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Abstract

To study the expression profiles of IncRNA and mRNA in the calcium oxalate monohydrate-attached HK-2 cells, and inves-
tigate the association between critical IncRNA expression level and renal injury. The HK-2 cells were treated with crystal
suspension of calcium oxalate. The effects of calcium oxalate crystals on the growth of HK-2 cells were determined by MTT
assay. Total RNA was extracted and the IncRNA and mRNA expression profiles were analyzed by high-throughput tran-
scriptase sequencing platform HiSeq 2500. The profile of identified IncRNAs and mRNAs were verified by real-time PCR
and their potential function was analyzed by Gene Ontology database and KEGG signal pathway analysis. Calcium oxalate
crystals adhered to the surface of HK-2 cells in few minutes and showed obvious cytotoxicity. RNA seq results showed that
there were 25 differentially expressed IncRNAs in HK-2 cells treated with calcium oxalate crystals, of which 9 were up-
regulated and 16 were down-regulated. The difference was verified by real-time PCR which showed statistically significant
(P<0.05). Calcium oxalate crystals have a significant effect on IncRNA and mRNA expression in human renal epithelial
cells, which may play critical roles in kidney stone-mediated renal injury.
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Introduction

Kidney stone disease, also known as nephrolithiasis or uro-
lithiasis, is one of the oldest diseases known to medicine.
Its estimated that 1-15% people suffered kidney stone at
some point in their life, and the prevalence and incidence of
kidney stone is reported to be increasing all over the world
[1, 2]. Kidney stone as a consequence of renal epithelial
cell exposure to oxalate and calcium oxalate crystals, can
cause blockage of the ureter, blood in the urine, vomiting or
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painful urination, resulting in damage of the kidneys. Due
to the high prevalence and predominance in working-age
adults, the kidney stone disease has a substantial impact on
the individual and society.

Most common types of human kidney stones (approxi-
mately 75%) are calcium oxalate and calcium phosphate,
which are calcareous (calcium containing) stones, radio-
opaque and non-calcareous stones [3, 4]. There are multi-
ple risk factors (include high urine calcium levels, certain
foods, calcium supplements, obesity, some medications,
hyperparathyroidism, gout and not drinking enough fluids)
reported for stone formation in kidney, and most of them
due to combination of genetics and environmental factors
[5]. Kidney stone formation is a complex multistep process
that includes supersaturation, crystal nucleation, growth, and
aggregation [4, 6], and this process partially due to meta-
bolic disorders [7]. However, some evidences indicate that
kidney stone formation is a result of nanobacterial disease
akin to Helicobacter pylori infection and peptic ulcer disease
[8—11]. In addition, some researchers have long-standing
interests in the potential role of macromolecules based on
the observation that all human kidney stones consist of a
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stone matrix [12, 13], which account for 2-3% of their total
dry weight and consists of macromolecules generally present
in the urine actively participates in the assembly of kidney
stones [14].

As details of human stone formation have accumulated,
however, the mechanisms of kidney stone formation and
growth are not fully understood. In this study, we generated
a calcium oxalate monohydrate (COM)-HK-2 cell model, we
measured the cytotoxicity of COM to the renal tubular epi-
thelial cells and analyzed its mRNA and IncRNA expression
profiles by RNA Seq approach. Our findings provide a new
direction on mechanism study of kidney stone formation,
which may improve the understanding of kidney stone for
urologists, nephrologists and primary care providers.

Materials and methods
Cell culture

The HK-2 cell line obtained from the Type Culture Col-
lection of the Chinese Academy of Sciences (Shanghai,
China) was cultured in Dulbecco’s modified Eagle’s medium
(DMEM, Invitrogen Corporation, Grand Island, NY, USA)
supplemented with 10% fetal bovine serum (Thermo Fisher
Scientific, Inc., Waltham, MA, USA) and 100 U/mL Peni-
cillin G, 100 pg/mL Streptomycin (Sigma Corporation of
America, Ronkonkoma, NY, USA).

COM crystal preparation and cell exposure

Commercial calcium oxalate monohydrate (COM) crystals
were purchased from SIGMA-ALDRICH (C0350000, Sigma
Aldrich, St. Louis, MO, USA), and suspended in DMEM
medium at a concentration of 100 pg/mL. Confluent cells
treated with 1 ml/ cm? COM crystals suspension for 24 h at
37 °C were used for total RNA extraction and RNA-sequenc-
ing analyses.

MTT assay

Cell proliferation was assessed by MTT assay according
to the manufacturer’s protocol (Roche Diagnostics GmbH,
Mannheim, Germany). The formed formazan crystals were
dissolved by adding 100 pl/well acidic SDS buffer [10%
SDS, 0.16% (6 mol/l) HCI1 and 5% isobutyl alcohol] and
incubating overnight in a CO,-free incubator at 37 °C. The
optical density (OD) 570 absorption was measured in a
microplate reader (Perkin Elmer Victor3 1420 Multilabel
Plate Counter, PerkinElmer, Inc., Waltham, MA, USA).
Experiments were repeated three times, and data were rep-
resented as the mean of five-replicate wells + standard error.

@ Springer

RNA extraction and sequencing

Total cell RNA was extracted from each individual sample
using TRIzol reagent (Invitrogen; Thermo Fisher Scientific,
Inc. USA). Ribosomal RNA(rRNA) was removed by Ribo-
Gone™ rRNA Removal Kit (TaKaRa, Japan), and rRNA free
residue was cleaned up by ethanol precipitation. Purity and
quantity of RNA were measured using Nanodrop equipment
and SDS gel electrophoresis. 3 ug RNA per sample was used
for libraries preparation by NEBNext® Ultra™ DNA Library
Prep Kit for Illumina® (NEB, USA) following manufacturer’s
recommendations. The sequencing libraries were prepared by
random fragmentation of cDNA sample, followed by 5" and
3" adapter ligation. Adapter-ligated fragments were then PCR
amplified and gel purified. For cluster generation, the library
was loaded into a flow cell where fragments were captured on
a lawn of surface-bound oligos complementary to the library
adapters. Each fragment was then amplified into distinct,
clonal clusters through bridge amplification. When cluster gen-
eration was complete, the libraries were ready for sequencing
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Fig. 1 Calcium oxalate monohydrate could significantly inhibit HK-2
cell proliferation. a Representative images showed the adhesion of
COM crystals to HK-2 cells (indicated by red arrows). b Cell prolifer-
ation assay by MTT. HK-2 cells were seeded equally at the density of
5% 10% per well in 96-well plates and cultured with 100 ug/mL COM
suspension or DMEM medium in the incubator. After 1-4 days treat-
ment, viable cells were determined by incubating with 0.5 mg/mL
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 100 pL
per well in phenol-red free culture medium for 4 h in the incubator,
the formed formazan dyes were dissolved by acid SDS buffer and
the OD570 absorption was measured in a micro plate reader. Result
showed that HK-2 cells treated with COM crystals suspension prolif-
erated at slower rates than the controls. *P <0.05; **P <0.01
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[15, 16] (performed by Macrogen, Inc., Seoul, Korea, http://
www.macrogen.com/) on an [llumina Hiseq 2500 platform.
Individual gene expression level was interpreted by frag-
ments per kilobase of transcript per million mapped (FPKM)

value. FDR and log2FC was used for differential mRNA tran-
scripts and IncRNAs screening with a screening condition of

FDR <0.05 and llog2FCl> 1.

Fig. 2 Differential expressed
mRNA cluster analysis. a
Cluster analysis. A hierarchical
heat map showing the trans-
formed expression values for
differential expressed mRNA
transcripts. Red shows higher
expression and blue shows
lower expression. b Differential
expressed genes statistics. FDR
and log2FC was used for differ-
ential mRNA transcripts screen-
ing with a screening condition
of FDR <0.05 and llog2FCI> 1.
Result showed that 14 mRNA
transcripts were down-regulated
and 11 mRNA transcripts were
up-regulated in COM crystal
treated HK-2 cells
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Real-time PCR

Real-time PCR was performed to validate the expression of
identified IncRNA using LightCycler 48011 Real-Time PCR
System and SYBR® Green PCR Master Mix (TaKaRa, Japan).
Each real-time PCR reaction (in 25 pL) involved 12.5 pL
2xSYBR Green Realtime PCR Master Mix, 1 uL of each
primer, 2 uL cDNA and 8.5 uL H,O. The cycling conditions
included an initial single cycle (95 °C for 3 min), and followed
by 40 cycles (95 °C for 15 s; 57 °C for 15 s; 72 °C for 20 s).
All amplifications were followed by dissociation curve analy-
sis of the amplified products. Specific primers were designed
using the NCBI, specificities were confirmed with BLAST
and gene expression levels were normalized with RPS20 to
attain the relative expression by using 244V value methods.
The statistical difference in gene expression was analyzed as
published previously [17-19]. The correlation between the
results of RNA-seq and real-time PCR was calculated using
correlation test.

KEEG analysis

KEEG (Kyoto Encyclopedia of Genes and Genomes) is a
database of signaling pathway that describes gene regulatory
networks. In this study, Rich Factor and Q value were used to
perform the figures. Rich factor refers to the ratio of the num-
ber of genes located in the pathway entry to the total number
of genes located in the pathway entry in the gene, and the
higher the Rich Factor, the higher the degree of enrichment.
Q value is the P value after multiple hypothesis verification,
in the range 01, P <0.05, indicating significant enrichment.

Data analysis

SPSS17.0 software was used for statistical analysis, quantita-
tive data were analyzed by one-way ANOVA, and the vari-
ance was analyzed by rank sum test. The difference between
the samples was analyzed by LSD method. The results were
expressed as mean =+ standard deviation. P < 0.05 for the dif-
ference was defined as statistically significant.

Results

COM treatment significantly inhibit the growth
of HK-2 cells

Human proximal tubule epithelial cells HK-2 was treated
with calcium oxalate crystal suspension at concentration
of 100 ug/mL. Results showed that calcium oxalate crys-
tals attached to the surface of HK-2 cell in a few minutes
(Fig. 1a), and obviously exhibited cytotoxicity to the HK-2
cells, which could significantly inhibit cell growth of HK-2
cells (Fig. 1b) and cause cell morphology changes.

Alteration of mRNA expression profiles
in COM-treated HK-2 cells

We surveyed the mRNA expression profiling of COM-
treated HK-2 cells compared to un-treated control by high-
throughput transcriptase sequencing platform HiSeq 2500,
and found that there were totally 25 mRNA expression sig-
nificantly changed in HK-2 cells after the COM treatment,
including 11 up-regulated and 14 down-regulated mRNA
(Fig. 2). However, only 9 of them were protein-coding genes
and the other 16 of these genes were pseudogenes (Tables 1,
2). To validate the RNA-seq results, we performed real-time
PCR to verify the expression level of identified mRNA in the

Table 1 mRNAs up-regulated

. Name log2(FC) P value Description
in COM-treated HK-2 cells
FOSB —2.07577 7.64E—-06 FosB proto-oncogene, AP-1 transcription
factor subunit(FOSB)
IL6 —2.70655 3.81E-05 Interleukin 6(IL6)
ZNF709 —4.16993 2.29E-05 Zinc finger protein 709(ZNF709)
POLR2I2 —10.1674 4.66E—07 RNA polymerase II subunit J2(POLR2J2)
Table 2 "?RNAS down- Name log2(FC) P value Description
regulated in COM-treated HK-2
cells TICAM2 8.129283 4.53E—05 Toll-like receptor adaptor molecule 2(TICAM2)
DNAJC25-GNG10  5.360481 9.17E—09 DNAJC25-GNGI10 read through(DNAJC25-GNG10)
VPS4A 11.16742 6.35E—07 Vacuolar protein sorting 4 homolog A(VPS4A)
ARHGEF18 9.076816 4.00E—07 Rho/Rac guanine nucleotide exchange factor 18(ARHGEF18)
BORCS7 8.78136 9.48E—06 BLOC-1 related complex subunit 7(BORCS7)
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COM-treated HK-2 cells. The results showed that expression
patterns of these mRNA were consistent with the RNA-Seq
findings.

Alteration of IncRNA expression profiles
in COM-treated HK-2 cells

We analyzed the IncRNA expressions in COM-treated
HK-2 cells, and found that there were 25 IncRNAs exhib-
ited different expression pattern in COM-treated HK-2 cells,
among which 9 were up-regulated and 16 were down-regu-
lated (Fig. 3; Tables 3, 4) as compared to un-treated control

group.
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Fig. 3 Differential expressed IncRNA analysis. a Scatter plot showed
the differential and non-differential expression IncRNAs. b Dif-
ferential expressed IncRNA statistics. FDR and log2FC was used
for differential IncRNAs screening with a screening condition of
FDR <0.05 and [log2FCI> 1. Result showed that 9 IncRNAs were up-
regulated and 16 IncRNAs were down-regulated in COM crystal sus-
pension treated HK-2 cells

To validate the data obtained from RNA Seq, we used
real-time PCR to verify the expression pattern of identified
mRNA and IncRNA in COM-treated HK-2 cells. Results
showed that the identified mRNA and IncRNA were exhib-
ited significant differences between the COM-treated group
and controls.

KEEG analysis of deregulated IncRNAs and mRNAs

To further predict the functional role of the candidate
IncRNAs and mRNAs, we performed Gene Ontology
(GO) analysis and KEEG analysis to study the significant
signaling pathways in COM-treated HK-2 cells. Inter-
estingly, most of the derogated genes involved in COM-
treated HK-2 cells were infectious diseases. GO terms with
highest number of differentially expressed genes (DGEs)
were related to “infectious disease”, “immune system”
and “signal transduction” (Fig. 5a). Furthermore, signifi-
cantly enrichment GO terms (P value < 0.05) were mainly
including “Pertussis”, “Hepatitis B” and “Toll-like recep-
tor signaling pathway” (Fig. 5b). These results suggested
important roles these genes involved in human health and
disease regulations, and some of them might related to
kidney stone formation.

Discussion

The most favorable theory for human stone disease is that
oxalate-induced injury to renal tubular epithelial cells pro-
motes adherence of COM crystals accumulation and result
in kidney stone formation [20, 21]. Accumulating evidences
demonstrated that calcium oxalate stimulation result in
series consequences, including gene expression profiling
changes and cell dysfunction [22, 23]. However, the mecha-
nism of this multi-factorial disorder disease is still not fully
understood.

As modern techniques developing, new opportunities are
arising. A large number of high throughput platforms have
been performed to analyze the miRNA expressions in kidney
stone formation [24, 25]. However, previous studies mainly
focus on DNA, mRNA and protein levels using microarray
or proteomics [22, 24, 26]. Here, we generated a COM-HK-2
cell model and analyzed the mRNA and IncRNA expression
profiles by high-throughput transcriptase sequencing plat-
form HiSeq 2500. RNA-seq has accelerated the discovery
and characterization of IncRNAs, a new class of biologically
significant RNA transcripts. To our knowledge, IncRNAs in
COM stimulated proximal renal tubular cells is little known
at present.

In this study, we identified several mRNAs and IncR-
NAs which were involved in signal transduction, signaling
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Table 3 IncRNAs up-regulated in COM-treated HK-2 cells

Name Length (bp) log2(FC) P value Description

LINC00339 1054 10.959 4.66E—07 Long intergenic non-protein coding RNA 339

RP11-38107.3 2591 9.679 1.22E-06 Methylenetetrahydrofolate dehydrogenase (NADP +dependent) 1-like (MTH-
FDI1L) pseudogene

SDHAP2 2131 9.570 1.72E—06 Succinate dehydrogenase complex flavoprotein subunit A pseudogene 2(SDHAP2)

HCG18 4605 7.492 1.26E-04 HLA complex group 18

PTPRG-AS1 2661 9.814 6.69E—08 PTPRG antisense RNA 1

LINCO00115-201 1298 10.922 7.60E—08 Long intergenic non-protein coding RNA 115

MIR6516 2469 8.937 1.17E-05 MicroRNA 6516

RP11-504P24.3-005 2669 9.155 3.57E-05 Septin 7 (SEPT7) pseudogene

LINCO00665 1557 9.276 7.45E—-05 Long intergenic non-protein coding RNA 665

Table 4 IncRNAs down-regulated in COM-treated HK-2 cells

Name Length (bp) log2(FC) P value Description

NIFK-AS1 1182 —1.05E+01 5.43E-07 NIFK antisense RNA 1

RALY-ASI 571 —1.09E+01 9.64E-05 RALY antisense RNA 1

LOC102724017 543 —1.10E+01 5.79E-05 Uncharacterized LOC102724017

METTLS 697 —1.04E+01 7.45E-05 Methyltransferase like 8

THUMPD3-AS1 3253 —7.97E+00 7.45E-05 THUMPD3 antisense RNA 1

LINCO00115 1317 —1.06E+01 1.47E-07 Long intergenic non-protein coding RNA 115
LINCO00958 607 —1.10E+01 2.82E-05 Long intergenic non-protein coding RNA 958
RP11-504P24.3 1886 —9.53E+00 2.05E-06 Septin 7 (SEPT7) pseudogene
LINC00338-008 1234 —9.53E+00 5.79E-05 Small nucleolar RNA host gene 20
RP11-2C24.6-001 1704 —5.73E4+00 4.53E-05 Known antisense

MIR22 931 —9.78E+00 1.65E—04 MicroRNA 22

RP11-566E18.3-201 2605 —9.20E+00 8.76E-07 Novel lincRNA

CTB-60E11.4-001 2481 —8.32E+00 7.45E—05 Novel lincRNA

AC005523.2-001 3568 —1.09E+01 1.97E-12 Novel transcript, antisense to FEM1A
TFDP2-001 2964 —5.39E+00 2.69E-05 Transcription factor Dp-2 (E2F dimerization partner 2)
RP11-474G23.2-001 700 —1.15E+01 4.00E-07 Novel transcript, antisense

molecules and interaction, and infectious diseases. The
results were validated by real-time PCR. 14 mRNAs
(including TICAM2, DNAJC25-GNG10, VPS4A, ARH-
GEF18 and BORCS7) exhibited downregulation and 11
mRNAs (including FOSB, IL6, ZNF709 and POLR212)
showed up-regulation in COM crystal treated HK-2 cells
(Figs. 2, 3, 4). According to the KEGG pathway annota-
tion, most of these genes were related to infectious dis-
eases, immune system and signal transduction (Fig. 5). For
example, TICAM? is related to primary bacterial infectious
disease and mycobacterium tuberculosis 1, and involved
in innate immune system and regulated by c-FLIP [27];
VPS4A plays a critical role in necroptosis and vesicle-
mediated transport [28]; FOSB encodes a leucine zipper
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protein which can dimerize with proteins of JUN fam-
ily, related to Toll-like receptor signaling pathway and
ERK signing, suggesting that COM crystals may acti-
vate immune system and ERK signaling through upreg-
ulation of FOSB expression [29], suggesting that these
genes might perform functions on COM-induced immune
response and signaling transduction. The mechanisms and
signaling pathways involved in the kidney stone forma-
tion are still largely unclear, our studies provide an insight
on the signaling pathways regulated in COM adhesion
progression.

Moreover, we also demonstrated that 9 IncRNAs showed
up-regulation and 16 IncRNAs down-regulated in the COM
crystal-treated HK-2 cells. LINC00339 (also known as
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Fig.4 Validation of the dif- A

ferential expressed IncRNAs 14-
by quantitative real-time PCR. ok
RNA samples from COM-
treated HK-2 cells and control
used for RNA-sequencing

were validated by quantitative
real-time PCR. a IncRNAs
up-regulated in COM-treated
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HSPC157) exhibited the highest up-regulation level, which
located on chromosome 1 and associated with endome-
triosis of ovary, potentially had a strong effect on WNT4
and CDC42 gene expression [30, 31]. NIFK-AS1, which
is the antisense RNA of NIFK gene, showed the maximum
downregulation level in COM crystal-treated HK-2 cells.
The NIFK gene, which encodes a protein may play role
in mitosis and cell-cycle progression, can promote cancer
progression via CKlo/p-catenin in metastasis and Ki-67
dependent cell proliferation [32]. Multiple evidences sug-
gest that the expression of IncRNAs can regulate and have
high correlation with the expression of neighboring mRNAs
[33, 34]. These data indicating that COM crystals decrease

cell proliferation of HK-2 cells (Fig. 1) might through NIFK,
WNT4 and CDC42 regulation by IncRNAs. However, these
predicted functions of identified IncRNAs require experi-
mental verification.

In conclusion, we first generated the expression profile
of mRNA and IncRNA in COM crystal-treated HK-2 cells
based on transcriptome RNA-seq approach. 25 mRNAs and
IncRNAs were identified and validated by real-time PCR.
Bioinformatic analysis demonstrated that some of the identi-
fied genes are involved in infectious system and signal trans-
duction processes, suggesting which may be associated with
kidney stone formation. As the mechanism of kidney stone
formation has not yet been understood, our study should
provide valuable resource for further studies.
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