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A B S T R A C T   

Annexin A1 (ANXA1) is a multifunctional calcium-binding protein that can bind to membrane phospholipids. 
Under high-calcium condition, ANXA1 expression increases on renal epithelial cell surface, leading to enhanced 
adhesion of calcium oxalate (CaOx) crystal (stone material) onto the cells. To regulate various cellular processes, 
ANXA1 interacts with many other intracellular protein partners. However, components of the ANXA1-interacting 
protein complex remain unclear. Herein, we characterized the interacting complexes of apical membrane 
(ApANXA1) and cytosolic (cyANXA1) forms of ANXA1 in apical membrane and cytosolic compartments, 
respectively, of renal epithelial cells under high-calcium condition using proteomic and bioinformatic ap-
proaches. After fractionation, the ApANXA1- and CyANXA1-interacting partners were identified by immuno-
precipitation followed by nanoLC‑ESI‑Qq-TOF tandem mass spectrometry (IP-MS/MS). The ANXA1-interacting 
partners that were common in both apical membrane and cytosolic compartments and those unique in each 
compartment were then analyzed for their physico-chemical properties (molecular weight, isoelectric point, 
amino acid contents, instability index, aliphatic index, and grand average of hydropathicity), secondary structure 
(α-helix, β-turn, random coil, and extended strand), molecular functions, biological processes, reactome path-
ways and KEGG pathways. The data demonstrated that each set of these interacting proteins exhibited common 
and unique characteristics and properties. The knowledge from this study may lead to better understanding of 
the ApANXA1 and CyAXNA1 biochemistry and functions as well as the pathophysiology of CaOx kidney stone 
formation induced by high-calcium condition.   

1. Introduction 

Annexin A1 (ANXA1) is a member of the annexins protein family 
with binding ability to calcium and membrane phospholipids, and plays 
several roles in cellular processes, including apoptosis, differentiation 
and proliferation [1]. ANXA1 comprises four repeating motifs with 
calcium-binding domains [2]. This protein locates mainly in cytoplasm 
and is also associated with plasma membrane [3]. Several studies have 
reported anti-inflammatory activity of ANXA1 [4–6], and over-
expression of ANXA1 in diabetic mice can relieve diabetes-induced 
kidney injury [7]. However, its overexpression is associated with 
several cancers [8–10] and antineutrophil cytoplasmic 
autoantibody-associated vasculitis [11]. 

Kidney stone disease has been recognized as a global health problem 
that leads to significant economic burden [12–14]. Beside the high 
prevalence and incidence, its high recurrence rate is one of the major 

problems for this disease [15]. To prevent this disease more effectively 
and to reduce its economic and other burdens, clearer understanding of 
its etiologic mechanisms is required. Crystal retention onto renal cell 
surface is one of the critical processes during initial phase for develop-
ment of kidney stones, especially calcium oxalate (CaOx), which is the 
most predominant stone type [16,17]. CaOx crystal retention on the cell 
surface is affected by several factors, including cellular injury [18–20] 
and abundance of crystal receptors [21,22]. 

Hypercalciuria is known as one of the risk factors for CaOx kidney 
stone disease [23,24]. Several lines of evidence have reported that high 
urinary calcium concentration is associated with renal cell injury 
[25–27]. High-calcium condition also increases CaOx crystal retention 
onto renal epithelial cell surface [28,29] accompanied with the 
increased expression of surface ANXA1 [28], which is one of the CaOx 
crystal receptors [30–32]. A previous study using conventional and 
two-dimensional (2D) Western blot analyses has revealed that a 
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high-molecular-weight form of ANXA1 (at approximately 100 kDa) is 
expressed on apical membrane, whereas another form with regular 
molecular weight (at approximately 37 kDa) is present in the cytosol of 
renal epithelial cells [28]. Additionally, the high-calcium condition in-
creases expression levels of both apical membrane and cytosolic forms of 
ANXA1 in renal epithelial cells [28]. Moreover, the decreased expres-
sion of cell surface ANXA1 by caffeine or estrogen treatment can reduce 
CaOx crystal retention on renal epithelial cells [31,32]. 

Similar to other cellular proteins, ANXA1 is expected to interact with 
many other cellular proteins to govern cellular functions. However, 
components of the interacting partners of apical membrane ANXA1 
(ApANXA1) and cytosolic ANXA1 (CyANXA1) remain unclear. We 
speculated that the ApANXA1- and CyANXA1-interacting partners might 
have some different identities, properties and functions. The present 
study thus aimed to identify and characterize the ApANXA1- and 
CyANXA1-interacting partners in apical membrane and cytosolic com-
partments, respectively, of renal epithelial cells under high-calcium 
condition (to increase expression of ApANXA1 and CyANXA1 [28] and 
to enhance identification of their interacting complexes). Their inter-
acting complexes were immunoprecipitated and then characterization 
by tandem mass spectrometry and bioinformatic analyses. 

2. Materials & methods 

2.1. Cell cultivation and high-calcium treatment 

MDCK renal cells (ATCC; Manassas, VA) were maintained in a 
complete medium containing DMEM (Gibco; Grand Island, NY) sup-
plemented with 60 U/ml penicillin and 60 µg/ml streptomycin (Sigma- 
Aldrich; Saint Louis, MO) and 10% fetal bovine serum (Gibco) in an 
incubator with 5% CO2 at 37 ◦C. The cells grown in 6-well plate (Corning 
Costar; Cambridge, MA) served as the non-polarized cells, whereas cell 
polarization was induced in a Transwell (0.4-µm pore size) (Corning 
Costar) as previously described [21,33]. The cells were then incubated 
with 20 mM CaCl2 (Sigma-Aldrich) for 72 h prior to investigations as 
follows. 

2.2. Immunofluorescence staining and laser-scanning confocal 
microscopy 

Immunofluorescence staining and laser-scanning confocal micro-
scopy were performed as described previously [34,35] to confirm that 
cell polarization was successful. Briefly, non-polarized and polarized 
MDCK cells were washed twice with ice-cold PBS containing 0.1 mM 
CaCl2 and 1 mM MgCl2. The cells were then fixed with 4% paraf-
ormaldehyde/PBS at 25 ◦C for 15 min and permeabilized with 0.1% 
Triton X-100/PBS at 25 ◦C for 15 min. After blocking followed by three 
washes with PBS, the cells were incubated with rabbit polyclonal 
anti-podocalyxin (gp135), rabbit polyclonal anti-calpain-1, or mouse 
monoclonal anti-Na+/K+-ATPase antibody (all were from Santa Cruz 
Biotechnology; Santa Cruz, CA, and diluted 1:50 in 1% BSA/PBS) at 
37 ◦C for 1 h. After three washes with PBS, the cells were further 
incubated with corresponding secondary antibody conjugated with 
Alexa Fluor 488 (Invitrogen; Paisley, UK) (1:2000 in 1% BSA/PBS) 
mixed with Hoechst’s nuclear dye (Invitrogen) (0.1 µg/ml in 1% 
BSA/PBS) at 37 ◦C for 1 h. After three washes with PBS, the cells were 
mounted with 50% glycerol/PBS and examined under a laser-scanning 
confocal microscope (Eclipse Ti-Clsi4 Laser Unit) (Nikon; Tokyo, 
Japan) equipped with NIS-Elements AR software (Nikon). 

2.3. Fractionation of apical membrane and cytosolic proteins 

Peeling method was performed to fractionate and purify apical 
membrane and cytosolic proteins as described previously [30,36]. After 
72-h treatment with 20 mM CaCl2, the polarized cells were washed with 
ice-cold PBS containing 0.1 mM CaCl2 and 1 mM MgCl2. A filter paper 

(Whatman; Maidstone, UK) pre-wetted with deionized water was placed 
on top of the polarized cells for 5 min and then peeled off. Apical 
membranes adhered and retained under the filter paper were harvested 
by soaking the filter paper into deionized water followed by gentle 
scrapping. The remaining cell shafts were then collected as the cytosolic 
fraction. After drying by lyophilization, proteins in both apical mem-
brane and cytosolic fractions were extracted by using modified RIPA 
buffer (0.5% Triton X-100, 1 mM EDTA, 150 mM NaCl and 50 mM 
Tris-HCl; pH 7.4). Concentrations of the recovered proteins were then 
measured using Bio-Rad Protein Assay (Bio-Rad Laboratories; Hercules, 
CA). Full details of the peeling procedures as well as the information to 
convince the efficacy and purity of this method to isolate/purify apical 
membrane proteins can be found in the previously published article by 
our group [36]. 

2.4. Western blot analyses 

Equally loaded proteins from each sample (30 µg/sample) were 
resolved by 12% SDS-PAGE, transferred onto nitrocellulose membrane 
(Whatman), and incubated with 5% skim milk in PBS for 1 h to avoid 
non-specific binding. After washing with PBS, the membrane was 
incubated with rabbit polyclonal anti-podocalyxin (gp135), rabbit 
polyclonal anti-calpain-1, or mouse monoclonal anti-ANXA1 primary 
antibody (all were from Santa Cruz Biotechnology and diluted 1:1000 in 
1% skim milk/PBS) at 4 ◦C overnight. After washing with PBS, the 
membrane was incubated with corresponding secondary antibody con-
jugated with horseradish peroxidase (Sigma-Aldrich) (1:20,000 in 1% 
skim milk/PBS) at 25 ◦C for 1 h and washed with PBS. The membrane 
was then incubated with SuperSignal West Pico chemiluminescence 
substrate (Pierce Biotechnology, Inc.; Rockford, IL) to develop immu-
noreactive bands to be visualized on a radiographic film. 

2.5. Affinity purification by immunoprecipitation (IP) 

IP was performed as described previously [37,38]. To remove 
non-specific affinity, proteins in apical membrane and cytosolic frac-
tions were incubated with Protein G Sepharose beads (50% slurry) (GE 
Healthcare; Uppsala, Sweden) on a tube rotator at 4 ◦C for 15 min. After 
5-min centrifugation at 1,500g, the supernatant was collected and 
incubated overnight with mouse monoclonal anti-ANXA1 antibody 
(Santa Cruz Biotechnology) or isotype-control mouse IgG (Santa Cruz 
Biotechnology) at 4 ◦C on the rotator. Protein G Sepharose beads (50% 
slurry) were then added and incubated with the sample on the rotator at 
4 ◦C for 4 h. The beads were collected by 5-min centrifugation at 1,500g 
and washed with modified RIPA buffer five times. Finally, the protein 
complexes retained on the beads were eluted using Laemmli’s buffer. 

2.6. In‑solution tryptic digestion and nanoLC‑ESI‑Qq-TOF MS/MS 

In‑solution tryptic digestion and nanoLC‑ESI‑Qq-TOF MS/MS were 
done as previously described [39,40]. Details are also provided in 
Supplementary Methods. 

2.7. Protein-protein interaction (PPI) network analysis 

All sets of the identified proteins, including unique ApANXA1- 
interacting partners, unique CyANXA1-interacting partners, and com-
mon ANXA1-interacting partners (proteins interacted with both 
ApANXA1 and CyANXA1), were submitted to STRING software (version 
11.5) (www.string-db.org) to create their PPI networks. 

2.8. Analyses of physico-chemical properties 

All sets of the identified proteins, including unique ApANXA1- 
interacting partners, unique CyANXA1-interacting partners, and com-
mon ANXA1-interacting partners, were analyzed for various physico- 
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chemical properties. Molecular weight and isoelectric point (pI) were 
retrieved from MASCOT search engine (www.matrixscience.com). Expasy 
ProtParam tool (https://web.expasy.org/protparam) was employed for 
computing other properties, such as percentage of amino acid contents, 
instability index, aliphatic index, and grand average of hydropathicity 
(GRAVY). 

2.9. Secondary structure analysis 

All sets of the identified proteins, including unique ApANXA1- 
interacting partners, unique CyANXA1-interacting partners, and com-
mon ANXA1-interacting partners, were analyzed for their secondary 
structure components using the online Self-Optimized Prediction 
Method and Alignment (SOPMA) tool (https://npsa-prabi.ibcp.fr/cgi-bin/ 
npsa_automat.pl?page=/NPSA/npsa_sopma.html). The default search pa-
rameters were used, including number of conformational states = 4 
(helix, sheet, turn and coil), window width = 17, and similarity 
threshold = 8. 

2.10. Functional enrichment analysis 

All sets of the identified proteins, including unique ApANXA1- 
interacting partners, unique CyANXA1-interacting partners, and com-
mon ANXA1-interacting partners, were analyzed for Gene Ontology 
(GO) molecular functions using the STRING software (version 11.5) 
(www.string-db.org). Additionally, the ClueGO plugin (version 2.5.9) 
(https://apps.cytoscape.org/apps/cluego) and the Cytoscape software 
(version 3.9.1) (https://cytoscape.org) were used to acquire the GO bio-
logical processes, reactome pathways and KEGG pathways of all these 
sets of these proteins. 

2.11. Descriptive statistical analysis 

Distribution of each physico-chemical property and percentage of 
each secondary structure component for the common ANXA1-, unique 
ApANXA1-, and unique CyANXA1-interacting partners are presented as 
box plots displaying five important values of each dataset, including 

minimum, maximum, median, first quartile and third quartile. The box 
plots were generated by using Microsoft Excel. 

3. Results 

3.1. Successful polarization of MDCK cells 

To confirm that the cell polarization was successful, immunofluo-
rescence staining was performed followed by laser-scanning confocal 
microscopy. In the non-polarized MDCK cells grown in 6-well plate, 
expression of markers for apical membrane (podocalyxin/gp135), 
cytoplasm (calpain-1) and basolateral membrane (Na+/K+-ATPase) was 
diffuse in the cell cytoplasm without membrane organization observed 
(Fig. 1A). In the polarized cells grown in the Transwell, podocalyxin/ 
gp135, calpain-1 and Na+/K+-ATPase were specifically localized at 
apical membrane, cytoplasm and basolateral membrane, respectively 
(Fig. 1B). These data indicate that the cells were successfully polarized 
in the Transwell system. 

3.2. Fractionation of apical membrane and cytosolic proteins and IP of 
the ApANXA1- and CyANXA1-interacting partners 

Apical membrane fraction was isolated by peeling method, whereas 
the remaining cell shafts served as the cytosolic fraction. To confirm 
purity of apical membrane and cytosolic proteins in corresponding 
fractions, Western blot analysis of apical membrane and cytosolic pro-
tein markers was performed. The data showed that podocalyxin (or 
gp135, which is an apical membrane protein marker) and calpain-1 (a 
cytosolic protein marker) were successfully enriched in apical mem-
brane and cytosolic fractions, respectively, without cross- 
contaminations between these two fractions (Fig. 2A and B). We also 
confirmed that high-calcium condition (incubated with 20 mM CaCl2) 
successfully induced the upregulation of ApANXA1 and CyANXA1 as 
compared with the normal-calcium condition (Figs. 2C and 2D). 

After affinity purification by IP, the efficacy of enrichment of 
ApANXA1 and CyANXA1 was evaluated. Western blotting revealed that 
ApANXA1 was successfully pulled down at high molecular sizes (≥
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Fig. 1. : Successful polarization of MDCK 
cells. Immunofluorescence staining and laser- 
scanning confocal microscopy were performed 
to confirm that the cell polarization was suc-
cessful. (A): Non-polarized MDCK cells cultured 
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cultured in the Transwell system. All these cells 
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100 kDa) from apical membrane fraction (Fig. 3A), whereas CyANXA1 
was successfully pulled down at its regular molecular size (~ 37 kDa) 
from cytosolic fraction (Fig. 3B). 

3.3. Identification of ApANXA1- and CyANXA1-interacting partners by 
nanoLC‑ESI‑Qq-TOF MS/MS analysis 

After IP, the ApANXA1- and CyANXA1-interacting partners were 
identified by nanoLC‑ESI‑Qq-TOF MS/MS analysis. Note that proteins, 
which were found in the isotype-control IP samples (non-specific 
binders), were excluded from the list. The results revealed a total of 56 
ApANXA1-interacting partners (Table 1) and 69 CyANXA1-interacting 
partners (Table 2). Among these, 37 proteins were identified in both 
sets and thus defined as the common ANXA1-interacting partners 
(labelled with ‡), whereas 19 proteins were exclusively identified as the 
unique ApANXA1-interacting partners (labelled with *) and 32 proteins 
were exclusively identified as the unique CyANXA1-interacting partners 
(labelled with #) (Tables 1 and 2, and Fig. 4A). 

3.4. PPI network analysis of the ANXA1-interacting partners 

PPI networks of common ANXA1-, unique ApANXA1-, and unique 
CyANXA1-interacting partners were generated using the STRING tool. 
The results showed both direct and indirect interactions between 
ANXA1 and its interacting partners in each set of these proteins. Among 
the common ANXA1-interacting partners, AHSG, HSP90AA1, ANXA2, 
CFL1, YWHAX and HSPA8 were directly interacted with of ANXA1 
(Fig. 4B). For the unique ApANXA1-interacting partners, PRDX1, 
S100A11, CLU and EZR directly interacted with ANXA1 (Fig. 4C). 
Among the unique CyANXA1-interacting partners, ENO1, PRDX2, 
HSPA4 and EEF2 had direct interactions with ANXA1 (Fig. 4D). 

3.5. Analyses of physico-chemical properties of the ANXA1-interacting 
partners 

According to the data retrieved from the MASCOT search engine, 
range of molecular weights of the unique ApANXA1-interacting partners 
(11.23–294.06 kDa) was greater than those of the common ANXA1- and 
unique CyANXA1-interacting partners (9.75–85.12 kDa and 
9.25–96.22 kDa, respectively) (Fig. 5A). The median for pI of the unique 
ApANXA1-interacting partners (9.41) was greater than those of the 
common ANXA1- and unique CyANXA1-interacting partners (7.62 and 
7.74, respectively) (Fig. 5B). The Expasy ProtParam tool was utilized to 
analyze other physio-chemical properties of the ANXA1-interacting 
partners. Content analysis found that non-polar amino acids (Ala, Gly, 
Ile, Leu, Met, Pro and Val) were the major residues in the ANXA1- 
interacting partners in all sets with comparable medians of their per-
centages at 42.50%, 42.00%, and 42.45% for the common ANXA1-, 
unique ApANXA1-, and unique CyANXA1-interacting partners, respec-
tively (Fig. 5C). The medians of positively charged amino acids (Lys and 
Arg) were greater than those of negatively charged amino acids (Asp and 
Glu) in all three sets (12.80% vs. 11.50% for common ANXA1- 
interacting partners, 15.70% vs. 10.80% for unique ApANXA1- 
interacting partners, and 14.40% vs. 11.40% for unique CyANXA1- 
interacting partners) (Fig. 5C). 

The instability indices were at the ranges of 19.64–83.97, 
25.20–58.66, and 6.72–73.48 for common ANXA1-, unique ApANXA1-, 
and unique CyANXA1-interacting partners, respectively (Fig. 5D). 
Classification of stable and unstable proteins based on their instability 
indices (<40 for the stable proteins) revealed that proportions of the 
stable proteins in the common ANXA1- and unique ApANXA1- 
interacting partners were greater than those of the unstable proteins 
(Fig. 5E). By contrast, the unique CyANXA1-interacting partners had 
greater proportion of the unstable proteins (Fig. 5E). Analysis of 
aliphatic index to indicate thermostability of the proteins found that 
median of aliphatic indices of the unique ApANXA1-interacting partners 
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was lowest as compared with the common ANXA1- and unique 
CyANXA1-interacting partners (Fig. 5F). Analysis of the grand average 
of hydropathicity (GRAVY) values revealed that most of the ANXA1- 
interacting partners in all sets were hydrophilic proteins (with nega-
tive GRAVY values) (Fig. 5G). 

3.6. Secondary structure analysis of the ANXA1-interacting partners 

Percentages of four conformational states (α-helix, β-turn, random 
coil and extended strand/sheet) of the ANXA1-interacting partners were 
obtained by using the SOPMA tool. The results showed that median 
percentage of the α-helix was lowest in the unique CyANXA1-interacting 
partners (36.67%) as compared with the common ANXA1- (41.40%) and 
unique ApANXA1-interacting partners (42.93%) (Fig. 6A). Median 
percentage of the β-turn was lowest in the unique ApANXA1-interacting 
partners (5.14%) as compared with the common ANXA1- (7.14%) and 
unique CyANXA1-interacting partners (6.07%) (Fig. 6B). Similarly, 
median percentage of the extended strand was lowest in the unique 
ApANXA1-interacting partners (13.28%) as compared with the common 
ANXA1- (16.44%) and unique CyANXA1-interacting partners (17.38%) 
(Fig. 6D). The median percentage of the random coil was lowest in the 
common ANXA1-interacting partners (35.10%) as compared with the 
unique ApANXA1- (38.18%) and unique CyANXA1-interacting partners 
(39.01%) (Fig. 6C). 

3.7. Functional enrichment analysis of the ANXA1-interacting partners 

GO molecular functions of the ANXA1-interacting partners by using 
the STRING tool revealed that all sets of these proteins were involved in 
RNA binding, cadherin binding, and structural constituent of ribosome 
(Fig. 7). Fifteen GO molecular functions, including small ribosomal 
subunit rRNA binding, phospholipase A2 inhibitor activity, cell adhe-
sion mediator activity, endopeptidase inhibitor activity, protease bind-
ing, unfolded protein binding, MHC class II protein complex binding, 
enzyme inhibitor activity, ubiquitin protein ligase binding, nucleoside- 

triphosphatase activity, protein-containing complex binding, enzyme 
binding, identical protein binding, cell adhesion molecule binding, and 
structural molecule activity, were observed in the common ANXA1- 
interacting partners (Fig. 7). Three GO molecular functions, including 
cadherin binding involved in cell-cell adhesion, calcium-dependent 
protein binding, and S100 protein binding, were exclusively observed 
in the unique ApANXA1-interacting partners. However, no unique mo-
lecular function was observed for the unique CyANXA1-interacting 
partners. Most of the molecular functions enriched in the unique 
CyANXA1-interacting partners overlapped with those enriched in the 
common ANXA1-interacting partners (Fig. 7). 

GO biological process, reactome pathway and KEGG pathway ana-
lyses by using Cytoscape-based ClueGO tool revealed that the common 
ANXA1-interacting partners were mainly involved in metabolic pro-
cesses and plasminogen activation (Fig. 8A), whereas the unique 
ApANXA1-interacting partners were involved mainly in protein ubiq-
uitination (Fig. 8B) and unique CyANXA1-interacting partners were 
involved mainly in protein localization to mitochondria (Fig. 8C). 

4. Discussion 

ANXA1 is a multifunctional protein involved in various cellular 
processes and localized in both cytosolic and membrane compartments 
[1,2]. Usually, proteins work together as a protein complex with their 
partners. Herein, we characterized the ANXA1-interacting proteins and 
their roles in both apical membrane and cytosolic compartments of renal 
epithelial cells under high-calcium condition (to upregulate expression 
levels of both ApANXA1 and CyANXA1 in renal epithelial cells [28]). 
Apical membrane and cytosolic compartments were fractionated by the 
peeling method, which has been established previously [36]. This 
method is simple and very effective to isolate apical membrane proteins 
with high purity as confirmed in previous studies [30,36] and herein. 
The method is based on hydrous affinity and/or ionic interaction be-
tween a pre-wetted filter paper and apical membrane of the intact 
polarized cells [36]. Comparing with other isolation methods, such as 
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precipitation with MgCl2 or polyethylene glycol followed by 
sucrose-density gradient centrifugation or differential centrifugation, 
the peeling method is more effective without significant contaminations 
from basolateral membrane, cytosolic compartment and intracellular 
organelles [36]. Moreover, as the peeling method is free of any chem-
icals during the isolation processes, the physico-chemical properties of 
apical membrane proteins should be better preserved as compared with 
the precipitation-based methods, in which chemicals may introduce 
modifications to the proteins and interfere with PPI [41,42]. In addition, 
the peeling method has been proven to be very effective for many other 

studies to isolate and investigate the apical membrane proteins in 
several various aspects [34,37,43–47]. 

IP-MS/MS analysis of the ANXA1-interacting partners in apical 
membrane and cytosolic fractions of renal epithelial cells revealed that 
number of the ANXA1-interating proteins in cytosolic fraction was 
greater than that in apical membrane fraction. Some of these identified 
proteins were present in both fractions. However, there were some 
unique interacting partners that were exclusively identified in each 
compartment. We therefore divided the ANXA1-interacting partners 
into three main sets, including the common ANXA1-interacting partners 

Table 1 
Summary of the identified ApANXA1-interacting proteins.  

Name Swiss-Prot 
ID 

Gene symbol MS/MS 
score 

% 
Cov 

No. of distinct/Total matched 
peptides 

MW 
(kDa) 

pI 

‡14–3–3 protein epsilon P62258 YWHAE  203  18.4 5/15  29.33  4.63 
‡14–3–3 protein sigma Q0VC36 SFN  49  16.9 5/29  27.95  4.65 
‡14–3–3 protein zeta/delta Q5R651 YWHAZ  342  21.2 5/51  27.90  4.73 
‡40 S ribosomal protein S14 P13471 RPS14  148  15.9 2/11  16.42  10.07 
* 40 S ribosomal protein S15a Q5R938 RPS15A  43  5.4 1/2  14.98  10.14 
‡40 S ribosomal protein S18 Q3T0R1 RPS18  123  13.2 2/11  17.71  10.99 
‡40 S ribosomal protein S3 Q0Z8U2 RPS3  351  25.5 6/67  26.84  9.68 
‡40 S ribosomal protein S4, X isoform Q76MY1 RPS4X  108  14.1 5/48  29.81  10.16 
* 40 S ribosomal protein S5 P24050 RPS5  43  13.2 3/16  23.04  9.68 
‡40 S ribosomal protein SA Q2L9X0 RPSA  95  10.2 3/13  32.96  4.80 
‡60 kDa heat shock protein, mitochondrial Q5NVM5 HSPD1  256  15.2 7/28  61.13  5.70 
* 60 S ribosomal protein L10-like Q2TBW8 RPL10L  52  11.2 3/10  25.03  10.21 
‡60 S ribosomal protein L14 P50914 RPL14  82  7.4 2/15  23.53  10.94 
* 60 S ribosomal protein L15 Q4R5B2 RPL15  65  4.4 1/1  24.25  11.62 
* 60 S ribosomal protein L17 Q3T025 RPL17  60  8.7 2/6  21.61  10.20 
‡60 S ribosomal protein L18a Q3T003 RPL18A  140  18.8 3/17  21.03  10.73 
‡60 S ribosomal protein L19 Q3T0W9 RPL19  83  13.3 2/8  23.57  11.48 
‡60 S ribosomal protein L22 P35268 RPL22  86  24.2 3/24  14.84  9.21 
* 60 S ribosomal protein L23 Q3T057 RPL23  372  7.1 1/27  14.97  10.51 
* 60 S ribosomal protein L3 Q29293 RPL3  48  3.5 2/9  46.38  10.21 
‡60 S ribosomal protein L31 Q1KSC7 RPL31  75  26.4 4/37  14.45  10.54 
‡60 S ribosomal protein L7 Q4R506 RPL7  44  17.4 5/21  29.10  10.70 
‡60 S ribosomal protein L7a Q2TBQ5 RPL7A  447  21.4 6/47  30.18  10.61 
* 60 S ribosomal protein L8 Q3T0S6 RPL8  74  4.3 1/3  28.24  11.03 
‡Alpha-1-antiproteinase P34955 SERPINA1  77  9.4 5/30  46.42  6.05 
‡Alpha-2-HS-glycoprotein P12763 AHSG  123  11.4 6/39  39.19  5.26 
*Annexin A11 P50995 ANXA11  149  2.4 1/15  54.70  7.53 
‡Annexin A2 A2SW69 ANXA2  183  13.0 5/30  38.87  6.92 
‡Antithrombin-III P32262 SERPINC1  65  3.9 2/15  52.98  6.44 
*Clusterin Q9XSC5 CLU  40  5.4 3/5  52.45  5.49 
‡Cofilin-1 Q4R5C0 CFL1  223  17.5 4/24  18.79  8.16 
‡Elongation factor 1-alpha 1 A2Q0Z0 EEF1A1  54  7.8 4/24  50.44  9.10 
‡Eukaryotic translation initiation factor 5A-1 Q3T1J1 EIF5A  47  5.2 1/8  17.05  5.08 
*Ezrin P15311 EZR  41  5.3 4/22  69.48  5.94 
‡Fructose-bisphosphate aldolase A A5A6I5 ALDOA  238  19.0 6/53  39.87  8.30 
‡Heat shock cognate 71 kDa protein A2Q0Z1 HSPA8  318  12.2 7/58  71.08  5.37 
‡Heat shock protein HSP 90-alpha A5A6K9 HSP90AA1  370  15.6 11/101  85.12  4.93 
‡Histone H1.3 P16402 H1–3  135  18.6 4/22  22.34  11.02 
*Histone H2B type 2-E Q5RCP8 H2BC21  53  33.3 5/29  13.92  10.17 
‡L-lactate dehydrogenase A chain P06151 LDHA  218  12.0 4/28  36.82  7.62 
‡NAD(P)H dehydrogenase [quinone] 1 P05982 NQO1  132  3.6 1/5  30.98  8.42 
‡Parathymosin Q9D0J8 PTMS  43  10.9 1/7  11.42  4.17 
*Peroxiredoxin-1 Q6B4U9 PRDX1  76  18.6 4/7  22.34  8.27 
‡Platelet factor 4 P02777 PF4  498  9.1 1/50  9.75  6.11 
*Probable ubiquitin carboxyl-terminal hydrolase 

FAF-X 
P70398 USP9X  41  0.3 1/2  294.06  5.57 

*Proteasome subunit alpha type-3 Q58DU5 PSMA3  39  4.7 1/1  28.62  5.19 
‡Proteasome subunit beta type-6 P28072 PSMB6  60  8.8 2/6  25.57  4.80 
*Protein S100-A11 Q6B345 S100A11  43  7.1 1/2  11.23  5.61 
‡Pyruvate kinase PKM P14618 PKM  218  14.1 8/58  58.47  7.96 
*Serpin A3–2 A2I7M9 SERPINA3–2  40  1.9 1/2  46.32  5.67 
*T-complex protein 1 subunit delta Q2T9X2 CCT4  42  5.0 4/12  58.68  7.01 
*Transcription factor BTF3 P20290 BTF3  41  3.4 1/1  22.21  9.41 
‡Transgelin-2 P37802 TAGLN2  52  14.1 3/12  22.55  8.41 
‡Tubulin alpha-3 C chain P0DPH7 TUBA3C  71  6.2 2/19  50.61  4.97 
‡Tubulin beta chain P07437 TUBB  402  10.8 5/40  50.10  4.78 
‡Tubulin beta-4B chain Q3MHM5 TUBB4B  408  14.2 6/39  50.26  4.79 

‡ = Common ANXA1-interacting partners. 
* = Unique ApANXA1-interacting partner. 
%Cov = Percentage of sequence coverage. 
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Table 2 
Summary of the identified CyANXA1-interacting proteins.  

Name Swiss-Prot 
ID 

Gene symbol MS/MS 
score 

% 
Cov 

No. of distinct/Total matched 
peptides 

MW 
(kDa) 

pI 

‡14–3–3 protein epsilon P62258 YWHAE  203  18.4 5/15  29.33  4.63 
‡14–3–3 protein sigma Q0VC36 SFN  49  16.9 5/29  27.95  4.65 
‡14–3–3 protein zeta/delta Q5R651 YWHAZ  342  21.2 5/51  27.90  4.73 
#40 S ribosomal protein S10 Q3T0F4 RPS10  127  18.2 3/28  18.89  10.15 
‡40 S ribosomal protein S14 P13471 RPS14  148  15.9 2/11  16.42  10.07 
‡40 S ribosomal protein S18 Q3T0R1 RPS18  123  13.2 2/11  17.71  10.99 
#40 S ribosomal protein S21 Q9CQR2 RPS21  58  12.0 1/10  9.25  8.71 
#40 S ribosomal protein S25 Q6Q311 RPS25  73  30.4 4/29  13.79  10.12 
‡40 S ribosomal protein S3 Q0Z8U2 RPS3  351  25.5 6/67  26.84  9.68 
‡40 S ribosomal protein S4, X isoform Q76MY1 RPS4X  108  14.1 5/48  29.81  10.16 
#40 S ribosomal protein S6 Q4R4K6 RPS6  64  10.4 3/19  28.83  10.85 
‡40 S ribosomal protein SA Q2L9X0 RPSA  95  10.2 3/13  32.96  4.80 
‡60 kDa heat shock protein, mitochondrial Q5NVM5 HSPD1  256  15.2 7/28  61.13  5.70 
#60 S ribosomal protein L13 Q9Z313 RPL13  183  14.2 3/28  24.44  11.63 
#60 S ribosomal protein L13a Q4R8Z2 RPL13A  48  18.2 4/9  23.65  11.03 
‡60 S ribosomal protein L14 P50914 RPL14  82  7.4 2/15  23.53  10.94 
#60 S ribosomal protein L18 P12001 RPL18  85  12.8 2/14  21.70  11.79 
‡60 S ribosomal protein L18a Q3T003 RPL18A  140  18.8 3/17  21.03  10.73 
‡60 S ribosomal protein L19 Q3T0W9 RPL19  83  13.3 2/8  23.57  11.48 
‡60 S ribosomal protein L22 P35268 RPL22  86  24.2 3/24  14.84  9.21 
#60 S ribosomal protein L23a Q24JY1 RPL23A  85  13.5 2/9  17.68  10.44 
#60 S ribosomal protein L24 Q8BP67 RPL24  94  14.0 2/10  17.88  11.26 
#60 S ribosomal protein L27a Q4R723 RPL27A  51  10.8 2/3  16.66  11.12 
#60 S ribosomal protein L28 Q3T0L7 RPL28  83  16.1 2/25  15.74  11.97 
‡60 S ribosomal protein L31 Q1KSC7 RPL31  75  26.4 4/37  14.45  10.54 
#60 S ribosomal protein L34 Q9D1R9 RPL34  311  15.4 2/57  13.51  11.47 
‡60 S ribosomal protein L7 Q4R506 RPL7  44  17.4 5/21  29.10  10.70 
‡60 S ribosomal protein L7a Q2TBQ5 RPL7A  447  21.4 6/47  30.18  10.61 
‡Alpha-1-antiproteinase P34955 SERPINA1  77  9.4 5/30  46.42  6.05 
‡Alpha-2-HS-glycoprotein P12763 AHSG  123  11.4 6/39  39.19  5.26 
#Alpha-enolase P04764 ENO1  69  6.5 3/10  47.44  6.16 
‡Annexin A2 A2SW69 ANXA2  183  13.0 5/30  38.87  6.92 
‡Antithrombin-III P32262 SERPINC1  65  3.9 2/15  52.98  6.44 
‡Cofilin-1 Q4R5C0 CFL1  223  17.5 4/24  18.79  8.16 
‡Elongation factor 1-alpha 1 A2Q0Z0 EEF1A1  54  7.8 4/24  50.44  9.10 
#Elongation factor 2 A0SXL6 EEF2  78  6.9 6/36  96.22  6.41 
#Endoplasmin Q4R520 HSP90B1  83  4.2 3/14  92.84  4.76 
‡Eukaryotic translation initiation factor 5A-1 Q3T1J1 EIF5A  47  5.2 1/8  17.05  5.08 
‡Fructose-bisphosphate aldolase A A5A6I5 ALDOA  238  19.0 6/53  39.87  8.30 
#GTP-binding nuclear protein Ran Q3T054 RAN  41  9.7 2/18  24.58  7.01 
#Guanine nucleotide-binding protein subunit beta-2- 

like 1 
Q4R7Y4 GNB2L1  129  3.2 1/9  35.51  7.60 

#Heat shock 70 kDa protein 4 Q61316 HSPA4  105  5.2 5/22  94.87  5.15 
‡Heat shock cognate 71 kDa protein A2Q0Z1 HSPA8  318  12.2 7/58  71.08  5.37 
‡Heat shock protein HSP 90-alpha A5A6K9 HSP90AA1  370  15.6 11/101  85.12  4.93 
#Heat shock protein HSP 90-beta P11499 HSP90AB1  518  20.2 14/110  83.57  4.97 
‡Histone H1.3 P16402 H1–3  135  18.6 4/22  22.34  11.02 
#Histone H2B type 1-K Q2M2T1 H2BC12  66  31.7 5/57  13.87  10.29 
#Inosine-5~-monophosphate dehydrogenase 2 Q3SWY3 IMPDH2  66  2.3 1/21  56.13  6.87 
‡L-lactate dehydrogenase A chain P06151 LDHA  218  12.0 4/28  36.82  7.62 
‡NAD(P)H dehydrogenase [quinone] 1 P05982 NQO1  132  3.6 1/5  30.98  8.42 
‡Parathymosin Q9D0J8 PTMS  43  10.9 1/7  11.42  4.17 
#Peptidyl-prolyl cis-trans isomerase FKBP1A P18203 FKBP1A  112  12.0 1/5  11.96  7.88 
#Peroxiredoxin-2 (Fragment) P52552 PRDX2  173  21.3 4/53  14.27  4.70 
#Plasminogen activator inhibitor 1 RNA-binding 

protein 
Q6AXS5 SERBP1  92  5.2 2/18  44.84  8.60 

‡Platelet factor 4 P02777 PF4  498  9.1 1/50  9.75  6.11 
#Poly(rC)-binding protein 1 O19048 PCBP1  75  6.2 2/12  37.99  6.66 
#Poly(rC)-binding protein 2 Q15366 PCBP2  80  6.0 2/14  38.96  6.33 
‡Proteasome subunit beta type-6 P28072 PSMB6  60  8.8 2/6  25.57  4.80 
#Prothymosin alpha Q5R790 PTMA  79  12.7 1/2  12.10  3.69 
‡Pyruvate kinase PKM P14618 PKM  218  14.1 8/58  58.47  7.96 
#Serotransferrin Q29443 TF  51  11.8 7/33  79.87  6.75 
#Serpin A3–5 A2I7N1 SERPINA3–5  43  5.1 3/7  46.48  6.48 
‡Transgelin-2 P37802 TAGLN2  52  14.1 3/12  22.55  8.41 
#Transitional endoplasmic reticulum ATPase Q3ZBT1 VCP  142  9.7 6/28  89.96  5.13 
#Transthyretin P12303 TTR  93  15.6 2/28  15.88  5.63 
‡Tubulin alpha-3 C chain P0DPH7 TUBA3C  71  6.2 2/19  50.61  4.97 
‡Tubulin beta chain P07437 TUBB  402  10.8 5/40  50.10  4.78 
‡Tubulin beta-4B chain Q3MHM5 TUBB4B  408  14.2 6/39  50.26  4.79 
#Ubiquitin-60S ribosomal protein L40 P0C273 UBA52  101  24.2 3/18  15.00  9.87 

‡ = Common ANXA1-interacting partners. 
# = Unique CyANXA1-interacting partner. 
%Cov = Percentage of sequence coverage. 
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Fig. 4. : MS/MS identification and PPI network anal-
ysis of the ANXA1-interacting partners. (A): A Venn 
diagram summarizing numbers of the unique ApANXA1- 
interacting partners (exclusively found in apical mem-
brane compartment), common ANXA1-interacting partners 
(found in both cellular compartments), and unique 
CyANXA1-interacting partners (exclusively found in cyto-
solic compartment) (see details in Tables 1 and 2). (B-D): 
PPI network analysis of the common ANXA1-, unique 
ApANXA1-, and unique CyANXA1-interacting partners, 
respectively. The thickness of line representing each 
interaction indicates the confidence level.   
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Fig. 5. : Analyses of physico-chemical properties of the ANXA1-interacting partners. (A): Box plot of molecular weight. (B): Box plot of pI. (C): Heatmap 
representing percentage of each type of amino acids. (D): Box plot of instability index. (E): Pie chart representing proportion of stable and unstable proteins based on 
instability index. (F): Box plot of aliphatic index. (G): Box plot of GRAVY value. 
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(37 proteins, which were found in both apical membrane and cytosolic 
fractions), unique ApANXA1-interacting partners (19 proteins, which 
were found only in apical membrane fraction), and unique CyANXA1- 
interacting partners (32 proteins, which were found only in cytosolic 
fraction). 

S100A11 protein was identified as one of the unique ApANXA1- 
interacting partners and showed direct association with ANXA1 in the 
PPI network. In concordance, previous studies have reported that cal-
cium facilitates the interaction between ANXA1 and protein S100 family 
[48,49]. A few other studies have reported the role of S100A11 in 
calcium-dependent binding of ANXA1 to phospholipids [50,51]. In 
kidney stone research, S100 proteins have been found in stone matrix 
[52] with increased levels in urinary exosomes isolated from the stone 
patients [53]. Herein, GO molecular function enrichment analysis have 
shown that the unique ApANXA1-binding partners were exclusively 
involved in calcium-dependent protein binding and S100 protein bind-
ing. Moreover, ezrin was identified as another unique 
ApANXA1-interacting partner, which directly interacted with ANXA1. 
Ezrin is a membrane-bound protein that belongs to the ERM 

(ezrin/radixin/moesin) protein family [54]. Ezrin usually serves as a 
linker between plasma membrane and filamentous actin [54]. There-
fore, it plays a major role in regulation of epithelial microvillar structure 
[55]. Previous studies have suggested that ezrin can bind to several 
members of S100 proteins [56,57]. S100P proteins interact with ezrin in 
calcium-dependent manner to regulate actin cytoskeleton-ezrin associ-
ation [57]. The dissociation of actin cytoskeleton from ezrin has been 
found in the CaOx-treated renal cells [19]. 

According to a previous gel-based proteomics study, there are at least 
two forms of ANXA1 (at approximately 37 and 100 kDa) detected in 
renal tubular cells [28]. Additionally, levels of these two ANXA1 forms 
are increased by high-calcium condition [28]. They have been 
confirmed as ANXA1 by mass spectrometry and Western blotting [28]. 
Studies on other annexins have found calcium-dependent trimer and 
multimer, particularly dimer of the trimer of the membrane-bound 
ANXA5 and ANXB12 [58–61]. Moreover, the calcium-dependent het-
erotetrametric forms of ANXA1 and ANXA2 together with S100A protein 
have been found at membrane phospholipid layers [62–65]. Interest-
ingly, ANXA1, S100 protein and ezrin have been characterized as 

A

Interacting partners

0

20

40

60

80

100

Common
ANXA1-

Unique
ApANXA1-

Unique
CyANXA1-

Al
ph

a-
he

lix
 (%

)

D

Interacting partners

0

10

20

30

40

50

Common
ANXA1-

Unique
ApANXA1-

Unique
CyANXA1-

Ex
te

nd
ed

 s
tr

an
d 

(%
)

B

Interacting partners

0

5

10

15

Common
ANXA1-

Unique
ApANXA1-

Unique
CyANXA1-

Be
ta

-tu
rn

 (%
)

C

Interacting partners

0

20

40

60

80

Common
ANXA1-

Unique
ApANXA1-

Unique
CyANXA1-

R
an

do
m

 c
oi

l (
%

)

Fig. 6. : Analysis of secondary structure of the ANXA1-interacting partners. (A-D): Box plots of alpha-helices, beta-turns, random coils and extended strands/ 
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members of the CaOx crystal receptors [19,28,30,31,34]. Therefore, it is 
highly possible that the high-molecular-weight form of ANXA1 found at 
apical membrane fraction (or ApANXA1) is the calcium-induced multi-
meric form of ANXA1 that specifically serves as the CaOx receptor and 
may function differently from CyANXA1. Moreover, the unique in-
teractions among these three CaOx crystal receptors on apical mem-
brane would enhance CaOx crystal adhesion and retention on apical 
membrane of renal tubular cells, leading to kidney stone pathogenesis. 

For biological processes, functional enrichment analysis demon-
strated that the common ANXA1-interacting partners were involved in 
several metabolic processes, such as glycolysis, ATP generation from 
ADP, and ATP biogenesis. In concordance, a previous study has 
demonstrated that ANXA1 can bind ATP [66]. Additionally, ANXA1 
plays roles in regulation of ATP-induced inflammasome activation [67, 
68]. Multiple lines of additional evidence have also indicated that 
ANXA1 plays a potential role as an anti-inflammatory protein that is 
upregulated by several inducers [68,69]. Interestingly, the regulation of 
inflammation by ANXA1 is accompanied with several proteins localized 
in both cytosolic and membrane compartments [70]. 

Analyses of physico-chemical properties showed that molecular 
weights of the ANXA1-interacting partners were not quite different 

across the three sets. However, the unique ApAXNA1-interacting part-
ners tended to have higher molecular weights as compared with the 
others. Analysis of the protein pI demonstrated that pI of the common 
ANXA1-interacting partners was similar to that of the unique CyANXA1- 
interacting partners, whereas the unique ApANXA1-interacting partners 
showed higher pI (more basic). Instability index analysis indicated that 
majority of the common ANXA1- and unique ApANXA1-interacting 
partners were relatively more stable proteins, whereas the relatively 
more unstable proteins were predominantly found in the unique 
CyANXA1-interacting partners. Additionally, aliphatic index analysis 
demonstrated that the thermostability of the common ANXA1- 
interacting partners was comparable to that of the unique CyANXA1 
interacting partners, but different from the unique ApANXA1- 
interacting partners, which showed lower aliphatic index. GRAVY 
score indicating the hydrophilicity/hydrophobicity of proteins demon-
strated that almost all the ANXA1-interacting partners were hydrophilic 
proteins. This is somewhat surprising that almost all the unique 
ApANXA1-interacting partners were hydrophilic, because it is well 
known that membrane proteins are likely to be hydrophobic. However, 
this may be explained that while ApANXA1 localizes at the membrane, 
its interacting partners are just associated with it and not necessarily to 
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be the membrane proteins themselves (i.e., serve as the membrane- 
associated proteins). 

Analysis of secondary structure features in each set revealed that 
most of the secondary conformations found in almost all the ANXA1- 
interating partners were α-helices. Previous study has suggested that 
α-helices are less susceptible to mutations than β-strands [71]. 
Comparing with other sets, the unique CyANXA1-interacting partners 
had lowest percentage of α-helices but highest percentage of random 
coils. By contrast, the unique ApANXA1-interacting partners had lowest 
percentages of β-turns and extended strands. 

In conclusion, we report herein identities and characterizations of 

the interacting partners of ANXA1 in both apical membrane and cyto-
solic compartments of renal epithelial cells under high-calcium condi-
tion. PPI network analysis, analyses of physico-chemical properties, 
secondary structure prediction, and functional enrichment analysis of 
these identified proteins have demonstrated that each set of them, 
including the common ANXA1-interacting partners (found in both 
cellular compartments), unique ApANXA1-interacting partners (exclu-
sively found in apical membrane compartment), and unique CyANXA1- 
interacting partners (exclusively found in cytosolic compartment), share 
some of these characteristics and properties. However, they also have 
some differences in these characteristics and properties. The knowledge 
from this study may lead to better understanding of the ApANXA1 and 
CyAXNA1 biochemistry and functions as well as the pathophysiology of 
CaOx kidney stone formation induced by high-calcium condition. 
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