-stable 16HBE14o- (Caldwell et al.,
2005), and WT or ΔF508 CFTR-stable CFBE41o- (Illek et al., 2008) cell
lines were previously generated and grown in fibronectin/bovine
serum albumin (BSA)-coated dishes from Invitrogen (Mizunoe et al.,
2012). The CFBE41o- cell line was reported to be homozygous for the
ΔF508 CFTR mutation (ΔF508/ΔF508) and retain many phenotypes of
CF bronchial epithelial cells (Mizunoe et al., 2012). These cells were
maintained inminimumessentialmedium. 293 T cells weremaintained
in Dulbecco's modified Eagle's medium and used for lentivirus trans-
duction. These media were supplemented with 10% fetal bovine
serum, 100 U/mL of penicillin, and 100mg/mL of streptomycin. Primary
normal (NHBE) andprimaryDHBE-CF cellswere purchased fromTakara
and maintained as described previously (Mizunoe et al., 2012). All cells
were cultured in a humidified incubator at 37 °C with 5% CO2.

To induce intracellular zinc depletion, 16HBE14o- cells were treated
with TPEN (Dojindo) or dimethyl sulfoxide (DMSO) alone for 2 or 6 h.
Concurrent treatment with 20 μM ZnCl2 (Wako) was performed to ab-
rogate the zinc-depletion effect.

2.2. siRNA Transfections and Lentivirus Infections

For gene-knockdown experiments, ZIP2, ZIP4, ZIP8, ZIP10, and ZIP14
siRNA SMARTpools (GEDharmacon) and control GL2 siRNA (Suico et al.,
2014) were transfected using RNAiMAX (Thermo Fisher Scientific), fol-
lowing the manufacturer's recommended protocol.

For lentivirus production, the full-length human ΔC-ZIP2 cDNA se-
quence was generated and inserted into the EcoRI site of the pLVSIN-
IRES-ZsGreen1 vector (Takara). The EF1α promoter and puromycin-
resistance gene were additionally inserted into the 5′-NotI and 3′-
BamHI sites for drug selection. The splice site-mutated (IVS1 + T N C)
and stop codon-inserted (K8X)ΔC-ZIP2 mutants were generated utiliz-
ing the QuikChange II Site-Directed Mutagenesis Kit (Agilent). 293 T
cells were transfected with the pLVSIN, pMD2.G, and pCMVR8.74
vectors for 3 days. The supernatant was collected and incubated with
Lenti-X Concentrator (Takara) for virus concentration. Virus-infected
16HBE14o- stable transductants overexpressing the genes of interest
were established by selection in 4 μg/mL puromycin selection.

2.3. RNA Isolation, cDNA Synthesis, and PCR Analysis

Total RNA was isolated from cells and mouse lung tissues using the
RNAiso Plus Kit (Takara) and cDNA synthesis was performed using the
PrimeScript RTRegent Kit (Takara). Real-timequantitative RT-PCR anal-
ysis was performed as described previously (Shuto et al., 2016). α-, β-,
and γ-ENaC-expression plasmids (pCMV-Tag5A) were produced previ-
ously (Sugahara et al., 2009) and used to measure the total amounts of
mRNA. The sequences of primers used for real-timequantitative RT-PCR
are shown in Table S1.

Semi-quantitative RT-PCR was conducted using the KOD-Plus-Neo
Kit (Toyobo) according to manufacturer's protocol. PCR was performed
for 35 cycles at 94 °C for 30 s, 62 °C for 30 s, and 72 °C for X s (X= 10 s
for ZIP2 exons 1–2, or 60 s for ZIP2 exons 1–4), or for 25 cycles at 94 °C
for 30 s, 55 °C for 30 s, and 72 °C for 10 s (for GAPDH). The sequences of
primers used for semi-quantitative RT-PCR are shown in Table S1.

2.4. Western Blotting and Slot Blotting Analysis

The protocol used for western blotting was previously reported
(Suico et al., 2014; Sato et al., 2012). Western blots were probed with
antibodies against ZIP2 (#ab99071; Abcam) and Hsc70 (#ADI-SPA-
815; Enzo Life Sciences), followed by incubation with appropriate
horseradish peroxidase-conjugated secondary antibodies. The
Amersham ECL Western Blotting Detection Reagent (GE Healthcare)
was used to visualize the blots.

MUC5AC protein secretion into the medium was detected by slot
blotting. The protocol used was described previously (Nishimoto et al.,
2010). AnMUC5AC antibodywas purchased from Thermo Fisher Scien-
tific (#MA1-38223).
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2.5. Flow Cytometric Analysis

Intracellular zinc was detected using Newport Green PDX
acetoxymethyl ether (Thermo Fisher Scientific). Harvested cells
(3 × 105 cells/mL) were washed twice with PBS and loaded with
1 μM Newport Green PDX acetoxymethyl ether for 15 min at 37
°C. Cells were washed by incubation in PBS for 30 min at 37 °C
and then washed briefly 2 more times in PBS. These stained cells
were analyzed using a JSAN Cell Sorter (Bay Bioscience). Data
were analyzed using Flowlogic software (Miltenyi Biotec).

2.6. Measurement of Zinc Quantities

Zinc quantities in airway epithelial cells were measured using the
Metalloassay Kit (Metallogenics), following the manufacturer's proto-
col. Absorbance was measured using an Epoch Microplate Spectropho-
tometer (BioTek).

2.7. Isc and ENaC Current Measurements

Isc values were measured in an Ussing chamber system following a
previously described protocol (Caldwell et al., 2005). ENaC currents
were measured using an EVOM volt–ohm meter (World Precision In-
struments) following a previously described protocol (Sugahara et al.,
2009).

2.8. Animal Experiments and Care

C57BL/6J-βENaC-Tg mice showed a CF-like pulmonary phenotype
and were maintained as previously described (Shuto et al., 2016).
Mouse tracheal surface epithelial cells from 11 to 13-week-old C57BL/
6J-βENaC-Tg or WT C57BL/6J mice were harvested and cultured in
air–liquid interface system as previously described (Ueno et al., 2008;
Lu, 2004).

For intracellular zinc chelation in vivo, 10–14-week-oldWTC57BL/6J
male mice were intratracheally treated with 0.3 mg/kg TPEN dissolved
in 10%DMSO in saline. Three hours later,micewere sacrificed to recover
the right lung lobe for RNA isolation.

All mice were fed with normal chow ad libitum, and all procedures
were approved in accordance with the guidelines of the animal facility
center of Kumamoto University.

2.9. Gene-Expression Analysis Using a DNA Microarray

Total RNA was extracted from 16HBE14o-, βγENaC-16HBE14o-,
NHBE, and DHBE-CF cells using the RNeasy Mini Kit (Qiagen), and sam-
ples were subjected to DNA-microarray analysis using the “3D-Gene”
human oligo chip 24 k (Toray). The ratio (fold-induction) of gene-
expression levels between 2 cell lines (16HBE14o- vs. βγENaC-
16HBE14o- or NHBE vs. DHBE-CF) was measured based on the fluores-
cence intensities of Cy5 and Cy3, respectively. Differentially expressed
genes, i.e., those with a log2 Cy3/Cy5 value of ≥2 or ≤ –2 (16HBE14o-
vs. βγENaC-16HBE14o- cells) were clustered using Gene Cluster soft-
ware (version 3.0, Stanford University) and viewed in a heatmap
Fig. 1. Association of cellular and molecular biological characteristics of ENaC-overexpressing c
Total levels ofα, β, and γENaCmRNA (a) and the relative expression levels of β and γENaCmRN
by quantitative RT-PCR (n = 3). (d, e) Continuous recording of the amiloride-sensitive, short
amiloride (Ami, 100 μM) inhibited the current, as shown in βγENaC-16HBE14o- cells. (f, g)
(log2) (y-axis) in 16HBE14o- and βγENaC-16HBE14o- cells (f), primary NHBE, and DHBE-CF
≥ 2.0) or down-regulated (log2 ratio [Cy3/Cy5] ≤ −2.0) genes in 16HBE14o- and βγENaC-
indicated. (j, k) Venn diagram of the overlaps of GO biological-process terms between 16HBE1
vs. WT mouse-derived lungs (k). These GO biological-process terms were analyzed for up-reg
≥ 2.0 or ≤ −2.0) in each comparison. (l, m) Gene expression of MUC5AC in 16HBE14o-, βγEN
by quantitative RT-PCR (n = 3). (b, c, l, m) The values shown represent the mean ± SD. *p b 0
using Java TreeView software (version 1.1.6r4, Stanford University).
GO biological-process term analysis of up-regulated genes (log2 ratio
[Cy3/Cy5] ≥ 2) or down-regulated genes (log2 ratio [Cy3/Cy5] ≤ −2)
in each comparison (16HBE14o- vs. βγENaC-16HBE14o-, NHBE vs.
DHBE-CF, and βENaC-Tg mouse-derived lungs vs. WT mouse-derived
lungs (Shuto et al., 2016)) was performed by GO-Term Finder (Lewis-
Sigler Institute, Princeton University) (Boyle et al., 2004). Entries from
the microarray data were approved by the Gene Expression Omnibus
(GEO) and were assigned GEO accession numbers, GSE101829 (for
human epithelial cells) and GSE101861 (for mouse lung tissue).

2.10. Statistical Analysis

The results are represented as the mean ± S.D. Differences among
groups were analyzed by Student's t-test, or 1-way analysis of variance
with Tukey's test or Dunnett's test (Statcel 3 program, OMS). P values b
0.05 were considered statistically significant. Trends (0.05 b P value ≤
0.1) are also represented in the figures.

3. Results

3.1. Cellular and Molecular Biological Characterization of ENaC-
Overexpressing Cells Link Hyperactive-ENaC and Defective-CFTR Condi-
tions in Airway Epithelial Cells

Although defective-CFTR and hyperactive ENaC conditions are being
considered as CF-like conditions, there is no study directly comparing
these conditions frommolecular and cellular aspects. Firstly, we sought
to understand similarities between defective-CFTR and hyperactive-
ENaC conditions in airway epithelial cells by characterizing the cellular
and molecular biology of ENaC-overexpressing airway epithelial cells
(βγENaC-16HBE14o- cells). Quantitative reverse transcriptase-
polymerase chain reaction (RT-PCR) analysis of absolute copy numbers
of mRNA transcripts encoding αENaC, βENaC, and γENaC revealed
that CFTR-positive normal airway epithelial 16HBE14o- cells have
higher mRNA levels of αENaC and lower levels of βENaC and
γENaC, compared to parental 16HBE14o- cells (Fig. 1a, left). Overex-
pression of both βENaC and γENaC in 16HBE14o- cells resulted in
higher levels of βENaC and γENaC relative expression compared
with parental 16HBE14o- cells (Fig. 1b and c), which were compara-
ble to the expression level of the αENaC transcript (Fig. 1a, right).
ENaC overexpression promoted higher amiloride-sensitive ENaC
channel activity after trypsin exposure in βγENaC-16HBE14o- cells
(Fig. 1d and e).

To determine whether the gene-expression profile of βγENaC-
16HBE14o- cells was similar to that of CFTR-defective CF airway epithe-
lial cells, we performed DNA-microarray analysis using the “3D-Gene”
Human Oligo chip 24 k (Toray Industries) and ratiometric analysis
(fold-induction) of gene-expression levels between 16HBE14o- and
βγENaC-16HBE14o- cells. Among the 24,460 genes probed in the chip,
the expression levels of 339 genes were up-regulated (≥4-fold) and
147 genes were down-regulated (≤0.25-fold) in βγENaC-16HBE14o-
cells (Fig. 1f, Table S2). Moreover, further DNA-microarray analysis
using RNA samples isolated from primary normal human bronchial
ells with hyperactive-ENaC and defective-CFTR conditions in airway epithelial cells. (a–c)
A (b and c) in 16HBE14o- and βγENaC-16HBE14o- airway epithelial cells weremeasured

-circuit current (Isc) before and during apical exposure to trypsin (Try, 10 μg/mL). Apical
MA plot of the average gene-expression levels (log2) (x-axis) and mean fold-changes
cells (g). (h) Heat map representing the clusters of up-regulated (log2 ratio [Cy3/Cy5]
16HBE14o- cells. (i) The patterns and numbers of genes in each cluster set of (h) are
4o- vs. βγENaC-16HBE14o- cells and primary NHBE vs. DHBE-CF cells (j), and βENaC Tg
ulated or down-regulated genes that showed a significant difference (log2 ratio Cy3/Cy5
aC-16HBE14o- and CFBE41o- cells (l), and NHBE and DHBE-CF cells (m) were measured
.05, **p b 0.01, ***p b 0.005; Student's t-test.

ncbi-geo:GSE101829
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epithelial (NHBE) cells from a healthy donor and diseased human bron-
chial epithelial cells from patients with CF (DHBE-CF) identified 658 up-
regulated genes (≥4-fold) and 354 down-regulated genes (≤0.25-fold)
in DHBE-CF cells (Fig. 1g, Table S3). Microarray-based cluster analysis
was performed to ascertain which pathways were affected under
ENaC-hyperactive and CFTR-defective conditions in airway epithelial
cells. Six cluster sets were identified based on the gene-expression dif-
ferences in both sets of paired airway epithelial cells (16HBE14o- vs.

Image of Fig. 1
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βγENaC-16HBE14o- and NHBE vs. DHBE-CF), as shown in Fig. 1h and
Table S4. Genes in clusters II (111 genes) and V (34 genes) were signif-
icantly and similarly up- or down-regulated in both βγENaC-
16HBE14o- and DHBE-CF cells, while genes in clusters I (127 genes),
III (63 genes), and VI (46 genes) were significantly up- or down-
regulated in βγENaC-16HBE14o- cells, but were not dramatically al-
tered in DHBE-CF cells (Fig. 1i, Table S4). Genes in cluster IV (52
genes) were significantly down-regulated in βγENaC-16HBE14o- cells,
but were up-regulated in DHBE-CF cells (Fig. 1i, Table S4). These cluster
analyses demonstrated that approximately one fifth of differentially
expressed genes in ENaC-hyperactive βγENaC-16HBE14o- cells (97 of
433 genes in clusters II and V) had similar gene-expression patterns to
those in CFTR-defective DHBE-CF cells (Fig. 1i, Table S4). The genes in
clusters II and V, such as SAA1, SAA2, SAA4, S100A8, TLR3, FUT2, IL15,
EPHX2, CYP24A1, and PTX3, could be considered as both CFTR- and
ENaC-sensitive genes. Gene ontology (GO) analysis revealed that half
of the biological-process terms that were significantly represented in
βγENaC-16HBE14o- cells (53 of 101 terms) were similarly altered in
DHBE-CF cells (Fig. 1j, Table S5 and S6). These terms included inflam-
mation, cell death, and protein phosphorylation. To clarify the in vivo
relevance of the gene dysregulation observed in βγENaC-16HBE14o-
cells, we focused on gene-expression profiles in the lung tissues of
wild-type (WT) and βENaC-Tg mice (Shuto et al., 2016). Notably, 17
of 33 up-regulated GO biological process termswere similarly increased
in the lung tissues of βENaC-Tgmice (Fig. 1k, Table S7). These data sug-
gested that ENaC hyperactivation in airway epithelial cells mimicked, at
least in part, themolecular environment in CF airway epithelial cells and
of CF lung tissues.

Finally, in addition to the above-mentioned gene alterations,
quantitative RT-PCR showed significant up-regulation of mucus
hypersecretory marker gene, MUC5AC, a pathophysiologically relevant
molecular marker in βENaC-Tg mouse lung tissues (Shuto et al.,
2016), but not MUC5B, in ENaC-hyperactive βγENaC-16HBE14o- cells,
as well as CFTR-defective CFBE41o- and primary DHBE-CF cells (Fig. 1l
and m). Knockdown of βENaC expression in βγENaC-16HBE14o- cells
down-regulated MUC5AC gene expression, implying that ENaC-
dependent MUC5AC induction is reversible (Fig. S1). Together, our
data confirm βγENaC-16HBE14o- cells as CF-like airway epithelial
cells that can exhibit amucus-hypersecretion phenotype, a typical char-
acteristic of CF airway epithelial cells.

3.2. Down-Regulation of Intracellular Zinc Levels in CF and CF-Like Airway
Epithelial Cells

Despite many recent reports showing regulatory roles of the zinc
ion in controlling the expression levels of various genes (Jackson
et al., 2008), its modulation in CF pathogenesis is unknown. To clarify
whether zinc dysregulation is a feature of CF and CF-like airway ep-
ithelial cells, wemeasured zinc levels in the cell lysates of several air-
way epithelial cell lines, including normal 16HBE14o-, ENaC-
hyperactive βγENaC-16HBE14o-, CFTR-defective CFBE41o- and
CFTR-rescued CFBE41o- (WT-CFTR-CFBE41o-) cells. Importantly,
statistically significant decreases in cellular zinc levels were ob-
served in βγENaC-16HBE14o- and CFBE41o- cells (Fig. 2a). The free
intracellular zinc levels were determined using the cell-permeable
fluorophore Newport green, which further revealed that intracellu-
lar zinc levels were down-regulated in live βγENaC-16HBE14o-
and CFBE41o- cells (Fig. 2b and c). Consistently, expression of the
metallothionein 2A (MT2A) gene, amolecular marker of intracellular
zinc levels, was also dampened in βγENaC-16HBE14o- and CFBE41o-
cells (Fig. 2d). Notably, the levels of intracellular zinc andMT2A gene
expressionwere significantly rescued byWT-CFTR complementation
in CFBE41o- cells (Fig. 2a–d), suggesting the existence of a CFTR-
dependent, zinc-regulatory mechanism. Taken together, these re-
sults confirm that CFTR-dependent and ENaC-dependent zinc defi-
ciencies occur in CF and CF-like airway epithelial cells.
3.3. Intracellular Zinc Depletion Up-Regulates MUC5AC Expression in Nor-
mal Airway Epithelia

Because increased expression of the mucus-hypersecretion marker
gene MUC5AC (Fig. 1l and m) and decreased intracellular zinc levels
were common features in ENaC-hyperactive βγENaC-16HBE14o- cells,
as well as CFTR-defective CFBE41o- and primary DHBE-CF cells
(Fig. 2a–d), we next examined the possible relationship between intra-
cellular zinc andMUC5AC expression in airway epithelial cells. Intracel-
lular zinc depletion by N, N, N, N′-tetrakis (2-pyridyl-methyl)
ethylenediamine (TPEN), a specific intracellular zinc chelator, consis-
tently down-regulated the MT2A gene (a downstream target of zinc-
dependent transcription) and up-regulated MUC5AC gene expression
in normal airway epithelial 16HBE14o- cells, while these changes
were rescued by zinc supplementation (ZnCl2 addition) (Fig. 2e and f).
Slot blotting analysis of cell-conditionedmedia further revealed that in-
tracellular zinc depletion positively regulates MUC5AC secretion in air-
way epithelial cells (Fig. 2g and h). Finally, intratracheal instillation of
TPEN in WT C57BL/6J mice showed induction of Muc5ac gene expres-
sion in airway tissues (Fig. 2i). Together, these results demonstrate
that zinc depletion in airway epithelial cells is sufficient to increase
mucin expression both in vitro and in vivo.

3.4. Down-Regulation of ZIP4, ZIP8, ZIP10, and ZIP14Does Not Directly Con-
tribute to CF-Associated MUC5AC Induction in Airway Epithelial Cells

Mammalian zinc transporter consists of 2 families: 14 members
of the ZIP/SLC39A family and 10 members of the zinc exporter ZnT
(zinc transporter; also known as SLC30A) family. Dysregulation of
certain zinc transporters results in impaired zinc homeostasis and
development of zinc-imbalance-related diseases, such as cancer, di-
abetes, osteoarthritis (Kim et al., 2014; Taylor et al., 2012; Tamaki
et al., 2013). To identify critical zinc transporters that control CF-
dependent intracellular zinc depletion, we first examined the
mRNA-expression levels of several ZnTs and ZIPs, which were ex-
pected to be expressed in airway epithelial cells (Besecker et al.,
2008), in non-CF and CF airway epithelial cells. Interestingly, quanti-
tative RT-PCR analysis showed that some zinc transporter genes in-
cluding (ZnT1, ZIP4, ZIP8, ZIP10, and ZIP14) were commonly down-
regulated in both βγENaC-16HBE14o- and CFBE41o- cells (Fig. 3a).
The fact that intracellular zinc levels are low in CF and CF-like airway
epithelial cells prompted us to focus on the contribution of ZIP
down-regulation in regulating MUC5AC expression. Small interfer-
ing RNA (siRNA)-based silencing of ZIP4, ZIP8, ZIP10, and ZIP14
showed that ZIP4 knockdown decreases intracellular zinc levels
and that ZIP10 knockdown decreases MT2A expression (Fig. 3b and
c, Fig. S2a–e). However, knocking down ZIP4 and ZIP10 had no effect
on MUC5AC expression (Fig. 3d), suggesting that none of these ZIP
transporters individually play an important role in zinc-dependent
MUC5AC regulation. Moreover, simultaneous knockdown of 4 ZIP
transporters (ZIP4, ZIP8, ZIP10, and ZIP14) also did not alter
MUC5AC expression, despite decreases in the levels of intracellular
zinc and MT2A expression (Fig. 3e–g, Fig. S2f–j), suggesting that
downregulating these ZIP transporters in CF and CF-like airway epi-
thelial cells does not directly contribute to CF-associated MUC5AC
induction.

3.5. Identification of a Novel Splicing Variant of ZIP2 in CF and CF-Like Air-
way Epithelia and its Impact on ZIP2 Protein Expression

It was also important to clarify whether other intracellular zinc
regulators relate to MUC5AC up-regulation in CF airway epithelial
cells. Based on the increased ZIP2 gene-expression levels observed
in CFBE41o- cells (Fig. 3a) and lung tissues from CF-like βENaC-Tg
mice (Shuto et al., 2016), we next sought to examine the possible in-
volvement of ZIP2 dysregulation in CF airway epithelial cells.



Fig. 2. Intracellular zinc down-regulation in CF and CF-like airway epithelia is important for MUC5AC up-regulation. (a) Total zinc volume of whole-cell components from normal
(16HBE14o-), CF/CF-like (βγENaC-16HBE14o- and CFBE41o-), and WT-CFTR rescued CF (WT-CFTR- CFBE41o-) airway epithelial cells (n = 3). (b) Intracellular zinc levels in each
airway epithelial cell line were measured by flow cytometry. The histograms show intracellular zinc-stained cells (white) and unstained cells (gray). (c) The relative geometric median
fluorescence intensity (GeoMFI) of (b) is indicated (n = 3). (d) MT2A gene expression in each airway epithelial cell line was determined by quantitative RT-PCR (n = 3). (e, f) Gene-
expression levels of MT2A (e) and MUC5AC (f) in 16HBE14o- cells treated with TPEN (1 or 5 μM) alone or concurrently with ZnCl2 (20 μM) for 2 h were determined by quantitative
RT-PCR (n = 3). (g) Secreted MUC5AC protein levels in culture medium from 16HBE14o- cells treated with TPEN (1 or 5 μM) alone or concurrently with ZnCl2 (20 μM) for 6 h were
determined by slot blotting. (h) Quantification of the bands shown in (g) (n = 3). (i) Gene expression of Muc5ac in whole lungs from male C57BL/6 J mice treated with vehicle (n =
5) and 0.3 mg/kg TPEN (n = 7) for 3 h was determined by quantitative RT-PCR. (a, c–f, h, i) The values shown represent the mean ± SD. *p b 0.05, **p b 0.01; Tukey's test (a, c–f, h),
*p b 0.05; Student's t-test (i).
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Western blotting analysis unexpectedly showed lower expression of
the ZIP2 protein in βγENaC-16HBE14o- and CFBE41o- cells (Fig. 4a
and b). To explain the discrepancy of ZIP2 expression at the mRNA
and protein levels in airway epithelial cells, we next clarified wheth-
er a post-transcriptional regulatory mechanism is involved. Electro-
phoretic analysis of the full-length ZIP2 gene transcript revealed
that a unique transcript approximately 200 base pairs longer than
the normal ZIP2 gene-derived transcript is highly expressed in
βγENaC-16HBE14o- and CFBE41o- cells (Fig. 4c). Sequence analysis
confirmed the transcript as a novel splicing variant of ZIP2 that re-
tains intron 1 between exons 1 and 2 of ZIP2 gene, which causes a
frameshift that induces a premature stop codon (Fig. 4d and e). Be-
cause the splicing variant encoded a C-terminally deleted ZIP2 pro-
tein, the transcript was referred to as ΔC-ZIP2. Consistently, semi-
quantitative RT-PCR analysis using a primer pair that amplified the
mRNA sequence between exons 1 and 2 revealed that a lower WT-
ZIP2 transcript amount (βγENaC-16HBE14o-, 0.34; CFBE41o-, 0.57;
DHBE-CF, 0.33 vs. 16HBE14o-, 1.00; fold induction compared to the
value of 16HBE14o- shown in Fig. 4f) and a higherΔC-ZIP2 transcrip-
tion ratio (out of total ZIP2 transcription; ΔC-ZIP2 + normal ZIP2)
were a common feature in CF and CF-like airway epithelial cells
(Fig. 4f and g). Moreover, quantitative RT-PCR analysis using ΔC-
ZIP2 specific primers also confirmed that the amount of ΔC-ZIP2
transcript was higher in CF and CF-like airway epithelial cells
(Fig. 4h and i), despite the fact that WT-ZIP2 per se was not induced
(Fig. S3a and b). Complementation of WT-CFTR, but not mutant
ΔF508-CFTR, increased the WT-ZIP2 amount and lowered the ΔC-
ZIP2 expression ratio (Fig. 4j and k), implying that CFTR-dependent
regulation of ΔC-ZIP2 production occurred. Notably, primary trache-
al epithelial cells derived from CF-like βENaC-Tg mice also expressed
an alternative-splicing transcript of mouse Zip2, which encodes an
immature murine Zip2 protein due to the retention of intron 1
(Fig. 4l, Fig. S3c). Quantitative RT-PCR further confirmed higher ex-
pression of premature Zip2 transcript, with no alteration of WT-
Zip2 transcript expression in βENaC-Tg mice-derived primary cells
(Fig. S3d and e). Finally, to find out how a splicing switch from nor-
mal ZIP2 to ΔC-ZIP2 is induced in human CF airway epithelial cells,
we extracted 4 relatively up- and down-regulated genes (up, ≥2-
fold; down, ≤0.5-fold) that are known to be associated with splicing
control, such as IVNS1ABP, RNPC3, HNRNPH1, and U2AF1 genes

Image of Fig. 2


Fig. 3.Down-regulation of ZIP4, ZIP8, ZIP10, andZIP14donot contribute to CF-associatedMUC5AC induction in airwayepithelial cells. (a) Gene expression of ZnT- and ZIP-familymembers
in normal (16HBE14o-) and CF/CF-like (βγENaC-16HBE14o- and CFBE41o-) airway epithelial cells was determined by quantitative RT-PCR (n= 3). (b–g) Normal airway epithelial cells
(16HBE14o-) were transfected with ZIP4, ZIP8, ZIP10, or ZIP14 siRNA (50 nM) (b–d), or a mixture of each siRNA (25 nM) (e–g). (b, e) Intracellular zinc levels were measured by flow
cytometry, and the relative GeoMFI is indicated (n = 3). (c, d, f, g) Gene-expression levels of MT2A (c and f) and MUC5AC (d and g) were determined by quantitative RT-PCR (n = 3).
(a–g) The values shown represent the mean ± SD. *p b 0.05, **p b 0.01, n.s. (not significant); Dunnett's t-test (a–d). *p b 0.05, **p b 0.01, n.s. (not significant); Tukey's test (e). *p b

0.05, n.s. (not significant); Student's t-test (f, g).
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(Table S3). Quantitative RT-PCR analysis revealed that U2AF1B gene,
one of the three isoforms of U2AF1 genes, was consistently down-
regulated in CFTR-defective and ENaC-hyperactive cells, and other
isoforms U2AF1A and U2AF1C were down-regulated in ENaC-
hyperactive cells (Fig. S4a–f). However, siRNA-based knock down
of U2AF1 genes had no effects on ZIP2 splicing switch despite the rel-
atively high knockdown efficiency of U2AF1 genes (Fig. S4g–j). To-
gether, our data show that CFTR-defective and ENaC-hyperactive
airway epithelial cells induce a splicing switch from normal ZIP2 to
Fig. 4. Identification of a novel splicing variant of ZIP2 inCF and CF-like airway epithelia and its im
and CF/CF-like (βγENaC-16HBE14o- and CFBE41o-) airway epithelial cells were assessed by w
normal (16HBE14o- and primary NHBE) and CF/CF-like (βγENaC-16HBE14o-, CFBE41o-, and
for the full-length ZIP2 mRNA transcript. (d) Sequence of human ΔC-ZIP2. Underlining indic
caused by the frameshift. (e) Schematic representation of human WT-ZIP2 and ΔC-ZIP2. (f
quantitative RT-PCR. The relative intensity of PCR bands was quantified and indicated below
(f) is indicated (n = 3). (h, i) Gene expression of ΔC-ZIP2 in cell lines (h) and primary cells
ΔC-ZIP2 (n = 3). (j) Gene-expression levels of WT-ZIP2 and ΔC-ZIP2 in CF (CFBE41o-), WT-C
CFBE41o-) were determined by semi-quantitative RT-PCR. The relative intensity of PCR band
(relative to total ZIP2 expression) in (j) is indicated (n = 3) (l) Gene-expression levels of Wt
βENaC-Tg C57BL/6 J mice were determined by semi-quantitative RT-PCR. The relative intensit
shown represent the mean ± SD. *p b 0.05, **p b 0.01 (vs. 16HBE14o- cells), #p b 0.05 (vs. pr
(not significant) (vs. CFBE41o- cells); Dunnett's t-test (k).
ΔC-ZIP2 at least via U2AF1-independent mechanisms, presumably
resulting in the production of a truncated ZIP2 protein.

3.6. ZIP2 Down-Regulation Accompanying a Decreased Expression of Other
ZIPs is Crucial for Zinc Deficiency in CF and CF-Like Cells

To determine thepathophysiological relevance of ZIP2dysregulation
in CF and CF-like airway epithelial cells, we measured the effect of ZIP2
knockdown on the levels of intracellular zinc and MUC5AC expression.
pact on ZIP2 protein expression. (a) ZIP2 protein-expression levels in normal (16HBE14o-)
estern blotting. (b) Quantification of the bands shown in (a) (n = 3) (c) ZIP2 variants in
primary DHBE-CF) airway epithelial cells were detected by PCR, using specific primers

ates the exon 1 and exon 2 regions, and italic lettering shows the premature stop codon
) Gene expression of WT-ZIP2 and ΔC-ZIP2 in each cell line was determined by semi-
the gel images. (g) The ΔC-ZIP2-expression ratio (relative to total ZIP2 expression) in

(i) was determined by quantitative RT-PCR using primers targeting the ZIP2 intron 1 of
FTR-rescued CF (WT-CFTR-CFBE41o-), and dysfunctional CFTR-induced CF (ΔF508-CFTR-
s was quantified and indicated below the gel images. (k) The ΔC-ZIP2 expression ratio
-zip2 and intron 1-retained Zip2 in primary airway epithelial cells isolated from WT and
y of PCR bands was quantified and indicated below the gel images. (b, g–i, k) The values
imary NHBE cells); Dunnett's t-test (b, g, h). *p b 0.05; Student's t-test (i). *p b 0.05, n.s.
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Image of Fig. 4


Fig. 5. ZIP2 is a key regulator that restricts MUC5AC up-regulation in airway epithelial cells. (a–h) Normal airway epithelial cells (16HBE14o-) were transfected with ZIP2 siRNA (50 nM)
(a–c); a ZIP4, ZIP8, ZIP10, and ZIP14 siRNAmixture (25 nMeach siRNA) (d); and a ZIP2, ZIP4, ZIP8, ZIP10, and ZIP14 siRNAmixture (25 nMeach siRNA) (d–h). (a, d) Intracellular zinc levels
were measured by flow cytometry and the relative GeoMFI is indicated (n = 3). (b, c, e, f) Gene-expression levels of MT2A (b and e) and MUC5AC (c and f) were determined by
quantitative RT-PCR (b and c, n = 3; e and f, n = 4). (g) Secreted protein expression of MUC5AC was determined by slot blotting. (h) Quantification of the bands shown of (g) was
quantified (n = 4). (a–f, h) The values shown represent the mean ± SD. *p b 0.05, ***p b 0.005, n.s. (not significant); Student's t-test (a–c, e, f, h). *p b 0.05, **p b 0.01, n.s. (not
significant); Tukey's test (d).
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Likemost of the ZIP transporters, reducing ZIP2 expression alone had no
effect on intracellular zinc levels, MT2A expression, or MUC5AC expres-
sion in non-CF airway epithelial cells (Fig. 5a–c, Fig. S5a and b). Impor-
tantly, however, knockdown of ZIP2 together with a quartet of other
ZIPs (ZIP4, 8, 10, and 14) significantly reduced intracellular zinc levels
and MT2A expression (Fig. 5d and e, Fig. S5c–S5h), and significantly in-
duced MUC5AC expression at both the mRNA and protein levels
(Fig. 5f–h). Because knockdown of the ZIP quartet alone had no impact
onMUC5AC expression (Fig. 3g), ZIP2 down-regulation accompanying a
decreased expression of other ZIPs is crucial for zinc deficiency in CF and
CF-like cells. The results further support the idea of splice switch from
WT-ZIP2 to ΔC-ZIP2 as a key restriction step that accelerates MUC5AC
up-regulation in airway epithelial cells through orchestration with
other ZIP transporters.
3.7. Characterization of the ΔC-ZIP2 Protein

Although the splice switch-dependent reduction of functional WT-
ZIP2 expressionmay play a crucial role in CF pathogenesis, a possible di-
rect involvement of ΔC-ZIP2 protein-mediated in such a mechanism
could not be ruled out. To test this possibility, we characterized the ef-
fect of exogenously ΔC-ZIP2 protein expression in HSG cells, a human
submandibular gland cell linewith high transfection efficiency.Western
blot analysis confirmed successful transfection of the His/Myc-tagged
WT-ZIP2 and ΔC-ZIP2 genes (Fig. S6a and b). Overexpression of WT-
ZIP2, but not ΔC-ZIP2, increased both intracellular zinc levels and
MT2A expression (Fig. S6c–e), suggesting that ΔC-ZIP2 has no zinc-
importing activity. Cellular fractionation and immunofluorescence anal-
yses revealed that WT-ZIP2 localizes at the plasma membrane, while
ΔC-ZIP2 accumulates in the membrane fraction (Fig. S6f) and possibly
at the endoplasmic reticulum (ER)/Golgi-associated membrane, but
not at the plasma membrane. (Fig. S6g). These results demonstrate
that theΔC-ZIP2 proteinwas stably expressed, although it did not local-
ize to the plasma membrane and has no zinc-importing activity.

3.8. ΔC-ZIP2 Specifically Up-Regulates βENaC Gene Expression in a Zinc-
Independent Manner

To determine a direct role of ΔC-ZIP2 in CF airway pathogenesis, we
examined the effect of ΔC-ZIP2 overexpression in normal 16HBE14o-
cells. Stable transduction with a lentiviral vector encoding the full-
length intact ΔC-ZIP2 sequence (exon 1 + intron 1 + the other exons)
in 16HBE14o- cells unexpectedly showed expression of the full-length,
intactWT ZIP2 protein (exon 1+ other exons), but not theΔC-ZIP2 pro-
tein, implying that correct splicing occurs under this condition (ΔC-ZIP2,
Fig. 6a–c). To suppress the endogenous splicing reaction, we next
established the vector coding ΔC-ZIP2 sequence with an intronic muta-
tion (IVS1+TN C) to produce a variantwith anunspliceable intron 1. Im-
portantly, a stable transduction harboring the full-length ΔC-ZIP2 (IVS1
+ T N C) variant expressed only the ΔC-ZIP2 transcript (IVS1 + T N C
ΔC-ZIP2, Fig. 6b and c) and had no effect on endogenous ZIP2 protein ex-
pression (Fig. 6d and e), indicating that ΔC-ZIP2 does not exert a
dominant-negative effect. To next examine the role ofΔC-ZIP2 in regulat-
ing CF-associated gene expression, we performed quantitative RT-PCR
analyses in ΔC-ZIP2 (IVS1 + T N C)-expressing 16HBE14o- cells. Consis-
tently, MT2A expression was not affected by ΔC-ZIP2 transfection,
confirming thatΔC-ZIP2 per se does not have any zinc-importing activity
(Fig. 6f). Notably, ΔC-ZIP2 transfection did not affect most CF-associated
gene-expression levels, except for βENaC (Fig. 6g). Accordingly, ZIP2
knockdown attenuated βENaC transcription (Fig. S7a and b). Moreover,
ΔC-ZIP2 introduction slightly up-regulated ENaC channel activity, consis-
tentwith the effect on βENaCmRNA (Fig. 6h).ΔC-ZIP2with an early stop
codonmutation (K8X),whose protein product reflects truncation ofmost
of the protein-coding region, did not induce βENaC gene expression;
thus, the ΔC-ZIP2 variant was responsible for βENaC up-regulation

Image of Fig. 5


Fig. 6.ΔC-ZIP2 specifically up-regulatesβENaC gene expression in a zinc-independentmanner. (a, b) Schematic representation of lentiviral constructs (a) and full-length ZIP2 orΔC-ZIP2
(b) (c) ZIP2 mRNA splicing in the WT gene and non-splice mutant (IVS1 + T N C) ΔC-ZIP2, stable expressed in 16HBE14o- cells, was determined by PCR. (d) ZIP2 protein in 16HBE14o-
cells stably expressing IVS1+ T N C ΔC-ZIP2 was assessed by western blotting. (e) The intensities of the bands shown in (d) were quantified (n= 3). (f, g) Expression of the MT2A gene
(f) and CF-associated genes (g) in 16HBE14o- cells stably expressing IVS1+ T N C ΔC-ZIP2 were determined by quantitative RT-PCR (n= 3). (h) Amiloride-sensitive equivalent currents
(Ieq) in 16HBE14o- cells stably expressing IVS1+ T N C ΔC-ZIP2 and βγENaC-16HBE14o- were detected as the ENaC current (n= 6). (i) Gene-expression levels of βENaC in 16HBE14o-
cells stably expressing IVS1 + T N C ΔC-ZIP2 and an early-truncated (K8X) IVS1 + T N C ΔC-ZIP2 variant were determined by quantitative RT-PCR (n = 3). (e–i) The values shown
represent the mean ± SD. *p b 0.05, n.s. (not significant); Student's t-test (e–g). *p b 0.05, **p b 0.01; Tukey's test (h, i).
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(Fig. 6i). Finally, we identified that p38, one of the key kinases critical for
βENaC expression, is activated byΔC-ZIP2 expression in 16HBE14o- cells
(Fig. S7c). However, p38 inhibition did not affect ΔC-ZIP2-dependent
βENaC up-regulation (Fig. S7d). Overall, although a direct connection be-
tween βENaC expression and ENaC function is unclear, our data indicate
that theΔC-ZIP2 transcript-derivedΔC-ZIP2 proteinmay positively regu-
late ENaC function by possibly inducing βENaC gene expression (a key
characteristic of CF pathogenesis) via an unknown zinc-independent
mechanism.

4. Discussion

The present study reveals that CFTR-defective and/or ENaC-
hyperactive conditions accelerated the conversion from WT-ZIP2 to
ΔC-ZIP2 transcripts in airway epithelial cells, which potentially reduced
the availability of plasma membrane-localized WT-ZIP2 protein, while
increasing ER/Golgi-membrane localization of the ΔC-ZIP2 protein.
The splice switch-dependent functional ZIP2 down-regulation as well
as other ZIPs down-regulation are responsible for zinc deficiency in CF
and CF-like cells (Fig. 7). Because lower intracellular Zn2+ levels con-
tribute to CF-associated MUC5AC hypersecretion in airway epithelial
cells, these findings uniquely link splice switching in ZIP2 and CF-
associated MUC5AC induction. Generally, appropriate MUC5AC expres-
sion contributes to host defenses as a main component of mucociliary
clearance (Ehre et al., 2012), but its overexpression, especially under
airway clearance-defective conditions observed in CF airways, is
thought to be an exacerbating factor for CF lung diseases (Henke et al.,
2007; Groneberg et al., 2002; Kreda et al., 2012). Thus, identification

Image of Fig. 6


Fig. 7. Putative mechanisms of zinc deficiency-dependentMUC5AC hypersecretion in CF airway epithelial cells. In normal and non-CF airway epithelial cells (left panel), WT-ZIP2 mRNA-
derivedWT-ZIP2 and other ZIP proteins contribute tomaintain intracellular zinc levels, resulting in the proper expression ofmucinMUC5AC expression. In CF airway epithelial cells (right
panel), splice switch fromWT-ZIP2 toΔC-ZIP2, an alternative splice isoformof ZIP2,which lacks the C-terminal domain, contributes to the down-regulation of functionalWT-ZIP2 protein.
ΔC-ZIP2 protein has no effects on zinc-importing and WT-ZIP2-interfering activities; thus, splice switch to ΔC-ZIP2 as well as down-regulation of other ZIPs causes intracellular zinc
depletion in CF airway epithelial cells, which is sufficient to up-regulate MUC5AC expression. In the meantime, the ΔC-ZIP2 transcript-derived ΔC-ZIP2 protein likely positively
regulates ENaC function by possibly inducing βENaC gene expression (a key characteristic of CF pathogenesis) via an unknown zinc-independent mechanism. Overall, the balance of
CFTR and ENaC, and WT-ZIP2 and ΔC-ZIP2, affects intracellular zinc levels, which control MUC5AC secretion in airway epithelial cells.

314 S. Kamei et al. / EBioMedicine 27 (2018) 304–316
of the molecules and pathways underlying CF-associated MUC5AC in-
duction has been the subject of extensive research for many years
(Imamura et al., 2004; Kang et al., 2015; Kreda et al., 2012). In this re-
gard, our findings on the importance of Zn2+and splice switch of its
transporters could be instructive for exploring CF-associated mucus
overproduction in vitro.

Alternative splicing is a well-characterized mechanism by which
multiple transcripts are generated from a single immature mRNA
sequence, which affects various functions in cellular processes, tissue
specificity and developmental states (Wang et al., 2008; Luco et al.,
2011). Dysregulation of alternative splicing can accelerate or attenuate
the development of certain diseases (Cáceres and Kornblihtt, 2002;
Cooper et al., 2009), indicating that its regulation could be
pathophysiologically relevant. Importantly, most diseases resulting
from alternative splicing are caused by change of splicing efficiency
due tomutations in splicing-associated sequences in the corresponding
genes (Cooper et al., 2009; Cáceres and Kornblihtt, 2002). In contrast,
we identified a novel pathologically relevant splicing product of ZIP2,
or ΔC-ZIP2, which was induced by CFTR-defective and/or ENaC-
hyperactive conditions. Because a similar inducible splicing-switch
system has only been described in ER stress-induced mRNA splicing to
date (Ron and Hubbard, 2008; Kaufman, 2002), our study may strongly
impact the field of alternative splicing-associated transcriptional
regulation.

Identification of ZIP2 as one of the critical transporters responsible
for CF-associated basal MUC5AC induction provides new insight into
the regulation of airway mucus homeostasis. Reports on the functional
expression of zinc transporters in airway epithelial cells have been lim-
ited to a few zinc transporter family members. Lang et al. showed in-
creased ZIP1 and ZIP14 expression and decreased ZIP4 and ZnT4
expression during acute inflammation (Lang et al., 2007). Besecker
et al. found that ZIP8 is induced after TNFα exposure (Besecker et al.,
2008). In both cases, the intracellular Zn2+ levels regulated by these
transporters were considered to protect the lungs from inflammation
by activating several signaling molecules, such as PI3K and NF-κB
(Bao, 2005; Liu et al., 2013). However, the role of ZIP2 has been mainly
described in other tissues (not in airway epithelial cells), including
pericentral hepatocytes, keratinocytes, and pulmonary macrophage, as
well as in prostate cancer (Peters et al., 2007; Inoue et al., 2014;
Hamon et al., 2014). It should be noted, though, that Roscioli et al. con-
firms ZIP2 expression in airway epithelial cells, and its expression is re-
duced by cigarette smoke exposure, accompanied with diminished

Image of Fig. 7
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intracellular Zn2+ levels (Roscioli et al., 2017). Accordingly, our data
also demonstrated that ZIP2 expression in airway epithelial cells and
that ZIP2 dysregulation mainly contributes to CF-associated mucus
overproduction, but careful interpretation may be needed. In fact, in-
volvement of ZIP2 in the regulation of MUC5AC was only observed
when its knockdown is performed together with other ZIPs. Because
knockdown of a quartet of other ZIPs or of ZIP2 alone had no effect on
MUC5AC expression, there may be functionally relevant interplay
among ZIP transporters in the regulation of MUC5AC, for which ZIP2
plays a central role.

Physiological relevance and mechanism of ΔC-ZIP2-dependent
ENaC activation is also an interesting issue. This could be consid-
ered as a feedforward CF-exacerbating pathway. But, whether ΔC-
ZIP2-dependent βENaC mRNA up-regulation is responsible for
ENaC activation is undetermined. From a different perspective,
ΔC-ZIP2 may directly stabilize in part the ENaC expression itself
at protein level, or affect ENaC-modulating proteins to indirectly
stabilize ENaC protein expression. These “functional” roles of ΔC-
ZIP2 in the regulation of CF lung pathogenesis will be explored in
the future.

In clinical point of view, subjects including CF patients exhibiting
low plasma Zn2+ levels (b90 μg/dL) are more susceptible to infec-
tions and tend to have higher levels of plasma oxidative stress mole-
cules and inflammatory cytokines (Prasad et al., 2007; Mocchegiani
et al., 1995), indicating the indispensable role of plasma zinc in the
control of inflammation. Consistently, two clinical reports showed
that zinc supplementation is beneficial to CF patients in the aspects
of energy intake as well as infection episode and anti-inflammatory
function (Van Biervliet et al., 2008; Abdulhamid et al., 2008). Howev-
er, it should be noted that plasma zinc-adequate CF patients
(101±9.8 μg/dL, range 90–125 μg/dL) had lesser responses to zinc
supplementation (Abdulhamid et al., 2008), suggesting that plasma
Zn2+ levels restrict the efficiency of zinc supplement approach. On
the other hand, our data clearly showed intracellular zinc deficiency
as well as MUC5AC up-regulation as common characteristics in CF
and mimicking low Zn2+ levels in CF and CF-like airway epithelial
cells, achieved by TPEN treatment and siRNA-based knockdown of
ZIP transporters, resulted in MUC5AC up-regulation, indicating that
not plasma but intracellular zinc in airway is sufficient for CF-
associatedMUC5AC induction. Together, our data unveil a previously
unknown connection between intracellular Zn2+ and mucus pro-
duction at the cellular level of CF airways, and provide a novel con-
cept that control of ZIP2 splice switch could be another target in
the clinical use of Zn2+ in CF patients.
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