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Abstract

Purpose Calcium-sensing receptor (CASR) influences the expression pattern of multiple genes in renal tubular epithelial
cells. The objective of this inquiry was to explore the molecular mechanisms of CASR in renal tubular epithelial cells and
nephrolithiasis.

Methods HK-2 cells were transfected with lentiviruses carrying either CASR (named CASR) or an empty vector negative
control (named NC), as well as shRNA intended to target CASR (named shCASR) or its corresponding negative control
(named shNC). CCK-8 assay was used to detect the effect of CASR on the proliferation of HK-2 cells. RNA-Sequencing
was applied to explore potential pathways regulated by CASR in HK-2 cells.

Results PCR and western blot results showed that CASR expression was significantly increased in CASR cells and was
decreased in shCASR cells when compared to their corresponding negative control, respectively. CCK-8 assay revealed that
CASR inhibited the proliferation of HK-2 cells. RNA-Sequencing results suggested that the shCASR HK-2 cells exhibited
a significant up-regulation of 345 genes and a down-regulation of 366 genes. These differentially expressed genes (DEGs)
were related to cell apoptosis and cell development. In CASR HK-2 cells, 1103 DEGs primarily functioned in mitochondrial
energy metabolism, and amino acid metabolism. With the Venn diagram, 4 DEGs (Clorf116, ENPP3, IL20RB, and CLDN?2)
were selected as the hub genes regulated by CASR. Enrichment analysis revealed that these hub genes were involved in
cell—cell junction, and epithelial cell development.

Conclusions In summary, our investigation has the potential to offer novel perspectives on CASR regulating cell—cell junc-
tion in HK-2 cells.

Keywords Calcium-sensing receptor - Human renal tubular epithelial cells - Lentiviral transfection - RNA-Seq -
Nephrolithiasis

Introduction

Zijian Zhou, Peng Gao, and Tongtong Zhang have contributed Renal tubular epithelial cells can affect the composition
equally to this work. of the urine and, in turn, the formation of kidney stones
by reabsorbing or secreting certain substances [1]. Mean-
while, nephrolithiasis can also damage renal tubular epi-
thelial cells when crystals deposit in the renal tubules [2].
Calcium-sensing receptor (CASR), a dimeric G protein-
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and the action of PTH, further reducing Ca** reabsorp-
tion, promoting the precipitation of calcium phosphate,
and increasing citrate excretion [5]. In addition, CASR
increases water and proton excretion in the collecting duct
[6]. In contrast, when extracellular calcium levels are low,
CASR reduces Ca*" excretion by the kidneys, promoting
its reabsorption back into the bloodstream.

Previous studies have demonstrated that the critical
mechanism of forming calcium-containing stones is CASR
activation in the cell surface, leading to a reduction in
the abundance of aquaporin-2 in the membrane, which
limits water conservation and provides protection against
the formation of stones [3]. However, several studies have
assessed the role of CASR in nephrolithiasis with mixed
conclusions. Li and others found that CASR could promote
calcium oxalate crystal adhesion and renal injury in rats
through reactive oxygen species (ROS) generation [7]. In
contrast, Ibeh et al. found that CASR and TRPC3 existed
in the proximal tubule and can mediate transcellular Ca®*
transport, mitigate formation of the calcium crystals and
subsequent formation of stones [8]. Subsequent research
revealed that genetic variants of CASR may be associated
with the onset of nephrolithiasis in patient-based studies
and some data indicate that minor alleles at the associated
polymorphism leads to a loss of CASR expression in the
kidney [5, 6, 9-11]. Although these studies have indicated
that CASR is a candidate gene to explain the individual
predisposition to nephrolithiasis, the special molecular
mechanisms of CASR in renal tubular epithelial cells and
nephrolithiasis remain unknown.

The present study aimed to investigate the mechanisms
of CASR in renal tubular epithelial cells and in the devel-
opment of nephrolithiasis through RNA-Sequencing. To
achieve this, lentiviral transduction was used to either up-
regulate or down-regulate CASR expression levels in HK-2
cells, and a bioinformatics analysis of gene expression pro-
filing was undertaken after CASR lentiviral transduction.
Our results have shed light on a new avenue of exploration
and comprehension in the study of nephrolithiasis.

Materials and methods
Cell culture

Human renal proximal tubular epithelial cell line, HK-2
and HKC-8 cells were purchased from the Chinese Acad-
emy of Sciences (Shanghai, China). HK-2 and HKC-8 cells
were cultured in DMEM/F12 medium (Servicebio, Wuhan,
China) supplemented with 10% fetal bovine serum (FBS,
VivaCell, Shanghai, China) and 1% penicillin/streptomycin
at 37 °C in a humidified 5% CO, atmosphere.
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Lentiviral transduction

The lentivirus construction of CASR knockdown or over-
express was obtained from HANBIO (Shanghai, China).
HK-2 and HKC-8 cells were plated in 6 wells dishes at
50% confluence and infected with CASR overexpres-
sion lentivirus (termed as CASR), a negative control
(termed as NC), CASR knockdown lentivirus (termed
as shCASR), or scramble control (termed as shNC),
respectively.

Real-time quantitative PCR (RT-qPCR), western blot,
and cell proliferation assay

The efficiencies of each transfection reaction were evaluated
using RT-qPCR and western blot assays. Total RNA was
extracted using the RNA simple Total Kit following the pro-
tocol (Vazyme, Nanjing, China) and then reverse-transcribed
into cDNA. The RT-qPCR was performed using the SYBR
Green PCR system (Vazyme, Nanjing, China) with the fol-
lowing primer: CASR forward, 5'-CCAACTTGACGCTGG
GATACA-3'; CASR reverse, 5'-CAGCAATCGTAGAGG
GAATGTG-3'".

Proteins derived from whole cell lysate were resolved
in 8% SDS-PAGE gel and then transferred onto a polyvi-
nylidene difluoride (PVDF) membrane. Non-specific bind-
ings were blocked with 5% skim milk in TBST at RT for 2 h.
The membrane was incubated with rabbit polyclonal anti-
CASR antibody (1:1000, ab137408, Abcam, USA) at 4 °C
overnight. After being incubated with a secondary antibody
and washed with TBST, the images were detected with a gel
imaging system.

HK-2 and HKC-8 cells with different transfection of were
established in 96-well plates, respectively. Cell proliferation
was monitored using the Cell Counting Kit-8 (CCK-8) at
37 °C for 1 h with 450 nm absorbance on days 1, 2, 3 and 4.

RNA-Sequencing (RNA-Seq)

TRIzol reagent was utilized to extract total HK-2 cells
RNA. The removal of ribosomal RNA (rRNA) was achieved
through the use of the RiboGone™ rRNA Removal Kit.
The purity and quantity of RNA were assessed through the
employment of Nanodrop equipment and SDS gel electro-
phoresis. To prepare libraries, NEBNext® Ultra™ DNA
Library, Prep Kit for Illumina® from NEB in the USA was
utilized. The sequencing libraries were generated through
random fragmentation of the cDNA sample, which was
then followed by ligation of 5’ and 3’ adapters. To produce
clusters, the library was loaded onto a flow cell, where the
fragments were captured on a surface-bound oligos lawn that
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corresponded to the library adapters. Once cluster generation
was complete, the libraries were prepared for sequencing via
Ilumina HiSeq 4000. The RNA-Seq analysis was performed
by Bioprofifile (Shanghai, China).

Data preprocessing and screening of differentially
expressed genes (DEGs)

The raw data underwent normalization through the quantile
algorithm function of the Agilent Gene Spring Software
11.0. The DEGs were selected based on the cutoff criteria
of P<0.05 and | fold-change > 1.5.

Protein-protein interaction (PPI) network
and enrichment analysis

The Gene Multiple Association Network Integration Algo-
rithm (GeneMANIA, http://www.genemania.org/) was used
to reveal physical and genetic protein—protein interactions.
Moreover, the significant Gene Ontology (GO) terms and
Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
way enrichment analysis were conducted for the genes in the
PPI network using clusterProfiler,” and “enrichplot” R pack-
ages with a corrected P value <0.05. The gseKEGG function
in the “clusterProfiler” R package was used to perform Gene
Set Enrichment Analysis (GSEA) of the KEGG pathway
in terms of normalized enrichment scores (NES) with false
discovery rate (FDR) <0.25.

GSE117518 analysis

The data set GSE117518, titled “Analysis of Long Non-
coding RNA and mRNA Expression Profiles in Randall’s
Plaques of CaOx Stone Patients,” was acquired from the
Gene Expression Omnibus (GEO) database. This data set
utilized microarray analysis to evaluate mRNA expression
levels within three pairs of Randall’s plaque (RP) tissues
from patients with CaOx renal stones and normal renal
papillary tissues. RP tissues from patients with CaOx renal
stones were collected from individuals diagnosed with
idiopathic CaOx renal stones who underwent percutane-
ous nephrolithotomy. Normal renal papillary tissues were
sourced from patients with renal tumors who underwent
nephrectomy without any tumor invasion. The analysis
revealed 448 significantly differentially expressed mRNAs
in RP tissues compared to normal papillary tissues (P <0.05
using the Wilcox test), among which included CASR and its
associated hub genes.

Statistical analysis

The statistical analysis was conducted using R software (ver-
sion 4.1.1) and GraphPad Prism (version 8.0). The Student's

t test was employed to compare two independent test series,
while the ANOVA test was utilized to compare more than
two test series.

Results
Expression levels of CASR

CASR expression in HK-2 after different transfection con-
ditions was measured by RT-qPCR (Fig. 1A) and western
blot (Fig. 1B). RT-qPCR and western blot analyses demon-
strated a marked reduction in the expression level of CASR
in shCASR cells. Conversely, the expression level of CASR
was higher in CASR cells compared to NC cells. CCK-8
assay revealed that blocking CASR significantly promoted
the proliferation of HK-2 cells, while elevated expression of
CASR inhibited proliferation of HK-2 cells (Fig. 1C).

Identification of DEGs and functional enrichment
analysis

In shCASR cells, the hierarchical clustering analysis of
DEGs is shown in Fig. 2A. Compared with the shNC cells,
345 genes were significantly higher and 366 genes were
lower in the shCASR cells (Fig. 2B). GO analysis dem-
onstrated that the top 20 significant functions of DEGs in
shCASR cells were identified, including cellular develop-
mental process, regulation of cell population proliferation
regulation of T-cell apoptotic process, negative regulation
of leukocyte apoptotic process, negative regulation of lym-
phocyte apoptotic process, response to oxygen-containing
compound, cellular response to chemical stimulus, response
to lipid, and so on (Fig. 2C), a large proportion of which
relate to cell apoptosis and cell development.

In CASR cells, the heatmap showed the expression of
significant DEGs (Fig. 3A). Compared with the NC cells,
485 genes were down-regulated in the CASR HK-2 cells
and 618 genes up-regulated (Fig. 3B). In Fig. 3C, GO analy-
sis revealed that the top 20 significantly enriched GO terms
mainly focused on glycometabolism, mitochondrial energy
metabolism, and amino acid metabolism.

Pathway enrichment analysis

In shCASR cells, the significantly enriched pathways of
the DEGs analyzed by KEGG were shown in Fig. 4A. The
DEGs were primarily enriched in the classical intracellular
signaling transduction pathways (TNF signaling pathway,
FoxO signaling pathway, TGF-beta-signaling pathway,
JAK-STAT signaling pathway, and NOD-like receptor sign-
aling pathway), and metabolism disorders (primary bile acid

@ Springer


http://www.genemania.org/

International Urology and Nephrology

% %k %k
% ’_1'5 10000- o |
[ S .~
59 ° 5 8000+ [
= < o
2 N 1.0+ @ % 6000
2 <« [
2= S Z 4000\
o X 3 e 5%
2 £ os] o E  a-
= 14 Z 3
w 9 7
2 g ° < 2
e O x O 1+
0.0- o-j :
shNC shCASR NC CASR
B * % X * %k
1000+ —
L
S ,— 900-
=2 800 L
CASR o 3
% o 700-
g : 600
s ‘g 500/
. X% 204
B-actin | WP WD | | See el | s2kD2a o 2 ]
$ .
g 5 1.0-
£ ~o(; (@) 0.0- T
@ shNC shCASR NC CASR
2.0 2.0
-o- shNC -e- NC
g 151 = ShCASR - E 1.5
° Fedkek °
wn wn
N N
o 1.05 o 1.0
= =
© ©
> >
a 0.5 a 0.5
(o] (e]
0.0 1 1 T 1 1 0.0 1 1 T 1 I
day0 day1 day2 day3 day4 day0 day1 day2 day3 day4
Time (days) Time (days)

Fig.1 CASR expression in shNC, shCASR, NC, and CASR HK-2
cells after lentiviral transfection. A, B RT-qPCR (A) and western
blot (B) assays validated CASR expression in HK-2 cells with dif-

biosynthesis, pyrimidine metabolism, and steroid hormone
biosynthesis).

In CASR cells, KEGG pathways of DEGs were dis-
played in Fig. 4B. The enriched pathways and diseases were
diverse, involving ferroptosis, focal adhesion, the classical
intracellular signaling transduction pathways (MAPK signal-
ing pathway, Rap1l-signaling pathway, and PI3K—-Akt sign-
aling pathway), and metabolism diseases (glycine, serine
and threonine metabolism, diabetic cardiomyopathy, purine
metabolism, non-alcoholic fatty liver disease, and parathy-
roid hormone synthesis, secretion and action). For exam-
ple, 7 DEGs (SAT1, ACSL4, MAP1LC3B2, ACSL1, ATG7,
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ferent lentiviral transfection. C CCK-8 assay reveals blocking CASR
significantly promoted the proliferation of HK-2 cells, while elevated
expression of CASR inhibited proliferation of HK-2 cells

TP53, and NCOA4) participated in ferroptosis. Ferropto-
sis is a novel type of regulatory cell death based on iron-
dependent lipid peroxidation [12]. Studies have confirmed
that ferroptosis is positively correlated with the severity of
renal tubular epithelial cell injury caused by calcium oxalate
crystals [13, 14].

GSEA analysis of CASR
GSEA results further showed that SICASR was positively

correlated with AMPK SIGNALING PATHWAY, and
ARGININE AND PROLINE METABOLISM, while was
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Fig.2 Significant differentially expressed genes (DEGs) and enriched functions for DEGs in shCASR cells. A, B Heat map (A) and volcano map
(B) analysis of DEGs in shCASR cells. C Enriched functions for DEGs in shCASR cells

negatively correlated with MATURITY ONSET DIABE-
TES OF THE YOUNG (Fig. 5A). As shown in Fig. 5B,
CASR was positively correlated with COLLECTING

DUCT ACID SECRETION, and TH17 CELL DIFFER-
ENTIATION, while was negatively correlated with DNA
REPLICATION.
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Fig. 4 KEGG pathway analysis of the DEGs. A, B KEGG pathway analysis of the DEGs in shCASR (A) and in CASR (B) HK-2 cells

Identification of hub genes and PPl interaction and CLDN2) were significantly down-regulated in the

network construction

CASR HK-2 cells and higher in the shCASR HK-2 cells,
respectively (Fig. 6A). Meanwhile, Clorf116 was signifi-

Compared with the control cells, 3 genes (ENPP3, IL20RB, cantly down-regulated in the shCASR HK-2 cells while
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Fig.5 GSEA enrichment analysis. A, B Results of the GSEA reporting the significant Kyoto Encyclopedia of Genes and Genomes pathways
correlated with ShCASR (A) and CASR (B). (threshold values, NES > 1, NES < — 1 and FDR <0.25)

up-regulated in the CASR HK-2 cells (Fig. 6B). Hence, a
total of 4 genes (Clorf116, ENPP3, IL20RB, and CLDN2)
regulated by CASR were identified as the hub genes. Next,
we validated the hub genes in HK-2 cells by RT-qPCR,
which is consistent with the results of RNA-Seq (Fig. 6C).
The constructed PPI network for these hub genes was shown
in Fig. 6D. Function data showed that the hub genes may
play a role in tight junction, cell—cell junction, cell—cell junc-
tion organization, epithelial cell development, and regula-
tion of metal ion transport. Similarly, GO and KEGG analy-
sis revealed the function and pathways of these hub genes
(Fig. 6E). In terms of biological process (BP), the hub genes
were involved in calcium-independent cell—cell adhesion via
plasma membrane cell-adhesion molecules. Regarding cel-
lular components (CC), and molecular functions (MF), tight
junction and cytokine receptor activity were enrichment.
KEGG results showed that the hub genes mainly regulated
nucleotide metabolism, and pyrimidine metabolism.
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Validation of hub genes in HKC-8 cells

The in vitro assays were repeated in HKC-8 cell line.
CASR expression in HKC-8 after different transfection
conditions were measured by RT-qPCR (Fig. 7A) and
western blot (Fig. 7B). RT-qPCR and western blot analy-
ses demonstrated a marked reduction in the expression
level of CASR in shCASR cells. Conversely, the expres-
sion level of CASR was higher in CASR cells compared
to NC cells. CCK-8 assay revealed that blocking CASR
significantly promoted the proliferation of HKC-8 cells,
while elevated expression of CASR inhibited prolifera-
tion of HKC-8 cells (Fig. 7C). Next, we validated the
hub genes in HKC-8 cells by RT-qPCR, which is consist-
ent with the results in HK-2 cells (Fig. 7D). Finally, the
expression of the core genes was validated in human data
sets of nephrolithiasis, GSE117518 data set (Fig. 7E). The
GSE117518 contains three samples from normal renal
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Fig.6 Screened hub genes and the constructed protein—protein inter-
action (PPI) network. A Hub genes lower in the CASR group and
higher in the shCASR group. B Hub genes expression in the shCASR

papillary tissues (named Normal), and three samples from
Randall's plaques tissues of calcium oxalate (CaOx) renal
stones patients (named Nephrolithiasis). CASR expres-
sion is increased in human papilla from CaOx renal
stones patients. The expression trends of Clorfl16 and
CLDN?2 are consistent with the results of RT-PCR. The

group and in the CASR group. C Validation of the hub genes in HK-2
cells by RT-qPCR. D PPI network for the hub genes based on Gene-
MANIA. E GO and KEGG function analysis of the hub genes

inconsistent expression trends of ENPP3 and IL20RB
may be due to the small sample size and the limited diver-
sity in stone types (CaOx).
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Fig.7 CASR expression in HKC-8 cells after different lentiviral
transfection. A, B RT-qPCR (A) and western blot (B) assays validated
CASR expression in HKC-8 cells with different lentiviral transfec-
tion. C CCK-8 assay reveals blocking CASR significantly promoted

Discussion

Previous studies have reported that mutation of CASR could
cause familial hypocalciuric hypercalcaemia and primary
hyperparathyroidism, and in turn result in basal ganglia
calcifications, seizures, cramps, tetany nephrolithiasis [15,
16]. In our previous study, we found a notable association
between polymorphisms of CASR-related genes (WDR72,
DGKH, and CLDN14) and calcium nephrolithiasis in Chi-
nese Han population [17]. Some data indicate that minor
alleles at the associated polymorphism leads to a loss of
CASR expression in the kidney. In this work, we further
explored cellular mechanisms of HK-2 cells and nephro-
lithiasis underlying CASR based on DEGs via RNA-Seq

@ Springer

the proliferation of HKC-8 cells, while elevated expression of CASR
inhibited proliferation of HKC-8 cells. D Hub genes expression in
the shCASR group and in the CASR group. E Hub genes and CASR
expression in GSE117518 data set

in HK-2 cells. Pathway analysis was employed to pinpoint
the salient pathways of the DEGs of CASR. Although sev-
eral studies have found CASR could cause stimulation of
intracellular signaling pathways, including intracellular Ca®*
release, and MAPK stimulation [18], we discovered novel
pathways regulated by CASR, including tight junction and
cell—cell junction.

GO analysis demonstrated that the DEGs in shCASR
cells, mainly function in cell apoptosis and cell develop-
ment. When renal tubular cells undergo apoptosis, they
release small vesicles called apoptotic bodies that contain
calcium and oxalate ions. These ions can then bind together
to form crystals, which can grow into kidney stones [19]. For
instance, Peng et al. report that renal tubular epithelial cell
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apoptosis induced by testosterone was an important patho-
physiological process contributing to the development of
nephrolithiasis [20]. In CASR cells, the DEGs mainly per-
formed mitochondrial energy metabolism, and amino acid
metabolism. Recent studies have suggested that defects in
mitochondrial function and oxidative stress in renal tubular
epithelial cells can lead to the formation of calcium oxalate
crystals [21].

KEGG analysis results indicated that the DEGs in
shCASR cells focused on the multiple signal transduction
pathways, including TNF signaling pathway, FoxO signaling
pathway, TGF-beta signaling pathway, JAK-STAT signal-
ing pathway, and NOD-like receptor signaling pathway. The
FoxO signaling pathway and TGF-beta signaling pathway
are complex regulatory networks of cellular processes,
including cell differentiation, proliferation, apoptosis,
and stress response [22]. In CASR cells, the DEGs func-
tion in MAPK signaling pathway, Rap1 signaling pathway,
and PI3K-Akt signaling pathway. It has previously been
suggested that MAPK signaling and PI3K-Akt signaling
involve in lipotoxicity, while lipotoxicity and oxidative
stress in renal tubular epithelial cells are the driving force
for the loss of nephrons, the predominant pathophysiological
changes of nephrolithiasis [23]. Overall, the signaling and
regulatory pathways underlying the DEGs of CASR suggest
important functional roles in renal tubular epithelial cells
and nephrolithiasis.

Combining the DEGs in shCASR and CASR cells, we
identified 4 hub genes that CASR regulated, including
Clorf116, ENPP3, IL20RB, and CLDN2. Clorf116 (chro-
mosome 1 open reading frame 116, also named as specifi-
cally androgen-regulated gene, SARG) was reported to regu-
late the epithelial to mesenchymal transition (EMT) pathway
[24]. Moreover, evidence has shown that EMT of renal tubu-
lar epithelial cells occurs in the early stage of CaOx crys-
tals formation and deposition [25]. ENPP3, also known as
ectonucleotide pyrophosphatase/phosphodiesterase 3, codes
for the protein called CD203c [26]. CD203c/ENPP3 has
been implicated in the regulation of extracellular pyroph-
osphate levels, which is important for the mineralization
of bone and the formation of kidney stones [27]. IL20RB,
also known as interleukin-20 receptor subunit beta, func-
tions in immune responses, inflammation, and tissue repair.
Meanwhile, CASR plays a role in inflammation and in the
cardiovascular system like atherosclerosis [28], indicating a
potential correlation between CASR and IL20RB. Nonethe-
less, similar to Clorf116, the direct link between ENPP3
or IL20RB and nephrolithiasis is still unknown, and more
research is needed to determine the precise mechanisms
involved. CLDN2 (Claudin-2) is a protein that is part of the
tight junctions for maintaining the barrier function of epithe-
lial cells and regulating the movement of ions and molecules
across cell layers [29]. Previous studies have suggested that

decreased expression of CLDN2 in the kidney can lead to a
reduction in reabsorption of sodium and calcium via regulat-
ing the permeability of the epithelial barrier in the kidney,
further promoting the development of nephrolithiasis [30].
New findings demonstrate that common genetic variants in
CLDN?2 gene were associated with decreased tissue expres-
sion of CLDN?2 and increased risk of nephrolithiasis, and a
rare missense variant in CLDN2 (p.Gly161Arg) has marked
hypercalciuria and nephrolithiasis [31]. Therefore, CLDN2
regulated by CASR is a key regulator of calcium excretion
and a potential target for therapies to prevent nephrolithiasis.
Nevertheless, the specific mechanism of CASR regulating
CLDN?2 requires further investigation.

However, the hub gene expression in renal proximal
tubule epithelia cells were not totally consistent with the
results in samples of renal papilla (GSE117518). On the one
hand, the number of tests for GSE117518 analysis was too
small to have sure results; on the other hand, the in vitro
analysis of one cell type lids to different results respect to
the analysis of bulk RNA seq of renal tissue. Nephrolithiasis
can be intricately related to both the papilla and proximal
tubules within the kidney, but the complexity of the two sys-
tems is different. For instance, Wiener et al. revealed that the
earliest identifiable biominerals in the human renal papilla
were plate-like calcium phosphate deposits located within
proximal intratubular areas. They proposed a plausible step-
by-step process in renal biomineralization; initial proximal
intratubular calcium phosphate deposits could progress to
interstitial regions rich in calcium phosphate, eventually
maturing into a base upon which a CaOx stone forms within
the kidney's collecting system [32]. Similarly, Sherer and
colleagues demonstrated a continuum in the mineralization
process leading to calcium-based nephrolithiasis, encom-
passing four distinct anatomical and structural biominerali-
zation stages: (1) mineralization within the renal pyramid’s
proximal intratubular areas; (2) interstitial regions near the
papilla’s tip; (3) the emergence of plaque formations (stems);
and (4) the formation of heterogeneous stones within the
kidney [33].

Functional and pathway enrichment analysis revealed
that these hub genes regulated by CASR were involved in
tight junction, cell—cell junction, cell-cell junction organi-
zation, and epithelial cell development. Prior research has
demonstrated that tight junctions in renal tubular epithelial
cells play a critical role in maintaining the proper bal-
ance of ions and molecules in the urine, helping prevent
the formation of kidney stones [34]. In the initiation of
stone formation, calcium oxalate could induce a loss of
intercellular tight junctions and renal tubular epithelial
cells’ attachment to the basement membrane [35]. Mean-
while, the subsequent impairment of tight junction barrier
and fence functions due to exposure to calcium oxalate
crystals can cause renal tubulointerstitial injury [36]. As
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mentioned above, CLDN2 primarily functions in maintain-
ing the integrity of epithelial barriers. Therefore, CASR
may regulate CLDN2 through tight junction or cell-cell
junction of in nephrolithiasis pathogenesis.

Our present study is the first exploratory investigation
of CASR aspect using the RNA-Seq approach. The pre-
sent study has yielded a fresh perspective on the mecha-
nistic role of CASR in HK-2 cells and in the pathogen-
esis of nephrolithiasis. Notably, our findings suggest that
CASR exerts its effects on HK-2 cells and nephrolithiasis
through diverse signaling pathways, and that the interac-
tion between CASR and CLDN2 may be pivotal in the
formation of kidney stones. The limitation of this study is
that we just detected mRNA changes but did not validate
at protein levels. Secondly, we did not select areas of the
rat kidney or human kidney for sequencing analyses and
we are not so sure whether the mRNAs observed in HK-2
cells are consistent with the natural pathogenesis of neph-
rolithiasis. The results obtained from analyzing a specific
cell type in vitro may differ from those obtained by ana-
lyzing bulk RNA sequencing of renal tissue. Thirdly, the
study of CASR in HK-2 cells is not sufficient since CASR
is expressed across the entire length of the nephron. Mean-
while, overexpression or downregulation of CASR gene
is not sufficient to investigated the CASR polymorphisms
associated with nephrolithiasis.

Conclusion

Our report of RNA-Seq events in HK-2 cells fills a gap in
the field of CASR in basic research on nephrolithiasis. The
analytical results provide new insights into the mechanism
of CASR in renal tubular epithelial cells and nephrolithia-
sis, and provide a basis for subsequent research on the spe-
cific regulatory mechanisms of CASR in nephrolithiasis.
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