
• Apply feedback mechanisms to evaluate cost-effectiveness,

clinical adoption, problems in routine application, unantici-

pated collateral problems.

Key issues to settle in this process include the following:

• The definition of clinical needs and desired context of use

for new biomarkers should be specifically emphasised [16].

Different approaches to establish research priorities may be

considered: for example, expert committees, peer review,

research-gap generation or value of information modelling.

A key question is who should be involved in the process and

how? Some countries have established organisations to

define and implement clinical priorities in a multidisciplin-

ary and multistakeholder process, such as the Centre for

Biomedical Network Research (CIBER) in Spain and the

organisation INVOLVE of the UK Department of Health.

Whether this is the optimal way to proceed remains to be

seen. Generation of Web-based platforms allowing descrip-

tion of research priorities per disease and stakeholder

(patient groups, health insurance companies, clinical socie-

ties, law-making bodies, etc.) appears to be a good starting-

point to record existing views and to allow a more informed

initiation of biomarker discovery efforts.

• A knowledgeable independent body or panel is required to

evaluate the results of initial biomarker verification and qual-

ification efforts as well as the respective claims and clinical

Figure 1 Implementation of novel biomarkers represents a substantially harder challenge than initially thought by scientists. As
shown on the left-hand side of the cartoon, the current belief is that the major efforts are required during initial identification and
verification of proteomics biomarkers. Implementation in the clinic is conceived as being simply a matter of continuing uphill, the
‘last few steps’ to the red flag. However, we argue that this is not true. While initial identification, verification and establishment of
an appropriate analytical platform are without doubt major steps, even more substantial efforts are required on the road to actual
implementation, which evidently is much longer than anticipated, and full of risks and additional obstacles. Among the major
challenges are access to specific knowledge, sufficient funding, access to appropriate specimens, demonstration of reproducibility
and performance of interventional trials. We propose support by a multidisciplinary panel immediately after initial verification, to
accompany scientists on this road to implementation and to help avoid potentially useful biomarkers failing to reach the clinic.
Once implementation in the clinic has been accomplished, the process does not stop, as cost-effectiveness, clinical adoption and
collateral problems still must be monitored.
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utility in a transparent and unbiased manner. Currently,

claims made for biomarkers are usually made by the

scientists involved in the original studies, fostering

unwarranted optimism and allegiance bias. The European

Medicines Agency (EMA) and the US Food and Drug

Administration (FDA) aim to provide evidence-based advice

on biomarker qualification. One example is the voluntary

biomarker qualification programme [33]. Biomarker data

evaluation and guidance can be enhanced by the active

involvement of a multidisciplinary panel (clinicians, clinical

chemists, statisticians, health economists, representatives

from patient groups, health insurance, pharmaceutical and

biotechnology companies, (publicly funded) biobanks and

regulatory agencies) that would evaluate existing data and

provide specific recommendations for a road map towards

clinical implementation of the biomarker for the specific con-

text of use (including use of biobanked samples, surrogate

and hard endpoints etc.; Fig. 1). Demonstration of reproduc-

ibility for markers that move towards clinical experimenta-

tion is vital; hence, evaluation should include repeatability

checks by experienced statisticians ⁄ bioinformaticians using

the raw data.

• Availability of funding for biomarker implementation

studies. As an example, a certain part of the EU FP7 funding

for collaborative projects under the Health theme is directed

to clinical research projects, including investigator-driven

clinical trials, to bring basic health research closer to the clinic

(the 2011 call details can be found at http://ec.europa.eu/

research/participants/portal/page/cooperation?callIdentifi-

er=FP7-HEALTH-2012-INNOVATION-1). Positive evalua-

tion of biomarker data by the panel (II) could be regarded as

a positive recommendation also for funding purposes. Such

implementation-focused projects should involve representa-

tives of all parties mentioned above, as partners or members

of an advisory board, to ensure timely implementation.

• Increased accessibility to biobanks. Availability of appro-

priate and clinically well-documented samples is frequently

a major bottleneck for biomarker studies, even if all other

aforementioned gaps are filled. Biobanks can largely expe-

dite the assessment of predictive or diagnostic ability of bio-

markers. Use of samples from biobanks could rapidly

provide answers regarding biomarker validity and guide (or

spare) further qualification studies through prospective trials

[34–38]. The EU-funded Biobanking and Biomolecular

Resources Research Infrastructure (BBMRI) project (http://

www.bbmri.eu/) aims to build a coordinated, large-scale

pan-European biobanking infrastructure, initially based on

existing sample collections, resources, technologies and

expertise [39]; it is intended to work as an interconnected

node structure including biobanks, biomolecular resources,

harmonised standards, databases and bioinformatics, as well

as a platform for assessing ethical, legal and societal issues.

This approach is promising; however, it has not yet been

fully realised, and substantial difficulties in accessing

existing biobanks are encountered. In addition, harmonisa-

tion of quality control tools and sample collection protocols,

both significantly influence the results obtained, has not been

achieved yet, but is mandatory. These issues not only affect

in vitro diagnostic tests [40] but also have a major impact on

multiparametric ‘-omics’ approaches and can override dis-

ease-related patterns or even abolish meaningful data inter-

pretation.

Improvement efforts should be focused on transparency,

creation of clear rules for sample accessibility and proce-

dures for requests, including clear timelines; comprehensive

listing of samples retrieved for all projects (outlining their

type and the respective research project, so as to avoid

duplication of efforts); streamlining of consent processes;

and generation of the appropriate legislation that allows

use of the stored samples. Stored samples should be associ-

ated with consent for the sample to be used in any scien-

tific investigation. If analysing the sample is dependent on

obtaining a new consent from the donor (who may well be

deceased) individually for every experiment, then the value

of such a biobank is minute, as its content can generally

not be used because of this legal restriction.

Conclusion

Implementation of biomarkers is a complex process that would

significantly benefit from the establishment of a general road

map. While we have focused on proteomic biomarkers in this

article, the considerations and suggestions extend well beyond

the boundaries of the proteomics community and are relevant

to all new biomarker technologies.

Potential consequences of implementation should be con-

templated from the very beginning of the developmental pro-

cess, even at the stage of biomarker discovery. We also

suggest potential means to achieve these aims. Final success,

the implementation of the biomarker to benefit patients, can-

not be guaranteed upfront, even if the biomarker proves to

be valuable, because there is a continuous evolution of the

landscape, with all of its political, societal and clinical impli-

cations. The -omics revolution, and development of persona-

lised medicine approaches, will add greater complexity and

new challenges to the implementation process in the coming

years. However, if mechanisms for efficient communication

and guidance on a road map towards clinical implementation

are apparent and disseminated, we will be much better

equipped to react more promptly and make the required

adjustments. The biomarker community will be better
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positioned overall to make more meaningful contributions to

clinical care, which after all should be the principal goal of

all parties involved.
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a b s t r a c t

Dissolution therapy of calcium oxalate monohydrate (COM) kidney stone disease has not yet been

implemented due to a lack of well characterized COM dissolution agents. The present study therefore

aimed to identify potential COM crystal dissolution compounds. COM crystals were treated with

deionized water (negative control), 5 mM EDTA (positive control), 5 mM sodium citrate, or 5 mM

sodium phosphate. COM crystal dissolution activities of these compounds were evaluated by phase-

contrast and video-assisted microscopic examinations, semi-quantitative analysis of crystal size,

number and total mass, and spectrophotometric oxalate-dissolution assay. In addition, effects of these

compounds on detachment of COM crystals, which adhered tightly onto renal tubular cell surface, were

also investigated. The results showed that citrate, not phosphate, had a significant dissolution effect on

COM crystals as demonstrated by significant reduction of crystal size (approximately 37% decrease),

crystal number (approximately 53% decrease) and total crystal mass (approximately 72% decrease)

compared to blank and negative controls. Spectrophotometric oxalate-dissolution assay successfully

confirmed the COM crystal dissolution property of citrate. Moreover, citrate could detach up to 85% of

the adherent COM crystals from renal tubular cell surface. These data indicate that citrate is better than

phosphate for dissolution and detachment of COM crystals.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

A major problem in management of COM kidney stone disease is
its high recurrence rate as approximately 50% of the stone formers
have recurrent stones within 10 years after the stone removal
(Worcester and Coe, 2008). Although this recurrence rate tends to
decline by prevention with high fluid intake (Borghi et al., 1996),
dietary modifications (Borghi et al., 2002), and medical treatments
(e.g., thiazide and alkali) (Pak, 2008), the recurrent stones remain in
approximately 15–40% of cases who have received these interven-
tions (Borghi et al., 2002; Coe et al., 2005; Fink et al., 2009), suggesting
that the prevention against recurrent COM kidney stone disease
require additional and better strategies.

Dissolution therapy has been widely accepted as an effective
treatment for uric acid stone (Ngo and Assimos, 2007). It has been
also investigated for many stone types, including calcium phosphate
ll rights reserved.

of Medical Proteomics Unit,

ms Science (CRCSS), Siriraj

Vikrom Building, 2 Prannok

.: þ66 2 4184793.
(Xiang-bo et al., 2005), cystine (Tiselius, 2010), and struvite
(Heimbach et al., 2000). Ideally, dissolution agents may be used as
primary treatment to dissolve the whole calculi, adjuvant therapy to
dissolve residual stone fragments after surgical removal, or prophy-
lactic therapy to prevent recurrent stones (Ngo and Assimos, 2007).
Unfortunately, this treatment modality has not been implemented for
COM kidney stone disease due to the lack of strong evidence and
characterizations of COM dissolution agents. EDTA, a well-known
calcium-chelating agent, had been previously shown to have dissolu-
tion activity on COM stone in vitro (Burns and Cargill, 1987).
However, the toxicity of this agent limits its applications in vivo
(Kane et al., 1989; Oosterlinck et al., 1991). In contrast to uric acid
stone, adjustment of urinary pH has minimal or no effect on the
solubility of COM stone. Therefore, identification of COM stone
dissolution agents, which are applicable in vivo, is needed for better
management of COM kidney stone disease. Citrate and phosphate
have been used for ‘‘prophylactic treatment’’ aiming to ‘‘prevent’’
recurrent COM kidney stone for a long time (Escribano et al., 2009;
Tracy and Pearle, 2009). However, their ‘‘dissolution effects’’ on COM
crystals, which are the major crystalline compositions of kidney
stones, remained unclear and under-investigated.

The present study therefore aimed to evaluate COM crystal
dissolution properties of citrate and phosphate using morpholo-
gical evaluation and semi-quantitative measurement of COM

www.elsevier.com/locate/ejphar
www.elsevier.com/locate/ejphar
dx.doi.org/10.1016/j.ejphar.2012.06.012
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crystal size, number and total mass. Serial analysis was performed
by video-assisted morphological study to monitor the dissolution
activities of these compounds within 1-h of the treatment.
Validation of their dissolution activities was performed by spec-
trophotometric oxalate-dissolution assay to measure the
increased levels of free oxalate ions as the end products of COM
crystal dissolution. Finally, effects of these compounds on detach-
ment of COM crystals, which were adhered tightly on renal
tubular cell surface, were also investigated.
2. Materials and methods

2.1. COM crystal preparation and treatment with citrate and

phosphate

COM crystals were generated according to our protocols
published previously (Thongboonkerd et al., 2006; 2008). Briefly,
COM crystals were prepared in 24-well, polystyrene, disposable
cell culture cluster (with lid) (Corning Inc.; Corning, NY) by
mixing calcium chloride (CaCl2 �2H2O) and sodium oxalate
(Na2C2O4) at final concentrations of 5.0 and 0.5 mM, respectively,
in a buffer containing 10 mM Tris–HCl (pH 7.4) and 90 mM NaCl.
After 1-h of COM crystallization, the supernatant was discarded,
whereas the crystals were gently washed with 100% methanol
and dried at room temperature (25 1C). These crystals were then
used as a ‘‘blank’’ control.

To examine the dissolution effect, COM crystals were prepared
as aforementioned, followed by an addition with 1-ml of dI water
(‘‘negative’’ control), 5 mM sodium EDTA (Na4EDTA; final
pH¼9.49) (‘‘positive’’ control), 5 mM sodium citrate (Na3Citrate;
Na3C6H5O7; final pH¼8.48) (the normal range of urinary citrate is
1.5–7.5 mM (Chutipongtanate and Thongboonkerd, 2010)), or
5 mM sodium phosphate (NaH2PO4; final pH¼5.70) (the normal
range of urinary phosphate is 2.5–5.5 mM (Chutipongtanate and
Thongboonkerd, 2010)). After 1-h incubation at room tempera-
ture (25 1C), dissolution effect of each treatment was evaluated as
follows (all these experiments were done in triplicate).

2.2. Semi-quantitative analyses of COM crystal size, number and

total mass

COM crystal dissolution effect of each treatment was initially
screened by phase-contrast microscopic examination using an Olym-
pus CKX41 inverted light microscope (Olympus Co. Ltd.; Tokyo,
Japan). Crystal size was semi-quantitatively analyzed by ImageMaster
2D Platinum software (GE Healthcare; Uppsala, Sweden), which can
accurately measure crystal area (Thongboonkerd et al., 2008). The
crystal size was measured and averaged from at least 100 crystals in
individual samples. Crystal number was counted and averaged from
10 high-power fields (HPF). Crystal mass, which is the most impor-
tant parameter to evaluate dissolution activity, was then calculated
by the following equation:

Crystal massðpixels=HPFÞ ¼ Averaged crystal areaðpixelsÞx

Crystal numberðNo:=HPFÞ ð1Þ

2.3. Video-assisted monitoring of COM crystal dissolution

Video-assisted dissolution study was performed to monitor the
dissolution activity of each compound on COM crystals. COM crystal
preparation and interventions were performed as described above
but with video recording of dissolution events using a digital camera
connected with Olympus CKX41 inverted phase-contrast microscope
(Olympus Co. Ltd). The video files were replayed and images were
periodically extracted at various time-points, including 0, 1, 2, 5, 10,
30, and 60 min after the intervention. At each time-point, the crystal
size was measured using ImageMaster 2D Platinum software (GE
Healthcare) as aforementioned.

2.4. Spectrophotometric oxalate-dissolution assay

COM crystal dissolution would result to dissociation of CaOx
molecules and increased levels of free calcium and oxalate ions in
the solution. The increasing level of free oxalate ions was detectable
by UV–visible spectrophotometry at l214 nm (Nakagawa et al.,
1985). Therefore, COM crystal dissolution activity could be measured
using spectrophotometric oxalate-dissolution assay, which was mod-
ified from the oxalate-depletion assay used as the gold standard to
quantitatively analyze COM crystal growth (Nakagawa et al., 1985).
COM crystal seeds (160 mg) were added to a cuvette containing 1-ml
of dI water in the absence or presence of 5 mM sodium EDTA, 5 mM
sodium citrate, or 5 mM sodium phosphate. The mixture was con-
tinuously and gently stirred at room temperature (25 1C) using a
mini-magnetic bar. Degree of oxalate resolution (which reflected
degree of COM crystal dissolution) was then monitored for up to
60 min using a Shimadzu UV-160 A spectrophotometer (Shimadzu;
Kyoto, Japan).

2.5. Investigation of COM crystal detachment

Detachment of COM crystals that tightly adhered on renal
tubular cell surface was also investigated by video-assisted
monitoring. Madin-Darby Canine Kidney (MDCK) cells (approxi-
mately 1�106 cells) were cultivated in complete Eagle’s mini-
mum essential medium (MEM) (GIBCO, Invitrogen Corporation;
Grand Island, NY) supplemented with 10% fetal bovine serum,
1.2% penicillin G/streptomycin and 2 mM glutamine in 10-mm2

dish inside a humidified incubator at 37 1C with 5% CO2. The cells
were maintained for approximately 24-h or until confluent
monolayer was observed. Thereafter, the culture medium was
removed and replace with the fresh medium containing COM
crystals (100 mg COM crystals/ml MEM medium). The cells were
further maintained for 1-h at 37 1C to allow COM crystals to
adhere tightly onto MDCK renal tubular cell surface. Non-adher-
ent crystals were then removed by three vigorous washes with
PBS. To observe detachment of the adherent COM crystals,
Na4EDTA (‘‘positive’’ control), Na3Citrate or NaH2PO4 was added
to 1-ml MEM medium to make the final concentration of 5 mM
for each. An equal volume of dI water was also added to 1-ml
MEM medium and used as the ‘‘negative’’ control. Final pH levels of
MEM medium with Na4EDTA, Na3Citrate and NaH2PO4 were 7.69,
8.04 and 6.92, respectively. These media were added to the cells and
the cells were further maintained for 1-h under video-assisted
monitoring using a digital camera connected with Olympus CKX41
inverted phase-contrast microscope (Olympus Co. Ltd). The video
images were periodically extracted at various time-points, including
0, 1, 2, 5, 10, 30, and 60 min after the intervention. At each time-point,
the percentage of the remained adherent crystals was then calculated
using the following equation:

% COM crystal detachment¼ 100x½ðCOMt02COMtnÞ=COMt0� ð2Þ

where COMt0 was the average number of the adherent crystals at
basal time-point (0 min) and COMtn was the average number of the
adherent crystals remained at any specific time-point. This experi-
ment was also performed in triplicate.

2.6. Statistical analysis

All the quantitative data are reported as mean7S.E.M. Multiple
comparisons were performed using ANOVA with Tukey’s post-hoc
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test (SPSS, version 11.5). P values o0.05 were considered statistically
significant.
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Fig. 2. Semi-quantitative analyses of COM crystal size (A), number (B) and total mass

(C) after 1-h incubation of COM crystals with dI water (‘‘negative’’ control), 5 mM

sodium EDTA (Na4EDTA) (‘‘positive’’ control), 5 mM sodium citrate (Na3Citrate), or

5 mM sodium phosphate (NaH2PO4). COM crystals without any treatment served as

the ‘‘blank’’ control. Each bar was derived from 3 independent experiments and the

data are reported as mean7S.E.M. NS¼not significant.
3. Results

After 1-h incubation, COM crystal dissolution activities of
5 mM sodium citrate and 5 mM sodium phosphate were initially
screened by phase-contrast microscopic examination using 5 mM
sodium EDTA as the ‘‘positive’’ control and dI water as the
‘‘negative’’ control, whereas plain COM crystals without any
addition served as the ‘‘blank’’ control. As expected, dI water
had no effects on COM crystals, whereas sodium EDTA had a
potent COM dissolution activity as demonstrated by complete
dissolution of all COM crystals at 1-h post-incubation (Fig. 1).
Treatment with sodium citrate also showed a significant dissolu-
tion effect on COM crystals but with a lesser potency as compared
to sodium EDTA. In contrast, sodium phosphate had no obvious
effects on COM crystals as the resulting crystals looked similar to
those of blank and negative controls (Fig. 1).

At the same incubation time-point (1-h), crystal size, number
and total mass were semi-quantitatively analyzed using Image-
Master 2D Platinum software (GE Healthcare) to precisely eval-
uate the degree of dissolution effects of all compounds (Fig. 2).
Consistent to the qualitative data as aforementioned, EDTA had a
potent dissolution activity against COM crystals as all the crystals
were completely dissolved after treatment with EDTA for 1-h. The
dissolution effect of citrate was then compared to that of
phosphate. For crystal size, phosphate slightly reduced COM
crystal size (approximately 9% decrease), whereas citrate had
much stronger effects (approximately 37% decrease) compared to
negative and blank controls (Fig. 2A). This data suggested that
semi-quantitative analysis using ImageMaster 2D Platinum soft-
ware was more sensitive than qualitative analysis using phase-
contrast microscopy to detect subtle changes in crystal size. For
crystal number, only citrate was able to reduce COM crystal
number (approximately 50% decrease) (Fig. 2B). This result
implicated that some COM crystals (particularly the small ones)
were completely dissolved within 1-h incubation with sodium
citrate, whereas phosphate was not effective for COM crystal
dissolution. Finally, the remaining COM crystal mass after dis-
solution was calculated (see Eq. (1) in the Materials and methods
section). The data showed that citrate dramatically reduced COM
total crystal mass (approximately 72% decrease), whereas phos-
phate reduced total crystal mass with a much lesser extent
(approximately 16% decrease) (Fig. 2C). Taken together, these
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data indicated that citrate may be the better candidate to be used
as a dissolution agent against COM crystals as compared to
phosphate.

We initially examined effects of EDTA, citrate and phosphate at
1-h incubation period, at which the results were the final
products of all spatial changes. We then monitored for serial
changes of dissolution events within 1-h by video-assisted micro-
scopic study (Fig. 3A). The results demonstrated that EDTA
completely dissolved all COM crystals within 10-min, whereas
citrate exhibited a gradual reduction of COM crystal size, starting
from 20-min of incubation through the end of the assay (1-h). In
contrast, phosphate did not show obvious dissolution activity
(Fig. 3A and B).

The dissolution activities of these compounds were validated
by spectrophotometric oxalate-dissolution assay (Fig. 4). Similar
to the initial sets of data, EDTA had the strongest dissolution
activity as demonstrated by a rapid increase in levels of free
oxalate ions within only 10-min after incubation. Citrate also
provided a potent dissolution activity, particularly at 1-h after
incubation. It should be noted that, however, both dI water and
sodium phosphate treatments were also associated with slightly
increased levels of free oxalate ions. This phenomenon might
be due to the physical interference in spectrophotometric oxa-
late-dissolution assay (in which the solution was continuously
stirred), whereas this physical interference was absent in micro-
scopic examinations (in which the solution was still, without
stirring).

As pH of the solution might be the concern for evaluation of
the dissolution activities of these compounds, we examined
whether pH had an effect on COM crystal dissolution or not. As
the final pH of the solution with 5 mM Na4EDTA, 5 mM Na3Citrate
and 5 mM NaH2PO4 was 9.49, 8.48 and 5.70, respectively, we
examined effects of pH 5.0–10.0 on COM crystal size and free
oxalate levels using the assays described in the Materials
and methods section (Video-assisted monitoring of COM crystal
dissolution and Spectrophotometric oxalate-dissolution assay
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sections), but without EDTA, citrate and phosphate. The pH of dI
water was adjusted to 5.0–10.0 by concentrated HCl or NaOH. The
data revealed that pH had no significant effects on COM crystal
dissolution (Supplementary Figs. S1 and S2). Thus, the effects of
EDTA and citrate on COM crystal dissolution as aforementioned
were not the results of their differential pH levels.
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We extended our present study to also examine another
mechanism of action of dissolution agent, i.e., crystal detachment
activity (since dissociation of COM crystals at cell-crystal inter-
face might disrupt adhesive force, particularly ionic interaction
(Sheng et al., 2005), between the adherent COM crystals and
apical surface of renal tubular epithelial cells. After allowing COM
crystals to adhere tightly onto MDCK renal tubular cell surface for
1-h, the effects of all examined compounds on adherent COM
crystals were monitored by video-assisted microscopic examina-
tion (Fig. 5A) and the degree of COM crystal detachment was
calculated (see Eq. (2) in the Materials and methods section).
Consistent with the other sets of data, EDTA rapidly dissolved and
detached all COM crystals within 5-min. Citrate also showed the
potent detachment activity (approximately 85% detachment)
within 10-min after the treatment, whereas phosphate again
showed no obvious detachment activities on the adherent COM
crystals (Fig. 5A and Fig. 5B).
4. Discussion

Our present study successfully demonstrated COM crystal
dissolution activity of citrate by direct measurements (i.e., mor-
phological evaluation, semi-quantitative measurement of crystal
size, number and total mass, as well as video-assisted study) and
indirect measurement (i.e., spectrophotometric oxalate-dissolu-
tion assay). Note that we used sodium salts of all compounds
(EDTA, citrate and phosphate) as to eliminate the effects of
cations in our present study. Additionally, our preliminary data
revealed that sodium chloride had no effects on COM dissolution
(unpublished data). Therefore, any dissolution effects observed
would be the results of EDTA, citrate or phosphate, not sodium.

Indeed, the dissolution effect of citrate against CaOx had been
previously investigated by Saso et al. (1998) using an indirect
assay of CaOx dissolution based on weight reduction of CaOx
tablets (artificial packing of CaOx particulates). However, the
analysis based only on weight reduction was considered as a
rough approximation method. Another limitation was that CaOx
tablet was artificial packing of CaOx particulates, which did not
present crystalline faces and edges correlated with clinical calculi.
In contrast, our present study performed a direct measurement of
dissolution activity using a much higher sensitive method against
clinically relevant COM crystals (both monoclinic prismatic and
twin forms of COM prepared in this study are usually presented in
the urine of stone formers (Thongboonkerd et al., 2006; 2008)). In
addition, COM crystal detachment activity of citrate is reported
herein for the first time. We hypothesized that citrate, as a small
anionic molecule, may be able to penetrate into cell-crystal
interface, and disrupt adhesive force between cells and crystals
by calcium chelation and/or charge neutralization, resulting to
COM crystal detachment. Better understanding of this mechanism
of action may lead to rationally drug design and new strategy for
medical management of COM kidney stone disease.

In contrast to citrate, phosphate seemed to have no significant
benefit on COM crystal dissolution and detachment (yielded only
minimal or modest degree of dissolution activity without a
significant effect on crystal number and no detachment activity
presented). Thus, phosphate is considerably ineffective to apply
for COM stone dissolution therapy, whereas citrate provides
much more potential advantages in management of COM kidney
stone disease. Although it is unclear whether citrate administra-
tion is able to serve as primary therapy of COM stone or not, it
should provide some benefits as an adjuvant therapy for elimina-
tion of residual stone fragments after surgical removal. This
adjuvant therapy may facilitate dissolution and detachment of
the retained COM crystals and/or fragments, especially those
adhered onto surface of urinary tract, thereby offers a better
clearance of potential nuclei for recurrent stones. Moreover,
dissolution and detachment activities of citrate provides a new
insight into the prophylactic therapy of recurrent COM kidney
stone disease as citrate not only prevents crystallization, growth
and aggregation of COM crystals (Tracy and Pearle, 2009), but also
dissolves the successfully formed COM crystals and detaches the
adherent COM crystals from renal tubular cell surface.
5. Conclusions

In summary, our present study provided the direct evidence
demonstrating that citrate at 5 mM concentration had COM
crystal dissolution and detachment effects. Nevertheless, some
concerns should be raised for citrate administration in routine
clinical practice. It is still unknown what should be the appro-
priate dose that provides the optimal clinical outcome, which
must balance between the dissolution efficacy and the adverse
events, e.g., gastrointestinal complications (Fazil Marickar et al.,
2010). This issue requires a prospective randomized clinical study
to determine the optimal dose of citrate for dissolution and
detachment therapy to reach the most favorable clinical outcome
in COM kidney stone formers.
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ABSTRACT: Hypercalciuria is associated with kidney stone formation and
impaired renal function. However, responses of renal tubular cells upon
exposure to high-calcium environment remain largely unknown. We thus
performed a proteomic analysis of altered proteins in renal tubular cells
induced by high-calcium and evaluated functional significance of these changes.
MDCK cells were maintained with or without 20 mM CaCl2 for 72 h. Cellular
proteins were then analyzed by two-dimensional electrophoresis (2-DE) (n = 5
gels derived from 5 independent culture flasks per group). Spot matching and
quantitative intensity analysis revealed 20 protein spots (from a total of 700)
that were differentially expressed between the two groups. These altered
proteins were then identified by Q-TOF-MS and MS/MS analyses, including
those involved in calcium binding, protein synthesis, carbohydrate metabolism,
lipid metabolism, cell proliferation, mitosis regulation, apoptosis, cell migration,
oxidative stress, and ion transport. Protein network analysis and functional
validation revealed that high-calcium-exposed cells had 36.5% increase in calcium oxalate monohydrate (COM) crystal-binding
capacity. This functional change was consistent to the expression data in which annexin A1 (ANXA1), a membrane-associated
calcium-binding protein, was markedly increased on the apical surface of high-calcium-exposed cells. Pretreatment with anti-
ANXA1 antibody could neutralize this increasing crystal-binding capacity. Moreover, high-calcium exposure caused defects in cell
proliferation and wound healing. These expression and functional data demonstrate the enhanced crystal-binding capacity but
impaired cell proliferation and wound healing in renal tubular cells induced by high-calcium. Taken together, these phenomena
may contribute, at least in part, to the pathogenic mechanisms of hypercalciuria-induced nephrolithiasis and impaired renal
function. Our in vitro study offers several candidates for further targeted functional studies to confirm their relevance in
hypercalciuria and kidney stone disease in vivo.

KEYWORDS: calcium, hypercalciuria, kidney, nephrolithiasis, proteomics, stone, tubular cells

■ INTRODUCTION
Hypercalciuria is defined as excessive urinary excretion of
calcium (>200 mg/d in male; >150 mg/d in female) caused by
several primary (or idiopathic) and secondary (i.e., genetic
disorders, hormonal abnormalities, malignancies, and granulom-
atous diseases) etiologies.1−4 Clinical significance of hyper-
calciuria is mostly resulted from its complications; i.e., impaired
renal function and calcium oxalate monohydrate (COM) kidney
stone disease (nephrolithiasis).1,3,4 Vice versa, approximately
40% of COM stone formers have hypercalciuria.4,5 It has been
evidenced that high urinary calcium levels can enhance urinary
COM supersaturation and thus facilitates COM crystallization,
growth, and aggregation, leading to the development of COM
nephrolithiasis.4,6 Previous studies have demonstrated that high-
calcium could enhance the adhesion of COM crystals onto renal
tubular cell surface in a dose-dependent manner with still
unknown mechanism(s).7,8 The retained COM crystals can then
grow further and/or aggregate with the nearby crystals, leading to

the formation of stone nidus and COM nephrolithiasis. This
hypothesis has been supported by the correlation between urine
calcium levels and clinical stone incidence.5,9 Despite some
explanations for the lithogenic role of hypercalciuria (mostly
chemical driven processes) in COM kidney stone formation,
responses of renal tubular cells to this high-calcium environment
(cellular driven processes) remain unclear. Whether these
cellular driven processes play any significant roles, in return, to
the development of COM nephrolithiasis remain unknown.
Another major complication of hypercalciuria is impaired renal

function. Hypercalciuria due to some genetic disorders such as
mutations of PCLN-1 gene10 or CLCN5 gene11 is associated with
chronic kidney disease. Several lines of evidence have suggested
that targeted intrarenal microstructure affected by hypercalciuria
may be confined to renal tubules.12−15 Electron microscopic
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evaluation of the kidney derived from an animal model of
hypercalciuria has shown dramatic histopathological changes in
proximal and distal renal tubular cells, i.e., loss of brush border,
apical vacuolization, and low-grade cell swelling.15 In addition,
clinical investigations in hypercalciuric patients have also
demonstrated renal tubular dysfunctions.12−14 Therefore, it is
likely that defects in renal tubules may be the major mechanism
for hypercalciuria-induced impaired renal function.
The present study aimed to evaluate cellular responses of renal

tubular cells after exposure to high-calcium environment. Among
several tubular cell types, distal renal tubular cell is most suitable
for this study because, first, it plays a crucial role in renal calcium
handling16,17 and, second, it has been hypothesized to be a locale
for COM crystals to interact with renal cells.8,18 Madin−Darby
Canine Kidney (MDCK) cells, which were derived from distal
nephron and are used widely as the representing cells of distal
renal tubules,19,20 were examined for altered protein expression
after exposure to the high-calcium environment by a gel-based
proteomics approach, followed by protein network analysis.
Thereafter, functional significance of the expression data
predicted by protein network modeling was validated by highly
focused functional studies, including enhanced COM crystal-
binding capacity, impaired cell proliferation, and impaired
wound healing.

■ MATERIALS AND METHODS
Cell Cultivation and Intervention

For proteomic analysis, MDCK cells were inoculated in 75 cm2

culture flask (approximately 3 × 106 cells/flask; n = 5
independent flasks per group). For functional studies of COM
crystal-binding capacity, cell proliferation, cell death, and wound
healing,MDCK cells were inoculated in a 6-well, polystyrene, cell
culture cluster (with lid) (Corning Inc.; Corning, NY)
(approximately 1 × 105 cells/well; n = 3 wells per group in
each experiment). For all experiments, the cells were maintained
in complete Eagle’s minimum essential medium (MEM)
(GIBCO, Invitrogen Corporation; Green Island, NY) supple-
mented with 10% fetal bovine serum (FBS), 1.2% penicillinG/
streptomycin, and 2 mM glutamine, with or without the addition
of 20 mM CaCl2. Each culture medium was refreshed every day,
and the cells were maintained in a humidified incubator at 37 °C
with 5% CO2 for 72 h before harvest.
For isolation of apical membranes, polarizedMDCK cells were

prepared by using Transwells (Costar; Cambridge, MA). Briefly,
MDCK cells at a density of 5.0−7.5 × 104 cells/mL were plated
and grown on a prewetted, collagen-coated, permeable
polycarbonate membrane insert (0.4 μm pore size) for 4 days.
The culture medium (with or without the addition of 20 mM
CaCl2) was refreshed every other day. The collagen was coated
onto the permeable polycarbonate membrane by dissolving
collagen type IV powder (Sigma; St. Louis, MO) in 0.25% acetic
acid at 4 °C. The collagen solution was then added onto the
membrane insert (6−10 μg/cm2) to cover the whole surface area
of the membrane and incubated at 4 °C overnight before
experiments.

Protein Extraction

After 72 h maintenance with or without 20 mM CaCl2, the cell
monolayer was harvested by directly scraping into the tube
containing PBS. The cells were then washed with PBS three
times. After the final wash, the cell suspensions were centrifuged
at 10 000 rpm for 2-min, and the cell pellets were resuspended in
a buffer containing 7 M urea, 2 M thiourea, 4% 3-[(3-

cholamidopropyl) dimethyl-ammonio]-1-propanesulfonate
(CHAPS), 120 mM dithiothreitol (DTT), 2% ampholytes (pH
3−10), and 40 mM Tris-HCl, and further incubated at 4 °C for
30 min. Unsolubilized debris and particulate matters were
removed by a centrifugation at 10 000 rpm for 2 min. Protein
concentrations were determined using the Bradford method.

2-DE, Spot Matching, Quantitative Intensity Analysis,
Q-TOF-MS, and MS/MS Analyses

For details of 2-DE, spot matching, quantitative intensity
analysis, in-gel tryptic digestion, Q-TOF-MS, and MS/MS
analyses, please see the Supporting Information.

Protein Network Analysis and Evaluation of Subcellular
Localization

To obtain functional significance of the expression proteomics
data, the Search Tool for the Retrieval of INteracting Genes/
Proteins (STRING) software (http://string-db.org) was uti-
lized.21 This publicly available software weighs and integrates the
data on protein−protein associations, both physical (direct) and
functional (indirect) interactions, from numerous sources
including experimental repositories, computational predictions,
and public literatures, which cover 2.5 million proteins from 630
organisms.21 By these extensive potential interactions, functional
connectivity (or partnership) among the altered proteins derived
from an expression proteomics study can then be assessed to
generate a relevant protein association network.21 All the altered
proteins in high-calcium-exposed MDCK cells were inputted
into STRING 8.3 to retrieve the data for (i) protein function; (ii)
subcellular localization; and (iii) protein interaction/functional
connectivity.

2-D Western Blot Analysis to Confirm the Increased Level
of ANXA1 in Whole Cell Lysate

Some of the proteomic data were confirmed by 2-DWestern blot
analysis, which has an advantage over the conventional 1-D
Western blotting to observe expression levels and locales of
multiple isoforms of a particular protein. Cellular proteins (an
equal amount of 100 μg total protein per sample) were resolved
by 2-DE (as described above) and transferred onto nitrocellulose
membranes (Whatman; Dassel, Germany) using a semidry
transfer apparatus (Bio-Rad; Milano, Italy) at 75 mA for 1 h.
Nonspecific bindings were blocked with 5% skim milk in PBS at
room temperature for 1 h. The membranes were then incubated
with mouse monoclonal anti-ANXA1 IgG1 (1:1000 in 5% skim
milk/PBS) (Chemicon International, Inc.; Temecula, CA) at 4
°C overnight. After washing, the membranes were further
incubated with rabbit antimouse IgG conjugated with horse-
radish peroxidase (1:2000 in 5% skim milk/PBS) (DakoCyto-
mation; Glostrup, Denmark) at room temperature for 1 h.
Immunoreactive protein spots were then visualized with
SuperSignal West Pico chemiluminescence substrate (Pierce
Biotechnology; Rockford, IL).

Isolation of Apical Membrane and Cytosolic Fractions and
1-D Western Blot Analysis to Confirm the Increased
Surface Expression of ANXA1

Apical membranes of the polarized MDCK cells were isolated by
a peeling method, of which principle is based on hydrous affinity
and/or ionic interaction, as described previously.22 After culture
with or without CaCl2 for 72 h, the culture mediumwas removed,
and the polarized cells were rinsed twice with ice-cold membrane
preserving buffer (1 mM MgCl2 and 0.1 mM CaCl2 in PBS).
Thereafter, Whatman filter paper (0.18 mm thick, Whatman
International Ltd.; Maidstone, UK) prewetted with deionized
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water was placed onto the polarized cell monolayer. After 5 min
of incubation, the filter paper was peeled out, and the apical
membranes retained at the paper surface were harvested by
rehydration in deionized water and gentle scrapping. This apical
membrane-enriched fraction was then lyophilized and subjected
to protein extraction. The remaining cells were also harvested by
scrapping and centrifuged at 10 000g for 10 min. The pellet was
discarded, and the supernatant was collected as a cytosolic
fraction. 1-DWestern blot analysis was performed to evaluate the
apical surface and cytosolic expression of ANXA1. All the
procedures for 1-D Western blot analysis were similar to those
for 2-D Western blot analysis, except only SDS-PAGE that was
used to separate proteins (20 μg total protein per lane) instead of
2-DE.

Laser-Scanning Confocal Microscopic Examination to
Confirm the Increased Surface Expression of ANXA1

Apical surface expression of annexin A1 was also examined by
laser-scanning confocal microscopy. Briefly, MDCK cells
(approximately 1 × 105 cells per sample) were cultivated on
coverslips (cleaved mica disk diameter: 9.5 mm, V-1 grade, SPI
supplier; Toronto, Canada). After the cells were maintained with
or without 20 mM CaCl2 for 72 h, they were rinsed with
membrane preserving buffer (1 mMMgCl2 and 0.1 mMCaCl2 in
PBS) and fixed with 3.7% formaldehyde in PBS at 25 °C for 15
min. After extensive washing with membrane preserving buffer,
the cells were incubated with mouse monoclonal anti-ANXA1
(1:50 in 1% BSA/PBS) at 37 °C for 1 h. The cells were then
rinsed with PBS three times and then incubated with AlexaFluor-
488-conjugated goat antimouse IgG (Invitrogen/Molecular
Probe; Burlington, Canada) (1:5000 in 1% BSA/PBS)
containing 0.1 μg/mL Hoechst dye (DNA staining for nuclear
localization) (Invitrogen/Molecular Probes) at 37 °C for 1 h.
Thereafter, the coverslips were mounted with 50% glycerol/PBS
for subsequent examination of the XY, XZ, and YZ planes using a
laser-scanning confocal microscope equipped with an LSM5
Image Browser (LSM 510 Meta, Carl Zeiss; Jena, Germany).

COM Crystal-Binding Assay

COM crystals were generated according to our protocols
published previously.23 MDCK cells were cultivated in a 6-well,
polystyrene, disposable cell culture cluster (with lid) with or
without 20 mM CaCl2 for 72 h as described above. Thereafter,
the culture mediumwas removed, and the cells were washed with
warm PBS twice and incubated with 1% BSA in membrane
preserving buffer (1 mMMgCl2 and 0.1 mMCaCl2 in PBS) at 37
°C with 5% CO2 for 15 min to block nonspecific bindings.
Thereafter, the blocking solution was discarded, the cells were
washed with warm PBS four times, and the cultured medium was
replaced with 2 mL of 10% FBS-supplemented MEM with or
without CaCl2, anti-ANXA1 mAb (IgG1), or isotype IgG1 as to
divide these cells into 4 groups, including (i) control (normal
culture without CaCl2); (ii) high-calcium (with 20 mM CaCl2),;
(iii) high-calcium + anti-ANXA1 mAb (with 20 mM CaCl2 and
neutralization with 0.5 μg/mLmousemonoclonal anti-ANXA1);
and (iv) high-calcium + IgG1 (with 20mMCaCl2 and 0.5 μg/mL
IgG1, which was used as the isotype control of anti-ANXA1
mAb) (n = 3 per group). After 30min of incubation at 37 °Cwith
5% CO2, the cells were extensively washed again with warm PBS
four times. COM crystal-cell adhesion was initiated by the
addition of 10% FBS-supplemented MEM containing 100 μg/
mL COM crystals into each culture well. The cells were further
incubated in a humidified incubator at 37 °C with 5% CO2 for 30
min. Thereafter, the cells were vigorously washed by warm PBS

five times to remove unbound COM crystals. Finally, numbers of
the adhered COM crystals, total cell numbers, and numbers of
COM crystal-adhered cells were quantitated in at least 15
randomized high power fields (HPF) per culture well. Numbers
of the adhered COM crystals were then normalized by total cell
numbers and are presented as numbers of COM crystals per 100
cells (No./100 cells). Percentage of COM crystal-adhered cells
(%) = [(number of COM crystal-adhered cells/total cell
number) × 100%]. All the experiments were performed in
triplicate.

Cell Proliferation Assay

The degree of cell proliferation was determined by a conven-
tional method using hemacytometer cell counting chamber.
MDCK cells were prepared as for the above experiment to
evaluate COM crystal-binding capacity. At the indicated time-
points (24, 48, and 72 h after treatments), the cells were detached
from the culture well using 0.1% trypsin in 2.5 mM EDTA and
were immediately resuspended in 1 mL of FBS-containing MEM
to terminate trypsin activity. Trypan blue staining was used to
exclude dead cells and the numbers of viable cells were counted
using hemacytometer. All the experiments were performed in
triplicate.

Flow Cytometric Analysis of Cell Death (Annexin
V/Propidium Iodide Costaining)

MDCK cells from the monolayer (including both adherent and
floating cells) were trypsinized with 3 mL of 0.1% trypsin in 2.5
mM EDTA and resuspended in 10 mL of MEM. The harvested
cells were centrifuged at 1500 rpm at 4 °C for 5 min and washed
with PBS. Cell pellets were resuspended with annexin V buffer
(10 mM HEPES, 140 mM NaCl ,and 2.5 mM CaCl2·2H2O; pH
7.4) at a final concentration of 5 × 105 cells/mL and then
incubated with FITC-labeled annexin V (BD Biosciences; San
Jose, CA), on ice for 15 min in the dark. Propidium iodide (BD
Biosciences) was added into the samples at a final concentration
of 10 μL/mL prior to analysis. The cells were then analyzed by
flow cytometry (FACScan, Becton Dickinson Immunocytom-
etry System; San Jose, CA), and MDCK cells treated with 2 μg/
mL camptothecin was used as a positive control. This experiment
was performed in triplicate. Percentage of total cell death (% cell
death) = [(number of both apoptotic and necrotic cells/number
of all cells) × 100%].

Evaluation of Wound Healing by Scratch Assay

Wound healing study by scratch assay was performed as
described previously.24,25 Briefly, MDCK cells were inoculated
in a 6-well, polystylene plate (with lid) and maintained in the
controlled or high-calcium medium as aforementioned. After 72
h of incubation with controlled or high-calcium culture medium,
the cell monolayers were horizontally scratched along the culture
well diameter using a 200 μL plastic pipet tip to create a cell-free
area. After gently washing with warm PBS to remove the debris
and detached cells, the cultures were further maintained in the
controlled or high-calciummedium at 37 °Cwith 5%CO2. At the
indicated time-points (0, 3, 6, 9, and 12 h after the scratch), each
scratch wound was visualized for cellular morphological changes
(from polygonal to spindle-shape with a loss of cell-to-cell
contact) and multiple traveling waves (a well-known cellular
behavior of wound healing) under a phase-contrast microscope
and imaged by a digital camera. This image was submitted to
Tarosoft Image framework v.0.9.6 (Nikon Corp.; Tokyo, Japan),
which adopted to accurately measure the width of the wound (or
cell-free width). All the experiments were performed in triplicate.

Journal of Proteome Research Article

dx.doi.org/10.1021/pr3000738 | J. Proteome Res. 2012, 11, 3650−36633652



Statistical Analysis

The quantitative data are presented as mean ± SEM. All
statistical analyses were performed using SPSS software version
13.0 (SPSS; Chicago, IL). Comparisons of the data obtained
from two sets of samples (i.e., control vs high-calcium) in all
experiments (except for COM crystal-binding assay) were
performed by unpaired Student’s t test, whereas multiple
comparisons by ANOVA were performed for COM crystal-
binding assay. P values less than 0.05 were considered statistically
significant.

■ RESULTS
Proteome Analysis

MDCK cells were maintained in the absence (control) or
presence of 20 mM CaCl2 (high-calcium) for 72 h. Thereafter,
the controlled and high-calcium-exposed MDCK cells were
harvested for protein extraction and were subjected to 2-DE
analysis (n = 5 gels derived from 5 independent culture flasks per
group). Spot matching revealed approximately 700 protein spots
visualized in each 2-D gel. From these, quantitative intensity
analysis and statistics revealed only 20 protein spots whose
expression levels were significantly altered in the high-calcium-
exposed group (including 6 up-regulated proteins, 9 down-
regulated proteins, 1 protein that was detectable only after high-
calcium exposure, and 4 proteins that were undetectable after
high-calcium exposure) (Figure 1). These altered protein spots
were subsequently identified using Q-TOF-MS and MS/MS
analyses. Table 1 summarizes identities, identification scores,
spot intensities, and other related information of all the altered
proteins.
Validation of Expression Proteomics Data by 2-D Western
Blot Analysis

As summarized in Table 1, three forms of annexin A1 (ANXA1)
(spot no. 482, 1031, and 1109) were up-regulated 1.39-, 20.60-,
and 6.13-folds, respectively. The increase in these three forms of
ANXA1 was validated by 2-D Western blot analysis using mouse
monoclonal anti-ANXA1 as a primary antibody. In 2-D Western
blot analysis, analytical procedures were similar to conventional

(1-D) Western blot analysis but used 2-DE to resolve the
proteins prior to immunoblotting, instead of SDS-PAGE. The
result clearly showed the increased levels of three forms of
ANXA1 in the high-calcium-exposed cells (Figure 2), confirming
the proteome data and mass spectrometric protein identification.

Protein Network Analysis and Subcellular Localization

Global protein network analysis using STRING 8.3 software21

was performed to gain functional significance of the altered
proteins identified from expression proteomics study. All the
altered proteins were submitted to STRING 8.3 to acquire three
types of their expanded information, including functions,
subcellular localizations, and interactions/associations with
other identified proteins as well as noninputted proteins
obtained from available databases and literatures. A successful
map of protein association network with subcellular localization
is shown in Figure 3, whereas Table 2 summarizes potential
functions and subcellular localizations of individual proteins
retrieved from UniProt (http://www.uniprot.org), EMBL-EBI
(http://www.ebi.ac.uk), and/or PudMed (http://www.pubmed.
org) databases.
From this protein network modeling, at least three potential

functions were highlighted. First, up-regulation of calcium-
binding protein (ANXA1) on apical surface of distal renal tubular
cells may increase COM crystal-binding capability. Second,
coordinated changes of up-regulation of antiproliferation protein
(ANXA1) and down-regulation of proteins involved in protein
synthesis (EEF1B2 and EEF1D), mitosis regulation (SEPT2),
pre-mRNA processing (HNRPK), and cell proliferation
(RUVBL1) suggested that the high-calcium-exposed MDCK
cells had some defects in cell proliferation. Third, up-regulation
of antimigration protein (ANXA1) and down-regulation of
protein involved in wound healing (PGD) suggested that the
high-calcium-exposed MDCK cells may have a defect in wound
healing. All these hypotheses were subsequently addressed by
several highly focused functional studies as follows.

Figure 1. Representative 2-D gel images of proteins derived from controlled (A) and high-calcium-exposed MDCK cells (B). An equal amount of total
protein (200 μg) derived from each sample was resolved by 2-DE using a pH gradient of 3−10 (nonlinear) for the IEF (first dimensional separation) and
12% SDS-PAGE for the second dimensional separation. The resolved protein spots were then visualized by SYPRO Ruby staining (n = 5 gels derived
from 5 independent culture flasks for each group; a total of 10 gels were included for spot matching and quantitative intensity analysis). The differentially
expressed protein spots with p < 0.05 were then identified by Q-TOF-MS and/or MS/MS analyses and are labeled with numbers (see also Table 1).
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Validation of the Increased Surface Expression of ANXA1
at Apical Membranes

From protein network analysis and prediction of subcellular
localization, the increase in ANXA1, which is a calcium-binding
protein, might be localized at apical membranes of renal tubular

cells and related to the increased COM crystal-binding capacity.
Although 2-D Western blot analysis successfully confirmed the
increase of ANXA1 in the high-calcium-exposed cells (Figure 2),
this data did not address subcellular localization of such increase
(because whole cell lysate was used). To address this issue, apical

Figure 2. 2-DWestern blot analysis of ANXA1. Proteins derived from the controlled and high-calcium-exposed MDCK cells (with an equal amount of
100 μg total protein) were resolved with 2-DE and transferred onto nitrocellulose membranes. Proteins on the membranes were then examined by
Western blot analysis using mouse monoclonal anti-ANXA1 as a primary antibody and rabbit antimouse IgG conjugated with HRP as a secondary
antibody. Immunoreactive spots were then visualized by chemiluminescence and autoradiography. Spot no. 482, 1031, and 1109 corresponded to the
three forms of ANXA1 that were markedly increased in the high-calcium-expose cells (see also Figure 1 and Table 1).

Figure 3. Protein network analysis and prediction of subcellular localization. All the altered proteins identified by expression proteomics approach were
submitted to STRING 8.3. The inputted proteins, which were identified as the significantly altered proteins, are demonstrated as the colored nodes,
whereas those curated from protein database and literatures are designated as the white nodes. Each line represents a specific type of association between
protein nodes. Up-regulation and down-regulation of each protein is labeled with upward and downward arrows, respectively.
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membranes were isolated from the cells using a peeling method
described recently.22 The purity of this isolation was confirmed
by evaluations of markers for apical (gp135) and basolateral (Na
+/K+-ATPase-α1) membranes.22 Thereafter, the apical mem-
brane fraction was subjected to 1-D Western blot analysis for
ANXA1 comparing between controlled and high-calcium
conditions. The data confirmed that, first, ANXA1 was present
in apical membranes and that, second, apical membrane ANXA1
was significantly increased in the high-calcium-exposed cells as
compared to the controls (Figure 4A). Additionally, the cytosolic
fraction was also collected and subjected to 1-D Western blot
analysis for ANXA1. The data demonstrated that, first, two
ANXA1 isoforms in cytosolic fraction had lower molecular
masses as compared to the one found in apical membrane
fraction and that, second, these two ANXA1 isoforms found in
cytosolic fraction were also increased in the high-calcium-
exposed cells as compared to the controls (Figure 4A). Taken
together, the increases in all three isoforms of ANXA1 found in
both apical and cytosolic fractions by 1-D Western blot analysis
were consistent to the findings observed by proteomic analysis
(Figure 1 and Table 1) and 2-DWestern blot analysis (Figure 2).
The increase in apical membrane expression of ANXA1 in the

high-calcium-exposed cells was also confirmed by laser-scanning
confocal microscopy. The cells were labeled with primary
antibody (anti-ANXA1 mAb) without permeabilization to avoid
interfering staining of the intracellular compartment (another
localization of ANXA1). The immunofluorescence data nicely
confirmed that the apical membrane expression of ANXA1 was

markedly increased in the high-calcium-exposed cells (Figure
4B).

COM Crystal-Binding Capacity and the Effect of
Neutralization by Anti-ANXA1 mAb

The increase of ANXA1 levels on apical surface of distal renal
tubular cells may exert some important roles in the pathogenic
mechanisms of COM nephrolithiasis, particularly COM crystal-
binding capacity. Our hypothesis that the increased expression of
ANXA1 on apical surface could enhance COM crystal-binding
capacity was then addressed. After 72 h of incubation with or
without 20 mM CaCl2, the culture medium was replaced with
10% FBS-supplemented MEM with or without CaCl2, anti-
ANXA1 mAb, or IgG1 as described in the materials and methods
section. After 30 min of incubation, the cells were then treated
with 100 μg/mL COM crystals for 30 min. Thereafter, the cells
were vigorously washed using PBS five times to remove unbound
COM crystals. Finally, numbers of the adhered COM crystals
were quantitatively analyzed in triplicate. The data showed a
significantly greater number of the adhered COM crystals on the
surface of the high-calcium-exposed cells as compared to the
controls (Figure 5). Neutralization with anti-ANXA1, not IgG1
isotype control, could reduce the number of adhered crystals to
the basal levels (Figure 5).

Cell Proliferation Assay and Quantitative Analysis of Cell
Death

Morphological examination during the cell maintenance and the
proposed functional changes by protein network modeling

Table 2. Functional Roles and Subcellular Localizations of the Identified Altered Proteins and the Interacting Proteins Predicted
by the Protein Association Network Modeling

gene name protein name function(s) subcellular localization

Up-Regulated Proteins
ANXA1 annexin A1 calcium binding; Antiproliferation; pro-apoptosis;

Antimigration
plasma membrane; cytoplasm;
nucleus

APOA5 apolipoprotein A-V lipid metabolism cytoplasm
CFLAR CASP8 and FADD-like apoptosis regulator

precursor
antiapoptosis cytoplasm

GSTP1 glutathione S-transferase P antioxidant enzyme cytoplasm
PCK2 phosphoenolpyruvate carboxykinase,

mitochondrial isoform
gluconeogenesis; involved in oxidative stress mitochondria

Down-Regulated Proteins
ENSG00000096238 chloride intracellular channel protein 1 pH-dependent chloride ion channel nuclear membrane
EEF1D elongation factor 1-delta protein biosynthesis cytoplasm
EEF1B2 elongation factor 1-beta protein biosynthesis cytoplasm
ERO1L endoplasmic oxidoreductin-1-like protein disulfide bond formation endoplasmic reticulum
GFPT1 glucosamine-fructose-6-phosphate

aminotransferase 1
carbohydrate metabolism cytoplasm

HNRPK heterogeneous nuclear ribonucleoprotein K major pre-mRNA binding protein nucleus
LMNB1 lamin B-1 nuclear structural protein nuclear membrane
PGD 6-phosphogluconate dehydrogenase,

decarboxylating
pentose phosphate shunt; Involved with wound
healing

cytoplasm

RUVBL2 RuvB-like protein 2 cell proliferation nucleus
SEPT2 septin-2 mitosis regulation cytoplasm
TRPM6 transient receptor potential melastatin 6 magnesium (and calcium) transport plasma membrane
Predicted Interacted Proteins Whose Abundance Levels Were Unknown
ANGPTL4 angiopoietin-related protein 4 antiproliferation; Antimigration cytoplasm
APOA1 apolipoprotein A-I lipid metabolism cytoplasm
CASP8 Caspase 8 Pro-apoptosis cytoplasm
HTATIP histone acetyltransferase HIV-1 Tat interactive

protein
gene transcription nucleus

LPL lipoprotein lipase lipid degradation secreted protein
INS insulin glucose metabolism secreted protein
TP53 tumor suppressor p53 antiproliferation; pro-apoptosis cytoplasm
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(Figure 3) suggested that the high-calcium-exposed cells might
have a defect in cell proliferation. To address this hypothesis, the
total numbers of MDCK cells (which reflected the degree of cell
proliferation) in the controlled and high-calcium-exposed
conditions were serially evaluated at 24, 48, and 72 h after the
treatment. The data showed that the high-calcium-exposed cells
had significant decreases in the total cell numbers (approximately
50.9± 12.7, 42.9± 11.5, and 42.0± 4.5% decreases compared to
those of controls at 24, 48 and 72 h post-treatment, respectively)
(Figure 6A). However, one might argue that the reduction of
total cell numbers might be from cytotoxicity of high-calcium as
there were changes in some proteins involved in cytotoxicity. We
thus performed quantitative analysis of cell death using flow
cytometry and annexin V/propidium iodide co-staining to
measure both cell apoptosis and necrosis. The cell death assay
revealed comparable percentages of apoptotic and necrotic cells
as well as total cell death (5.05± 0.31 vs 5.07± 0.85% for control
vs high-calcium; P = 0.971) in both conditions (Figure 6B),

implicating that the reduction of total cell numbers was from
impaired cell proliferation, not from the cytotoxicity of high-
calcium.

Evaluation of Wound Healing by Scratch Assay

Another functional abnormality of the high-calcium-exposed
cells highlighted from the protein network modeling was the
defect in wound healing. To address this functional abnormality,
the artificial wounds were created on the confluent monolayer of
the controlled and high-calcium-exposed cells. These scratched
wounds had sharp-edge and the width of the wound (or cell-free
width) (measured immediately after the scratch) was highly
consistent (approximately 649.1 ± 8.9 μm from 18 independent
experiments; coefficient of variation or CV = 1.37%). Wound
healing capability of the controlled and high-calcium treated cells
were then evaluated at various time-points by morphological
examination and quantitative measurement of cell-free width. In
the controlled condition, the cells localized at the scratched edges

Figure 4.Validation of the increased surface expression of ANXA1 at apical membranes of the high-calcium-exposed cells. (A) 1-DWestern blot analysis
of apical membrane and cytosolic fractions was performed using mouse monoclonal anti-ANXA1 as a primary antibody and rabbit antimouse IgG
conjugated with HRP as a secondary antibody. Immunoreactive bands were then visualized by chemiluminescence and autoradiography. (B) Surface
expression of ANAXA1 on apical membranes was also evaluated by immunofluorescence staining and laser-scanning confocal microscopy. ANXA1 is
presented in green, whereas nuclei are presented in blue (Hoechst dye). Panels (i−iii) and (vii−ix) show the top view, whereas panels (iv−vi) and (x−
xii) illustrate the sagittal sections. Original magnification power was 630× in all panels.
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had morphological changes and gradually migrated to the cell-
free area, starting at 3 h postscratching (Figure 7A). In the high-
calcium condition, these morphological changes and cell
migration required a longer time to develop (starting at 6 h
postscratching). At 12 h postscratching, the wounds in the
controlled condition were successfully closed by the migratory
cells, whereas the wounds in the high-calcium-exposed condition
remained unclosed (Figure 7A). Quantitative measurement of
the cell-free widths also confirmed the delay or impairment of
wound healing in the high-calcium-exposed cells as demon-
strated by significantly greater cell-free widths in the high-

calcium-exposed cells compared to the controls at all time-points
(Figure 7B).

■ DISCUSSION
Hypercalciuria is the most common metabolic cause of COM
nephrolithiasis1,3−5 and can also lead to impaired renal tubular
function.12−14,26 However, cellular responses of distal renal
tubular cells to the hypercalciuric state remained largely
unknown. We therefore performed a gel-based proteomics
study to identify altered proteins in distal renal tubular cells in
response to high-calcium exposure (Figure 1 and Table 1). These
altered proteins were involved in several cellular functions,

Figure 5. COM crystal-binding capacity and the effect of neutralization by anti-ANXA1 mAb. (A) Phase-contrast microscopic examination of 4 groups
of cells, including (i) control (normal culture without CaCl2); (ii) high-calcium (with 20 mM CaCl2); (iii) high-calcium + anti-ANXA1 mAb (with 20
mM CaCl2 and neutralization with 0.5 μg/mL mouse monoclonal anti-ANXA1); and (iv) high-calcium + IgG1 (with 20 mM CaCl2 and 0.5 μg/mL
IgG1, which was used as the isotype control of anti-ANXA1 mAb) (n = 3 per group). Original magnification power was 400× for all panels. (B)
Quantitative analysis of the adhered COM crystals in individual groups per 100 cells (no./100 cells). (C) Percentage of COM crystal-adhered cells (%).
The data of each bar is presented as mean ± SEM of three independent experiments. * = P < 0.0001 versus the control condition. NS = not statistically
significant.
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including calcium binding, protein synthesis, carbohydrate
metabolism, lipid metabolism, cell proliferation, mitosis
regulation, apoptosis, cell migration, oxidative stress, and ion
transport (Table 2). After identification of these altered proteins,
protein network analysis (Figure 3) and several highly focused
functional studies (Figures 4−7) were sequentially performed to
address functional significance of the expression proteomics data.
Protein network analysis using STRING 8.3 was very useful as

this bioinformatic tool provided several important aspects to
further design highly focused functional studies. These included
potential functions of the altered proteins, their subcellular
localizations, protein−protein interactions, and the involved
biological processes/pathways to create new hypotheses. In our
present study, several hypotheses were guided from protein
association network analysis including:

Hypothesis I: The expression proteomics data and
prediction of subcellular localization and cellular function
suggested that ANXA1 was up-regulated on apical surface
of renal tubular cells upon exposure to high-calcium and
might promote COM crystal-cell adhesion.
Hypothesis II: The coordinated changes of up-regulation
of antiproliferative protein (ANXA1) and down-regu-
lation of proteins involved in cell proliferation (RUVBL2),
mitosis regulation (SEPT2), mRNA processing
(HNRPK), and protein biosynthesis (EEF1B2 and

EEF1D) strongly suggested that renal tubular cells
under the high-calcium condition had a defect in cell
proliferation.
Hypothesis III: The coordinated changes of up-regulation
of antimigration protein (ANXA1) and down-regulation
of protein involved in wound healing (PGD) suggested
that the high-calcium-exposed cells had a defect in
epithelial wound healing.

It seemed that ANXA1 played pivotal roles in high-calcium-
induced changes in renal tubular cells as this protein was involved
in all of these hypotheses. This was probably due to its multiple
biological functions, including calcium- and phospholipid-
binding activity, inhibition of cell proliferation and migration,
anti-inflammation, and immunological regulation.27 Therefore,
we first confirmed the expression proteomics data by 2-D
Western blot analysis (Figure 2), which demonstrated up-
regulation of three forms of ANXA1, consistent to the proteomic
data. Finally, all of the aforementioned hypotheses were
addressed and indeed confirmed by several highly focused
functional studies as follows.
Validation of Hypothesis I resulted in the identification of

ANXA1, a calcium-binding protein, as a novel COM crystal-
binding molecule on apical surface of renal tubular cells (Figure
5). From expression proteomics data, up-regulation of ANXA1 in
high-calcium-exposed MDCK cells implicated that this protein is

Figure 6.Cell proliferation assay (A) and quantitative analysis of cell death (B). (A) At 24, 48, and 72 h post-treatment, the cells were detached from the
culture well using 0.1% trypsin in 2.5 mM EDTA and were immediately resuspended in 1 mL of FBS-containing MEM to terminate trypsin activity.
Trypan blue staining was used to exclude dead cells, and the numbers of viable cells were counted using hemacytometer. (B) After 72 h of incubation,
both controlled and high-calcium-treated cells were examined for percentage of the total cell death using flow cytometry with annexin V and propidium
iodide co-staining. All the quantitative data are presented asmean± SEMof three independent experiments. * = P < 0.0001 versus the control condition.
NS = not statistically significant.
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involved in COM kidney stone formation. This proposed role of
ANXA1, however, would be reasonable only if this protein was
expressed on the apical membranes of renal tubular cells (in
addition to its well-known locale in cytoplasm). Although 2-D
Western blot analysis confirmed the expression proteomics data,
it did not provide subcellular localization of the change. We
therefore isolated apical membranes and confirmed that ANXA1
was also expressed at apical membranes of renal tubular cells and
was up-regulated when the cells were exposed to high-calcium
(Figure 4). This solid data led to a further hypothesis that the up-
regulation of this calcium-binding protein (ANXA1) on the cell
surface would result to the enhanced COM crystal-binding
capacity of the high-calcium-exposed cells. The latter was nicely
confirmed by COM crystal-binding assay, which demonstrated
that the high-calcium-exposed cells had increased COM crystal-
binding capacity and neutralization by anti-ANXA1, not its
isotype control (IgG1), successfully prevented this enhancement
(Figure 5). ANXA1 has been extensively studied for its clinical
applications in several malignancies,28−30 inflammation,31,32

neuroendocrine,33 and antinociception.34 A recent study by
Thurgood et al.35 has demonstrated that ANXA1 was a common
constituent of calcium oxalate dihydrate (COD) crystals, which
were crystallized in the human urine. However, its functional
significance in COM kidney stone disease remained unclear. Our
present study provided functional evidence demonstrating that
ANXA1 on apical surface of distal renal tubular cells could serve

as the COM crystal receptor and may play a crucial role in COM
stone formation.
Validation of Hypothesis II revealed that proliferation of renal

tubular cells was suppressed by the high-calcium environment
(Figure 6A), whereas the effect of cell death on the reduced
numbers of the cells was excluded by quantitative analysis of cell
death using flow cytometry with annexin V/propidium iodide co-
staining, which demonstrated that both apoptotic and necrotic
cell death were not increased by high-calcium (Figure 6B). This
functional defect in cell proliferation was confidently proposed
from the strong interactions/associations of ANXA1, RUVBL2,
SEPT2, HNRPK, EEF1B2, and EEF1D (Figure 3). ANXA1
seemed to play a major role in this subset of protein network.
ANXA1 is well characterized as a regulator of the antiproliferative
process by blocking epidermal growth factor (EGF)-mediated
cell proliferation, activating extracellular signal-regulated kinase
(ERK)-mediated disruption of actin cytoskeleton, and inhibiting
cyclin D1.27,36 Antiproliferative activity of ANXA1 is localized at
its N-terminus since this part of the peptide fragment
significantly inhibits growth and proliferation of A549 lung
cancer cells in vitro.37 The antiproliferative activity of ANXA1
has been demonstrated also in clinical cancer tissues,27 and
down-regulation of ANXA1 has been observed in several cancer
types; e.g., esophageal squamous cell carcinoma,38 prostatic
adenocarcinoma,39 and bladder cancer,40 as cancer cells attempt
to suppress antiproliferative proteins to exhibit their tumorigenic
properties.27 The coordinated down-regulation of proteins

Figure 7. Evaluation of wound healing by scratch assay. After 72 h of incubation, artificial wounds were created on the confluent monolayers of the
controlled and high-calcium-exposed cells. At the indicated time-points, these wounds were imaged by phase contrast microscopy (A) and the cell-free
widths were measured and analyzed by Tarosoft Image framework v.0.9.6 software (B). All the quantitative data are presented as mean ± SEM of three
independent experiments. * = P < 0.0001 versus the control condition. In all panels of part A, original magnification power was 100×.
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involved in cell proliferation (RUVBL2), mitosis regulation
(SEPT2), mRNA processing (HNRPK), and protein biosyn-
thesis (EEF1D and EEF1B2) were then considered as the
downstream effectors of antiproliferative effect of ANXA1
because most of these proteins are involved in the common
pathway of cell proliferation machinery.
Validation of Hypothesis III revealed that renal tubular cells

under high-calcium environment had a significant defect in
wound healing (Figure 7). This hypothesis was confidently
proposed from the coordinated changes of ANXA1 and PGD in
the high-calcium-exposed cells. ANXA1 was presumably
contributed to the defective wound healing process by its
antimigration activity. Several previous studies have demon-
strated that ANXA1 could inhibit migration of several cell types
in vitro and in vivo41−43 via the activation of formyl peptide
receptor (FPR).44 Another player in this functional defect was
PGD, which plays an important role in the pentose phosphate
shunt and has been reported to be associated with wound healing
capability.45,46 An argument might be raised that the impaired
cell proliferation might be responsible for (or contribute to) the
defective wound healing. It is known that wound healing is the
result of overlapping processes of cell proliferation and
migration. Nevertheless, it seems that the impaired cell migration
plays more dominant role during the acute phase response of
wound healing.24,25 This concept has been strongly supported by
the study of Storesund et al.,25 which demonstrated that wound
healing capacity of normal oral keratinocytes in the presence of
trefoil factor 3 was not affected by mitomycin C, a potent
inhibitor of cell proliferation, but was markedly affected by
cytochalasin B, a potent inhibitor of cell migration. Hence, we
believe that the impaired migration was the major cause of the
defective wound healing although the impaired cell proliferation
could not be entirely excluded. The defect in wound healing of
the high-calcium-exposed cells may implicate some aspects of
renal tubular impairment caused by hypercalciuria.10−15 As the
cells lose their regeneration capacity, renal tubules may be unable
to fully restore their structures and/or functions after exposure to
the noxious stimuli.
It should be noted that, first, although MDCK cells represent

mainly distal renal tubular cells, several lines of evidence have
suggested that these cells also represent some features of
collecting duct cells.47,48 Buchholz et al.47 used MDCK cells as
the model for principal and alpha-intercalated cells of collecting
duct to demonstrate cystogenesis and cyst growth in response to
cAMP and ATP signaling, whereas Dos Santos, et al.48 showed
that MDCK cells could respond to aldosterone (a hormone that
stimulated H+ secretion by intercalated cells of collecting duct)
through a genomic pathway in order to enhance vacuolar H+-
ATPase activity. Therefore, effects of high-calcium on MDCK
cells observed in the present study reflected not only
pathophysiologic changes in distal renal tubular cells but also
(although partially) some phenomena in renal collecting duct.
Second, an addition of 20 mM CaCl2 to the culture medium

could increase the osmolarity up to approximately 15% of the
basal level (data not shown). Thus, effects of increased
osmolarity should be taken into account. Further studies are
required to differentiate effects of high-calcium from those of
increased osmolarity. Finally, our data may be applicable to
kidney stones that are originated from the intratubular luminal
site but not applicable to kidney stones that are originated from
the interstitial site (Randall’s plaque)49,50 of which pathogenic
mechanisms differ.

In summary, our present study revealed pathophysiological
responses of MDCK cells upon 72 h of exposure to the high-
calcium environment. These changes may, at least in part, explain
the common complications occurred in hypercalciuric patients,
including COM kidney stone formation and renal tubular
impairment. Our in vitro study offers several candidates for
further targeted studies to confirm their relevance in hyper-
calciuria and kidney stone disease in vivo. According to the
involvements of ANXA1 observed in vitro, it is speculated that
this multifunctional protein may serve as a central regulator in
hypercalciuric complications by enhanced COM crystal-binding
capacity, impaired cell proliferation, and impaired wound
healing. Therefore, ANXA1 may be considered as a novel drug
target for preventing kidney stone formation complicated by
hypercalciuria. Finally, our present study also demonstrated that
a classical proteomics approach (starting from expression
proteomics followed by bioinformatic analysis) can be used to
obtain additional and very important data to generate new
hypotheses, which can then be addressed by highly focused
functional studies. This is thus the ideal approach for unraveling
the pathogenic mechanisms and pathophysiology of diseases as
well as for defining novel therapeutic targets.
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