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The paracellular claudin channel of the thick ascending
limb (TAL) of Henle is critical for Ca™ " reabsorption in the
kidney. Genome-wide association studies (GWASs) have
identified claudin-14 associated with hypercalciuric nephro-
lithiasis. Here, we show that claudin-14 promoter activity
and transcript are exclusively localized in the TAL. Under
normal dietary condition, claudin-14 proteins are sup-
pressed by two microRNA molecules (miR-9 and miR-374).
Both microRNAs directly target the 3-UTR of claudin-14
mRNA; induce its mRNA decay and translational repression
in a synergistic manner. Through physical interaction,
claudin-14 blocks the paracellular cation channel made of
claudin-16 and -19, critical for Ca™" reabsorption in the
TAL. The transcript and protein levels of claudin-14 are
upregulated by high Ca™ * diet, while downregulated by
low Ca** diet. Claudin-14 knockout animals develop hy-
permagnesaemia, hypomagnesiuria, and hypocalciuria
under high Ca®" dietary condition. MiR-9 and miR-374
transcript levels are regulated by extracellular Ca™" in a
reciprocal manner as claudin-14. The Ca® " sensing recep-
tor (CaSR) acts upstream of the microRNA-claudin-14 axis.
Together, these data have established a key regulatory role
for claudin-14 in renal Ca* " homeostasis.
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Introduction

Regulation of calcium homeostasis resides principally within
the kidney. A monogenic renal disorder, autosomal recessive

*Corresponding author. Department of Internal Medicine, Washington
University Renal Division, Washington University, 660 South Euclid
Avenue, St Louis, MO 63110, USA. Tel.: +1 314 362 5685;

Fax: +1 314 362 8237; E-mail: jhou@wustl.edu

Received: 27 October 2011; accepted: 30 January 2012; published
online: 28 February 2012

©2012 European Molecular Biology Organization

familial hypomagnesaemia with hypercalciuria and nephro-
calcinosis (FHHNC; OMIM #248250), is caused by mutations
in the claudin (CLDN) genes: CLDNI16 (Simon et al, 1999)
and CLDNI19 (Konrad et al, 2006). A recent genome-wide
association study (GWAS) has identified CLDN14 as a major
risk gene of hypercalciuric nephrolithiasis and reduced bone
mineral density (Thorleifsson et al, 2009). Claudins are
tetraspan proteins consisting of a family of 27 members
that form the paracellular channels allowing selective per-
meation of ions through the epithelial tight junction (TJ)
(Tsukita et al, 2001; Mineta et al, 2011). The CLDNI16 and
CLDN19 genes are exclusively expressed in the thick ascend-
ing limb (TAL) of the nephron, where a major percentage of
filtered divalent cations are reabsorbed paracellularly
(30-35% Ca™ * and 50-60% Mg™ ) (Greger, 1985). A run
of in-vitro (Hou et al, 2005, 2008) and in-vivo (Hou et al,
2007, 2009) studies have shown that CLDN16 and CLDN19
form a heteromeric cation channel, which (i) permeates
Cat ™ and Mg™ *; (ii) generates a lumen-positive diffusion
potential in the late TAL that contribute to the driving force
for Ca* * and Mg ™ " reabsorption. CLDN14 is important for
the physiology of cochlear hair cells in the inner ear
(Ben-Yosef et al, 2003). Mutations in CLDN14 have been
linked to autosomal recessive non-syndromic deafness
(DFNB29) (Wilcox et al, 2001). Nevertheless, neither hyper-
calciuria nor nephrolithiasis has been found in human or
transgenic knockout (KO) animals with these mutations
(Wilcox et al, 2001; Ben-Yosef et al, 2003). Here, through
biochemical analyses and electrophysiological recordings, we
have found a mechanistic role for CLDN14 in renal Ca™ *
reabsorption that involves its physical and functional inter-
action with CLDN16. Gain of CLDNI14 function in kidney
epithelial cells diminished paracellular cation permeability of
the CLDN16-CLDN19 channel.

Within physiological ranges, Ca intake variations are
balanced by changes in renal excretion. The Ca™ * sensing
receptor (CaSR) provides a key mechanism for monitoring
the circulating Ca™ * levels and enabling the kidney to adjust
excretion rates accordingly (Riccardi and Brown, 2010). In the
kidney, CaSR regulates Ca™ * transport through changes in
the transepithelial potential and alterations of the paracellular
channel permeability (Gamba and Friedman, 2009).
Nevertheless, the mechanism of CaSR regulation in the
kidney has long been a mystery. Here, we have shown that
CaSR activation increases the gene expression levels of
CLDN14 in the TAL of the kidney. MicroRNAs are single-
stranded, non-coding RNA molecules of 19-25nt in length,
which are generated from endogenous hairpin-shaped tran-
scripts (Krol et al, 2010), base pair with their target mRNAs
and induce either translational repression or mRNA destabi-
lization (Huntzinger and Izaurralde, 2011). Here, we have
found two microRNAs that target the 3’-UTR of CLDN14 gene:
miR-9 and miR-374. MiR-9 has a known function in cancer
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cell metastasis (Ma et al, 2010), while miR-374 is a novel
microRNA. In the TAL cells, miR-9 and miR-374 repress
CLDN14 transcript stability and translation in a synergistic
manner. The transcript levels of both microRNAs are regu-
lated by extracellular Ca* * through the CaSR. The signalling
pathway of CaSR-microRNA-CLDN14-CLDN16/19 forms a
complete regulatory loop for Ca®™ ¥ homeostasis in the
kidney.

Results

The renal localization of CLDN14 promoter, mRNA,
and protein

The renal localization of CLDN14 has been controversial.
Immunofluorescence analysis showed CLDN14 expression in
the TAL of Henle’s loop and the proximal tubules of mouse
kidneys (Ben-Yosef et al, 2003; Elkouby-Naor et al, 2008),
while another study reported no CLDN14 expression in the
kidney (Kiuchi-Saishin et al, 2002). To clearly demonstrate
CLDNI14 gene expression in the kidney, regardless of any
regulatory mechanism that may affect its mRNA or protein
level (vide infra), we determined CLDN14 promoter activities
in the mouse kidney. The CLDN14 promoter activity was
assessed in vivo with a CLDN14-lacZ reporter mouse line
(Ben-Yosef et al, 2003), in which the lacZ reporter gene
replaced the CLDN14 gene under control of the endogenous
CLDN14 promoter. Through rigorous colocalization analyses,
we found that in CLDN14 */13 mouse kidneys, the p-galac-
tosidase activity was detected in tubules that co-expressed
the Tamm-Horsfall protein (THP: a TAL marker) (Figure 1A),
but not in glomerulus (Supplementary Figure S1) or in
tubules that were labelled with the Lotus tetragonolobus
lectin (LTL: a proximal convoluted/straight tubule (PCT/
PST) marker) or that co-expressed the thiazide-sensitive
Na™/Cl~ cotransporter (NCC: a distal convoluted tubule
(DCT) marker) or aquoporin-2 (AQP2: a connecting tubule/
collecting duct (CNT/CD) marker) (Supplementary Figure S1).
To determine CLDN14 mRNA levels in the kidney, we micro-
dissected each nephron segment from the mouse kidney
obeying a rigorous criterion (Figure 1B, legend) and quanti-
fied CLDN14 transcript levels (normalized to -actin mRNA
levels) with real-time PCR. The TAL expressed the highest
levels of CLDN14 mRNA (Figure 1C), which were over five-
fold higher than in the glomerulus or DCT (P<0.05, n=3);
over 10-fold higher than in PCT/PST or CNT/CD (P<0.01,
n=3). These microdissected nephron segments were ana-
lysed for the mRNA levels of a TAL marker gene—CLDN]I6.
CLDNI16 transcripts were only found in the TAL (Figure 1C),
ruling out the possibility of tubular cross-contamination
during the microdissection process. To look for CLDN14
proteins in the kidney, we immunostained mouse Kidney
sections under normal dietary condition but found no detect-
able signal in the kidney (Figure 5C).

CLDN14 gene expression is suppressed by miR-9

and miR-374 in the kidney

The apparent suppression of CLDN14 proteins in the kidney
prompted us to look for underlying regulatory mechanisms.
The strong CLDN14 promoter activity in the kidney suggested
post-transcriptional mechanisms for CLDNI14 gene regula-
tion. MicroRNAs are key regulatory molecules that regulate
gene expression on the post-transcriptional level, by inducing
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target mRNA decay or translational repression (Huntzinger
and Izaurralde, 2011). MicroRNAs recognize partially com-
plementary binding sites located in 3’-UTRs of target mRNAs.
The CLDN14 gene produces alternatively spliced transcripts
in the human (five variants), the mouse (three variants), and
the rat (one variant) (Materials and methods). The splicing
variants differ in their 5-UTR sequences while the coding
region and 3’-UTR sequences are conserved in all variants.
For predictions of microRNAs targeting CLDN14:3'-UTR
based on sequence complementarities and cross-species con-
servation, four algorithms were used: TargetScan, miRanda,
Diana microT, and MirTarget2 (Materials and methods).
Because CLDN14:3’-UTR is short, only 183bp in human
(#AF314090), a total of 11 microRNAs were identified target-
ing the human sequence (Supplementary Table S1). MiR-9
consistently appeared in all four algorithms while miR-374
was reported by two independent algorithms (Supplementary
Table S1). A cross-species search of the 11 microRNA binding
sites in mouse CLDN14:3’-UTR (171 bp; #AF314089) reported
only the miR-374 binding site conserved in human and
mouse sequences. Human miR-374 has two isoforms—a
and b, both sharing the same seed sequence. Mature
human miR-374b (hsa-miR-374b) is identical to mouse and
rat miR-374 (mmu-miR-374 and rno-miR-374 respectively).
The miR-374 binding site (AUUAUA matching the seed
sequence of miR-374) within CLDN14:3'UTR was conserved
across species (Supplementary Figure S2). Three pre-miR-9
genes (miR-9-1, -2, and -3) encode the same mature miR-9.
Sequence alignment identified a conserved miR-9 binding site
within human CLDN14:3’-UTR (CCAAAG) (Supplementary
Figure S2), which was however mutated in mouse and rat.
Surprisingly, a second miR-9 binding site was found in mouse
and rat CLDN14:3'-UTRs, located 69bp upstream of the
conserved site (Supplementary Figure S3).

To determine whether miR-9 or miR-374 targets
CLDN14:3'-UTR directly, we generated the reporter con-
structs (pMir Reporter; Materials and methodss) that had
the entire mouse CLDN14:3'-UTR sequence (171bp) or
human CLDN14:3’-UTR sequence (183bp) cloned down-
stream of the firefly luciferase gene, termed as pMir-
Reporter-CLDN14:3’-UTR jouse OF pMir-Reporter-CLDN14:3'-
UTRpuman, respectively. The pMir Reporter was transfected
with scrambled miRNA, miR-9, or miR-374 precursor to
HEK293 cells. A 25% decrease in firefly luciferase activity
(P<0.01, n=4; normalized to Renilla luciferase activity;
Figure 2A) was found for miR-9 when assayed with pMir-
Reporter-CLDN14:3’-UTR youse; an 18% decrease (P<0.05,
n=4) for miR-374, compared with scrambled miRNA. The
human CLDN14:3’-UTR was more sensitive to microRNA
suppression, with miR-9 suppressing pMir-Reporter-
CLDN14:3’-UTRpyman  activity by 48%; miR-374 by 39%
(P<0.001, n=4; Figure 2B). MiR-9 showed higher efficacy
than miR-374 on both pMir Reporters. Deletion of miR-9 and
miR-374 binding sites (Materials and methods) in CLDN14:3'-
UTR abolished the miR-9 or miR-374 precursor effect
(Figure 2C). To demonstrate whether microRNAs were
required for CLDN14 regulation in vivo, we adapted the
antagomir method (Krutzfeldt et al, 2005) to repress mature
microRNA function in a cultured TAL cell model —MKTAL.
The MKTAL cells derived from microdissected mouse TAL
tubules and expressed the TAL-specific genes, THP and
NKCC2 (Bourgeois et al, 2003). We assessed the efficacy of
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Figure 1 CLDN14 gene localization in the kidney. (A) lacZ reporter assay detects p-galactosidase activity in renal tubules that exclusively
colocalizes with the Tamm-Horsfall protein. Bar: 100 pm. (B) Microdissected tubular segments from the mouse kidney. Microdissection criterion:
(i) PCT, DCT, and TAL joined at glomerulus/macula densa are dissected out; (ii) glomerulus and PCT are separated from macula densa; (iii) PCT
is separated from glomerulus and DCT is separated from TAL free of any junctional tissue—macula densa; (iv) PST is separated from PCT, CNT/
CD separated from DCT and TAL separated from CNT/CD according to morphological differences. Glom, glomerulus; PCT, proximal convoluted
tubule; PST, proximal straight tubule; TAL, thick ascending limb; DCT, distal convoluted tubule; CNT, connecting tubule; CD, collecting duct. (C)
CLDN14 and CLDN16 mRNA levels relative to f-actin mRNA levels in microdissected tubular segments. *P<0.05, n=3.

antagomir knockdown (KD) of microRNAs by the pMir-
Reporter assay. Transfection with anti-miR-9 or anti-miR-374
but not scrambled antagomir increased pMir-Reporter-
CLDN14:3’-UTRouse activity by 1.38-fold (P<0.05, n=4;
Figure 2D) or 1.46-fold (P<0.001, n=4), respectively, in
MKTAL cells. Co-transfection with anti-miR-9 and anti-miR-
374 (at molar ratio 1:1) increased luciferase activity by
2.11-fold (P<0.001, n=4), suggesting a functional synergy
between these two microRNAs. This synergy was more
evident in their regulation of endogenous CLDN14 expression
in MKTAL cells. While neither anti-miR-9 nor anti-miR-374
alone affected CLDN14 mRNA levels, transfection with both
antagomirs upregulated CLDN14 mRNA levels by 2.76-fold

©2012 European Molecular Biology Organization

(P<0.05, n=6; normalized to B-actin mRNA; Figure 2E) in
MKTAL cells. Concomitant CLDN14 translation assays
revealed more pronounced microRNA effects. The repression
of CLDN14 protein levels was relieved by co-transfection with
anti-miR-9 and anti-miR-374, reflected by a 3.86-fold
(P<0.05, n=3; normalized to B-actin protein; Figure 2F)
increase on densitometric scale, but not by either antagomir
alone. The synergistic effect of multiple microRNAs on their
common cognate target has been demonstrated by several
studies (Gregory et al, 2008; Yoo et al, 2009). MicroRNA,
when bound to its target, triggers mRNA deadenylation
through a common deadenylase complex (Huntzinger and
Izaurralde, 2011). If an mRNA is bound with several
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Figure 2 MicroRNA regulation of CLDN14 expression in the kidney. (A-C) The firefly/Renilla luciferase activity ratios measured in HEK293
cells transfected with pMir-Reporter-CLDN14:3’-UTR;ouse and scrambled miRNA, miR-9, or miR-374 precursor (A); with pMir-Reporter-
CLDN14:3'-UTR}yman and miRNA precursor (B); with pMir-Reporter-CLDN14:3’-UTR},yman containing deletions in miRNA binding sites (C).
(D) Transfection with antagomirs increases pMir-Reporter-CLDN14:3'-UTR pouse activity in MKTAL cells. (E) CLDN14 mRNA levels relative to
B-actin mRNA levels in MKTAL cells transfected with antagomirs. (F) CLDN14 protein levels relative to B-actin protein levels in MKTAL cells
transfected with antagomirs. (G) Antagomir transfection increases pMir-Reporter-CLDN14:3'-UTRouse activity in freshly isolated mouse TAL
cells. (H) CLDN14 mRNA levels in freshly isolated mouse TAL cells transfected with antagomirs.

microRNAs, ablation of a single microRNA would not
sufficiently restore the mRNA stability. To determine whether
microRNAs regulated CLDN14 gene expression in the mouse
kidney, we isolated mouse TAL cells with an immunomag-
netic separation method described before (Materials and
methods; Hou et al, 2009). The isolated cells were viable
and express the TAL-specific genes, THP and CLDN16 (Hou
et al, 2009). Once isolated, they were plated in culture
medium for <16h followed by immediate antagomir trans-
fection. Antagomir transfection into freshly isolated mouse
TAL cells increased pMir-Reporter-CLDN14:3'-UTRhouse
activity by 1.71-fold (anti-miR-9 + anti-miR-374 versus
scrambled antagomir; P<0.05, n=3; Figure 2G). The

The EMBO Journal VOL 31 | NO 8] 2012

endogenous CLDN14 expression levels in isolated TAL cells
were assessed with real-time RT-PCR. Transfection with
anti-miR-9 + anti-miR-374 significantly upregulated CLDN14
transcript levels by 1.87-fold (P<0.05, n=4; Figure 2H)
compared with scrambled antagomir. Together, these data
suggest that miR-9 and miR-374 synergistically regulate
CLDN14 gene expression in the TAL of the kidney.

CLDN14 interacts with CLDN16 in the kidney

Because CLDN16 and CLDNI19 are colocalized in the TAL
(Hou et al, 2008) and the colocalization requires their inter-
action (Hou et al, 2009), the TAL localization of CLDN14
prompted us to seek for evidence of CLDN14 interaction with

©2012 European Molecular Biology Organization
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Figure 3 CLDN14 interacts with CLDN16. (A) Y2H assays showing interaction of CLDN14 with CLDN16 but not with CLDN19, determined by
three reporter genes (HIS3, lacZ, and ADE2) in the yeast NMYS5I strain. Plates with selective medium lacking leucine and tryptophan (SD-LW),
indicating the transformation of both bait and prey vectors; with SD-LWH and SD-LWHA, indicating the expression of reporter genes HIS3 and
ADE2; and the B-galactosidase assay are shown. (B) Quantitative B-galactosidase assay to determine the relative interaction strength of the
following pairs: CLDN16-CLDN19, CLDN14-CLDN16, and CLDN14-CLDN19. (C, D) Coimmunoprecipitation of claudins in doubly transfected
HEK293 cells to determine CLDN14-CLDN16 interaction (C) and CLDN14-CLDN19 interaction (D). (E) Coimmunoprecipitation of claudins in
triply transfected HEK293 cells to determine CLDN14-CLDN16-CLDN19 interaction. Antibodies used for immunoprecipitation are shown
above the lanes; antibody for blot visualization is shown at left. Non-specific 1: anti-CLDN1; Non-specific 2: anti-occludin; *Lane shows 10% of

input amount as in other lanes.

CLDN16 or CLDN19. Claudins cis interact within the plane of
the membrane to form dimers, or higher oligomeric state,
followed by trans interactions between claudins in adjacent
cells and additional cis interactions to assemble claudin
oligomers into intramembrane TJ strands (Furuse et al,
1999). Because the oligomeric nature of the TJ structure
denies an unambiguous study of any selected claudin inter-
action within the TJ matrix (Stevenson and Goodenough,
1984), simple cell systems with no TJ (e.g., yeast and
embryonic HEK293 cells) were used to probe direct claudin
interactions. To determine the cis interactions of CLDN14
with CLDN16 or 19, we used the split-ubiquitin yeast
2-hybrid (Y2H) membrane protein interaction assay (Hou
et al, 2008). Our data show that CLDN14 interacted with
itself and with CLDN16, as assayed with all three reporters
(HIS3, lacZ, and ADE2) in the yeast NMYS51 strain
(Figure 3A). No interaction was evident for CLDN14 and
CLDN19 on any of these reporter assays (Figure 3A). The
level of interaction strength between CLDN14 and CLDN16
was equal to that of CLDN16-CLDN19 interaction, as quanti-
fied with the lacZ reporter (Figure 3B). To directly document
CLDN14-CLDN16 interaction in epithelial cells, we
attempted coimmunoprecipitation of CLDN14 and CLDN16

©2012 European Molecular Biology Organization

in doubly transfected HEK293 cells, an embryonic cell line
with no endogenous claudin or transepithelial resistance
(TER). At low cell density, which minimizes cell-cell contacts
and trans interactions, interactions between CLDN14 and
CLDN16 will be mostly cis. Immunoblotting showed that
anti-CLDN14 antibody coprecipitated CLDN16, whereas
anti-CLDN16 antibody reciprocally precipitated CLDN14
(Figure 3C). Other TJ protein antibodies, such as anti-
CLDN1 and anti-occludin antibody (as non-specific binding
controls), precipitated neither CLDN14 nor CLDNI16
(Figure 3C). Anti-CLDN19 antibody was not able to precipi-
tate CLDN14; nor was anti-CLDN14 antibody to precipitate
CLDN19 (Figure 3D). In triply transfected cells expressing
three claudins at the molecular ratio of 1:1:1, anti-CLDN19
antibody now precipitated CLDN14 with similar affinity
to anti-CLDN16 antibody (Figure 3E), suggesting (i)
CLDN19 acted through CLDN16 to interact with CLDN14;
(ii) CLDN14 integrated into the CLDN16-CLDN19 complex
instead of forming an independent CLDN14-CLDN16 com-
plex. Anti-CLDN14 antibody precipitated the same amount
of CLDN16 as anti-CLDN19 antibody (Figure 3E), suggesting
(i) CLDN19-CLDNI16 interaction was not affected in the presence
of CLDN14; (ii) the interaction strength of CLDN14-CLDN16

The EMBO Journal VOL 31 | NO 8| 2012
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Table I Combinatorial expression analyses of claudin channel permeabilities

Group TER (Q-cm?) Diffusion potential (mV) Pna/Pai Pna (107%cmy/s)  Pg (107 cmy/s)
LLC-PK1 + vector 68.0+3.6 —8.87+£0.23 0.257+£0.012 5.510+0.206 21.480+0.204
LLC-PK1 +CLDN14 83.3+1.2 —-9.40%0.26 0.230+£0.013 4.114£0.190 17.920%+0.191
LLC-PK1 + CLDN16 50.3%+2.3 —1.00%0.06 0.874 £ 0.007° 17.013 £0.072 19.473 £0.072
LLC-PK1 + CLDN19 159.0+2.3 —1.27+£0.03 0.843 £0.004 5.269+0.013 6.252+0.013
LLC-PK1 + CLDN14 + CLDN16 743122 —4.77+0.03° 0.515 +0.003*° 8.395+0.028° 16.310 £ 0.030
LLC-PK1 + CLDN14 + CLDN19 169.7+3.4 —0.83+£0.03 0.894 +0.004 5.104 £0.012 5.711 £0.012
LLC-PK1 + CLDN16 + CLDN19 64.3%+1.2 9.53+0.09 4.486 +0.087 23.337£0.082 5.206+0.082
LLC-PK1 + CLDN14 + CLDN16 + CLDN19 109.3+£3.9 2.13+0.03¢ 1.336 £ 0.006° 9.603 +0.019¢ 7.189 £ 0.019

@PLi/Pna: 1.086 £0.008 in LLC-PK1 + CLDN16 cells versus 1.102 £ 0.011 in LLC-PK1 + CLDN14 + CLDN16, n =3, not significant.
Pca/Pna: 0.724 £ 0.009 in LLC-PK1 + CLDNI16 cells versus 0.705 £ 0.008 in LLC-PK1 + CLDN14 + CLDN16, n =3, not significant.

®P<0.01 relative to LLC-PK1 + CLDN16 cells, n=3.
‘P<0.01 relative to LLC-PK1 + CLDN16 + CLDN19 cells, n=3.

was equal to that of CLDN19-CLDN16, consistent with the
Y2H studies (Figure 3B). Together, these data indicate that
CLDN14, 16, and 19 form an oligomer by utilizing two
separate binding sites in CLDN16 to anchor CLDN14 and
CLDN19, respectively.

CLDN14 abolishes the cation selectivity of
CLDN16-CLDN19 heteromeric channel through
repression of CLDN16

To determine the functional role of CLDN14 in the kidney, we
stably expressed CLDN14 in the well-established epithelial
cell model LLC-PK1 cells (Hou et al, 2005) that lack the
endogenous expression of CLDN14, 16, or 19. As we aimed to
have cells expressing CLDN14 over a prolonged period so that
they could become fully polarized and form TJs, we used a
previously described retroviral expression system (Materials
and methods) to drive exogenous CLDN14 expression (Hou
et al, 2005, 2008). In LLC-PK1 cells, transfected CLDN16
permeated cations (Hou et al, 2005) while CLDN19 blocked
anion permeation (Hou et al, 2008). Co-expression of
CLDN16 and CLDN19 generated cation selectivity of the TJ
in a synergistic manner (Hou et al, 2008) and resembling the
recorded levels in perfused TAL tubules (Hou et al, 2007).
With a modified Ussing chamber recording method, we found
CLDN14 expression alone in LLC-PK1 cells was without any
significant effect on ion selectivity (Pna/Pc;; Table I).
Co-expression of CLDN14 with CLDN16 and CLDN19 abol-
ished their cation selectivity (Pya./Pci: from 4.486 £0.087 in
CLDN16 + 19 reduced to 1.336 £0.006 in CLDN14 + 16 +19;
Table I), reflected by a significant decrease in junctional
diffusion potential (PD) (Figure 4; CLDN16 +19: 9.53 £0.09
versus CLDN14 +16+19: 2.13£0.03mV; P<0.01, n=3).
The decrease in Py./Pc; was attributable to a 2.43-fold
decrease in absolute Py, (Table I; CLDN16+19: 23.337
0.082 versus CLDN14+16-+19: 9.603 +£0.019 x 10~° cm/s;
P<0.01, n=3), whereas Pc; was only mildly affected. The
TJ localization of CLDN16 or CLDN19 was not affected by
CLDN14 expression (Supplementary Figure S4). Knowing
that CLDN14 interacted with CLDN16, we asked whether
CLDN14 affected CLDNI16 permeability. Expression of
CLDN14 in CLDN16 cell background significantly reduced
Pna by 2.03-fold (Table I; CLDN16: 17.013 £0.072 versus
CLDN14 +16: 8.395+0.028 x10 ®cm/s; P<0.01, n=3),
resulting in a significant decrease in PD (Figure 4) and Pna/Pq
(Table I). Complete substitution of Na* by Li* or Ca™ ™ on
one side of the epithelium produced bi-ionic potentials from

2004 The EMBO Journal VOL 31| NO 82012

Cation
10 e selectivity
8 CLDN16+19
P<0.01
< 6
S
=~ 4
3 CLDN14+16+19
5 2 -
g CLDN16  GLDN14+19
s 0 ~_ CLDN19
S ——
3 2 ‘
£ 4 P<0.01 cuir\imne
-6
-8 Vector
+ CLDN14
RN
-10 - - - Anion
Combinatorial expression selectivity

Figure 4 Effects of CLDN14 on CLDN16 and CLDN19 function in
combinatorial expression assays. Diffusion potential values across
LLC-PK1 cell monolayers expressing CLDN14, CLDNI16, and
CLDN19, individually or in combinations, are shown. Positive
diffusion potential reflects cation selectivity of paracellular channel
while negative potential reflects anion selectivity.

which the relative permeabilities could be calculated (Hou
et al, 2007). CLDN14 expression produced no difference in
CLDN16 channel bi-ionic potentials recorded for P;;/Py. Or
Pca/Pna (Table It footnotes), indicating CLDN14 is a non-
selective cation blocker. CLDN14 had no significant effect on
CLDN19 function, compatible with the observation that
CLDN14 did not interact with CLDN19. Therefore, CLDN14
abolished the cation selectivity of CLDN16-CLDN19 hetero-
meric channel by repressing CLDN16 permeability.

Regulation of CLDN14 gene expression by extracellular
Ca' * in the kidney

Knowing that CLDN14 interacted with and regulated the
CLDN16-CLDN19 channel, we asked whether CLDN14
played a physiological role in renal Ca* " homeostasis. If
CLDN14 was required for renal excretion of Ca* ™, then
manipulating the dietary intake would induce changes in its
expression, compatible with its role in regulating CLDN16
and 19 functions. To manipulate dietary calcium intakes in
animals, age (7-8 weeks old) and sex (female) matched mice
were segregated into three groups (I-III) and fed with the
basal diet (I; Ca™ *: 0.61%), low Ca™ * diet (II; Ca™t *: 0),
or high Ca™ " diet (III; Cat *: 5%), respectively, for six
consecutive days (Materials and methods). While the

©2012 European Molecular Biology Organization



Claudin-14 function and regulation
Y Gong et al

A
3.0 2*72 Basal diet: CLDN14 High Ca** diet: CLDN14
_ 2.53 253 7
S 25 a
£
2 20
>
k]
15
©
[$)
S 1.0
Q
()
05
0.0
Low Ca*" diet Basal diet High Ca*" diet
B .o
P<0.01 —T—
< 35
z 3.]8
€ 3.0
=
5T 25 Y
gg D Basal High G
g 5 20 diet Ca™ diet
1.6 p—
Eé E 15 P<bO1 CLDN14 o — <Z: — o
g ' 1.00 3.12 i 1.4 ns. T 1,3
E 1.0 Acti e o €
g B-Actin g 12 1 1116 1.1
O 0.5 0.37 1.00 0.99 $ % 10 1 /
ool 2 F S5 .
G g . . o Z G R
Low Ca*" diet Basal diet High Ca*" diet Ca™(mM) 0401 0101 3 3 3 3 Dé 2 o //
CLDN14 [ e T
E 7 E 0.4
< .
% 6 B-Actin = S— d 0.2
€ 3.0
0.0
s ° 5 "~ 259 0 1 10 100
g5 c (oM
% ; 3 g ) 2.0
EQ 25
=T 2 £5 15
z go
9 1 58 1.0 7777
o h
Z o5
-
[$)

Ca™* 0.0
< (mM)

0.1mMCa™ 3mMmcCa™

Figure 5 Extracellular Ca™ ¥ regulation of CLDN14 in the kidney. (A) The plasma Ca™ * levels in mice receiving dietary Ca™ * variations.
(B) CLDN14 mRNA levels relative to B-actin mRNA levels in mouse kidney TALSs receiving dietary Ca™ * variations. (C) Immunostaining on
mouse kidney sagittal sections (10 um) shows CLDN14 protein localization in the tight junctions (arrowhead) of TAL tubules from animal
receiving high Ca™ ™ diet but not basal diet. Bar: 50 pm. (D) CLDN14 protein levels relative to B-actin protein levels in mouse kidney TALs
receiving dietary Ca™ T variations. (E) CLDN14 mRNA levels in MKTAL cells cultured in 0-3mM Ca™ *. (F) Quantitation of CLDN14 protein
levels in MKTAL cells cultured in 3mM Ca™* " versus 0.1 mM Ca™ ". (G) CLDN14 mRNA levels in MKTAL cells cultured in 0-100nM PTH.

circulating Ca™ * level was well defended under low Ca* *
diet, high Ca™ * diet induced significant hypercalcaemia in
animal group III (plasma Ca™ *: 2.72mM versus 2.53 mM in
basal group I; P<0.01, n=>5; Figure 5A). To determine the
gene expression levels of CLDN14 in mouse kidneys receiving
dietary treatments, we isolated kidney TAL cells at the end of
each treatment with the immunomagnetic separation method
described elsewhere in this study and quantified CLDN14
mRNA levels (normalized to B-actin mRNA) with real-time
RT-PCR. While low Ca™ * diet (II) significantly downregu-
lated CLDN14 mRNA levels to 37% of the basal level (I)
(P<0.01, n=5; Figure 5B), high Ca™ " diet (III) significantly
upregulated CLDN14 by 3.18-fold (P<0.01, n=>5; Figure 5B)
compared with the basal diet (I). CLDN14 proteins were
immunostained in mouse kidneys to reveal changes in pro-
tein levels. While the staining signal for CLDN14 was not
detectable in the basal group (I) (Figure 5C), high Ca* * diet
(I1) profoundly upregulated CLDN14 protein levels that now
showed strong staining in TJs of the TAL tubules (Figure 5C,
arrowhead). The TJ localization of CLDN16 or CLDN19 in
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mouse kidneys was not affected by dietary Ca™ * variations

(Supplementary Figure S5). Because the immunomagnetic
separation method only generated limited TAL material from
a mouse kidney, we pooled the TAL cells from all animals
(n=5) within each dietary group and quantified CLDN14
protein levels by western blot. High Ca™ * diet (III) increased
CLDN14 protein levels by 3.12-fold on densitometric scale
(Figure 5D; normalized to B-actin protein) compared with the
basal diet (I). To prove that CLDNI14 gene expression is
regulated by extracellular Ca* * per se independent of any
hormonal molecule (e.g., the PTH), we directly manipulated
extracellular Ca™* * levels in a cultured TAL model—MKTAL
described elsewhere in this study. Strongly correlated with
the elevation of extracellular Ca* " concentration (supple-
mented to an EBSS-based low Ca*t ™ culture medium;
Materials and methods), there was a progressive induction
of CLDN14 mRNA level (Figure 5E), with statistical signifi-
cance first reached at 0.2mM Ca™ " (P<0.01, n=3). The
induction of CLDN14 mRNA level was dose dependent on
and linear within the physiological range of extracellular
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Ca® ™ (0-3mM) (Figure 5E). Maximal induction of CLDN14
mRNA level was observed by 5.38-fold with 3mM Ca*t*
(P<0.01, n=3; Figure SE). Because extracellular Ca® * is
required for TJ assembly and affects TJ protein maturation
(Wong, 1997; Zheng and Cantley, 2007), we used 0.1 mM
Ca™ ™" in culture medium as the control condition for protein
assays. CLDN14 protein levels were significantly increased by
2.59-fold in 3mM Ca™ ™ (P<0.01, n=4; Figure 5F) com-
pared with control. PTH, however, when supplemented over
a range of doses (1, 10, and 100 nM), had no significant effect
on CLDNI4 gene expression in MKTAL cells (n=3;
Figure 5G). Together, these results indicate that CLDNI4
gene expression in the kidney is directly regulated by extra-
cellular Ca™ *.

CLDN14 is required for regulating Ca* * excretion in the
kidney

While targeted deletion of CLDN14 in animals initially
focussed on its role in the inner ear, subsequent physiological
studies revealed normal renal function in CLDN14 KO mice
under basal dietary condition (Ben-Yosef et al, 2003; Elkouby-
Naor et al, 2008). The rare loss-of-function mutations
(398delT and T254A) associated with recessive deafness
DFNB29 caused no renal abnormality in affected homozy-
gous individuals (Wilcox et al, 2001). The lack of renal
phenotype in CLDN14 KO animal or DFNB29 patient was
compatible with our findings that CLDN14 gene expression
was endogenously suppressed in absence of high Ca™®™*
intakes. Knowing that CLDN14 was upregulated by extracel-
lular Ca™*, we predicted a prominent renal phenotype in
CLDN14 KO when fed with high Ca* * diet. We previously
described a CLDN16 KD and CLDN19 KD animal model that
both recapitulated human FHHNC phenotypes (Hou et al,
2007, 2009). Because CLDN14 inhibited the CLDNI16-
CLDN19 channel, KO of CLDN14 would generate a renal
phenotype opposite to that in CLDN16 KD and CLDN19 KD.
To demonstrate in-vivo role of CLDN14 in the kidney, we
performed 24 h urinalysis on CLDN14 KO mice and their
littermate WT controls (Materials and methods). Age and
sex matched animals from each group were fed with high
Cat* diet (Ill; Ca™ ™: 5%) for six consecutive days. The
plasma Mg" * level in CLDN14 KO mice was significantly
higher (by 15%; P<0.05, n = 6; Table II) than in WT, whereas
the circulating Ca** level was not significantly altered.
CLDN14 KO mice showed defects in adjusting renal tubular
absorption rate to excrete excess quantities of filtered Ca™ *
and Mg* *. The fractional excretion rate for Ca* * (FE,) in
CLDN14 KO animals was only 32% of the level in WT
(P<0.01, n=06; Table II); FEyg in CLDN14 KO was 45% of
WT (P<0.05, n=06; Table II). The glomerular filtration rate
(GFR) was increased by 1.84-fold in CLDN14 KO animals
(P<0.01, n=06; Table II) compared with WT; whereas the
urinary volume (UV) was not significantly different between
CLDN14 KO and WT. A plausible explanation for GFR
increases in CLDN14 KO mice would be stimulation of the
tubuloglomerular feedback (TGF) owing to higher Na™
absorption through the CLDN16-CLDN19 channel in the
TAL. The paracellular Na* absorption accounts for one half
of total Na' absorption in the TAL (Hebert and Andreoli,
1986). Together, these data suggest that CLDN14 regulates
renal Ca™ * excretion to counterbalance dietary changes.

2006 The EMBO Journal VOL 31| NO 82012

Table II Analyses of plasma and urine electrolytes in WT and
CLDN14 KO mice under high Ca® " dietary condition

WT CLDN14 KO Significance
Weight, g 19.04 £0.58 19.36 £ 2.56 n.s.
Pca, mM 2.741£0.02 2.7510.05 n.s.
Ppig, mM 0.93+0.03 1.07£0.03 P<0.05
UV, ul/24h/g 45.58£7.09 40.82£13.32 n.s.
GFR, ml/24h/g 3.91%£0.21 7.20£0.56 P<0.01
FEca, % 1.65+0.08 0.53%0.15 P<0.01
FEnmg, % 7.03£1.00 3.141£0.44 P<0.05

FEca, FEug, fractional excretion of Ca* * and Mg* *; GFR, glomer-
ular filtration rate; n.s., not significant; Pc,, Ppmg, plasma Ca* " and
Mg* ™ concentrations; UV, urine volume.

Values are expressed as meansts.e.m.; n=06, the number of
animals; sex, male; age, 9-10 weeks.

Regulation of miR-9 and miR-374 gene expression

by extracellular Ca™ * in the kidney

Knowing that miR-9 and miR-374 directly suppressed
CLDN14 gene expression in the kidney, we asked whether
microRNAs themselves were regulated by extracellular
Ca®™ ™, which may suggest a physiological role for
microRNAs in renal handling of Ca™ *. Because CLDN14
gene expression was exclusively localized in the TAL, we first
asked where miR-9 and miR-374 were expressed in the
kidney. Quantitative PCR measurements (normalized to U6
snRNA transcript) from microdissected nephron segments
(Figure 1B) showed that miR-9 had the highest expression
level in the TAL (P<0.05, n = 3; relative to other segments;
Figure 6A); while miR-374 expression levels were
glomerulus >PCT ~PST~TAL>DCT >CNT/CD (Figure 6B).
If observed Ca™ " regulation of CLDN14 was mediated
through microRNAs, then the experimental conditions used
to elicit changes in CLDNI4 gene expression would cause
reciprocal changes in microRNA expression. In the TAL of
mouse kidneys receiving dietary Ca® ™t variations, low
Ca* ™ diet (II) significantly upregulated miR-9 and miR-374
transcript levels by 1.76-fold and 1.29-fold, respectively
(P<0.05, n=5; relative to basal diet I; Figure 6C and D);
while high Ca™* * diet (III) significantly downregulated miR-9
and miR-374 by 28% and 15%, respectively (P<0.05, n=75;
relative to basal diet I, Figure 6C and D). The inverse
correlation between microRNA and CLDN14 expression was
also evident in cultured MKTAL cells receiving direct extra-
cellular Ca* ™ variations. Increasing extracellular Ca™™*
levels progressively repressed the transcript levels of both
miR-9 (Figure 6E) and miR-374 (Figure 6F), with statistical
significance first reached at 0.5mM Ca** (P<0.05, n=3).
Maximal repression for both microRNAs was found with the
concentration of 3mM Ca™ * (by 62% for miR-9 and by 44%
for miR-374; Figure 6E and F), which coincided with maximal
induction of CLDN14. Together, these results suggest that
extracellular Ca™ * regulation of CLDN14 gene expression in
the kidney is mediated through changes in miR-9 and miR-
374 gene expression.

CaSR is required for extracellular Ca™ *
CLDN14 and microRNAs

CaSR is the principal molecule in the TAL that senses
circulating Ca* * changes and regulates its urinary excretion.
To provide direct evidence that CaSR was required for Ca™ *

regulation of
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receiving dietary Ca™ " variations. (E) miR-9 and (F) miR-374 transcript levels in MKTAL cells cultured in 0-3mM Ca™ *.

regulation of CLDN14 and microRNAs in the TAL, we
knocked down endogenous CaSR expression in MKTAL
cells by RNA interference and sought for deregulation of
CLDN14 and microRNAs. A pre-validated siRNA reagent,
containing a pool of three target-specific 21 nt siRNA duplexes
designed against the mouse CaSR gene (Materials and meth-
ods), was transfected into MKTAL cells prior to Cat*
activation. A scrambled siRNA duplex was transfected as
negative control. While extracellular Ca* * (3 mM) increased
CLDN14 mRNA levels (Figure 7A) and protein levels
(Figure 7B) by 2.61-fold and 2.20-fold, respectively (versus
0.1mM Ca™*; P<0.01, n=3) in scrbl-siRNA cells, CaSR-
siRNA completely abolished the Ca® ™ inducing effect on
CLDN14 expression (Figure 7A and B). The transcript levels
of miR-9 and miR-374 were significantly decreased by Ca™* *
treatments in scrbl-siRNA cells (miR-9: by 36%, Figure 7C;

©2012 European Molecular Biology Organization

miR-374: by 22 %, Figure 7D; P<0.05, n = 3), consistent with
their role of silencing CLDN14. CaSR KD decreased the basal
levels of both microRNAs. In CaSR-siRNA cells, neither
microRNA was further downregulated by Ca* * treatments
(Figure 7C and D). While extracellular Ca™* * failed to induce
any significant effect on miR-374, miR-9 was unexplainably
upregulated by Ca* * in the absence of CaSR. The fold of
upregulation was small (1.58-fold) but significant (P<0.05,
n=23; Figure 7C) for miR-9. It was not known what caused
the aberrant miR-9 regulation in the absence of CaSR.
Extracellular Ca®™ * induced cell membrane depolarization
devoid of intracellular Ca™ * increase normally accompanied
by CaSR activation may trigger additional signalling path-
ways to miR-9. MiR-9 is known to be regulated by several
messengers: myc (Ma et al, 2010), alcohol (Pietrzykowski
et al, 2008), and aldosterone (Wang et al, 2010). Together,

The EMBO Journal

VOL 31 | NO 82012 2007



2008 The EMBO Journal

Claudin-14 function and regulation

Y Gong et al
A B +scrbl SIRNA +CaSR siRNA
— Ca**(mM) 01 01 01 3 3 3 01 0101 3 3 3
P<0.01 __261
25 - CLDN14 e e = o e s — T W TETR SRR T
% - 2.04 B-Acti
. -ACtin
E 2.0 157 % <
=) 2 25 22
T O ° . 1 n.s.
= = r 1 I e S
<=} Q 1.0
£ 15 £ 20 P<0.01 777 77777) 089
Z 5 A T =
T 1 2,
< 10 i cg '
< c C
X ) 1
=z 25 — 0.5
Z 52 10 T2
a o5 s<
I o5
=4
/ a
0.0 a 0o 0.0
0.1 mM Ca™ 3 mM Ca*™ 0.1 mM Ca*™ 3mM Ca™
ca™(mM) 0.1 3 0.1 3 mitar smita mitta 3 mita
siRNA  scrbl scrbl CaSR CaSR
C = D
117
1.2 P<0.05 1~ < P<0.05 "
— 1 P 2 1.0 085
S P<0.05 g
s 10 A 5 7 0.78 07
< o . Pl
; 074 © 0.8 —T
s 08 -1 2
< 084 P S o0 27
% 0.6 S
2]
S o4 / S o4
= . <
z 5
E 02 x 02
S /
0.0 0.0
Ca™ (mM) 0.1 3 0.1 3 ca™(mm) 0.1 3 0.1 3
siRNA  scrbl scrbl CaSR CaSR siRNA scrbl scrbl CaSR CaSR
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with 3mM Ca™ * versus 0.1mM Ca™ *.

these results indicate that CaSR is required for extracellular
Ca™ * signalling to gene regulation of the microRNA-CLDN14
axis.

Discussion

In this study, we demonstrate that extracellular Ca™ ™,
through activation of CaSR, regulates the expression levels
of two microRNAs: miR-9 and miR-374, which in turn trans-
duce the extracellular signal to CLDN14 through microRNA-
mediated gene silencing. CLDN14 relays the extracellular
Ca*™* signal to CLDN16-CLDN19, the final effector of
Ca™ ™ transport in the kidney, through direct functional
modulation of their permeabilities.

Under normal physiological conditions, miR-9 and miR-
374 tightly regulate the gene expression level of CLDN14 and
protect CLDN16-CLDN19 channel function. The observed
association between CLDN14 and hypercalciuric nephro-
lithiasis (Thorleifsson et al, 2009) can be explained by
CLDN14 deregulation that escapes microRNA suppression,
inhibits CLDN16-CLDN19 channel permeabilities and
phenocopies FHHNC to variable degrees. FHHNC patients
(Weber et al, 2001; Konrad et al, 2006) and animal
models (Hou et al, 2007, 2009) with CLDN16 or CLDN19
mutations are known to have hypercalciuria, nephrocalcino-
sis, and nephrolithiasis. CLDN14 deregulation has two dis-
tinct origins: cis- or trans-acting. Cis-acting variants include
changes in promoters, splicing sites, and microRNA target

VOL 31 | NO 8 2012

sites. The miR-9 and miR-374 target sites in the CLDN14 gene
are surrounded by four synonymous SNPs that associate with
hypercalciuric nephrolithiasis (Thorleifsson et al, 2009;
Supplementary Figure S6), suggesting that the linkage dis-
equilibrium (LD) block may contain susceptible genetic
variations related to microRNA regulation. Allelic variation
in mRNA levels presents another explanation for association
of exonic SNPs. Two of the four identified SNPs are located
in the last exon of CLDNI14 gene (Supplementary Figure S6),
which may be associated with abnormally higher levels of
CLDN14 mRNA in the kidney (Yan et al, 2002). Trans-acting
variants are located in distant genes that alter the transcript
levels of a target gene. MiR-9 and miR-374 are trans-acting
effectors of the CLDN14 gene. The gene transcription level of
miR-9 itself is regulated by the myc and ras oncoproteins (Ma
et al, 2010), implicating a potential tumourigenic role for
CLDN14 as reported for CLDN2 (Buchert et al, 2010) and
CLDN? (Niibel et al, 2009).

The principal role of CaSR in the kidney is the regulation of
Ca' ' reabsorption in the TAL. While mostly found in the
luminal membrane elsewhere of the nephron, CaSR is located
in the basolateral membrane of the TAL, where it senses
peritubular Ca* * changes and regulates both transcellular
and paracellular electrolyte transports (Riccardi and Brown,
2010). An extensive literature testifies to the suppression of
paracellular Ca® * reabsorption by CaSR activation during
hypercalcaemia (Desfleurs et al, 1998; Motoyama and
Friedman, 2002). CaSR activation also inhibits ROMK
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channels (Wang et al, 1996, 1997), diminishes transcellular
NaCl reabsorption, and produces a ‘Bartter-like’ phenotype
(Vargas-Poussou et al, 2002). Several signalling pathways
have been revealed underpinning CaSR regulation of trans-
cellular channels, including P-450 metabolites and prosta-
glandins (Hebert et al, 2007). The microRNAs identified in
this study are of critical importance. Owing to the short seed
sequence (nucleotides: 2-7) of microRNA, a cognate
microRNA regulates multiple target genes. Although this
study reported miR-9 and miR-374 convergence onto
CLDN14, they could extend CaSR signalling to cellular func-
tions beyond the paracellular channel and organ functions
beyond the kidney. The regulation of microRNA by CaSR
signalling may occur on several layers: microRNA transcrip-
tion, processing, or degradation (Krol et al, 2010). The
promoters of both miR-9 (miR-9-3 locus) and miR-374 genes
contain a canonical myc-binding site (E-box: CACGTG). The
transcription of miR-9-3 is upregulated by myc in human
breast cancer cells (Ma et al, 2010); miR-421/-374 cluster is
upregulated by myc in HeLa cells although miR-374 itself has
not been measured (Hu et al, 2010). Genetic ablation of Dicer,
a nuclease required for microRNA processing, in the proximal
tubule (Wei et al, 2010) and the glomerular podocyte (Harvey
et al, 2008) has demonstrated a role for microRNA processing
in renal pathophysiology. It is not known whether myc or
Dicer is directly involved in CaSR signalling.

CLDN14 physically interacts with CLDN16 and directly
blocks its cation permeability. Our data are consistent with
a previous finding of CLDN14 as a non-selective cation
blocker in kidney MDCK cells (Ben-Yosef et al, 2003). The
paracellular barrier function of CLDN14 also underlies its
physiological role in the inner ear (Ben-Yosef et al, 2003).
CLDN14 showed strong homomeric interaction on our yeast
2-hybrid reporter assays (Figure 3A). Freeze-fracture replicas
revealed well-developed networks of TJ strands in CLDN14-
expressing fibroblast cells (Van Itallie et al, 2005), suggesting
that CLDN14 is capable of self-assembly into TJ. Although
CLDN14 does not physically interact with CLDN19, our
biochemical data suggest that CLDN14 integrates into
CLDN16-CLDN19 channel to form a higher oligomeric com-
plex with novel physiological signature. Using Brownian
dynamics simulations, a single-pore model has been sug-
gested for claudin channel structure (Yu et al, 2009). The
channel pore is formed by two haemichannels located in the
TJ of adjacent cells, which has a 6.5-A diameter cylindrical
shape and charged side chain on the conserved residue-65.
The channel conductance varies with the effective charge
valence on the side chain of residue-65 (Yu et al, 2009).
CLDN14 has a non-charged residue-glutamine at position-65
(Supplementary Figure S7), which will reduce the effective
charge density of CLDN16 channel pore (D65: —1e—0) once
CLDN14 cis associates with CLDN16, leading to decreases in
cation permeation.

Materials and methods

Reagents, antibodies, cell lines, and animals

The following antibodies were used in this study: rabbit polyclonal
anti-THP (Biomedical Technologies); rabbit polyclonal anti-Thiazide-
sensitive  NaCl cotransporter (NCC) (Chemicon); rabbit
polyclonal anti-CLDN1 (Zymed Laboratories); rabbit polyclonal
anti-CLDN14 (from Dr Tamar Ben-Yosef); rabbit polyclonal anti-
CLDN16 (against SYSAPRTETAKMYAVDTRV); rabbit polyclonal
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anti-CLDN19 (against NSIPQPYRSGPSTAAREYV); goat polyclonal anti-
aquaporin-2 (AQP2) (Santa Cruz Biotech); mouse monoclonal anti-
occludin antibodies (from Zymed Laboratories). Mouse MKTAL
cells (from Soline Bourgeois) and human HEK293 cells (from Joan
Brugge) were cultured in DMEM (Invitrogen) supplemented with
10% FBS, penicillin/streptomycin, and 1 mM sodium pyruvate. All
mice were bred and maintained according to the Washington
University animal research requirements, and all procedures were
approved by the Institutional Animal Research and Care committee.
Wild-type C57BL/6 mice were from Charles River Laboratory. The
CLDN14 */13¢Z reporter/KO mice were from Dr Tamar Ben-Yosef and
backcrossed to C57BL/6 background for seven generations.

Dietary manipulation of Ca* * in experimental animals

In all, 7-8-week-old female mice (strain: C57BL/6) from the
experimental groups I-III were given the following three dietary
treatments for six consecutive days:

(i) Basal diet: 0.61%. Ca™ ™ (TestDiet #5755);
(ii) Low Ca™ * diet: 0 Ca™ ™ (TestDiet #5855);
(iii) High Ca™ ™ diet: 5% Ca™ ™ (TestDiet #5AVB).

All animals had free access to water and were housed under a 12-h
light cycle. Blood samples were taken by cardiac puncture rapidly
after initiation of terminal anaesthesia and centrifuged at 4°C for
10 min. Kidney tissues were dissected out and immediately frozen
at —80°C.

Animal metabolic studies

Age (9-10 weeks old) and sex (male) matched wild-type and
CLDN14 KO mice were housed individually in metabolic cages
(Harvard Apparatus) with free access to water and food for 24 h.
Urine was collected under mineral oil. The plasma (P) and urine (U)
electrolyte levels were determined with the Roche Cobas clinical
analyzer (Roche Diagnostics). The creatinine levels were measured
with an enzymatic method that was independent of plasma
chromogens (Himmerkus et al, 2008). The fractional excretion of
electrolytes was calculated using the following equation
FEion = V X Uion/(GFR x Pj,,), where GFR was calculated according
to the clearance rate of creatinine (GFR =V X Ucreatinine/ Pereatinine) -

Establishing primary cultures of mouse TAL cells

We used an immunomagnetic separation method to isolate the TAL
cells from the mouse kidney (Hou et al, 2009). Antibodies against
the TAL cell-specific surface antigen, THP, were coated onto the
paramagnetic polystyrene beads (Dynabeads M-280; Dynal),
allowing immunoprecipitation of the TAL cells from collagenase-
digested mouse kidneys. The isolated cells were plated in DMEM
supplemented with 10% FBS, penicillin/streptomycin, and 1 mM
sodium pyruvate for 16 h, followed by immediate transfection with
antagomirs.

Preparation of low Ca™ " cell culture medium

The Earle’s Balanced Salt Solution (EBSS; Invitrogen) containing
(117.24mM NaCl, 5.33mM KCl, 26.19mM NaHCO;, 1.0l mM
NaH,PO,4, 0.70 mM MgCl,, and 5.56 mM glucose) was supplemen-
ted with the MEM amino acids solution, the MEM non-essential
amino acids solution, the MEM vitamin solution, L-glutamine, 1 mM
sodium pyruvate, penicillin/streptomycin, and 1% FBS. For
determining Ca™* * effects on gene expression, MKTAL cells were
cultured in EBSS supplemented with the indicated concentrations of
Ca' ™" for 16h. For examining PTH effects, MKTAL cells were
cultured in EBSS supplemented with the indicated concentrations of
human recombinant PTH (1-84; Sigma) for 16 h.

Bioinformatical analyses of mRNA and miRNA

The transcripts of CLDN14 gene are alternatively spliced, generating
five mRNA variants in human: (1) NM_144492, (2) NM_012130,
(3) NM_001146077, (4) NM_001146078, and (5) NM_001146079;
three variants in mouse: (1) NM_019500, (2) NM_001165925, and
(3) NM_001165926; and one variant in rat: NM_001013429. For
predictions of miRNAs targeting CLDN14:3’-UTR (mouse: 171 bp
(AF314089); human: 183bp (AF314090)) based on sequence
complementarities and cross-species conservation, four algorithms
were used: TargetScan, miRanda, Diana microT, and MirTarget2.
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MicroRNA and mRNA quantification

Total RNA including microRNA was extracted using Trizol (Invitrogen).
Reverse transcription was performed on 1pg of total RNA
using miRNA-specific RT primer and TagMan miRNA reverse
transcription kit (Invitrogen). Real-time PCR amplification was
performed on reverse-transcribed miRNA using TagMan Universal
PCR Master Mix, No AmpErase UNG (Invitrogen) and Eppendorf
Realplex 25 real-time PCR system. Results were expressed as 272
values with ACT = Ctirna—Ctussnrna. Cellular mRNA was reverse
transcribed using the Superscript-III kit (Invitrogen), followed by
real-time PCR amplification using SYBR Green PCR Master Mix
(Bio-Rad) with the primer pairs: CLDN14, ACCCTGCTCTGCTTATCC
and GCACGGTTGTCCTTGTAG; CLDN16, CAAACGCTTTTGATGGGA
TTC and TTTGTGGGTCATCAGGTAGG:; B-actin, CGTTGACATCCGTA
AAGAC and TGGAAGGTGGACAGTGAG. Results were expressed as
272 values with ACT = Ctcrpn—Clp.actin-

Luciferase reporter assay

The pMir-Reporter construct was generated by inserting the entire
mouse CLDN14:3’-UTR sequence (AF314089: 171 bp from the stop
codon to the first polyA site) or human CLDN14:3’-UTR sequence
(AF314090: 183 bp from the stop codon to the first polyA site) into
the pMIR-REPORT-Luciferase vector (Clontech) downstream of the
luciferase gene using Spel and Sacl. Deletions of miR-9 (CCAAAG)
and miR-374 (AUUAUA) binding sites in human CLDN14:3'-UTR
were generated using site-directed mutagenesis (Stratagene). The
pMir-Reporter (500ng), the pGL4.74 Renilla luciferase control
vector (500 ng; Promega), and 30 pmol of scrambled miRNA, miR-9,
or miR-374 precursor (Invitrogen) were co-transfected to HEK293
cells in 12-well culture dishes using Lipofectamine 2000 (Invitrogen).
Twenty-four hours after transfection, firefly and Renilla luciferase
activities were measured with a chemiluminescence reporter
assay system—Dual Glo (Promega) in a GLOMAX Luminometer
(Promega).

Antagomir assay

Antagomirs for miR-9, miR-374, and scrambled control miRNA were
designed and synthesized by Exiqon using locked nucleic acids
(LNAs). In all, 60 pmol of each antagomir (or 30 pmol anti-miR-
9+ 30pmol anti-miR-374 in synergistic assays) was transfected to
MKTAL cells in 12-well culture dishes using Lipofectamine 2000
(Invitrogen). Twenty-four hours after transfection, total cellular
RNAs or membrane proteins were collected.

CaSR knockdown by siRNA

Pre-validated Silencer Select siRNAs were designed and synthesized
by Ambion. A pool of three target-specific 21 nt siRNA duplexes
were designed against the coding region of mouse CaSR gene
(AF110178). A scrambled siRNA duplex was used as negative
control. Twenty-four hours prior to Ca®™ " activation, 50 pmol of
either CaSR siRNA or scrambled siRNA was transfected to MKTAL
cells in 12-well culture dishes with Lipofectmine 2000. To improve
transfection efficiency, DMEM was used during transfection. At the
end of transfection, cells were washed for three times in PBS and
switched to the low Cat ™ medium (EBSS) followed by Ca™® ™
activation.

Coimmunoprecipitation

HEK293 cells expressing CLDN14 with CLDN16 or CLDN19 were
lysed in 50 mM Tris (pH 8.0) by 25-30 repeated passages through a
25-gauge needle, followed by centrifugation at 5000g. The
membranes of lysed cells were extracted using CSK buffer
(150 mM NaCl; 1% Triton X-100; 50 mM Tris, pH 8.0; and protease
inhibitors). The membrane extract was precleared by incubation
with protein A/G-sepharose (Sigma-Aldrich) prior to coimmuno-
precipitation. The precleared membrane extract was incubated for
16h at 4°C with anti-CLDN14, anti-CLDN16, anti-CLDN19, anti-
CLDN1, and anti-occludin antibodies. Antibody-bound material
was pelleted with protein A/G-sepharose, washed three times with
CSK buffer, and detected by immunoblotting.

LacZ reporter assay in mouse kidney

CLDN14*/1%Z mouse kidneys were fixed with 4% paraformalde-
hyde at 4°C overnight, washed three times in PBS, cryoprotected for
24hin 30% sucrose in PBS, and embedded in OCT prior to cryostat
sectioning. Cryostat sections (10 pm) were stained for B-galactosi-
dase activity using the B-Gal staining kit (Invitrogen), followed by
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incubation with anti-THP antibody (diluted 1:200) and FITC-
labelled secondary antibody (diluted 1:200). Epifluorescence
images were taken with a Nikon 80i photomicroscope equipped
with a DS-QilMc digital camera. All images were converted to JPEG
format and arranged using Photoshop CS4 (Adobe).

Y2H membrane protein interaction assay

The Y2H membrane protein interaction assay (MoBiTec Molecular
Biotechnology) for analysing the specific claudin interactions
(mouse CLDNI14 (AF314089), human CLDN16 (AF152101), and
human CLDN19 (BC030524)) has been described by Hou et al
(2008). The assay was performed by transforming the yeast strain
NMY51 with 1.5 pg of bait and prey vectors. Transformed yeast cells
were plated on dropout media lacking leucine and tryptophan
(SD-LW) and incubated for growth of positive transformants. Three
to six independent positive transformants were then selected and
resuspended in 50 ml of 0.9% NaCl buffer; 5 pul of each suspension
was spotted onto SD-LWHA media. Growth of colonies on the
selective medium was scored as positive for interaction. To further
verify the positive interactions, p-galactosidase activity was
performed using a filter lift assay (MoBiTec GmbH).

Retroviral expression of claudins

The following full-length mammalian claudins were cloned into the
retroviral vector pQCXIN (Clontech): mouse CLDN14 (AF314089),
human CLDN16 (AF152101), and human CLDN19 (BC030524).
VSV-G pseudotyped retroviruses were produced in HEK293 cells
and used to infect LLC-PK1 cells at a fixed titre of 1 x 10° CFU/ml, as
described previously (Hou et al, 2008). Cells co-expressing
CLDN14, 16, and 19 were generated with sequential viral infections.
Infected LLC-PK1 cells were seeded onto Transwell plates to allow
polarization. On day 9 post polarization, cell monolayers were
subjected to electrophysiological measurements and immunos-
tained to visualize claudin localization.

Electrophysiological measurements

Electrophysiological recordings were performed on epithelial
monolayers in an Ussing chamber (Harvard Apparatus #U9926/T)
that had been modified to adapt Transwells (Hou et al, 2005, 2008).
Voltage and current clamps were performed using the EC-800
epithelial amplifier (Warner Instruments) with Ag/AgCl electrodes
and an Agarose bridge containing 3 M KCl. The TER was measured
under the ‘Resistance’ mode by passing a constant bipolar current
pulse (I,) of 10 pA (<2kQ) or 1 pA (>2kQ) through the epithelium
and recording voltage deflection (V,). Ohm’s law was used to
calculate TER from V, and I,. The series resistance (R;) was
measured in absence of the epithelium and subtracted from TER.
Dilution potentials (PD) were measured under the ‘Current Clamp’
mode by clamping the transepithelial current to zero and recording
the equilibrium voltage generated by NaCl diffusion. All experi-
ments were conducted at 37°C. Electrical potentials obtained from
blank inserts were subtracted from those obtained from inserts with
epithelial monolayers. 1 mM ouabain was included in the basolat-
eral perfusant to inhibit transcellular ion conductance. The ion
permeability ratio (n) for the monolayer was calculated from the
dilution potential using the Goldman-Hodgkin-Katz equation. The
absolute permeabilities of Na™ (Pya) and Cl~ (Pc;) were calculated
by using the Kimizuka-Koketsu equation. The relative permeability
of other cations (M") to Na™ (y=Py/Pna) Was then calculated
from the bi-ionic potential, according to the following equation:

Pyi/Pna = 1/¢,
Pca/Pra = (1 +€")/(2¢),
where = ey/kT (V is the bi-ionic potential).

Statistical analyses

The significance of differences between groups was tested by
ANOVA (Statistica 6.0; Statsoft). When the all-effect F-value was
significant (P<0.05), post hoc analysis of differences between
individual groups was made with the Newman-Keuls test. Values
were expressed as mean £ s.e.m., unless otherwise stated.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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