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ABSTRACT

Long noncoding RNAs (IncRNAs) are persistently expressed and have been described
as potential biomarkers and therapeutic targets in various diseases. However, there is
limited information regarding IncRNA expression in the tissue of kidney exhibiting
lupus nephritis (LN)a serious complication of systemic lupus erythematosus (SLE).
In this study, RNA sequencing (RNA-seq) was performed to characterize the IncRNA
and mRNA expression in kidney tissues from LN (MRL/Ipr) and control mice. We
identified 12,979 novel IncRNAs in mouse. The expression profiles of both mRNAs and
IncRNAs were differed significantly between LN and control mice. In particular, there
were more upregulated IncRNAs and mRNAs than downregulated ones in the kidney
tissues of LN mice. However, GO analysis showed that more downregulated genes were
enriched in immune and inflammatory response-associated pathways. KEGG analysis
showed that both downregulated and upregulated genes were enriched in a number of
pathways, including the SLE pathway, and approximately half of these SLE-associated
genes encoded inflammatory factors. Moreover, we observed that 2,181 DEIncRNAs
may have targeted and regulated the expression of 778 mRNAs in LN kidney tissues. The
results of this study showed that 11 DEIncRNAs targeted and were co-expressed with six
immune and SLE-associated genes. qPCR analysis confirmed that IncRNA Gm20513
positively regulated the expression of the SLE-associated gene H2-Aa. In conclusion,
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therapies, many LN patients still progress to end-stage renal disease (Davidson, 2016).
Therefore, it remains important to elucidate the molecular mechanisms mediating the
pathogenesis of lupus nephritis.

Omic techniques, including transcriptomic techniques, have become a necessary
technique for exploring the underlying molecular mechanisms mediating the pathogenesis
of various diseases (Scherer et al., 2017; Soon, Hariharan ¢ Snyder, 2013). In fact, a large
number of transcriptomic studies on blood and derived samples from patients have been
employed to characterize the gene pathways involved in SLE in an attempt to identify the
key pathogenic drivers of the disease (AlFadhli, Ghanem ¢ Nizam, 2015; Grigoriou et al.,
2020; Li et al., 2019b; Lood et al., 2010; Panousis et al., 2019; Rai et al., 2016). For example, a
recent study demonstrated that the gene expression profile of bone marrow (BM)-derived
hematopoietic stem and progenitor cells (HSPCs) from mice with lupus is different from
that of healthy controls, which would induce aberrations in immune cells in SLE (Grigoriou
et al., 2020). Currently, high-throughput transcriptome sequencing has been employed to
study the mechanisms of drug therapy for lupus nephritis, which supports the therapeutic
effects of different drugs (Fu et al., 2018; Wang et al., 2019). Transcriptome sequencing
of infiltrated T cells in the renal tissue of patients with lupus nephritis elucidated the
regulatory mechanisms governing abnormal T cell metabolism and T cell failure (7ilstra
et al., 2018). Thus, transcriptomic analysis remains a powerful tool for elucidating the
mechanisms mediating the pathogenesis of SLE and LN.

Recently, various noncoding RNAs, including IncRNAs, have been shown to play
important roles in the pathogenesis of diseases and therefore represent potential biomarkers
and therapeutic targets of those diseases (Esteller, 2011; Matsui & Corey, 2017; Wu et al.,
2015a). In fact, several studies have detected the expression profile of IncRNAs in blood
and blood- derived plasma or peripheral blood mononuclear cells (PBMCs) from patients
with SLE (Geng et al., 2020; Li et al., 2019a; Luo et al., 2018; Wang et al., 2018; Wu et al.,
2019; Xu et al., 2020; Ye et al., 2019). For example, Inc-DC and GAS5 were decreased, and
linc0597 was overexpressed, in the plasma of patients with SLE, and linc0597, GAS5, and
Inc-DC can be used as potential biomarkers for SLE (W et al., 2017). Moreover, a number
of studies have demonstrated the functional roles of several IncRNAs, including NEATT,
MALAT1, HOXA-AS2, and SLEAR, in SLE according to in vitro loss-of-function and
gain-of-function strategies (Fan et al., 2020; Wu et al., 2020; Yang et al., 2017; Zhang et al.,
2016). In particular, the IncRNAs THRIL, TUG1 and RP11-2B6.2 were reported to play
promotion or inhibition roles in kidney injury in SLE (Cao et al., 2020; Deng et al., 2018;
Liao et al., 2019; Xu, Deng ¢ Zhang, 2018). In addition, one study performed RNA-seq to
compare the expression levels of IncRNAs in kidney biopsies from patients with LN and
patients with kidney tumors (Liao ef al., 2019). To the best of our knowledge, no study
has systematically compared the expression profile of IncRNAs in kidney tissues from LN
patients or animal models with those of healthy controls.

In this study, we hypothesized that both the mRNA and IncRNAs expression profiles
of kidney tissues with LN are different from those of a healthy control. To validate
our hypothesis, transcriptomic analysis of kidney tissues was performed to investigate the
expression of mMRNA and IncRNAs in LN and healthy control mice. Our study demonstrates
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the difference in mRNA and IncRNA expression profiles between LN and control mice. In
particular, we constructs IncRNA-mRNA regulatory network in LN. In addition, our study
contributes to body of knowledge on this subject and establishes a foundation for further
research of IncRNAs in LN.

MATERIALS & METHODS

Animals

Mice of the strain MRL/Mp]J-Fas-lpr (Mrl/Ipr), an established model of LN, were used in our
study. Control MRL/Mp] mice without the Fas-lpr mutation were used as healthy controls.
Specific pathogen-free (SPF)-grade female MRL/lpr and MRL/Mp] mice (weighing 15-16
g and aged 4 weeks) were purchased from SLAC Laboratory Animal Co., Ltd. (Shanghai,

China). The purchased animals were maintained in the SPF animal laboratory of Renmin
Hospital of Wuhan University. The animals were housed using standard cages in a room

with humidity of 50% =% 20%, temperature of 23 °C & 3 °C, and a 12 h light/12 h dark cycle.
The animals had free access to standard laboratory food and water. All animals were fed

the same feed. The experiments were conducted after the mice reached the age 18 weeks.

Animal studies were approved by the Laboratory Animal Welfare and Ethics Committee

of Renmin Hospital of Wuhan University (IACUC Issue No. 20171205).

Measurements of 24-h UTP, SCR, and anti-dsDNA

According to previous studies, 24-hour urine protein, serum creatinine, and serum
anti-dsDNA levels have been employed to estimate the severity of lupus nephritis and
therapeutic efficacy of drugs in Mrl/lpr mouse model (Feng et al., 2019; Renner et al., 2015;
Wu et al., 2015b).

The urine of mice was collected for 24 h. Urine protein concentration was measured by
the Bradford method, and 24-hour urine protein (24-h UTP) was calculated for LN and
control mice (N =3 for each group).

Blood samples were collected from the abdominal aorta of LN and control mice (N =3
for each group). Serum was obtained after centrifugation of blood samples for 10 min (3,000
r/min). Serum creatinine concentration (SCR) was measured by the peroxidase method,
and serum anti-double-stranded DNA antibody titers (anti-dsDNA) were determined by
ELISA kits (Bioyeargene Biotechnology Co., Ltd., Wuhan) according to the manufacturer’s

instructions.

Collection of kidney tissue

Mice were anesthetized by intraperitoneal injection of chloral hydrate (400 mg/kg). The
mice were then sacrificed by cervical dislocation and their kidneys were removed (N =3,
for each group). The process conformed to the criteria established by the Laboratory
Animal Welfare and Ethics Committee of Renmin Hospital of Wuhan University. Fresh
kidney tissue was immediately chilled in liquid nitrogen and kept at —80 °C until use.

RNA extraction, library construction and sequencing
Total RNA was extracted from each kidney tissue sample using TRIzol Reagent (Ambion)
according to the manufacturer’s instructions. RQ1 DNase (Promega) was used to eliminate
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any potential DNA in the total RNA. The quality and concentration of the purified RNA
were determined by measuring absorbance at 260 nm/280 nm (A260/A280) in SmartSpec
Plus (BioRad). The integrity of the RNA was detected by agarose gel electrophoresis (1.5%).

Next, 10 pg of purified total RNA from each of the samples was purified and concentrated
with oligo (dT)-conjugated magnetic beads (Invitrogen) to prepare a directional RNA-seq
library. The polyadenylated RNAs were ion fragmented with end repair and 5 adapter
ligation. Primers with known 3’ adapter and random hexamers were used to reverse-
transcribe the fragmented RNAs. The resulting cDNAs were subsequently purified and
amplified. cDNAs amplification products (200-500 bp) were retained. After quantification,
the cDNAs were stored at —80 °C until sequencing.

For high-throughput sequencing, libraries were prepared according to the
manufacturer’s protocols. Specifically, 150-bp paired-end sequencing was performed
using an Illumina HiSeq 2000 system (ABlife. Inc, Wuhan, China).

Raw data cleaning and mapping statistics

First, we discarded the raw reads with more than 2-N bases. Adapter were clipped,
and low-quality bases were removed. We further discarded short reads (<16 nt) using
FASTX-Toolkit (Version 0.0.13, http://hannonlab.cshl.edu/fastx_toolkit/).

Next, TopHat2 was used to map the resulting clean reads to the mouse genome by
allowing 2 mismatches (Kim et al., 2013). We discarded the reads that mapped to multiple
genomic locations. The unique mapped reads were employed to calculate the FPKM value
(FPKM represents reads per kilobase and per million) of each gene.

Prediction of novel LncRNA in mouse

LncRNA prediction was conducted according to a previous study (Cabili et al., 2011). In
brief, Cufflinks (V2.2) was used to assemble the mapped reads with default parameters
(Trapnell et al., 2012). Novel transcripts with intergenic and antisense regions were regarded
as candidate IncRNAs, which should have less than 1000-bp overlap with known coding
genes. The coding potential score (CPS) of candidate IncRNAs should be less than zero,
which was calculated by coding potential calculator (CPC) software (Kong ef al., 2007).
The resulting transcripts that had more than one exon and were longer than 200 bases
were defined as IncRNAs. After the antisense reads were discarded, the FPKM value of each
IncRNA gene were recalculated.

Differentially expressed mRNA and IncRNA Genes (DEGs and
DEIncRNAs)

In this analysis, edgeR was used to identify DEGs and DEIcnRNAs according to the
FPKM value of each gene in each sample (Robinson, McCarthy & Smyth, 2010). DEGs and
DEIncRNAs were defined according to the criteria of 2-fold changes and p-values <0.05.

Coexpression network analysis

According to a previous study (Liu et al., 2017), we constructed a coexpression network
between IncRNAs and mRNAs. In brief, the correlation coefficients and p-values were
obtained for each mRNA-IncRNA pair based on the expression of each mRNA and
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IncRNA. A given threshold (absolute correlation coefficients no less than 0.7 and p-values
less than 0.01) was utilized to filter the results. The filtered gene pairs form the expression
network.

GO and KEGG analysis

Gene Ontology (GO) and KEGG pathway analyses were used to predict the function of
DEGs, which were identified using the KOBAS 2.0 server (Xie et al., 2011). The enrichment
of genes in each term or pathway was determined by the hypergeometric test and Benjamini—
Hochberg FDR at corrected p-value <0.05.

RT-gPCR validation of DEIncRNAs and DEGs

Quantitative real-time PCR (RT-qPCR) was performed to validate the RNA-seq data in
this study. We selected some differentially expressed genes and IncRNAs with relatively
high and reproducible expression for three biological replicates of each group for gPCR
verification. The expression of some selected DEGs and DEIncRNAs was quantified by
RT-qPCR by using GAPDH as a reference. RT-qPCR was conducted on the RNA samples
that were the same as those employed for RNA-seq. The RT-qPCR conditions were as
follows: denaturing at 95 °C for 10 min, 40 cycles of denaturing at 95 °C for 15 s, and
annealing and extension at 60 °C for 1 min. RT-qPCR of each sample employed three
technical replications. The primers for each gene for RT-qPCR are listed in Table S1.

Statistical analysis

An unpaired two-tailed ¢-test was performed to compare the pathological evaluation and
RT-qPCR data from two different groups. SPSS software for Version 19 (IBM, USA) was
utilized to perform the statistical test. A significant difference was set at probability (P)
values less than 0.05 (p < 0.05). Each group had at least three biological replicates (n > 3).
The data are presented as the mean =+ standard deviation (SD).

RESULTS

Detection of key physiological indices demonstrated that the lupus
nephritis model was established

To ensure the establishment of the LN mouse model, several biochemical indicators of LN
mice were detected and compared to those of control mice. Proteinuria usually occurs after
8 weeks of age in MRL/Ipr mice. We first measured the 24-hour urinary total protein (24-h
UTP) of both LN and control mice. The results showed that the 24-h UTP was significantly
higher in LN mice than in control mice (Fig. 1A). Serum creatinine concentration (SCR)
and serum anti-double-stranded DNA antibody titers (anti-dsDNA) were also indications
of LN. Compared with control mice, SCR was significantly elevated in LN mice (Fig. 1B).
In addition, LN mice had a higher concentration of anti-dsDNA in serum than control
mice (Fig. 1C). Taken together, these results indicted a lupus nephritis mouse model was
established.
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Figure 1 Pathologic characteristics of the lupus nephritis mouse model. (A) Quantitative analysis of
24-hour urinary total protein (24-h UTP). (B) Quantitative analysis of serum creatinine concentration
(SCR). (C) Quantitative analysis of serum anti-double-stranded DNA antibody titers (anti-ds-DNA). N =
3 for each group. Data are presented as the mean £ standard deviation (SD). Student’s ¢-test was per-
formed to compare LN mice and controls with the significance set at a P value of less than 0.05. *P < 0.05,
P < 0.01.

Full-size B8 DOI: 10.7717/peerj.10668/fig-1

Both the mRNA and IncRNA expression profiles of kidney tissue
differed between LN and control mice

To elucidate the molecular mechanisms governing IncRNAs that may account for lupus
nephritis, we profiled the transcriptomes of kidney tissue from LN and control mice (N =3
in each group). In total, six transcriptome data sets were obtained, with each composing an
average of approximately 80 million PE-end reads for analysis (Table S2). Next, we aligned
the clean reads to the reference sequence of mice with TopHat2 with two mismatches to
detect and characterize the expression patterns of annotated genes. In addition, Cufflinks
was used to perform ab initio transcript assembly and reconstructed transcripts, and 19,327
novel IncRNA genes were identified after a series of filtering steps. In total, there were
28,173 mRNA genes, and 22,504 IncRNA genes were expressed in at least one sample (with
FPKM > 0) (Fig. 2A). These expressed mRNA and IncRNA genes were used to characterize
the gene expression profile of LN and control mice.

Principal component analysis (PCA) was performed to explore the temporal expression
patterns associated with all mRNAs and IncRNAs in our datasets. Both mRNA and IncRNA
expression levels could be distinguished between the LN and control samples (Fig. 2B and
2C). Pearson correlation tests for all RNA-seq sample pairs were performed and indicated
similar outcomes for mRNA expression and IncRNA expression (Fig. 2FE and 2D). These
results indicated that the expression profiles, including mRNAs and IncRNAs, of the kidney
tissues of LN mice were significantly different from those of the control mice.
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Figure2 Gene expression profile of kidney tissue from LN and control mice. (A) Number mRNA and
IncRNA genes expressed in at least one sample (with FPKM > 0). (B and C) Principal component analysis
(PCA) of six distinct samples according to the expression levels of the mRNA (B) and IncRNA (C) genes.
The samples were clustered by LN mice and controls. (D and E) Heatmap of the correlation coefficient of
six samples according to the expression level of the mRNA (D) and IncRNA (E).

Full-size Gl DOI: 10.7717/peerj.10668/fig-2

There were more upregulated IncRNAs and mRNAs than
downregulated IncRNAs and mRNAs in the kidney tissue of LN mice
To explore the difference in mRNA and IncRNA expression profiles, edgeR was performed
to identify the differential expression of mRNAs (DEGs) and IncRNAs (DEIncRNAs)
(>2-fold up or down, FDR < 0.05) between LNs and controls. In total, there were 11,258
DEIncRNAs and 5,266 DEGs (Fig. 3A). In particular, compared to controls, we identified
11,084 upregulated IncRNAs but 174 downregulated IncRNAs in LN (Fig. 3A). Notably, we
also identified more unregulated mRNAs than downregulated mRNAs in mice (Fig. 3A).
Next, heatmaps were plotted based on the normalized FPKM values of DEIncRNAs.
Hierarchical cluster analysis showed a clear separation of LN and control samples with a
high consistency for the three replicate data sets (Fig. 3B). These results were in keeping
with the resutls obtained for the DEGs (Fig. 3C). Finally, the expression of five IncRNA and
ten mRNA was validated by qPCR (Fig. 4). All five IncRNAs and nine out of ten mRNAs
showed consistency for JPCR and RNA-seq. These results indicated that the expression at
the transcript level of a larger number of mRNAs and IncRNAs was affected in LN kidney

tissues in mice.
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Figure 3 Identification of the differentially expressed mRNAs between the two groups. (A) Distribu-
tion of the number of upregulated and downregulated mRNAs and IncRNAs between LN and control
mice. (B) Hierarchical clustering and heatmap of six samples based on all differentially expressed IncR-
NAs. (C) Hierarchical clustering heatmap of all samples based on all the differentially expressed mRNAs.
Full-size G4l DOI: 10.7717/peer;j.10668/fig-3

Downregulated DEGs but not upregulated DEGs were significantly
enriched in immune-and SLE-associated pathways in the kidneys of
LN mice

GO analysis was performed to demonstrate the potential function of all DEGs. There
were 625 upregulated and 1,045 downregulated genes that were annotated with GO
biological process terms. The upregulated DEGs were enriched in 180 GO terms, and the
downregulated DEGs were enriched in 358 GO terms (Tables 53 and 54). Notably, the
upregulated DEGs were enriched in terms related to transport and transmission (Fig. 5A).
However, the downregulated DEGs were enriched in such terms as immune response
and inflammatory response (Fig. 5B). Although the upregulated DEGs were also enriched
in immune-and inflammatory-associated pathways, the gene number was significantly
lower than that of downregulated genes (Fig. 5C). Next, we merged genes from the four
immune-and inflammatory-associated pathways, including “immune system process”,
“inflammatory response”, “immune response”, and “innate immune response”, which
resulted in 129 downregulated genes and 17 upregulated genes (Table S5). We plotted a
heatmap of these genes, which showed that the expression of these genes differed between
the LN and control samples (Fig. 5D).
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Figure 4 RT-qPCR validation of DEGs and DEIncRNAs. Relative expression levels of DEIncRNAs (A-])
and DEGs (K-DD) by RNA-seq (FPKM) and RT-qPCR. Data are presented as the mean £ standard devi-
ation (SD). Student’s t-test was performed to compare LN and control mice with the significance set at a P

value of less than 0.05. *P < 0.05, **P < 0.01.
Full-size &l DOI: 10.7717/peer;j.10668/fig-4

To further demonstrate the functional roles of these DEGs, KEGG pathway analysis
was performed for the DEGs. The results showed that upregulated genes were enriched
in neuroactive ligand—receptor interactions and glutamatergic synapses (Fig. 5E). The
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Figure 5 Functional analysis of differentially expressed mRNA genes. (A and B) The top 10 GO
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downregulated genes were enriched in such pathways as the response to Staphylococcus
aureus infection and antigen processing and presentation (Fig. 5F). Notably, both
downregulated and upregulated genes were enriched in systemic lupus erythematosus
(Fig. 5E and 5F). However, there were 28 downregulated genes associated with systemic
lupus erythematosus, but only 2 upregulated genes. A heatmap of these genes could
separate the LN and control samples (Fig. 5G). In addition, approximately half of these
SLE-associated genes were inflammatory factors (Fig. 5H, Table S6). These results showed
that the expression of many immune and inflammatory factors was repressed in kidney
tissue with LN.

LncRNAs may regulate the expression of immune and SLE-associated
genes in the kidneys of LN mice

To determine the function of these DEIncRNAs, we first identified the DEIncRNAs with
expressed mRNAs located within 10 kb upstream or downstream. There were 10,462

of 11,257 DEIncRNAs with 2994 expressed mRNA genes. Next, the Pearson correlation
coefficient for the expression of the DEIncRNAs and mRNAs was calculated. DEIncRNAs
and mRNAs were considered to be coexpressed when the absolute value of the correlation
coefficient was more than 0.6 with P -values <0.05. We identified 7,225,223 coexpressed
pairs by 104,62 DEIncRNA and 1,455 mRNA. Finally, we identified 778 mRNAs that were
located within 10kb upstream or downstream of 2,181 coexpressed DEIncRNAs. These
mRNAs were considered to be the potential targets of the DEIncRNAs (Fig. 6A). The
expression of two positive and two negative pairs of DEIncRNAs and mRNAs was validated
by qPCR (Fig. 6B—E). This result was observed by both qPCR and RNA-seq.

Next, GO analysis was performed to annotate the function of DEIncRNA-target
mRNAs. The results showed that these genes were enriched in such pathways as protein
ubiquitination, protein phosphorylation and the transforming growth factor beta receptor
signaling pathway (Fig. 6F). In particular, these genes were also enriched in the immune
system process pathway, which includes six genes (Fig. 6F). We then annotated these
DEIncRNA-target mRNA genes by KEGG pathway analysis. The results showed that
these genes were enriched in pathways including ubiquitin-mediated proteolysis and
phosphatidylinositol signaling system (Fig. 6G). Notably, one gene (H2-Aa) was annotated
with systemic lupus erythematosus according to KEGG analysis (Fig. 6G). Next, we plotted
the coexpression network of these SLE and immune genes and DEIncRNAs. The results
showed that 11 DEIncRNAs were coexpressed with these genes and may have targeted
these genes (Fig. 6H). qPCR confirmed that IncRNA Gm20513 positively regulated the
expression of the SLE-associated gene H2-Aa in kidney tissue (Fig. 61-L). The qPCR results
were consistent with those obtained by RNA-seq. All these results indicated that some
IncRNAs may regulate the expression of immune and SLE-associated genes in the kidneys
of LN mice.

DISCUSSION

SLE is a systemic disease that can affect various organs, and there is a high incidence
of kidney damage, which is referred to as LN (Davidson ¢ Aranow, 2010). This kidney
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Figure 6 Functional analysis of differentially expressed IncRNA genes. (A) Number of DEIncRNAs and
their cis-target mRNA genes. (B—E) RT-qPCR validation of the expression levels of four DEIncRNAs and
their cis-target mRNAs. (F) The top 10 GO analysis terms for DEIncRNA cis-target mRNA genes. (G) The
KEGG pathway for DEIncRNA cis-target mRNA genes. (H) Coexpression network between DEIncRNAs
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Data are presented as the mean + standard deviation (SD). Student’s ¢-test was performed to compare
LN and control mice with the significance set at a P value of less than 0.05. * P < 0.05, ** P < 0.01, *** P
< 0.01.
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damage is a considerable cause of mortality and disability in patients with SLE and includes
glomerular, tubular, renal interstitial and blood vessel destruction (Wu et al., 2017). In
this study, we sought to elucidate the differential molecular signaling pathways involving
IncRNAs that may account for increased disease in a mouse model of LN, MRL/Ipr mice.
Comparison of transcriptomic profiles showed that DEGs were involved in immune,
inflammatory response and systemic lupus erythematosus pathways. Pathway analysis
showed that DEIncRNAs also targeted and regulated the expression of immune and
SLE-associated genes, suggesting a potential role played by IncRNAs in immune disorders
and kidney injury in LN mice.

In fact, many studies have explored the role of aberrant expression of mRNA, miRNA
and IncRNA in blood or blood-derived cells from patients with SLE (Geng et al., 2020; Li
et al., 2019a; Luo et al., 2018; Wu et al., 2019; Xu et al., 2020; Ye et al., 2019). To the best of
our knowledge, only one study has characterized the differential expression of IncRNAs in
kidney tissue between patients with SLE and patients with kidney tumors (paracarcinoma
tissues) (Liao ef al., 2019). In this study, we examined the profiles of mRNA and IncRNA
expression in kidney tissue of LN and normal control mice. Notably, LN and control mice
showed differential expression profiles of both mRNAs and IncRNAs in kidney tissues.
This result is consistent with the findings of previous studies showing that the expression
profiles of mRNAs and IncRNAs in blood or derived cell samples could distinguish SLE
and healthy controls (Geng et al., 2020; Luo et al., 2018). For example, our results showed a
6-fold upregulation of IncRNA Neat1 in LN mice. It has been shown that Neat1 functions as
anovel inflammatory regulator acting through the MAPK pathway in human lupus (Zhang
et al., 2016). Notably, our study showed that both the numbers of upregulated IncRNAs and
mRNAs were greater than the number of downregulated IncRNAs and mRNAs, especially
IncRNAs. In addition, we identified a large number of novel IncRNAs in the kidneys of
mice, and most of these IncRNAs were upregulated. Thus, further research is warranted to
verify the reliability of these IncRNAs in the kidney tissue of LN mice.

The immune system is strongly associated with LN (Davidson, 2016; Davidson ¢ Aranow,
2010). In our study, both downregulated and upregulated mRNA genes were enriched in
immune response and inflammatory response, suggesting that deregulated mRNAs may
play a crucial role in immune regulation in LN. KEGG pathway analysis revealed that
some DEGs could contribute to the pathogenesis of SLE. This finding further suggests
that the dysregulated activation of immune system function is strongly correlated with
LN. In fact, a study showed that SLE induces inflammation by increasing the expression
level of the IncRNA TUGI in mice (Xu, Deng ¢ Zhang, 2018). It is important to determine
the potential expression relationship between protein-coding genes and IncRNAs by
constructing a IncRNA-mRNA coexpression network (Liu et al., 2017). This approach has
been demonstrated to be a useful means deducing the potential function of IncRNAs by
examining them in close relation to mRNAs whose functions have already been annotated
in SLE (Joslyn et al., 2018; Luo et al., 2018; Wang et al., 2018; Yang et al., 2017). In our
study, we showed that 11 DEIncRNAs targeted and c-expressed with six immune and SLE-
associated genes. For example, IncRNA Gm20513 positively regulates the expression of the
SLE-associated gene H2-Aa. H2-Aa is one of the major histocompatibility complex class
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II molecules (Kaufman et al., 1984), is expressed by intrinsic renal cells and is required for
crescentic glomerulonephritis (Li et al., 1998). It is possible that these specific coexpressed
mRNA-IncRNA networks are involved in the mechanism underlying the pathogenesis
of LN. In fact, a previous study showed that linc00513 was a novel positive regulator
of the type I interferon pathway by promoting the phosphorylation of the transcription
factors STAT1 and STAT?2 in SLE patients (Xue et al., 2018). Long noncoding RNA TUG1
protects renal tubular epithelial cells against injury induced by lipopolysaccharide by
regulating microRNA-223 (Xu, Deng & Zhang, 2018). LncRNA THRIL contributes to
lipopolysaccharide-induced HK-2 cell injury by sponging miR-34a (Deng et al., 2018). We
surmise that IncRNAs sponge microRNAs or interact with transcription factors to regulate
the expression of downstream target genes. It would be meaningful to further verify
whether Gm20513 regulates the expression of H2-Aa via knockdown or overexpression,
and to explore the molecular mechanisms underlying LN in kidney tissues.

CONCLUSIONS

This study presented a comprehensive expression profile of IncRNAs and mRNAs in the
kidney tissues of mice with LN. Our study demonstrated that both IncRNAs and mRNAs
exhibited different expression profiles in LNs compared with healthy controls. These
results help to elucidate the possible mechanisms involving IncRNAs and mRNAs, which
are implicated in the development and pathogenesis of LN. Thus, the results of our study
establish a foundation for future studies seeking to elucidate the underlying mechanisms
of LN via a signal transduction cascade network involving IncRNAs.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

The authors received no funding for this work.

Competing Interests
The authors declare there are no competing interests. Yaxun Wei is employed by ABLife
Inc., Wuhan.

Author Contributions

e Juan Wang conceived and designed the experiments, performed the experiments,
prepared figures and/or tables, authored or reviewed drafts of the paper, and approved
the final draft.

e Xiongfei Wu conceived and designed the experiments, authored or reviewed drafts of
the paper, and approved the final draft.

e Yafang Tu analyzed the data, authored or reviewed drafts of the paper, and approved
the final draft.

e Jianzhong Dang, Zhitao Cai and Wenjing Liao performed the experiments, authored or
reviewed drafts of the paper, and approved the final draft.

Wang et al. (2021), PeerdJ, DOI 10.7717/peerj.10668 14/19


https://peerj.com
http://dx.doi.org/10.7717/peerj.10668

Peer

e Weili Quan and Yaxun Wei analyzed the data, prepared figures and/or tables, authored
or reviewed drafts of the paper, and approved the final draft.

Animal Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

Animal studies were approved by the Laboratory Animal Welfare and Ethics Committee
of Renmin Hospital of Wuhan University (IACUC Issue No. 20171205).

Data Availability
The following information was supplied regarding data availability:

Raw data are available in the NCBI Gene Expression Omnibus: GSE153547. Additional
data are available as a Supplemental File.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.10668#supplemental-information.

REFERENCES

AlFadhli S, Ghanem AA, Nizam R. 2015. Genome-wide peripheral blood transcrip-
tome analysis of Arab female lupus and lupus nephritis. Gene 570:230-238
DOI 10.1016/j.gene.2015.06.020.

Cabili MN, Trapnell C, Goff L, Koziol M, Tazon-Vega B, Regev A, Rinn JL. 2011.
Integrative annotation of human large intergenic noncoding RNAs reveals
global properties and specific subclasses. Genes & Development 25:1915-1927
DOI'10.1101/gad.17446611.

Cao HY, Li D, Wang YP, Lu HX, Sun J, Li HB. 2020. The protection of NF-«xB in-
hibition on kidney injury of systemic lupus erythematosus mice may be corre-
lated with IncRNA TUG1. Kaohsiung Journal of Medical Sciences 36:354—362
DOI 10.1002/kjm2.12183.

Davidson A. 2016. What is damaging the kidney in lupus nephritis?. Nature Reviews
Rheumatology 12:143—153 DOI 10.1038/nrrheum.2015.159.

Davidson A, Aranow C. 2010. Lupus nephritis: lessons from murine models. Nature
Reviews Rheumatology 6:13—20 DOI 10.1038/nrrheum.2009.240.

DengY, Luan S, Zhang Q, Xiao Y. 2018. Long noncoding RNA THRIL contributes
in lipopolysaccharide-induced HK-2 cells injury by sponging miR-34a. Journal of
Cellular Biochemistry 120:1444—1456 DOI 10.1002/jcb.27354.

Esteller M. 2011. Non-coding RNAs in human disease. Nature Reviews Genetics
12:861-874 DOI 10.1038/nrg3074.

Fan Z, Chen X, Liu L, Zhu C, Xu ], Yin X, Sheng Y, Zhu Z, Wen L, Zuo X, Zheng X,
ZhangY, Xu J, Huang H, Zhou F, Sun L, Luo J, Zhang D, Chen X, Cui Y, Hao Y,
Cui Y, Zhang X, Chen R. 2020. Association of the polymorphism rs13259960 in
SLEAR with predisposition to systemic lupus erythematosus. Arthritis ¢ Rheuma-
tology 72:985-996 DOI 10.1002/art.41200.

Wang et al. (2021), PeerJ, DOI 10.7717/peerj.10668 15/19


https://peerj.com
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE153547
http://dx.doi.org/10.7717/peerj.10668#supplemental-information
http://dx.doi.org/10.7717/peerj.10668#supplemental-information
http://dx.doi.org/10.7717/peerj.10668#supplemental-information
http://dx.doi.org/10.1016/j.gene.2015.06.020
http://dx.doi.org/10.1101/gad.17446611
http://dx.doi.org/10.1002/kjm2.12183
http://dx.doi.org/10.1038/nrrheum.2015.159
http://dx.doi.org/10.1038/nrrheum.2009.240
http://dx.doi.org/10.1002/jcb.27354
http://dx.doi.org/10.1038/nrg3074
http://dx.doi.org/10.1002/art.41200
http://dx.doi.org/10.7717/peerj.10668

Peer

Feng X, Yang R, Tian Y, Miao X, Guo H, Gao F, Yang L, Zhao S, Zhang W, Liu ], Li H,
Tian Y, Zhao L, Wang S, Liu W, Wang K, Li Y, Wang Z, Liu Q, Wang C, Liu S. 2019.
HMGBI protein promotes glomerular mesangial matrix deposition via TLR2 in lu-
pus nephritis. Journal of Cellular Physiology 235:5111-5119 DOI 10.1002/jcp.29379.

FuJ, Wang Z, Lee K, Wei C, Liu Z, Zhang M, Zhou M, Cai M, Zhang W, Chuang PY,
Ma’ayan A, He JC, Liu Z. 2018. Transcriptomic analysis uncovers novel synergistic
mechanisms in combination therapy for lupus nephritis. Kidney International
93:416—429 DOI 10.1016/j.kint.2017.08.031.

Geng L, Xu X, Zhang H, Chen C, Hou Y, Yao G, Wang S, Wang D, Feng X, Sun L, Liang
J. 2020. Comprehensive expression profile of long non-coding RNAs in Peripheral
blood mononuclear cells from patients with neuropsychiatric systemic lupus erythe-
matosus. Annals of Translational Medicine 8:349 DOI 10.21037/atm.2020.03.25.

Grigoriou M, Banos A, Filia A, Pavlidis P, Giannouli S, Karali V, Nikolopoulos D,
Pieta A, Bertsias G, Verginis P, Mitroulis I, Boumpas DT. 2020. Transcriptome
reprogramming and myeloid skewing in haematopoietic stem and progenitor cells
in systemic lupus erythematosus. Annals of the Rheumatic Diseases 79:242-253
DOI 10.1136/annrheumdis-2019-215782.

Joslyn RC, Forero A, Green R, Parker SE, Savan R. 2018. Long noncoding RNA
signatures induced by toll-like receptor 7 and type I interferon signaling in activated
human plasmacytoid dendritic cells. Journal of Interferon and Cytokine Research
38:388—405 DOI 10.1089/jir.2018.0086.

Kaufman JF, Auffray C, Korman AJ, Shackelford DA, Strominger J. 1984. The class
II molecules of the human and murine major histocompatibility complex. Cell
36:1-13 DOI 10.1016/0092-8674(84)90068-0.

Kim D, Pertea G, Trapnell C, Pimentel H, Kelley R, Salzberg SL. 2013. TopHat2:
accurate alignment of transcriptomes in the presence of insertions, deletions and
gene fusions. Genome Biology 14:R36 DOT 10.1186/gb-2013-14-4-136.

Kiriakidou M, Ching CL. 2020. Systemic lupus erythematosus. Annals of Internal
Medicine 172:1tc81-itc96 DOI 10.7326/aitc202006020.

Kong L, Zhang Y, Ye ZQ, Liu XQ, Zhao SQ, Wei L, Gao G. 2007. CPC: assess the
protein-coding potential of transcripts using sequence features and support vector
machine. Nucleic Acids Research 35:W345-W349 DOI 10.1093/nar/gkm391.

LiY, Higgs RE, Hoffman RW, Dow ER, Liu X, Petri M, Wallace DJ, Dorner T, Eastwood
BJ, Miller BB, Liu Y. 2019b. A Bayesian gene network reveals insight into the
JAK-STAT pathway in systemic lupus erythematosus. PLOS ONE 14:e0225651
DOI 10.1371/journal.pone.0225651.

LiS, Li C, ZhangJ, Tan X, DengJ, Jiang R, Li Y, Piao Y, Li C, Yang W, Mo W, Sun J, Sun
F, Han T, Kuang W, Zhou Y. 2019a. Expression profile of long noncoding RNAs
in children with systemic lupus erythematosus: a microarray analysis. Clinical and
Experimental Rheumatology 37:156—163.

Li S, Kurts C, Kontgen F, Holdsworth SR, Tipping PG. 1998. Major histocom-
patibility complex class IT expression by intrinsic renal cells is required for

Wang et al. (2021), PeerJ, DOI 10.7717/peerj.10668 16/19


https://peerj.com
http://dx.doi.org/10.1002/jcp.29379
http://dx.doi.org/10.1016/j.kint.2017.08.031
http://dx.doi.org/10.21037/atm.2020.03.25
http://dx.doi.org/10.1136/annrheumdis-2019-215782
http://dx.doi.org/10.1089/jir.2018.0086
http://dx.doi.org/10.1016/0092-8674(84)90068-0
http://dx.doi.org/10.1186/gb-2013-14-4-r36
http://dx.doi.org/10.7326/aitc202006020
http://dx.doi.org/10.1093/nar/gkm391
http://dx.doi.org/10.1371/journal.pone.0225651
http://dx.doi.org/10.7717/peerj.10668

Peer

crescentic glomerulonephritis. Journal of Experimetnal Medicine 188:597—602
DOI10.1084/jem.188.3.597.

LiaoZ,Ye Z, Xue Z, Wu L, Ouyang Y, Yao C, Cui C, Xu N, Ma J, Hou G, WangJ,
MengY, Yin Z, Liu Y, Qian J, Zhang C, Ding H, Guo Q, Qu B, Shen N. 2019.
Identification of renal long non-coding RNA RP11-2B6.2 as a positive regulator
of Type I interferon signaling pathway in lupus nephritis. Frontiers in Immunology
10:975 DOI 10.3389/fimmu.2019.00975.

Liu S, Wang Z, Chen D, Zhang B, Tian R-R, Wu J, Zhang Y, Xu K, Yang L-M, Cheng C,
Ma]J,LvL, Zheng Y-T, Hu X, Zhang Y, Wang X, LiJ. 2017. Annotation and cluster
analysis of spatiotemporal- and sex-related IncRNA expression in rhesus macaque
brain. Genome Research 27:1608-1620 DOI 10.1101/gr.217463.116.

Lood C, Amisten S, Gullstrand B, Jénsen A, Allhorn M, Truedsson L, Sturfelt G, Erlinge
D, Bengtsson AA. 2010. Platelet transcriptional profile and protein expression
in patients with systemic lupus erythematosus: up-regulation of the type I inter-
feron system is strongly associated with vascular disease. Blood 116:1951-1957
DOI10.1182/blood-2010-03-274605.

Luo Q,Li X, XuC, Zeng L, Ye ], Guo Y, Huang Z, Li J. 2018. Integrative analysis of long
non-coding RNAs and messenger RNA expression profiles in systemic lupus erythe-
matosus. Molecular Medicine Reports 17:3489-3496 DOI 10.3892/mmr.2017.8344.

Matsui M, Corey DR. 2017. Non-coding RNAs as drug targets. Nature Reviews Drug
Discovery 16:167-179 DOI 10.1038/nrd.2016.117.

Panousis NI, Bertsias GK, Ongen H, Gergianaki I, Tektonidou MG, Trachana M,
Romano-Palumbo L, Bielser D, Howald C, Pamfil C, Fanouriakis A, Kosmara D,
Repa A, Sidiropoulos P, Dermitzakis ET, Boumpas DT. 2019. Combined genetic
and transcriptome analysis of patients with SLE: distinct, targetable signatures
for susceptibility and severity. Annals of the Rheumatic Diseases 78:1079—1089
DOI 10.1136/annrheumdis-2018-214379.

Rai R, Chauhan SK, Singh VV, Rai M, Rai G. 2016. RNA-seq Analysis Reveals
Unique Transcriptome Signatures in Systemic Lupus Erythematosus Pa-
tients with Distinct Autoantibody Specificities. PLOS ONE 11:e0166312
DOI 10.1371/journal.pone.0166312.

Renner K, Hermann FJ, Schmidbauer K, Talke Y, Gomez MRodriguez, Schiechl G,
Schlossmann J, Briithl H, Anders HJ, Mack M. 2015. IL-3 contributes to devel-
opment of lupus nephritis in MRL/Ipr mice. Kidney International 88:1088—1098
DOI10.1038/ki.2015.196.

Robinson MD, McCarthy DJ, Smyth GK. 2010. edgeR: a Bioconductor package for
differential expression analysis of digital gene expression data. Bioinformatics
26:139-140 DOI 10.1093/bioinformatics/btp616.

Scherer F, Kurtz DM, Diehn M, Alizadeh AA. 2017. High-throughput sequencing for
noninvasive disease detection in hematologic malignancies. Blood 130:440-452
DOI10.1182/blood-2017-03-735639.

Soon WW, Hariharan M, Snyder MP. 2013. High-throughput sequencing for biology
and medicine. Molecular Systems Biology 9:640 DOI 10.1038/msb.2012.61.

Wang et al. (2021), PeerJ, DOI 10.7717/peerj.10668 1719


https://peerj.com
http://dx.doi.org/10.1084/jem.188.3.597
http://dx.doi.org/10.3389/fimmu.2019.00975
http://dx.doi.org/10.1101/gr.217463.116
http://dx.doi.org/10.1182/blood-2010-03-274605
http://dx.doi.org/10.3892/mmr.2017.8344
http://dx.doi.org/10.1038/nrd.2016.117
http://dx.doi.org/10.1136/annrheumdis-2018-214379
http://dx.doi.org/10.1371/journal.pone.0166312
http://dx.doi.org/10.1038/ki.2015.196
http://dx.doi.org/10.1093/bioinformatics/btp616
http://dx.doi.org/10.1182/blood-2017-03-735639
http://dx.doi.org/10.1038/msb.2012.61
http://dx.doi.org/10.7717/peerj.10668

Peer

TilstraJS, Avery L, Menk AV, Gordon RA, Smita S, Kane LP, Chikina M, Delgoffe
GM, Shlomchik M]J. 2018. Kidney-infiltrating T cells in murine lupus nephritis
are metabolically and functionally exhausted. Journal of Clinical Investigation
128:4884-4897 DOI 10.1172/jci120859.

Trapnell C, Roberts A, Goff L, Pertea G, Kim D, Kelley DR, Pimentel H, Salzberg SL,
Rinn JL, Pachter L. 2012. Differential gene and transcript expression analysis of
RNA-seq experiments with TopHat and Cufflinks. Nature Protocols 7:562-578
DOI 10.1038/nprot.2012.016.

Wang Y, Chen S, Chen S, DuJ, Lin J, Qin H, Wang J, Liang J, Xu J. 2018. Long noncod-
ing RNA expression profile and association with SLEDAI score in monocyte-derived
dendritic cells from patients with systematic lupus erythematosus. Arthritis Research
& Therapy 20:138 DOI 10.1186/s13075-018-1640-x.

Wang D, Chen X, Fu M, Li Z. 2019. Transcriptomics analysis of sirolimus treatment in
lupus nephritis. Molecular Medicine Reports 20:245-251
DOI 10.3892/mmr.2019.10238.

WuX, Guo J, Ding R, Lv B, Bi L. 2015b. CXCL13 blockade attenuates lupus nephritis of
MRL/lpr mice. Acta Histochemica 117:732-737 DOI 10.1016/j.acthis.2015.09.001.

Wu GC, Hu Y, Guan SY, Ye DQ, Pan HF. 2019. Differential plasma expression profiles of
long non-coding RNAs reveal potential biomarkers for systemic lupus erythemato-
sus. Biomolecules 9:206 DOI 10.3390/biom9060206.

WuW, Jing Y, Xu Q, Hao J, Yu X. 2020. Upregulated level of IncRNA HOXA-AS2 in
peripheral blood of systemic lupus erythematosus patients aggravates disease pro-
gression via ERK pathway. Minerva Medica Epub ahead of print 2020 03 February
DOI 10.23736/50026-4806.19.06361-4.

Wu GG, LiJ, Leng RX, Li XP, Li XM, Wang DG, Pan HF, Ye DQ. 2017. Identi-
fication of long non-coding RNAs GAS5, linc0597 and Inc-DC in plasma as
novel biomarkers for systemic lupus erythematosus. Oncotarget 8:23650-23663
DOI 10.18632/oncotarget.15569.

Wu GC, Pan HF, Leng RX, Wang DG, Li XP, Li XM, Ye DQ. 2015a. Emerging role of
long noncoding RNAs in autoimmune diseases. Autoimmunity Reviews 14:798—805
DOI 10.1016/j.autrev.2015.05.004.

Xie C, Mao X, HuangJ, Ding Y, Wu ], Dong S, Kong L, Gao G, Li CY, Wei L. 2011.
KOBAS 2.0: a web server for annotation and identification of enriched pathways and
diseases. Nucleic Acids Research 39:W316-W322 DOI 10.1093/nar/gkr483.

Xu H, Chen W, Zheng F, Tang D, Liu D, Wang G, Xu Y, Yin L, Zhang X, Dai Y. 2020.
Reconstruction and analysis of the aberrant IncRNA-miRNA-mRNA network in
systemic lupus erythematosus. Lupus 29:398—-406 DOI 10.1177/0961203320908927.

XuY, Deng W, Zhang W. 2018. Long non-coding RNA TUGI protects renal
tubular epithelial cells against injury induced by lipopolysaccharide via reg-
ulating microRNA-223. Biomedicine and Pharmacotherapy 104:509-519
DOI 10.1016/j.biopha.2018.05.069.

Xue Z, Cui G, Liao Z, Xia S, Zhang P, Qin J, Guo Q, Chen S, Fu Q, Yin Z, Ye Z, Tang
Y, Shen N. 2018. Identification of LncRNA Linc00513 containing lupus-associated

Wang et al. (2021), PeerJ, DOI 10.7717/peerj.10668 18/19


https://peerj.com
http://dx.doi.org/10.1172/jci120859
http://dx.doi.org/10.1038/nprot.2012.016
http://dx.doi.org/10.1186/s13075-018-1640-x
http://dx.doi.org/10.3892/mmr.2019.10238
http://dx.doi.org/10.1016/j.acthis.2015.09.001
http://dx.doi.org/10.3390/biom9060206
http://dx.doi.org/10.23736/s0026-4806.19.06361-4
http://dx.doi.org/10.18632/oncotarget.15569
http://dx.doi.org/10.1016/j.autrev.2015.05.004
http://dx.doi.org/10.1093/nar/gkr483
http://dx.doi.org/10.1177/0961203320908927
http://dx.doi.org/10.1016/j.biopha.2018.05.069
http://dx.doi.org/10.7717/peerj.10668

Peer

genetic variants as a novel regulator of interferon signaling pathway. Frontiers in
Immunology 9:2967 DOI 10.3389/fimmu.2018.02967.

Yang H, Liang N, Wang M, Fei Y, Sun ], Li Z, Xu Y, Guo C, Cao Z, Li S, Jiao
Y. 2017. Long noncoding RNA MALAT-1 is a novel inflammatory regula-
tor in human systemic lupus erythematosus. Oncotarget 8:77400—-77406
DOI 10.18632/oncotarget.20490.

Ye H, Wang X, Wang L, Chu X, Hu X, Sun L, Jiang M, Wang H, Wang Z, Zhao
H, Yang X, Wang J. 2019. Full high-throughput sequencing analysis of differ-
ences in expression profiles of long noncoding RNAs and their mechanisms of
action in systemic lupus erythematosus. Arthritis Research & Therapy 21:70
DOI10.1186/513075-019-1853-7.

Zhang F, WulL, QianJ,QuB, Xia$,La T, WuY, Ma], Zeng J, Guo Q, Cui Y, Yang W,
HuangJ, Zhu W, Yao Y, Shen N, Tang Y. 2016. Identification of the long noncoding
RNA NEATI as a novel inflammatory regulator acting through MAPK pathway in
human lupus. Journal of Autoimmunity 75:96-104 DOI 10.1016/j.jaut.2016.07.012.

Wang et al. (2021), PeerJ, DOI 10.7717/peerj.10668 19/19


https://peerj.com
http://dx.doi.org/10.3389/fimmu.2018.02967
http://dx.doi.org/10.18632/oncotarget.20490
http://dx.doi.org/10.1186/s13075-019-1853-7
http://dx.doi.org/10.1016/j.jaut.2016.07.012
http://dx.doi.org/10.7717/peerj.10668

