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Abstract. Mutations in CLCNJ5, which encodes the volt-
age-dependent Cl/H'antiporter, CLC-5, cause Dent’s
disease. This disorder is characterized by low molecular-
weight proteinuria, hypercalciuria, nephrocalcinosis and
nephrolithiasis. Using a collecting duct cell model
(mIMCD-3) in which endogenous clc-5 is disrupted by
antisense clc-5 or overexpression of truncated clc-5, we
demonstrate altered expression of the crystal adhesion
molecule, annexin A2. Endogenously expressed annexin
A2 is intracellular with limited plasma membrane local-

ization. Following clc-5 disruption, there is both a marked
increase in plasma membrane annexin A2 and an increase
in cell surface crystal retention and agglomeration, which
may be attenuated using pretreatment with anti-annexin
A2 antibodies or wheat germ agglutinin lectin but not by
concanavalin A. We hypothesize that in Dent’s disease,
endocytic failure leads to an accumulation at the plasma
membrane of crystal-binding molecules that include an-
nexin A2 leading to retention of calcium crystals and ul-
timately nephrocalcinosis and nephrolithiasis.
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CLC-5 is a voltage-gated chloride channel/voltage-de-
pendent Cl/H* antiporter [1, 2] expressed in the proximal
tubule, thick ascending limb of Henle and the collecting
duct of the human kidney [3-5]. Mutations in CLCN3,
which encodes CLC-5, underlie the X-linked disorder,
Dent’s disease [3]. Affected males have a renal phenotype
that includes low molecular-weight proteinuria, hypercal-
ciuria and hyperphosphaturia [3, 6]. Although a loss of
CLC-5 has been shown to result in defective endocytosis
within the proximal tubule [7-9] and clc-5 knockout mice
invariably display proteinuria and commonly hypercalci-
uria/hyperphosphaturia [8, 10, 11], the pathophysiologi-
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cal progression to nephrocalcinosis and renal stones re-
mains uncertain.

Stone formation requires formation of crystals followed
by their retention and accumulation in the kidney. Crystal
retention and accumulation are critically dependent upon
the interaction between the renal tubular epithelial sur-
faces and urinary microcrystals, which may attach to the
epithelial surface and form a nucleus for further crystal
agglomeration and stone formation [12]. Such interac-
tions are most likely to occur at the point of maximal
tubular solute concentration (e.g. the medullary collect-
ing duct) [13]. In a murine inner medullary collecting
duct cell model (mIMCD-3), we have previously reported
disruption of endogenous clc-5 protein expression by us-
ing an antisense approach. Transfection of mIMCD-3
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cells with a full-length antisense clc-5 transcript reduces
cle-5 protein expression, which leads to a failure to acid-
ify recycling endosomes and an arrest of endocytosis [14,
15]. Importantly, clc-5 disruption also leads to increased
attachment and agglomeration of both calcium oxalate
and calcium phosphate crystals onto the cell surface in
mIMCD-3 cells [15]. In this instance, the cell surface
properties or the presence of a functional crystal ‘recep-
tor’ must have been altered.

Recently, Kumar et al. [16] identified annexin A2 (alias
annexin II) as a crystal-binding molecule in renal epithe-
lial (MDCK1) cells. Annexin A2 belongs to the multigene
annexin protein family, implicated in numerous cellular
and membrane functions including membrane trafficking,
exocytosis/endocytosis, membrane-cytoskeleton inter-
actions, ion transport and cell-cell adhesion [17-21].
Annexins often reside in both a cytosolic and a mem-
brane-associated pool, with a switch between the two typ-
ically being regulated by calcium [22]. Within the cell,
membrane-bound annexin A2 is found at the plasma
membrane and on membranes of the biosynthetic or en-
docytic pathway [22, 23]. Due to this location, its ability
to aggregate membrane vesicles and the fact that it colo-
calizes with caveolin I [16], annexin A2 has been impli-
cated in membrane traffic, both in the regulated exocytic
pathway [24] and the endocytic pathway [25, 26]. Annexin
A2 is localized on the external membrane of some cells
where it can function as a receptor for lipid A [27], cy-
tomegalovirus [28], vitamin 1,25(0OH),D; [29], B2-glyco-
protein I [30], t-PA, plasminogen [31] and tenascin-C
[32]. In MDCK cells, extracellular anti-annexin A2 anti-
bodies prevented calcium oxalate monohydrate (COM)
crystal adhesion, suggesting that annexin A2 is present on
the exofacial surface of the apical plasma membrane [16].
A number of other membrane surface molecules may be
associated with increased crystal adhesion to apical renal
surfaces. Wheat germ agglutinin (WGA) lectin has affin-
ity for sialic acid-containing glycoproteins and has been
shown to decrease adhesion of calcium oxalate or phos-
phate crystals [12, 33]. Studies with renal tubular cells in
culture and with ethylene glycol-induced renal tubular
cell damage in rats have shown that hyaluronan, osteo-
pontin and their mutual cell surface receptor, CD44, also
play an important role in calcium oxalate crystal binding
[34, 35]. Such molecules are not present at the apical sur-
face in normal tubular epithelium but appear after cell
damage during wound healing/regeneration [34, 35].
Since clc-5 disruption appears to predispose the renal ep-
ithelium to crystal adhesion/retention, the primary aim of
this study was to investigate the effect of clc-5 disruption
upon the candidate crystal adherence molecule, annexin
A2, in the mIMCD-3 cell model. A secondary question
was whether annexin A2 dysregulation occurs in associa-
tion with other surface proteins. By using transfection
with antisense clc-5 ¢cDNA to disrupt endogenous clc-5
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and by overexpression of truncating mutants of clc-5, we
demonstrate that the resultant increase in crystal binding
was prevented by anti-annexin A2 antibodies and WGA
lectin, implicating both annexin A2 plasma membrane
overexpression and sialic acid residues in the pathophys-
iology of Dent’s disease.

Materials and methods

Molecular reagents. mIMCD-3 cells were cultured as
previously described [36]. mIMCD-3 total RNA was iso-
lated (Qiagen) and used as the template for RT-PCR reac-
tions using mouse gene specific primer pairs for annexin
A2 transcript 2 (5’-TTC AAA ATG TCT ACT GTC CAC
GAA ATC-3" and 5-TGA GCC CTT CAG TCA TCC
CCA-3"). annexin A2 was cloned into expression vector
pcDNA3.1/NT-GFP (Invitrogen Life Technologies) and
directly sequenced to confirm orientation and fidelity
of the annexin-A2-GFP fusion protein construct. Murine
clc-5 plasmid DNA constructs included wild-type clc-5
(sense), clc-5 with an N-terminal green fluorescent pro-
tein (GFP) fusion (clc-5-GFP), antisense clc-5 (AS-clc-5)
and three N-terminal GFP-tagged clc-5 constructs with
truncating mutations (R648X, R695delCfs or R704X)
termed mutant clc-3, as previously described [14, 37].

Cellular localization of annexin A2. mIMCD-3 cells
were grown to near confluency on 13 mm coverslips.
Cells were fixed and permeabilized with methanol. An-
nexin A2 was detected, after incubation in horse serum,
by a rabbit anti-annexin A2 polyclonal antibody (H-50
raised against residues 1-50 of the human protein but
cross-reactive with mouse) at 1:50 (Santa Cruz Biotech-
nology), followed by a secondary block with goat serum
and then goat anti-rabbit TRITC (1:100 and 1:25, respec-
tively, Sigma) for secondary detection. Control experi-
ments omitted the primary antibody or used preimmune
rabbit serum instead of primary antibody (both negative).
Alternatively, mIMCD-3 cells were transiently trans-
fected with annexin A2-GFP using the Lipofectamine
2000 reagent (Life Technologies) following the manufac-
turer’s protocol. Twenty-four hours after transfection, live
cells were incubated with TRITC-WGA lectin (1:50,
Sigma) for 2 min at 37 °C to label the plasma membrane,
or 75 nM LysoTracker Red (Molecular Probes) for
30 min at 37 °C to label acidic endosomes. Cotransfec-
tion with pDsRED-ER (BD Biosciences) allowed identi-
fication of endoplasmic reticulum (ER). For staining of
the Golgi apparatus (intermediate-to-trans stacks), cells
were fixed and permeabilised 24 h post-transfection with
methanol then incubated (room temperature) with bio-
tinylated Griffonia lectin (20 pg/ml; Vector Laboratories)
for 30 min, followed by streptavidin-Cy5 (20 pg/ml;
Southern Biotech) for 1 h at 37 °C.
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Annexin A2 distribution and endocytosis following
transfection. nIMCD-3 cells were first transiently trans-
fected with AS-clc-5 together with pcDNA3.1/GFP
(GFP) as a transfection marker (microgram ratio of 3:1).
Control cells were transfected with GFP alone. In sepa-
rate experiments, mIMCD-3 cells were transfected with
cle-5-GFP or mutant clc-5-GFP cDNA. Twenty-four
hours after transfection, cells were fixed and permeabil-
ized with methanol. Annexin A2 was detected using the
anti-annexin A2 antibody as described previously.

In separate experiments, 24 h following clc-5-GFP or
mutant clc-5-GFP construct transfection, WGA lectin in-
ternalization by endocytosis after 1 h lectin incubation
was quantified using mid-cell xy sections of positive
transfectants and compared directly to neighbouring
cells. Qwin software (Leica UK) was used to express
lectin-positive pixels as a percentage of total cell area.

Microscopy. Cells were imaged using confocal laser
scanning microscopy (TCS-NT, Leica with Kr-Ar laser)
using appropriate excitation and emission filter sets for
dual fluorophore detection, and z-series images were col-
lected. Mid-cell (xy) sections of cells transfected with an-
nexin-A2-GFP (costained with TRITC-WGA), AS-clc-5
or mutant clc-5-GFP together with appropriate controls
(empty-vector GFP or clc-5-GFP as indicated) were used
to quantify annexin A2 protein expression by analysis of
pixel intensity. For ‘membrane’ localization, four circum-
ferential transects per cell were drawn progressing clock-
wise around the cell under identical conditions of imag-
ing, illumination intensity and photo-multiplier settings.
Pixel intensity was then determined from background
(near membrane but extracellular) values to the adjacent
(often peak) pixel at the cell periphery. This averaged in-
tensity (eight readings per cell) was then defined as mem-
brane (peripheral) annexin A2 staining.

COM adhesion/agglomeration to cells pretreated with
anti-annexin A2 antibody or lectin. COM crystal adhe-
sion/agglomeration was performed by incubation (after a
brief wash in PBS) with preformed COM crystals, as pre-
viously described [15], for 30 min at 37 °C. Cells were
washed again in PBS (to remove any non-attached crys-
tals) and then imaged by confocal microscopy as de-
scribed before. For each positive transfectant, the cell sur-
face attachment of COM crystals was analyzed by a sim-
ple scoring method of no crystal attachment, crystals of
<10 pm attached and crystal agglomerations >10 pm in
randomly selected transfectants (X100 lens, NA 1.4). The
effect of expression of truncating mutations (R648X,
R695delCfs or R704X) with wild type clc-5-GFP was
tested 24 h posttransfection on crystal adhesion/agglom-
eration as above.

To test for a direct role of annexin A2 in COM crystal ag-
glomeration, mIMCD-3 cells were transfected with GFP
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(control) or antisense clc-5 and GFP as a transfection
marker (microgram ratio of 3:1), blinded to treatment
type. Twenty-four hours after transfection, cells were
washed in PBS and then incubated with 200 pl blocking
solution or anti-annexin A2 antibody (4 pg/ml) in block-
ing solution at room temperature for 15 min.

The role of sialic acid residues was tested by preincuba-
tion of transfected cells [control (GFP), sense clc-5 and
GFP as a transfection marker or AS-clc-5 and GFP] with
TRITC-WGA lectin (100 pg/ml in PBS, 2 min at 37 °C;
Vector Laboratories), prior to washing in PBS and ex-
posure to COM crystals as described before. Controls
for WGA treatment included TRITC-concanavalin A (a-
mannapyranosyl/a-glucopyranosyl specific) pretreatment
(100 pg/ml in PBS, 2 min at 37 °C; Vector Laboratories)
or culture medium alone without lectin.

Statistics. Plasma membrane pixel intensity (arbitrary
units) of annexin A2 and lectin internalization was
compared using Student’s t-test. Crystal attachment and
agglomeration were compared in respective treatment
groups by Chi-square analysis or Student’s t-test.

Results

Annexin A2 expression and localization in mIMCD-3
cells. mIMCD-3 cells endogenously express annexin A2
as detected by RT-PCR (fig. 1A). Immunolocalization of
annexin A2 (fig. 1B) revealed a diffuse intracellular dis-
tribution with limited localization at the plasma mem-
brane.

To more precisely determine the subcellular localization
of annexin A2, mIMCD-3 cells were transfected with an-
nexin A2-GFP and colocalized with plasma membrane
and intracellular organelle markers (fig. 1C-H). Cells
counter-stained with extracellular TRITC-WGA lectin
revealed a punctate cytoplasmic distribution with a sub-
set of annexin A2 present at the plasma membrane
as demonstrated by colocalization with WGA lectin
(fig. 1C, D) and a transect depicting pixel intensity across
the section (fig. 1E). Note that TRITC-WGA (red) gives
a sharp increase in pixel intensity from background lev-
els as the membrane is crossed corresponding to a peak of
annexin A2-GFP intensity (green, fig. 1E). Additional as-
sessment of the subcellular distribution of annexin A2
was obtained using subcellular markers. Griffonia lectin
(as a marker of the intermediate-to-trans stacks of the
Golgi apparatus) colocalized in part with annexin A2-
GFP (fig. 1F). The marker pDsRED2-ER, which utilizes
calreticulin/KDEL to target the fusion protein to the ER,
also showed extensive colocalization with annexin A2-
GFP (fig. 1G). LysoTracker Red is an acidic endosomal
marker, which we have previously shown to colocalize
with clc-5 in mIMCD-3 cells [36]. Annexin A2-GFP
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Figure 1. Annexin A2 expression and localization in mIMCD-3 cells.
(A) annexin A2 (transcript 2, 1 kb, arrowed) was amplified using
high-fidelity RT-PCR from mIMCD-3 cell RNA (lane 1). RT controls
omitted either RNA (lane 2) or reverse transcriptase enzyme (lane 3)
and a PCR control used water as template (lane 4). L, 100 bp DNA
ladder Plus. (B) Immunolocalization of annexin A2 (red) in mIMCD-
3 cells. Note the diffuse nature of cytoplasmic staining. (C-E) Cells
transfected with annexin A2-GFP (green) and costained with TRITC-
WGA (used as a plasma membrane marker) demonstrate a degree of
colocalization at the cell periphery (yellow, arrowed) in both xy (C)
and xz (D) sections. Quantification of pixel intensity (arbitrary units)
for a mid-cell transect (blue bar shown in C) depicts annexin A2-GFP
(green) and lectin (red) with colocalization of markers marked with
an asterix (E). Colocalization (yellow, arrowed) of annexin A2-GFP
(green) and subcellular markers (red) is demonstrated with the Golgi-
staining Griffonia lectin (F), ER marker pDsRED2-ER (G) and
acidic endosomal marker LysoTracker Red (#). Scale bar, 10 pm.

demonstrates only a minor degree of colocalization with
LysoTracker Red (fig. 1H).

Annexin A2 redistribution following clc-5 manipula-
tion. mIMCD-3 cells were transiently transfected with
clc-5-GFP then fixed and stained with anti-annexin A2
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Figure 2. Antisense clc-5 transfection leads to a redistribution of an-
nexin A2 in mIMCD-3 cells. (4) Transfection of mIMCD-3 cells
with sense clc-5-GFP (green) shows unaltered cytosolic/periplasma
membrane distribution of annexin A2 (as detected by annexin A2
antibody staining). A minor degree of colocalization (yellow areas,
arrowed) is observed. (B) An antisense clc-5 transfectant (cotrans-
fected with GFP) shows markedly increased annexin A2 immunos-
taining (red) at the cell periphery compared to surrounding non-
transfected cells and clc-5-GFP-transfected cells (shown in 4).
Scale bar, 10 pm (C) Sample cell transects depicting pixel intensity
of annexin A2 antibody for control cell (top transect) and clc-5-dis-
rupted cells (bottom transect). Arrows show the outermost peaks
used in the measurement of peripheral annexin A2. (D) Quantifica-
tion of annexin A2 immunofluorescence at the cell periphery in
control GFP- and antisense clc-5/GFP-transfected cells. Pixel in-
tensity (arbitrary units) of anti-annexin A2 antibodies is shown (de-
tected using anti-rabbit TRITC at a 1:25 dilution). Annexin A2 im-
munostaining was increased in antisense clc-5-transfected cells
compared to controls (61.46 + 11.79, n = 6 compared to 11.88 +
1.44,n =3, *p <0.05).

antibody. This revealed that the extensive endosomal dis-
tribution of clc-5 remained distinct from that of annexin
A2 (fig. 2A) with only minor areas of colocalization, as
expected from the degree of colocalization of annexin A2
with LysoTracker Red (fig. 1H). It should also be noted
that the distribution of annexin A2 was unaffected by
overexpression of clc-5-GFP (fig. 2A) or by transfection
of GFP alone (image not shown). In contrast, following
transfection of AS-clc-5 (together with GFP as transfec-
tion marker), there was a marked redistribution of cyto-
plasmic annexin A2 to the cell periphery (fig. 2B). Mid-
cell z-section transects (sample transects depicted in fig.
2C) were analyzed, and quantification of annexin A2 an-
tibody staining at the cell margin was performed using
two secondary (fluorescent) antibody dilutions, 1:100
and 1:25, respectively. Cell periphery pixel intensity (ar-
bitrary units) of annexin A2 increased from 13.20 £ 1.17
(n=7) in control (GF P-transfected) cells to 30.49 + 2.53
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(n=15, p<0.0005) after AS-clc-5 transfection, in the
1:100 group. Similarly, cell periphery pixel intensity for
annexin A2 was significantly increased in AS-clc-5-
transfected cells (61.46+11.79) compared to control
cells (11.88 £ 1.44, p<0.05) using a 1:25 dilution of sec-
ondary antibody (fig. 2D).

Calcium crystal agglomeration promoted by anti-
sense clc-5 treatment may be blocked with anti-an-
nexin A2 antibodies. Qualitatively, when AS-clc-5-
transfected cells were overlaid with preformed COM
crystals there was retention and agglomeration com-
pared to GFP-transfected cells (fig. 3A, C), in confir-
mation of our previously published data [14, 15]. Native
cells had only a limited capacity to bind COM crystals.
In antisense clc-5-transfected cells, a marked quantita-
tive difference in crystal agglomeration (17/30 cells) was
evident in comparison to control GFP-transfected cells
(3733, p <0.005, fig. 3E). To investigate whether the an-
tisense clc-5-promoted crystal agglomeration was medi-
ated directly by the redistribution of the crystal adhesion
molecule, annexin A2, to the plasma membrane, the ef-
fect of extracellular treatment with anti-annexin A2 anti-
body prior to exposure to calcium crystals was tested.
Control data included preincubation with blocking
serum as compared to anti-annexin A2 (in blocking
serum). In cells treated with anti-annexin A2 prior to ex-
posure to calcium oxalate crystals there was a clear pro-
tective effect against crystal agglomeration despite AS-
clc-5 transfection (fig. 3D, F). In the anti-annexin anti-
body-treated groups, there was no significant difference
between numbers of crystal agglomerations (2/21 anti-
sense, and 2/34 control GFP, ns, fig. 3B, D, F). Compar-
ing the number of crystal agglomerations in antisense
cle-5 transfectants alone, anti-annexin A2 reduced the
number of cells with crystal agglomerations from 57% to
just 10% (p < 0.005, fig. 3E, F).

Overexpression of mutant clc-5 in mIMCD-3 cells is
associated with a disruption in endocytosis, annexin
A2 redistribution and COM crystal agglomeration.
Previously, we have shown that certain truncating muta-
tions of clc-5 disrupt CBS domain 2 of CLC-5 and give
rise to a trafficking defect [37]. Since CLC-5 is a
dimeric protein [37, 38], we hypothesized that overex-
pression of CLC-5 mutant proteins may disrupt traffic
of endogenous CLC-5 and produce a similar phenotype
to that seen for AS-clc-5-transfected cells. We have also
previously demonstrated that following antisense clc-5
transfection, a dramatic disruption in endocytosis of
WGA lectin in mIMCD-3 cells is observed [14]. Trans-
fection of ¢cDNA encoding truncated forms of clc-5,
which disrupt the C-terminal CBS domain 2, also pro-
duced a similar interruption of endocytosis (fig. 4).
Cells transfected with either clc-5-GFP (wild-type) or

Research Article 371

*kk ns
100 E 100 —
2 80 2 80
8 18 8 8 21 12
S B0/ S 60
g4 g4 1
& 201 & 20! " x

<

~—-—v—' —
0 Anti-annexin Anti-annexin
Control Antisense

HS HS

Control  Antisense

[ No Crystal Attachment
[ Crystal(s) Attached
[ Crystal Agglomeration

[ Mo Crystal Attachment
[ Crystal(s) Attached
@ Crystal Agglomeration

Figure 3. Antisense clc-5 transfection promotes calcium oxalate
crystal agglomeration which is blocked by pre-exposure to anti-an-
nexin A2 antibody. (4—-D) Comparison of mIMCD-3 cells tran-
siently transfected 24 h prior to exposure to calcium oxalate crys-
tals with control GFP alone (4, B), or cotransfected with antisense
cle-5 and GFP (C, D), then preincubated with blocking solution (4,
C) or anti-annexin A2 antibody (B, D). Positive transfectants are
identified by their green fluorescence. Note agglomerated crystals
are above the focal plane of the apical surface of the transfected
cells (C). Scale bar, 10 pm. (£, F) Quantification of calcium oxalate
crystal attachment to control GFP- and antisense clc-5/GFP-co-
transfected cells. (£) Transfectants treated with blocking solution
before crystal exposure: agglomerations were seen in 3/33 control
GFP cells compared to 17/30 of antisense clc-5 transfectants (***p
< 0.005). (F) Transfectants treated with anti-annexin A2 antibody
before crystal exposure: crystal agglomeration was limited in anti-
sense clc-5-treated cells and did not differ from GFP controls.

mutant clc-5-GFP were compared to neighbouring non-
transfected cells, following incubation with WGA
lectin. WGA lectin was readily endocytosed to an intra-
cellular location in non-transfected and clc-5-GFP
transfected cells. In contrast, with overexpression of
truncated forms of clc-5, which correspond to three
CLCNS5 mutations R648X, 695delCfs, and R704X, the
WGA lectin remained localized near the plasma mem-
brane location, with limited internalization after 1 h

(fig. 4).
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Figure 4. Overexpression of truncated clc-5 causes an arrest of
lectin internalization in mIMCD-3 cells. Internalization of TRITC-
WGA was compared in mIMCD-3 cells transiently transfected with
wild-type or mutant clc-5 following 1 h incubation. Transfectants
were compared to neigbouring non-transfected cells. There was no
significant difference in lectin internalization between wild-type
transfectants (n=11) and their neighbouring non-transfected cells
(n=13). Following overexpression of three mutant clc-5 cDNA
constructs (R648X, n=10; 695delCfs, n=16; R704X, n=16),
lectin internalization was significantly reduced when compared
to neighbouring non-transfected cells (n=13, p<0.005; n=20,
p<0.05; n=22, p<0.05, respectively).

Corresponding to this failure of endocytosis, transfection
of mIMCD-3 cells with the clc-5 mutants R648X,
695delCfs and R704X (fig. 5SA, B and C, respectively),
all markedly increased the peripheral (plasma membrane)

A B
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localization of annexin A2 in a similar manner to that
seen for antisense clc-5 transfection (described earlier).
Peripheral ‘membrane’ intensity (see Materials and meth-
ods) of anti-annexin A2 (using secondary antibody 1:25)
in the mutant clc-5-GFP-transfected cells was 51.14 +
5.34 (n = 13) compared to 24.22 + 2.13 (n = 8) in clc-5-
GFP-transfected cells (p < 0.005) (fig. 5D). Overexpres-
sion of mutant clc-5 proteins thus gave rise to a similar
phenotype to antisense clc-5 transfection, with a marked
redistribution of annexin A2 from an intracellular loca-
tion to an apparent plasma membrane localization.
Using the GFP-tagged R704X clc-5 mutant, we analyzed
the response of transfected cells to COM crystal overlay
comparing them to wild-type clc-5-GFP-transfected cells
(fig. SE, F). Quantification of crystal attachment and ag-
glomeration showed that whereas the majority of cells
transfected with clc-5-GFP showed no crystal attachment
or attachment of crystals of small size (fig. 5G) with only
1/9 showing a crystal agglomerate, the majority of cells
transfected with the R704X clc-5 mutant construct had as-
sociated crystal agglomerates (7/10, p <0.05). Thus, in this
separate experimental paradigm, annexin A2 located at the
cell periphery was associated with increased crystal reten-
tion and agglomeration.
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Figure 5. clc-5 mutant transfection leads to redistribution of annexin A2 and crystal agglomeration in mIMCD-3 cells. Scale bar, 10 pm.
Transfection with mutant clc-5 constructs R648X (4), 695delCfs (B) and R704X (C) all cause a redistribution of annexin A2 towards the
cell periphery, compared to surrounding non-transfected cells (and to clc-5-GFP-transfected cells; see fig. 2A). (D) Quantification of an-
nexin A2 immunofluorescence at the cell periphery in mutant clc-5 transfectants was (arbitrary units) 51.14 + 5.34, n =13 compared to
24.22 £2.13,n =8, (¥**p <0.005) in wild-type clc-5-GFP-transfected (WT) cells. (E—G) Comparison of mIMCD-3 cells transiently trans-
fected with cle-5-GFP (E) or GFP-tagged mutant clc-5 (R704X truncation) (7)) when overlaid with preformed COM crystals. (G) Quan-
tification of crystal attachment: WT transfectants displayed attached crystals (<10 pm length) (5/9 cells) or no crystal attachment (3/9 cells)
and rarely showed adhesion of crystal agglomerates (1/9 cells). In contrast, 7/10 mutant c/c-5 transfectants showed adhesion of crystal ag-

glomerates (>10 pm) (*p < 0.05).
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Membrane sialic acid residues also play a role in COM
crystal agglomeration. Together with annexin A2, a
number of membrane surface residues including specific
sialic acid-containing glycoproteins, and possibly glycol-
ipids (sialoglycoconjugates), are determinants of nucle-
ation of calcium oxalate crystals on the apical surface
of renal cells [39, 40]. The involvement of sialic acid
residues was tested using mIMCD-3 cells, 24 h post-
transfection with control GFP, sense clc-5 and GFP or
antisense clc-5 and GFP, after preincubation with WGA
lectin prior to crystal exposure. First, with no WGA lectin
preincubation, control GFP-transfected cells and sense
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Figure 6. Antisense clc-5 transfection promotes calcium oxalate
crystal agglomeration that is blocked by pre-exposure to WGA
lectin. Quantification of crystal attachment to transfected cells. (4)
Pretreatment with media (2 min, 37 °C) before calcium oxalate
crystal exposure: control (GFP alone) or sense clc-5 and GFP
showed either no crystal attachment (9/11 and 9/13, respectively) or
small sized-crystal (10 pm length) attachments (2/11 and 4/13, re-
spectively). Antisense clc-5 transfectants (with GFP marker)
demonstrated marked crystal agglomeration (13/15, ***p < 0.005)
compared to both control and sense transfectants. (B) Pretreatment
with TRITC-WGA lectin (100 pg/ml, 2 min, 37 °C). In the major-
ity of control, sense or antisense transfected cells pretreated with
WGA lectin, there was no crystal attachment (14/14, 6/8, 8/10, re-
spectively).
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clc-5/GFP cotransfected cells behaved similarly (fig. 6A),
with either an absence of crystals (9/11 and 9/13 cells, re-
spectively) or small sized-crystal (<10 pm length) at-
tachments (2/11 and 4/13 cells, respectively). However,
antisense clc-5 transfection promoted pronounced crystal
adherence leading to agglomeration (fig. 6A) similar to
that shown in figure 3E.

For control and sense clc-5 transfectants, WGA lectin pre-
treatment before calcium oxalate crystal exposure did not
substantially alter the pattern of crystal retention; the ma-
jority of control GFP and sense clc-5/GFP cotransfected
cells showed no crystal attachment (14/14 and 6/8 cells, re-
spectively; fig. 6B). Importantly, there was a dramatic
change in the pattern of crystal attachment to antisense
transfected cells; WGA lectin caused a reduction in the
number of cells with agglomerations from 87% to 20%
(p<0.005). This effect was lectin specific. Preincubation
of transfectants with TRITC-concanavalin A (100 pg/ml,
2 min, 37 °C) had no effect on the marked crystal retention
and agglomeration observed in antisense clc-5 transfec-
tants (15/21 cells possessing agglomerates) compared to
sense clc-5 or GFP transfectants (0/10 and 1/5 cells pos-
sessing agglomerates, respectively, p < 0.005).

Discussion

Nephrocalcinosis and nephrolithiasis are the end result of
complex processes involving the composition of the
tubular fluid favouring crystal formation followed by
crystal retention and accumulation within the kidney.
Crystal retention depends upon the ability of crystals to
adhere to the renal tubular epithelial cell surface despite
the presence of intrinsic mechanisms that minimize crys-
tal formation, binding and retention. Recent atomic force
microscopy (AFM) data using a negatively charged car-
boxyl AFM tip probe to measure adhesive force on indi-
vidual COM crystal faces [41] shows that tip interaction
to intercalate with Ca?" at the crystal surface is highly
specific and sensitive to the presence of protein compo-
nents and solution anions. Such specificity in the ability
of COM crystals to bind different cell surfaces is well
documented. For example, calcium oxalate crystals do
not adhere to the transitional epithelium of the bladder
[42] but bind avidly to the surface of cells not normally
exposed to crystals such as red blood cells [43] and en-
dothelial cells [44]. A similar pattern is observed within
the nephron. Verkoelen et al. [45] compared cell lines rep-
resentative of the renal proximal tubule (LLC-PK1) with
those of the distal/collecting duct (MDCK). Crystal bind-
ing was observed with the proximal tubule cells and, un-
like the collecting duct cells, did not decrease as the cells
reached confluency, indicating that epithelial cells along
the nephron possess specific crystal-binding molecules at
their luminal surface. Specific urinary anions such as py-
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rophosphate and citrate, and negatively charged macro-
molecules, e.g. glycosaminoglycans, uropontin and neph-
rocalcin, can bind/coat crystals inhibiting crystal attach-
ment to the cell surface. Once bound, crystals may also be
removed from the apical surface by a process of endo-
cytic uptake to a cellular location [46].

The present work sought to test the hypothesis that dis-
ruption of endogenous clc-5 (to mimic Dent’s disease) in
a collecting duct cell model system (mIMCD-3) results in
alteration of the surface binding properties of a putative
crystal binding molecule, annexin A2. This may explain
the crystal binding and agglomeration for both calcium
oxalate (COM) and calcium phosphate crystals previ-
ously demonstrated when mIMCD-3 cells were trans-
fected with antisense clc-5 constructs. Our previous work
established that in these conditions, clc-5 protein is
markedly reduced, resulting in a reduction in the number
of recycling acidic endosomes and an arrest of endocyto-
sis [14, 15]. It is known in mouse proximal tubule cells
from clc-5 knockout mice that there is a reduction in the
amount of the apical brush-border multiligand receptors,
megalin and cubulin, from the apical membrane [9], to-
gether with the apical transporter proteins, Na-Pi2 and
NHES3 [8]. This is most likely to arise from a redistribu-
tion of protein between the membrane and recycling vesi-
cles, recycling being slowed (by luminal parathyroid hor-
mone) [8].

Annexin A2 is expressed in renal epithelial cell lines in-
cluding MDCK cells [47, 48] and has been shown to be
expressed in the rat inner medullary collecting duct, with
expression increasing following vasopressin treatment
[49]. Similarly, annexin A2 is expressed in mIMCD-3
cells. Using transient transfection of annexin A2-GFP,
we demonstrated that annexin A2-GFP is associated with
several intracellular organelle markers, including those
for the ER, Golgi apparatus and a subset of acidic endo-
somes. Consistent with a cytosolic and vesicular local-
ization, annexin A2 has been localized to raft-associated
sucrase-isomaltase-carrying vesicles in MDCK cells
[50]. In addition, annexin A2 has previously been local-
ized to endosomes in baby hamster kidney (BHK), rat ba-
sophilic leukemia cells [51, 52] and in Chinese hamster
ovary (CHO) cells [53]. Our data confirm that the exten-
sive cytosolic distribution of annexin A2 includes a sub-
set of acidic endosomes. There is also colocalization of a
minor fraction of annexin A2 at the plasma membrane of
normal mIMCD-3 cells.

We were able to clearly demonstrate a redistribution of
cellular annexin A2 to the cell periphery following anti-
sense clc-5 transfection or overexpression of mutant clc-
5 cDNAs. Members of the annexin family are character-
ized by the ability to bind phospholipids in a calcium-de-
pendent manner, and a conserved structural element, the
so-called annexin repeat [22], located in the carboxy-ter-
minus which harbours the calcium- and membrane-bind-

clc-5 disruption redistributes annexin

ing sites. In the amino-terminus, there is a specific bind-
ing site for the small dimeric S100 protein, SI00A10,
with protein-protein interaction leading to the formation
of a heterotetrameric complex. In this complex, two an-
nexin A2 molecules are non-covalently linked via an
S100A10 dimer bound to their NH,-terminal domains
[54]. This structure is compatible with a role in mem-
brane vesicles and docking for binding from the cyto-
plasmic face. As already noted, proximal tubule cells in
cle-5 knockout mice show a reduced apical membrane
expression of megalin, cubulin, NaPi-2 and NHE3 [8, 9].
If annexin A2 is involved in vesicular traffic between the
cytosol and the plasma membrane, how is it possible to
explain increased membrane annexin A2? Importantly, a
further trafficking defect in proximal tubule cells of clc-5
knockout mouse kidneys involves impaired progression
towards lysosomes [9]. Impaired vacuolar acidification
(by ablation of clc-5) is known to prevent progression to-
wards lysosomes, thereby rerouting endocytic tracers and
newly synthesized lysosomal enzymes to the recycling
pathway [9]. Disruption of clc-5 leading to an arrest of
endocytosis in transfected cells combined with rerouting
to the recycling pathway would be compatible with in-
creased plasma membrane annexin A2 observed in the
present experiments.

Kumar et al. [16] reported that annexin A2 is present on
the exofacial surface of renal epithelial cell membranes
[16]. Importantly, they noted that blocking surface an-
nexin A2 with anti-annexin A2 antibody reduced COM
crystal binding. Our own data show that anti-annexin A2
antibody preincubation reduces calcium oxalate crystal
adhesion and agglomeration seen by endogenous clc-5
disruption. Given the N-terminal epitope of this antibody,
the most likely explanation is that a fraction of the pe-
ripheral annexin A2 must be present on the exofacial part
of the plasma membrane. This finding adds to the exam-
ples of cell surface annexin A2 functioning as a receptor
for a number of polypeptide ligands including fetuin-A
[55] or as a coreceptor for plasminogen in endothelial
cells [56, 57].

Annexin A2 plasma membrane expression concurrent to
crystal adhesion and agglomeration was also increased
following mutant clc-5 transfection. These truncated
forms of clc-5 omit the second CBS domain at the C-ter-
minal tail and demonstrate pronounced trafficking de-
fects [34]. A similar endocytic defect and a crystal ag-
glomeration phenotype is observed with both truncated
cle-5 overexpression and antisense clc-5 transfection.
This suggests that these particular mutant clc-5 con-
structs may have a dominant negative effect on endoge-
nous clc-5 traffic via dimer formation.

Is annexin A2 the only crystal-binding molecule in-
creased following antisense clc-5 treatment? In the cur-
rent study, calcium crystal agglomeration was also atten-
uated in antisense clc-5 transfectants after blockade of
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sialic acid residues by WGA lectin. The fact that a reduc-
tion in agglomeration towards control values was seen
following treatment with anti-annexin A2 antibodies and
by WGA lectin suggests that steric exclusion by bound
protein at the cell surface contributes to inhibition of
crystal binding. As already noted, other candidate adhe-
sion molecules such as CD44, hyaluronan and osteopon-
tin have been identified to function in both in vitro and in
vivo models [35], showing that the complement of cell
surface proteins in renal cells susceptible to crystal adhe-
sion are likely to differ substantially from normal renal
cells.

The clinical picture of Dent’s disease patients invariably
includes low molecular-weight proteinuria and hypercal-
ciuria. How important is hypercalciuria to the subsequent
development of nephrocalcinosis and nephrolithiasis?
Nearly all of the affected males with Dent’s disease have
hypercalciuria [6, 58]. This correlates with almost 50% of
Dent’s disease patients having kidney stones [58] and
two-thirds of patients displaying various degrees of
medullary nephrocalcinosis [6, 58—60]. Thiazide diuret-
ics, by reducing levels of urinary calcium excretion, seem
to reduce stone disease [61] and renal failure and nephro-
calcinosis were prevented by therapy with citrate, a crys-
tal inhibitor, in the Johns Hopkins clc-5 knockout mouse
[62]. In the contrary situation, a murine model of Dent’s
disease without hypercalciuria failed to develop nephro-
calcinosis [8, 63]. Thus we can infer that hypercalciuria
promotes crystallization, which, in Dent’s disease, seems
to be intratubular in origin in both human [64] and animal
studies [62]. It is known, however, that intratubular crys-
tallization occurs in non-stone formers, but these crystals
are smaller and less aggregated than in stone formers [13,
65, 66]. Therefore, the pathological events leading to re-
nal stone disease and nephrocalcinosis in Dent’s disease
point to hypercalciuria and abnormal intratubular cal-
cium crystal handling. The findings that adhesion mole-
cules, such as annexin A2, are upregulated at the plasma
membrane add weight to this argument.

In summary, Dent’s disease causes both a reduction in
acidification of endosomes and a failure of endocytosis
[7, 8, 14, 63]. In the proximal tubule, this leads to altered
plasma membrane protein expression, resulting in pro-
teinuria, aminoaciduria, phosphaturia and hypercalciuria.
More distally, where epithelial cells are exposed to cal-
cium microcrystals, crystal adhesion surface molecules
are also regulated by endocytic processes. We have shown
that a disruption of clc-5 (mimicking Dent’s disease)
leads to an increase in annexin A2 expression at the
plasma membrane of mIMCD-3 cells. Such an increase
in plasma membrane annexin A2 results specifically in an
enhanced calcium crystal-binding capacity, leading to
crystal agglomeration. We hypothesize that disordered
endocytosis within collecting duct cells leads to abnor-
mal expression of crystal adhesion molecules contribut-
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ing to the nephrocalcinosis and nephrolithiasis seen in af-
fected patients with Dent’s disease.
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