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A B S T R A C T   

Calcineurin inhibitors (CNIs) are widely used in organ transplantation to suppress immunity and prevent allo-
graft rejection. However, some transplant patients receiving CNIs have hypocitraturia, hyperoxaluria and kidney 
stone with unclear mechanism. We hypothesized that CNIs suppress activities of urinary calcineurin, which may 
serve as the stone inhibitor. This study aimed to investigate effects of calcineurin B (CNB) on calcium oxalate 
monohydrate (COM) stone formation. Sequence and structural analyses revealed that CNB contained four EF- 
hand (Ca2+-binding) domains, which are known to regulate Ca2+ homeostasis and likely to affect COM crys-
tals. Various crystal assays revealed that CNB dramatically inhibited COM crystallization, crystal growth and 
crystal aggregation. At an equal amount, degrees of its inhibition against crystallization and crystal growth were 
slightly inferior to total urinary proteins (TUPs) from healthy subjects that are known to strongly inhibit COM 
stone formation. Surprisingly, its inhibitory effect against crystal aggregation was slightly superior to TUPs. 
While TUPs dramatically inhibited crystal-cell adhesion, CNB had no effect on this process. Ca2+-affinity assay 
revealed that CNB strongly bound Ca2+ at a comparable degree as of TUPs. These findings indicate that CNB 
serves as a novel inhibitor of COM crystallization, growth and aggregation via its high Ca2+-affinity property.   

1. Introduction 

Calcineurin is a protein phosphatase with Ca2+- and calmodulin- 
dependent functions [1–3]. Its subunits A (CNA) and B (CNB) form a 
heterodimer as the functional structure [1,3]. CNA contains an enzyme 
catalytic domain, whereas CNB consists of four EF-hand domains that 
play roles in Ca2+-binding [1]. Calcineurin has an important function in 
immune activation via dephosphorylation of nuclear factor of activated 
T cell (NFAT) [4,5]. The activated NFAT then translocates into nucleus 
and upregulates interleukin-2 (IL-2) (pro-inflammatory cytokine) pro-
duction [4,5]. Hence, calcineurin serves as the primary target for a 
group of immunosuppressive drugs, namely calcineurin inhibitors 
(CNIs), which are widely used for preventing allograft rejection and 
prolonging the allograft half-life in organ transplantation [6,7]. Since 
the therapeutic window of CNIs is narrow, underdosage is associated 
with the high risk of allograft rejection, whereas overdosage frequently 
induces various toxicities, i.e., chronic allograft nephropathy, electro-
lyte imbalance and cardiovascular disorders [8–11]. 

Besides the canonical calcineurin-NFAT axis of signaling in the 

lymphoid cells, recent studies have demonstrated that CNIs, i.e., cyclo-
sporin A (CsA) and tacrolimus (FK506), can induce toxicities in kidney 
epithelial cells via upregulation of tumor necrosis factor receptor su-
perfamily, 12 A (TNFRSF12A) (alternatively, FN14, HPIP and TWEAKR) 
[12,13], which is independent of NFAT [12]. Another study has shown 
that a high proportion of the kidney-transplant patients who receive 
high-dose CNIs (CsA or FK506) exhibit hypocitraturia (69%) and 
hyperoxaluria (35%) [14]. Interestingly, some of them develop intra-
renal calcium oxalate (CaOx) crystal deposition and urolithiasis (kidney 
stone disease) [14]. Additionally, a recent study has demonstrated that 
disruption of calcineurin signaling strongly affects transcriptome and 
proteome profiles of distal convoluted tubules, thereby affecting ion 
transports in this tubular segment of the kidney [10]. 

According to the molecular structure of calcineurin, CNB is the 
responsible subunit involved in Ca2+ homeostasis via Ca2+/calmodulin 
complex [1]. CNB is found not only in the serum [15] but also in the 
urine [16]. Therefore, CNB is likely to affect Ca2+ balance in the 
tubulo-urinary system. From these backgrounds, we hypothesized that 
CNIs suppress activities of calcineurin (their primary target) in urinary 
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passage, leading to increased risk of kidney stone formation in 
CNIs-treated transplant patients. And CNB may serve as a stone inhibi-
tor. Therefore, this study aimed to investigate effects of CNB on kidney 
stone formation using CaOx monohydrate (COM), a major pathogenic 
crystal in kidney stones, as an in vitro study model. 

2. Materials and methods 

2.1. Calcineurin sequence and structure analyses 

Protein sequences of human calcineurin subunit A (CNA), α isoform 
(Q08209 with 512 amino acid residues), β isoform (P16298 with 524 
residues) and γ isoform (P48454 with 512 residues) and human calci-
neurin subunit B (CNB), α isoform (P63098 with 170 residues) and β 
isoform (Q96LZ3 with 170 residues) from the UnitProtKB/Swiss-Prot 
database (https://www.uniprot.org/uniprotkb) were subjected to 
sequence and structure analyses. Three-dimensional structures of these 
sequences were predicted by AlphaFold Protein Structure Database 
(www.alphafold.ebi.uk). The sequence analysis was done by using CAPS 
tool (Coevolution Analysis using Protein Sequences) (http://bioinf.gen. 
tcd.ie/~faresm/software/software.html), RaptorX web server (http:// 
raptorx6.uchicago.edu/), and ScanProsite tool (https://prosite.expasy.org/ 
scanprosite/). Thereafter, the specific domains and/or patterns were 
crosschecked using ProRule (https://prosite.expasy.org/prorule.html). 
Graphical illustration of EF-hand (Ca2+-binding) domains in the CNB 
molecule was generated by using SWISS-MODEL (https://swissmodel. 
expasy.org/) and UCSF ChimeraX software (version 1.3) (https://www. 
rbvi.ucsf.edu/chimerax). 

2.2. Chemical preparation 

Calcium chloride (CaCl2⋅2 H2O) (Merck; Branchburg, NJ) was pre-
pared at 10 mM in crystallization buffer, which contains 10 mM Tris 
(Affymetrix inc.; Cleverland, OH) and 90 mM sodium chloride (NaCl) 
(Bio Basic; Toronto, Canada) (pH 7.4). Sodium oxalate (Na2C2O4) 
(Sigma-Aldrich; St. Louis, MO) was also prepared at 1 mM in the crys-
tallization buffer. Recombinant human calcineurin B (CNB) (Abcam; 
Cambridge, UK) and lysozyme (Sigma-Aldrich) were solubilized in the 
crystallization buffer at 1 mg/ml. 

2.3. Preparation of total urinary proteins (TUPs) 

TUPs were prepared from healthy subjects as described previously 
[17]. The study protocol met the standard guidelines (Declaration of 
Helsinki, Belmont Report, and ICH Good Clinical Practice) and was 
approved by Siriraj Institutional Review Board (approval no. 
Si473/2015). Briefly, mid-stream urine samples were collected from 
healthy subjects and clarified by centrifugation at 1000 g and 4 ◦C for 10 
min to remove precipitants, debris and/or particles. The pooled clarified 
urine was then dialyzed with deionized water overnight at 4 ◦C and 
lyophilized. The dried TUPs were suspended in the crystallization buffer, 
and their final concentration were adjusted at 1 mg/ml. 

2.4. Crystallization assay 

Crystallization assay was performed following protocol described in 
previous studies [18,19]. In brief, 500 μl of 10 mM CaCl2⋅2 H2O in the 
crystallization buffer was put into each well of 24-well plate (Corning 
Inc.; Corning, NY). Then, 4 μl of 1 mg/ml recombinant human CNB, 1 
mg/ml TUPs, 1 mg/ml lysozyme (negative control), or crystallization 
buffer without any protein added (blank control) was added, followed 
by 500 μl of 1 mM Na2C2O4. The mixture was incubated at 25 ◦C for 60 
min, and the resulting COM crystals were imaged using an inverted light 
microscope (Eclipse Ti-S; Nikon; Tokyo, Japan). Crystal size and number 
were measured from at least 100 crystals in 10 random fields per sample 
using NIS-element D software version 4.11 (Nikon). Crystal abundance 

was then calculated.  

Crystal abundance (μm2/field) = Average crystal area in each field (μm2) ×
Number of crystals in each field (/field)                                               (1)  

2.5. Crystal growth assay 

Crystal growth assay was performed following protocol described in 
previous studies [20,21]. In brief, 500 μl of 10 mM CaCl2⋅2 H2O in the 
crystallization buffer was put into each well of 24-well plate (Corning 
Inc.), followed by 500 μl of 1 mM Na2C2O4. The mixture was incubated 
at 25 ◦C for 60 min. At this time-point (T0), 4 μl of 1 mg/ml recombinant 
human CNB, 1 mg/ml TUPs, 1 mg/ml lysozyme (negative control), or 
crystallization buffer without any protein added (blank control) was 
added, followed by another incubation at 25 ◦C for 60 min (T60). At T0 
and T60, COM crystals were imaged using an inverted light microscope 
(Eclipse Ti-S). Crystal size was measured from at least 100 crystals in 10 
random fields per sample using NIS-element D software version 4.11 
(Nikon). Δ Area and crystal inhibitory activity were then calculated.  

Δ Area (μm2) = Crystal size at T60 (μm2) – Crystal size at T0 (μm2)        (3)  

Crystal growth inhibitory activity (%) = ((Δ Area of blank control – Δ Area of 
sample) / Δ Area of blank control) × 100                                            (4)  

2.6. Crystal aggregation assay 

Crystal aggregation assay was performed following protocol 
described in previous studies [22,23]. In brief, 10 mM CaCl2⋅2 H2O was 
mixed 1:1 with 1 mM Na2C2O4, and the mixture was incubated over-
night at 25 ◦C. The resulting COM crystals were harvested by centrifu-
gation at 2000 g for 5 min, washed with methanol thrice and air-dried 
overnight at 25 ◦C. An equal amount of COM crystals (1000 µg) was 
suspended in 1 ml of crystallization buffer in each well of 6-well plate 
(Corning Inc.), followed by 4 μl of 1 mg/ml recombinant human CNB, 1 
mg/ml TUPs, 1 mg/ml lysozyme (negative control), or crystallization 
buffer without any protein added (blank control). The plate was 
continuously shaken in a shaking incubator (Zhicheng; Shanghai, China) 
for 1 h at 150 rpm and 25 ◦C. The resulting crystal aggregates (each has 
been defined as “an assembly of three or more individual COM crystals 
that tightly joined together” [22]) were imaged using an inverted light 
microscope (Eclipse Ti-S). Number of the crystal aggregates was counted 
from at least 15 random fields per sample. 

2.7. Crystal-cell adhesion assay 

Crystal-cell adhesion assay was performed following protocol 
described in previous studies [24,25]. In brief, COM crystals were pre-
pared and harvested as described above in the crystal aggregation assay. 
After air-dry, the crystals were decontaminated by UV light radiation for 
30 min. MDCK renal cells (ATCC; Manassas, VA) were seeded and grown 
in each well of the 6-well plate (2 ×105 cells/well) for 48 h to obtain 
confluent monolayer. The culture supernatant was replaced with the 
fresh medium containing COM crystals (100 µg/ml) with 4 μl of 1 mg/ml 
recombinant human CNB, 1 mg/ml TUPs, 1 mg/ml lysozyme (negative 
control), or crystallization buffer without any protein added (blank 
control). The cells were further incubated for 1 h, followed by vigorous 
washes with PBS to remove the non-adhered crystals. The remaining 
crystals on the cell surface were imaged using an inverted light micro-
scope (Eclipse Ti-S) and counted from at least 15 random fields per 
sample. 
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Fig. 1. Calcineurin sequence and structure analyses. (A): Calcineurin is a heterodimer comprising subunits A (CNA) and B (CNB). CNA is a catalytic subunit con-
taining three isoforms (α, β and γ). Each of these isoforms consists of (i) catalytic domain, (ii) subunit B-binding region, (iii) calmodulin-binding region, and (iv) 
autoinhibitory region. CNB is a regulatory subunit containing two isoforms (α and β), each of which consists of four EF-hand (Ca2+-binding) domains. (B): Key 
residues in each EF-hand domain of CNB (using CNBα isoform as a representative to illustrate). 
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2.8. Ca2+-affinity assay 

Ca2+-affinity assay was performed following protocol described in 
previous studies [24,25]. Each well of the 96-well polystyrene micro-
plate (Corning Inc.) was immobilized with 0.32 μg recombinant human 
CNB, TUPs, or lysozyme (negative control) solubilized in 100 μl coating 
buffer (15 mM Na2CO3 and 30 mM NaHCO3; pH 9.6), or 100 μl coating 
buffer without any protein added (blank control) at 4 ◦C overnight. A 
total of three microplates were employed in this assay. After immobili-
zation, the buffer was removed, and each well was washed with PBS 
thrice, added with 80 μl of 0.1 mM CaCl2⋅2 H2O, and incubated at 25 ◦C 
for 60 min. The starting (T0) and remaining (T60) [Ca2+] in each well 
were measured by a Ca2+-binding colorimetric assay using Arsenazo III 
reagent (BioSystems S.A.; Barcelona, Spain) [26,27]. Ca2+ consumption, 
which determines Ca2+-affinity, was then calculated.  

Ca2+ consumption (%) = (([Ca2+]T0 – [Ca2+]T60) / [Ca2+]T0) × 100      (4) 

Where [Ca2+]T0 was [Ca2+] at starting point before incubation with the 
protein, and [Ca2+]T60 was the remaining [Ca2+] after 60-min incuba-
tion with the protein. 

2.9. Statistical analysis 

All assays were performed in three independent experiments using 
different samples and are reported as mean ± SD. Multiple comparisons 
were performed using one-way analysis of variance (ANOVA) with 
Tukey’s post-hoc test. P value less than 0.01 was set as the significant 
threshold in this study. 

3. Results 

Using the UnitProtKB/Swiss-Prot database, calcineurin showed two 
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Fig. 2. Crystallization assay. During the assay, 4 μl of 1 mg/ml 
recombinant human CNB, 1 mg/ml TUPs, 1 mg/ml lysozyme 
(negative control), or crystallization buffer without any protein 
added (blank control). (A): COM crystal morphology under an 
inverted light microscope. (B)-(D): Crystal size, number and 
abundance were measured from at least 100 crystals in 10 
random fields per sample using NIS-element D software version 
4.11 (Nikon). The data were derived from three independent 
experiments using different samples and are reported as mean 
± SD. * ** = P < 0.0001 vs. blank control; ### = P < 0.0001 
vs. TUPs.   
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main subunits, CNA and CNB, to form a heterodimer (Fig. 1A). Sequence 
and structure analyses revealed that CNA is a catalytic subunit con-
taining three isoforms (α, β and γ). Each of these isoforms consists of (i) 
catalytic domain, (ii) subunit B-binding region, (iii) calmodulin-binding 
region, and (iv) autoinhibitory region. CNB is a regulatory subunit 
containing two isoforms (α and β), each of which consists of four EF- 
hand (Ca2+-binding) domains (Fig. 1A). Key amino acid residues 
responsible for Ca2+-binding in each of these EF-hand domains of CNB 
(α isoform, as the representative) are illustrated in Fig. 1B. Therefore, it 
is likely that CNB affects COM crystals and may serve as a novel stone 
inhibitor. 

Crystallization assay was employed to validate the effects of CNB on 
COM crystallization using lysozyme as the negative control. The results 
demonstrated that total urinary proteins (TUPs) from healthy subjects, 
that are known to strongly inhibit COM stone formation [17], markedly 
reduced COM crystal size, number and abundance comparing with blank 
and negative controls (Fig. 2). Also, CNB markedly reduced COM crystal 

size, number and abundance as compared with blank and negative 
controls. Comparing with TUPs, the inhibitory effects from CNB were 
slightly inferior to those from TUPs (Fig. 2). 

Effects of CNB on COM crystal growth were then examined. After the 
crystals formed (T0), the crystals were further incubated with CNB, 
TUPs, lysozyme (negative control), or crystallization buffer without any 
protein added (blank control) for 60 min (T60). The crystal growth (as 
determined by Δ area of crystal size at T60 versus T0) and crystal growth 
inhibitory activity were determined. As expected, TUPs markedly 
reduced Δ area comparing with blank and negative controls (Fig. 3). As a 
result, TUPs had a much greater crystal growth inhibitory activity as 
compared with the negative control (lysozyme). Similarly, CNB obvi-
ously reduced Δ area as compared with blank and negative controls, and 
had a much greater crystal growth inhibitory activity comparing with 
the negative control. Between TUPs and CNB, the inhibitory effects of 
CNB were slightly inferior to those of TUPs (Fig. 3). 

Crystal aggregation assay was employed to investigate the effects of 
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Fig. 3. Crystal growth assay. During the assay, 4 μl of 
1 mg/ml recombinant human CNB, 1 mg/ml TUPs, 1 mg/ 
ml lysozyme (negative control), or crystallization buffer 
without any protein added (blank control). (A): At T0 and 
T60, COM crystals were imaged using an inverted light 
microscope. (B) and (C): Δ Area and crystal growth 
inhibitory activity were calculated from at least 100 crys-
tals in 10 random fields per sample using NIS-element D 
software version 4.11 (Nikon). The data were derived from 
three independent experiments using different samples and 
are reported as mean ± SD. * ** = P < 0.0001 vs. blank 
control; # = P < 0.01 vs. TUPs.   
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CNB on COM crystal aggregation. The data showed that TUPs signifi-
cantly decreased number of COM crystal aggregates comparing with 
blank and negative controls (Fig. 4). Also, CNB significantly decreased 
number of COM crystal aggregates comparing with blank and negative 
controls. Surprisingly, the degree of inhibitory effects of CNB on crystal 
aggregation was slightly superior to that of TUPs (Fig. 4). 

Crystal-cell adhesion assay was conducted by measuring number of 

the remaining crystals on the cell surfaces after incubation and vigorous 
washes. The data demonstrated that TUPs markedly decreased number 
of the remaining crystals adhered on the cell surfaces comparing with 
blank and negative controls (Fig. 5). However, CNB had no significant 
effects on COM crystal-cell adhesion comparing with blank and negative 
controls (Fig. 5). 

To define mechanism underlying the inhibitory effects of CNB on 
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Fig. 4. Crystal aggregation assay. During the assay, 4 μl of 
1 mg/ml recombinant human CNB, 1 mg/ml TUPs, 1 mg/ 
ml lysozyme (negative control), or crystallization buffer 
without any protein added (blank control). (A): The 
resulting crystal aggregates (each has been defined as “an 
assembly of three or more individual COM crystals that 
tightly joined together” [22]) were imaged using an 
inverted light microscope. (B): Number of the crystal ag-
gregates was counted from at least 15 random fields per 
sample. The data were derived from three independent 
experiments using different samples and are reported as 
mean ± SD. * ** = P < 0.0001 vs. blank control; # 
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Fig. 5. Crystal-cell adhesion assay. During the assay, 4 μl 
of 1 mg/ml recombinant human CNB, 1 mg/ml TUPs, 
1 mg/ml lysozyme (negative control), or crystallization 
buffer without any protein added (blank control). (A): The 
remaining crystals on the cell surface were imaged using 
an inverted light microscope. (B): Number of the remain-
ing crystals was counted from at least 15 random fields per 
sample. The data were derived from three independent 
experiments using different samples and are reported as 
mean ± SD. * ** = P < 0.0001 vs. blank control; ### 
= P < 0.0001 vs. TUPs.   
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COM crystals, Ca2+-affinity assay was performed. The standard curve of 
[Ca2+] measured by Arsenazo III reaction of CaCl2⋅2 H2O at 0, 0.0312, 
0.0625, 0.1250, 0.2500 and 0.5000 mM was constructed to be used for 
measurement of the remaining [Ca2+] in the samples after Ca2+-affinity 
for 60 min (R2 = 0.9968) (Fig. 6A). Obvious decrease of the remaining 
[Ca2+] was detected in both TUPs and CNB samples (Fig. 6B), due to the 
high-degree of Ca2+ consumption in both TUPs and CNB as compared 
with blank and negative controls (Fig. 6C). There were no significance 
differences in the remaining [Ca2+] and Ca2+ consumption between 
TUPs and CNB found (Fig. 6B and C). 

4. Discussion 

Calcineurin is a cytosolic Ca2+/calmodulin-dependent enzyme that 
plays roles in dephosphorylation process [28]. This protein phosphatase 
regulates gene expression dependently on the change in [Ca2+] [28]. Its 
heterodimer consists of CNA (calmodulin-binding catalytic subunit) and 
CNB (Ca2+-binding regulatory subunit) [1]. Calcineurin activation oc-
curs when intracellular [Ca2+] increases and binds to the Ca2+-binding 
sites of the CNB regulatory subunit [29]. Thereafter, the Ca2+ load of 
CNB induces a conformational change of the CNA subunit, which then 
promotes Ca2+/calmodulin interaction and activates downstream 
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Fig. 6. Ca2+-affinity assay. Equal amount of recombinant 
human CNB, TUPs or lysozyme (negative control) in 
coating buffer, or equal volume of coating buffer without 
any protein added (blank control) was immobilized in each 
well of a microplate and incubated with 0.1 mM 
CaCl2⋅2 H2O at 25 ◦C for 60 min (A): The standard curve of 
[Ca2+] measured by Ca2+-binding colorimetric assay using 
Arsenazo III reagent. (B): The starting (T0) and remaining 
(T60) [Ca2+] in each well were then measured using 
Arsenazo III reagent and the standard curve. (C): Ca2+

consumption, which determines Ca2+-affinity, was then 
calculated. The data were derived from three independent 
experiments using different samples and are reported as 
mean ± SD. * ** = P < 0.0001 vs. blank control.   
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signaling [29]. During immune responses, intracellular [Ca2+] increases 
with repetitive and prolonged Ca2+ influx, leading to calcineurin acti-
vation and dephosphorylation of NFAT [4,5]. Consequently, the acti-
vated NFAT translocates to the nucleus and upregulates 
proinflammatory cytokine (IL-2) production [4,5]. Thus, the activated 
calcineurin is a key mediator of immune regulation. For this reason, 
calcineurin serves as a main target for the immunosuppressants known 
as calcineurin inhibitors (CNIs), which are widely used in solid organ 
transplantation [12]. 

Although effective, CNIs treatment is strongly associated with many 
complications, such as hypertension and electrolyte imbalance (e.g., 
hyperkalemia, hypomagnesemia, metabolic acidosis, and hyper-
calciuria) [6]. Previous reports have shown that patients, who under-
went kidney transplantation and receive CNIs (CsA or FK506), have 
abnormal urinary profiles, hypocitraturia and hyperoxaluria [6,9,30, 
31]. As hypercalciuria, hypocitraturia and hyperoxaluria are among the 

major risks for CaOx urolithiasis [32], CNIs thus increase the risk for 
CaOx stone development. Additionally, a recent study has shown that 
FK506 affects transportation of magnesium and Ca2+ along the distal 
convoluted tubules in mice [33]. This type of CNIs induces hypomag-
nesemia and hypercalciuria by reducing mRNA and protein expression 
of the responsible ion transporters [33]. The increased risk of urolith-
iasis has been confirmed in a study of 53 successful kidney-transplant 
children who receive CsA or FK506, revealing crystal deposition and 
urolithiasis in some of these patients [14]. 

We thus hypothesized that the Ca2+-binding subunit of calcineurin 
(CNB), which is the target of CNIs, should play roles in CaOx kidney 
stone formation (likely to be an inhibitor, in an opposite direction as of 
CNIs, which seem to be the promotor). The study was conducted using 
various COM crystal assays. Our results demonstrated that CNB contains 
four EF-hand Ca2+-binding domains. Crystallization assay showed that 
CNB significantly inhibited COM crystal formation and growth with a 

Mechanism of CNB on inhibition of COM crystallization and crystal growth

Oxalate CalciumCa2+ COMCNB

(A) Without CNB

Ca2+

Ca2+
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Ca2+

Ca2+Ca2+

Crystallization Growth

(B) With CNB

Crystallization Growth

Ca2+
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EF 3
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Fig. 7. Mechanism of CNB on inhibition 
of COM crystallization and crystal 
growth. (A): COM crystals are formed by 
Ca2+ and oxalate ions in the supersatu-
rated urine or renal tubular fluid. After 
crystallization, the free Ca2+ and oxalate 
ions can add onto crystalline surfaces, 
leading to crystal growth. (B): In the 
presence of CNB in the urine, the free 
Ca2+ ions are captured by EF-hand 
(Ca2+-binding) domains in the CNB 
molecules, leading significant decrease 
in free Ca2+ ions, which are crucial for 
COM crystal formation and growth, 
leading to inhibition of COM crystalliza-
tion and crystal growth.   
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slightly less potency as of TUPs, the known natural stone inhibitors. 
Additionally, CNB significantly inhibited COM crystal aggregation with 
a slightly greater potency as of TUPs. While TUPs significantly inhibited 
COM crystal-cell adhesion, CNB did not affect this stone formation step. 
Ca2+-affinity assay revealed obvious decrease of the remaining [Ca2+] in 
CNB samples after Ca2+-affinity for 60 min, comparable to that of TUPs. 
The data also showed approximately 40% Ca2+ consumption by both 
CNB and TUPs, indicating that the inhibitory effects of CNB and TUPs 
against COM crystals were mediated via their Ca2+-binding properties. 

Kidney stone development is a sophisticated event that can be 
initiated from crystal nucleation, followed by continuous accumulation 
of crystal components to the crystal seed (leading to crystal growth), 
crystal aggregation, and crystal-cell adhesion [34,35]. In general, kid-
ney stone formation requires several factors for its initiation. For the 
most common stone type, CaOx crystals are formed by Ca2+ and oxalate 
ions in the supersaturated urine or renal tubular fluid [36]. CNB is 
modified by myristoylation and predominantly localizes intracellularly 

at the inner membrane leaflets [37]. Interestingly, CNB is also excreted 
into the urine [16]. Based on its Ca2+-binding capability and excretion, 
it is likely to inhibit CaOx crystal formation, growth and aggregation, 
and thus neutralize the stone-promoting effects induced by CNIs. 

Crystal adhesion on apical membranes of renal cells is one of the key 
steps in kidney stone formation as it promotes crystal retention in the 
kidney [38]. The longer that the crystals retain, the higher chance of 
kidney stone to develop. The retained crystals can further enlarge by 
urinary supersaturation of Ca2+ and oxalate ions [39]. Additionally, the 
retained crystals can promote renal epithelial cell injury, one of the risk 
factors for urolithiasis [39,40]. Our present study, however, showed no 
effects of CNB on crystal-cell adhesion. Generally, adhesion of intact 
crystal particles to the renal epithelial cells requires receptors or 
receptor-like molecules [25,41,42]. In addition, COM crystals that 
contain Ca2+-rich (1‾01) active face easily adhere to the cells [43]. 
Although the Ca2+-affinity ability of CNB could reduce crystal forma-
tion, growth and aggregation, such property might not interfere with the 

Mechanism of CNB on inhibition of COM crystal aggregation 

Oxalate CNBCalciumCa2+ COM

Crystal surface

Crystal surface

(A) Without CNB

Crystal surface

Crystal surface

(B) With CNB

Fig. 8. Mechanism of CNB on inhibition of COM crystal aggregation. (A): COM crystals generally have a high adhesive capability that can bind to various surfaces, 
including the crystal surfaces themselves, leading to crystal self-aggregation. (B): In the presence of CNB in the urine, CNB can bind to the crystal surfaces rich with 
Ca2+ molecules via EF-hand (Ca2+-binding) domains, thereby reducing adhesive force on the crystal surfaces, leading to inhibition of crystal aggregation. 
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surface property of the crystals and their receptors on the cell 
membranes. 

In addition to crystal-cell adhesion, crystallization, crystal growth 
and crystal aggregation are the other key steps for kidney stone forma-
tion [44,45]. Our present study demonstrated that while CNB did not 
affect crystal-cell adhesion, it strongly inhibited COM crystal formation, 
growth and aggregation. The proposed mechanisms of CNB on inhibi-
tion of COM crystal formation, growth and aggregation are summarized 
in Figs. 7 and 8. These effects would dramatically reduce the starting 
inorganic stone materials, thereby inhibiting the stone formation. 

It should be also noted that TUPs contain a large number of proteins 
[46,47], each of which may or may not have the stone modulatory ac-
tivity [48]. The effects of TUPs on the stone modulation would be a 
result of the average effects from all the proteins present in the urine. 
Comparing with numerous other urinary proteins, CNB represents only a 
very tiny fraction of the TUPs. Therefore, the effects of other urinary 
proteins should be also taken into account for the inhibitory effects of 
TUPs observed in our present study. Additionally, the equal amount of 
proteins (4 μl of each protein at a concentration of 1 mg/ml) was used 
for evaluating their modulatory activities on COM crystals in a total 
volume of 1 ml in each assay. This amount/concentration was entirely 
based on the standard protocol established for the crystal assays to 
evaluate in vitro COM stone formation processes. Therefore, translation 
of these data to the clinic would require evaluation of their urinary 
concentrations and validation of their effects in humans. 

In summary, our present study revealed that CNB dramatically 
inhibited COM crystal formation, growth and aggregation. At an equal 
amount, degrees of its inhibition against crystallization and crystal 
growth were slightly inferior to that of TUPs from healthy subjects that 
are known to strongly inhibit COM stone formation. Surprisingly, its 
inhibitory effect against crystal aggregation was slightly superior to that 
of TUPs. While TUPs dramatically inhibited crystal-cell adhesion, CNB 
had no effect on this process. Ca2+-affinity assay revealed that CNB 
strongly bound Ca2+ at a comparable degree as of TUPs. These findings 
indicate that CNB serves as a novel inhibitor of COM crystallization, 
growth and aggregation via its high Ca2+-affinity property. 
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