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Abstract
Increasing evidence shows that long non-coding RNAs (lncRNAs) play an important role in a variety of disorders including 
kidney diseases. It is well recognized that inflammation is the initial step of kidney injury and is largely mediated by nuclear 
factor Kappa B (NF-κB) signaling. We had previously identified lncRNA-Arid2-IR is an inflammatory lncRNA associated 
with NF-κB-mediated renal injury. In this study, we examined the regulatory mechanism through which Arid2-IR activates 
NF-κB signaling. We found that Arid2-IR was differentially expressed in response to various kidney injuries and was induced 
by transforming growth factor beta 1(TGF-β1). Using RNA sequencing and luciferase assays, we found that Arid2-IR regu-
lated the activity of NF-κB signal via NLRC5-dependent mechanism. Arid2-IR masked the promoter motifs of NLRC5 to 
inhibit its transcription. In addition, during inflammatory response, Filamin A (Flna) was increased and functioned to trap 
Arid2-IR in cytoplasm, thereby preventing its nuclear translocation and inhibition of NLRC5 transcription. Thus, lncRNA 
Arid2-IR mediates NF-κB-driven renal inflammation via a NLRC5-dependent mechanism and targeting Arid2-IR may be a 
novel therapeutic strategy for inflammatory diseases in general.
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Abbreviations
UUO  Unilateral ureteral obstruction
mTEC  Primary mouse tubular epithelial cells
DKD  Diabetic kidney disease
IRI  Ischemia Reperfusion Injury
SSC  Saline Sodium Citrate
PBS  Phosphate-buffered saline
Flna  Filamin A
NLRC5  NLR family CARD domain containing 5
qPCR  Quantitative real-time PCR
RIP  RNA immunoprecipitation
DEGs  Differentially expressed genes

Introduction

Inflammation plays a driving role in many renal diseases 
and is largely mediated by NF-κB signaling in response to 
the initial renal insults [1]. In cellular level, classical NF-κB 
activation is usually a rapid and transient response to stimuli. 
IKKs are recruited to activated receptor complexes whereby 
IKKβ is phosphorylated by either trans-autophosphorylation 
or TAK1 and MEKK3 [2, 3]. The activated IKK complex 
phosphorylates IκB, trigging it for polyubiquitination and 
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proteasomal degradation, thus releasing p65/p50 and other 
dimers [4]. Although many inhibitors influence NF-κB acti-
vation and tend to reduce inflammation, there are no data 
regarding specific NF-κB inhibition in kidney.

LncRNAs (long non-coding RNAs) are commonly defined 
as long RNA transcripts longer than 200 nucleotides that do 
not encode proteins in most instances [5, 6]. LncRNAs are 
further classified as natural antisense transcripts, overlapping 
lncRNAs, long intergenic non-coding RNAs and intronic 
non-coding RNAs on the basis of their position on the 
genome [7]. It is now widely understood that lncRNAs are 
expressed in a cell type, tissue, developmental stage or dis-
ease state-specific manner. Evaluating lncRNAs could iden-
tify cellular pathologies, provide prognostic value, or even 
inform therapeutic options for patients [8]. Seminal studies 
showed that lncRNAs are involved in kidney development 
and dysregulated in the processes of kidney disease. LncRNA 
MALAT1 (metastasis-associated lung adenocarcinoma tran-
script 1) and TUG1 (taurine-up-regulated gene 1) were found 
dysregulated in patients with AKI (acute kidney injury) and 
in mouse models of DKD (diabetic kidney disease) [9–13]. 
LncRNA PVT1 (plasmacytoma variant translocation 1) is 
identified associated with ESRD (end-stage of renal disease) 
in type 1 and type 2 diabetes and may mediate the develop-
ment and progression of diabetic nephropathy through mech-
anisms involving ECM (extra cellular matrix) accumulation 
[14, 15]. In our previous study, we identified 151 Smad3-
dependent lncRNAs during renal injury in the mouse model 
of UUO (unilateral ureteral obstructive nephropathy) using 
high-throughput RNA sequencing. Real-time PCR confirms 
that lncRNAs np_5318, np_17856, np_28496 (also named 
as Arid2-IR) are up-regulated in wild type, but down-reg-
ulated in Smad3 knockout kidneys where progressive renal 
inflammation and fibrosis are abolished [16]. Arid2-IR is an 
inflammatory lncRNA that plays a role in renal inflammation 
as knocking down of Arid2-IR inhibits activation of NF-κB 
signaling and renal inflammation [17]. However, mecha-
nisms whereby Arid2-IR regulates NF-κB signaling remain 
unknown, which was examined in the present study.

Results

Arid2‑IR is induced by TGF‑β1 and differentially 
expressed in different kidney diseases

We first examined the specificity of Arid2-IR in renal inflam-
mation in three different mouse models of kidney diseases 
including the UUO, ischemic reperfusion injury-induced 
acute kidney injury (IRI-AKI) and type 2 diabetes in db/db 
mice. UUO is a classical model with pathological features 
of progressive tubulointerstitial inflammation and fibro-
sis. IRI-AKI is a common AKI featuring extensive tubular 

epithelial necrosis. Whereas, diabetic kidney disease shows 
minor renal inflammation and fibrosis. Our previous study 
showed that Arid2-IR is the most up-regulated lncRNA in 
UUO kidney which was mainly expressed by renal tubular 
epithelial cells [16, 17]. In this study, quantitative real-time 
PCR showed that Arid2-IR expression did not change sig-
nificantly at UUO day 1 but increased about 60-fold in UUO 
kidney at day 5 (Fig. 1a). On the contrary, Arid2-IR expres-
sion decreased by 50% on day 1 of IRI-AKI model, then 
gradually recovered from day 3 to day 5 (Fig. 1b). No sig-
nificant changes of Arid2-IR were detected in kidneys of db/
db mice at the age over 12–24 weeks (Fig. 1c). In situ result 
in Fig. 1d also shows that Arid2-IR is weakly expressed 
in tubulointerstitial region of normal mouse kidney, which 
is reduced in IRI 1d and largely up-regulated in the UUO 
kidney at day 5. These results indicated that Arid2-IR was 
exclusively and dramatically induced in UUO model day 5 
with progressive renal inflammation and fibrosis but reduced 
in AKI with severe tubular necrosis and exhibited no altera-
tion in db/db mice with minimal renal inflammation and 
fibrosis. We next dissect the regulatory mechanisms of dif-
ferential Arid2-IR expression in vitro by stimulating mTECs 
(a major site of Arid2-IR expression) with various cytokines. 
As shown in Fig. 1e, Arid2-IR expression was significantly 
induced at 6 h, 24 h by TGF-β1. We, thus, blocked pathways 
by treating mTECs with various specific chemical inhibi-
tors before TGF-β1 treatment. As shown in Fig. 1f, specific 
inhibitors for PI3K (wortmannin), PKC (Ro-31–8220) did 
not display obvious effect on TGF-β1-induced Arid2-IR 
level compare to DMSO. In contrast, inhibition of MEK 
(PD98059), p38 MAPK (SB203580) significantly inhib-
ited TGF-β1-induced Arid2-IR level. The result indicated 
that TGF-β1 regulates Arid2-IR expression through the 
p38/MEK pathway. No significant changes were observed 
in mTECs treated with IL-1β or TNF-α from 0 to 24 h 
(Fig. 1g–h).

Thus, Arid2-IR is induced by profibrotic TGF-β1 rather 
than proinflammatory cytokines but plays a role in renal 
inflammation as seen in the UUO kidney with severe renal 
fibrosis and inflammation. Whereas, severe TEC necrosis 
may result in a loss of Arid2-IR as seen in AKI because 
TECs are the major sites of Arid2-IR expression. In con-
trast, no alteration of Arid2-IR in the diabetic kidney may 
be associated with minimal renal inflammation and fibrosis.

Gene profiles of Arid2‑IR downstream transcripts 
identified by RNA‑seq

Some lncRNAs are physically linked to the locus from which 
they are transcripted; thus, they may regulate the transcrip-
tion of their genomic neighborhood or host genes in cis 
[18]. As shown in Fig. 2a, Arid2-IR was located within the 
intron region between the fourth and fifth exons of Arid2 on 
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the chromosome 15 of the mouse genome (mm10 Chr 15: 
96,351,803–96,353,200). The full sequence of the lncRNA 
Arid2-IR was provided in Supplementary File 1. The qPCR 
manifested that siRNA-mediated effect on the expression of 
Arid2-IR, A si-1 decreased Arid2-IR level most significantly 
(Fig. 2b). Knockdown of Arid2-IR by siRNA transfection 
in mTECs significantly altered the expression of Arid2-IR, 
yet had no effect on the mRNA level of Arid2, suggesting 
that Arid2-IR does not regulate host gene transcription in cis 
(Fig. 2c).

To identify downstream genes regulated by Arid2-IR, 
high-throughput RNA sequencing was performed to profile 
DEGs (differentially expressed genes) in Arid2-IR-knock-
down mTECs compared to negative control (NC) siRNA-
transfected mTECs. As shown by heatmap of the clustered 

DEGs, knockdown of Arid2-IR promoted numerous gene 
expressions (Fig. 2d), indicating it might potentially func-
tion as a gene suppressor. All Arid2-IR-related DEGs are 
listed in Supplementary Table 1. To explore potential bio-
logical functions of Arid2-IR, these DEGs were subjected 
to KEGG pathway enrichment and GO annotation analy-
sis. All the results of GO and KEGG analysis are listed 
in Supplementary Tables 2 and 3, respectively. The top 
significant KEGG pathways in which Arid2-IR-related 
DEGs enriched included herpes simplex infection, human 
papillomavirus infection, necroptosis, antigen processing 
and presentation (Fig. 2e). The most three significant GO 
terms of biological process (GO_BP) included response to 
virus, defense response to virus and symbiosis, encompass-
ing mutualism through parasitism (Fig. 2f). For GO terms 

Fig. 1  QPCR was used to detect 
the level of Arid2-IR in kidney 
disease models and mTECs. 
Relative expression level of 
Arid2-IR in the kidney tissues 
of a UUO, b IRI and c DKD 
models. Data are expressed 
as means ± SEM of 5–8 mice. 
***p < 0.001 versus control 
mice. d In situ hybridization 
of Arid2-IR expression in 
mice kidney tissue of control, 
IRI 1d and UUO 5d. Positive 
signal (purple) for Arid2-IR is 
indicated by arrows. MTECs 
treated by TGF-β1 (10 ng/mL) e 
IL-1β (10 ng/mL) g and TNF-α 
(20 ng/mL) h for 24 h. f MTECs 
blocked with DMSO or specific 
inhibitors for PI3K (wortman-
nin), MEK (PD98059), p38 
MAPK (SB203580), PKC 
(Ro-31–8220) before TGF-β1 
treated for 0, 6 h, 24 h. Relative 
expression level of Arid2-IR 
was detected at different time 
points. *p < 0.05, **p < 0.01 
versus 0 h. Data are expressed 
as means ± SEM of three inde-
pendent experiments
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Fig. 2  a Location of Arid2-IR in the mouse genome. Raw figure 
was downloaded from https ://www.ensem bl.org/ and modified. Blue 
box represents Arid2-IR. QPCR was used to detect relative level of 
Arid2-IR b and host gene Arid2 c in Arid2-IR siRNA-1, siRNA-2, 
siRNA-3 or NC siRNA-transfected mTECs. A si-1, 2, 3 were short 
for Arid2-IR siRNA-1, 2, 3. NC si was short for NC siRNA. d Heat 

map of expression profile of differentially expressed genes in Arid2-
IR siRNA-1 and NC siRNA-transfected mTECs. e Significant KEGG 
pathways of differentially expressed genes in Arid2-IR siRNA-
transfected group. Significant GO terms of biological process (f), 
molecular function (g), and cellular component (h) of differentially 
expressed genes in Arid2-IR siRNA-transfected group

https://www.ensembl.org/
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of molecular function (GO_MF) as shown in Fig. 2g, the 
most significant terms were ‘ubiquitin-like protein trans-
ferase activity, ubiquitin–protein transferase activity and 
GTPase activity’ in the Arid2-IR siRNA group compare 
to the NC group. The most significant GO term of cellular 

component (GO_CC) was ‘nucleosome’ in Arid2-IR-
related DEGs (Fig. 2h). Consistent with our previous report 
[17], the results of KEGG and GO analysis also supported 
that Arid2-IR may play a role in inflammation.

Fig. 2  (continued)
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NLRC5 is a downstream target gene of Arid2‑IR 
and is negatively regulated by Arid2‑IR 
transcriptionally

Among these dysregulated genes, Cebpb (CCAAT/enhancer-
binding protein, beta), Tgtp1 (T cell specific GTPase 1), 
1110008F13Rik (also known as RAB5 interacting factor), 
and NLRC5 (NLR family CARD domain containing 5) were 
the top four most significant DEGs (Supplementary Table 1). 
All these four genes were up-regulated in Arid2-IR knock-
down mTECs compared to the NC control group. We then 
focused on Cebpb and NLRC5 which were regarded as 
important regulators in immune response based on literatures 
[19–23]. First, we validated the mRNA expression of NLRC5 
and Cebpb in vitro by qPCR. Both genes, especially NLRC5, 
were remarkably up-regulated at the mRNA level in Arid2-IR 
knocking down mTECs, (Fig. 3a–b), suggesting that Arid2-
IR may regulate NLRC5 and Cebpb transcriptionally. Knock-
down of Arid2-IR also significantly increased the expression 
of NLRC5 protein, yet did not affect the protein level of Cebpb, 
(Fig. 3c–d), indicating Arid2-IR had a greater inhibitory effect 
on NLRC5 expression. As shown in Supplementary Fig. 1, 
qPCR result of 3 Arid2-IR siRNAs confirmed that Arid2-
IR-siRNA-regulated NLRC5 level was not due to off-target 
effect. To further prove whether Arid2-IR regulates NLRC5 
expression, we further constructed a pGL3-Basic vector con-
taining the 2 kb length (mm10 chr8:94432391–94434390) of 
NLRC5 promoter region in the 5′ end of luciferase reporter 
gene (Fig. 3e). QPCR result showed that overexpression of 
pcDNA3.1-Arid2-IR vector increased Arid2-IR expression 
dramatically in 293 T cells (Fig. 3f), which resulted in sig-
nificantly inhibition of the luciferase activity of pGL3-NLRC5 
promoter when compared to pcDNA3.1 empty vector, demon-
strating that Arid2-IR negatively regulates NLRC5 expression 
at the transcriptional level (Fig. 3g).

Arid2‑IR binds directly to Flna, which is enhanced 
under inflammatory conditions

Since lncRNAs often exert their functions by interaction 
with one or more RNA-binding proteins [24], we performed 
RNA pull-down assays in mTECs treated with or without 
IL-1β and biotin-labeled Arid2-IR. The silver staining 
showed proteins bound to Arid2-IR sense and anti-sense 
(negative control) probes (Fig. 4a). Then, we identified total 
proteins that associated with Arid2-IR by mass spectrometry. 
As shown in Fig. 4b and Supplementary Table 4, there were 
97 and 332 proteins or peptides in control or IL-1β-treated 
mTEC associated with Arid2-IR, respectively, with 70 of 
them overlapped in two groups. Apparently, IL-1β treatment 
increased the numbers of potential Arid2-IR-binding pro-
teins. We then analyzed GO and KEGG catalogs of all the 
potential Arid2-IR-interacting proteins identified by mass 

spectrometry (supplementary Tables 5 and 6). As shown by 
KEGG analysis, except the most abundant ribosome protein 
in cell, the Arid2-IR-binding proteins especially clustered 
in ‘splicesome’ and ‘regulation of actin cytoskeleton’ after 
IL-1β treatment when compared to control group (Fig. 4c). 
Among these 70 overlapped proteins which may potentially 
bind to Arid2-IR, filamin A (Flna) is a cytoskeleton protein 
well known for its actin cross-linking function. It serves as 
a scaffold for large numbers of cellular proteins and involves 
in multiple cell functions, of which cell migration and adhe-
sion is especially critical [25]. Most importantly, Flna is also 
dramatically increased in the UUO kidney as previously 
reported [26], which was also confirmed in IL-1β-treated 
mTECs by western blot after RNA pull-down (Fig. 4d), indi-
cating upregulation of Flna protein and enhanced the interac-
tion between Arid2-IR and Flna in response to IL-1β treat-
ment. Enhanced binding of Arid2-IR to Flna in mTECs was 
further confirmed by RNA immunoprecipitation and qPCR, 
and immunoprecipitation with the Flna antibody (Fig. 4e).

Relationship of Arid2‑IR, NLRC5 and Flna expression 
in response to renal injury

We then examined if increased Arid2-IR was associated 
with an increase in Flna expression but decrease in NLRC5 
expression in the UUO kidney. As shown in Fig. 1a, Arid2-
IR was markedly increased in the kidney of UUO day 5, 
which was associated with an increase in expression of 
Flna but decrease in NLRC5 at both mRNA (Fig. 5a–b) 
and protein levels (Fig. 5c–d and quantified in Supple-
mentary Fig. 2a). In contrast, diseased Arid2-IR in the 
IRI-AKI kidney at day 1 (Fig. 1b) was associated with an 
increase in expression of NLRC5, although Flna was gradu-
ally increased in a time-dependent manner (Fig. 5e–g and 
quantified in Supplementary Fig. 2b). Immunocytochemis-
try also indicates that protein level of NLRC5 was induced 
in IRI 1d and markedly decreased in UUO kidney in renal 
tubular region compared to control (Supplementary Fig. 2c). 
These results revealed a negatively regulatory relationship 
between Arid2-IR and NLRC5 during the pathogenesis of 
renal inflammation, which was enhanced by Flna.

The results of in vivo studies shown, unlike NLRC5 level 
was closely negative-related with Arid2-IR level, the expres-
sion of Flna did not relate with Arid2-IR, supporting that 
NLRC5 is a bona fide target gene of Arid2-IR.

Arid2‑IR promotes NF‑κB‑driven renal inflammation 
by targeting NLRC5

We previously showed that downregulation of Arid2-IR 
inhibits renal inflammation in UUO model and IL-1β-
induced NF-κB activity in mTECs [17]. Here, we further 
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Fig. 3  QPCR was used to detect the relative level of NLRC5 (a) and 
Cebpb (b) in Arid2-IR siRNA-1 or NC siRNA-transfected mTECs. 
c Protein level of NLRC5 and Cebpb in Arid2-IR siRNA-1 or NC 
siRNA-transfected mTECs analyzed by Western blot analysis. d 
Graphic presentation of relative abundance of NLRC5 and Cebpb 
normalized to β-actin in Arid2-IR siRNA-1 or NC siRNA-transfected 
mTECs. **p < 0.01, ***p < 0.001 versus NC siRNA. e Schematic 
representation of the luciferase reporter constructs. Two kilobase-
length of NLRC5 promoter region inserted in the 5′end of luciferase 
reporter gene at KpnI/BglII site in pGL3-basic vector. (F) Rela-

tive level of Arid2-IR and Arid2 in Arid2-IR overexpression vector 
(Arid2-IR) or pcDNA3.1 empty vector (pcDNA) transfected 293  T 
cells was analyzed by qPCR. ***p < 0.001 Arid2-IR versus pcDNA 
group. g Dual luciferase assay was performed to detect the luciferase 
activity of pGL3-NLRC5-promoter compared to pcDNA3.1 empty 
vector in 293  T cells. pGL3-NLRC5-p: pGL3-NLRC5 promoter; 
pGL3-Basic: empty vector. Data were shown as the relative luciferase 
activity of firefly to renilla. **p < 0.01 versus pcDNA, ##p < 0.01 ver-
sus pGL3-Bacic. All data are mean ± SEM of at least three independ-
ent experiments
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Fig. 4  RNA pull-down study was performed with mTECs cell lysates. 
a  Silver staining of proteins bound to Arid2-IR sense or antisense 
biotin-labeled probe in control or IL-1β (10 ng/mL) treated mTECs 
at 30  min. AS antisense. b Venn diagrams demonstrate the number 
of Arid2-IR binding proteins detected by Mass spectrometry in both 
control or IL-1β treated mTECs. c KEGG analysis show that potential 
Arid2-IR binding proteins especially clustered in ‘splicesome’ and 

‘regulation of actin cytoskeleton’ after IL-1β treatment when com-
pared to control group. d Flna but not NLRC5 bound with Arid2-IR 
confirmed by Western blot after RNA pull-down. e Arid2-IR bound 
with Flna compare to IgG as shown by RNA immunoprecipitation 
followed by qPCR. Data were shown as the relative level of Arid2-
IR to β-actin. All data are mean ± SEM of at least three independent 
experiments. ***p < 0.001 versus IgG
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Fig. 5  QPCR was used to detect the relative mRNA level of NLRC5 
(a) and Flna (b) in the kidney tissue of UUO day5 compared to con-
trol group. (c)Western blot was used to analyze the protein level of 
NLRC5 and Flna in UUO models day5 compared to control group.
(d) Immunofluorescence show the expression and location of 
NLRC5(red, upper panel) and Flna (red, lower panel)in control and 

UUO kidney day5. DAPI staining is blue. QPCR was used to detect 
the relative mRNA level of NLRC5 (e) and Flna (f) in IRI models at 
1d and 3d compared to control group. (g)Western blot was used to 
analyze the protein level of NLRC5 and Flna in IRI models compared 
to control group. Data are expressed as means ± SEM of 5–8 mice. 
**p < 0.01, ***p < 0.001 versus control mice
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investigated whether Arid2-IR activates NF-κB signaling by 
targeting NLRC5 in IL-1β-treated mTECs. Indeed, addition 
of IL-1β was able to induce activation of NF-κB signaling 
by phosphorylating IKKβ, NF-κB p65, and IκB (Fig. 6a and 

quantified in Supplementary Fig. 3a). To explore the regula-
tory mechanism Arid2-IR in activation of NF-κB signaling, 
we silenced Arid2-IR by siRNA and found that knockdown 
of Arid2-IR was able to inactivate NF-κB signaling, which 

Fig. 6  a Western blot analysis was performed to exam the protein 
level of phosho-IKK, IKKβ, phosho-p65, p65, phosho-IκB, IκB, after 
IL-1β (10 ng/mL) treated mTECs at different time points. b The pro-
tein level of NLRC5 was detected at different time points in IL-1β 
(10 ng/mL) treated mTECs. MTECs were transfected with Arid2-IR 
or NC siRNA (200 nM) for 24 h before IL-1β treatment. c Western 

blot analysis was performed to detect the protein level of phosho-
IKK, IKKβ, phosho-p65, p65, phosho-IκB, IκB, after IL-1β (10 ng/
mL) treated mTECs at 0, 5 min, 30 min. d MTECs were transfected 
with Arid2-IR, NC siRNA, or Arid2-IR + NLRC5 siRNA (200 nM), 
respectively, for 24 h before IL-1β treatment. All data are representa-
tive of at least three independent experiments
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was associated with enhanced expression of NLRC5 under 
high IL-1β conditions (Fig. 6b and quantified in Supplemen-
tary Fig. 3b). We next examined whether NLRC5 is essen-
tial for Arid2-IR-mediated NF-κB signaling by silencing the 
NLRC5 with siRNA on mTECs (Fig. 6c and quantified in 
Supplementary Fig. 3c). Strikingly, knockdown of NLRC5 
rescued the Arid2-IR siRNA-induced inhibition of phospho-
rylation of IKK, NF-κB and IκB (Fig. 6d and quantified in 
Supplementary Fig. 3d), demonstrating that Arid2-IR may 
regulate the activity of IKK-NF-κB signal via a NLRC5-
dependent mechanism.

Flna trapped Arid2‑IR in the cytoplasm to inhibit its 
nuclear translocation.

It is reported that Flna could translocate into nuclear to sup-
press gene transcription [27]. To further explore whether 
Flna could directly interact with Arid2-IR and negatively 
regulate NLRC5 transcription, as shown in Fig. 7a–b, Flna 
protein was only detectable in cytoplasm of mTECs and 
was significantly increased at 30 min after IL-1β stimula-
tion. In contrast, fluorescence in situ hybridization (FISH) 
demonstrated that Arid2-IR was primarily localized in the 
nuclei of mTECs, which was recruited to the cytoplasm after 
IL-1β treated at 30 min (Fig. 7c). Interestingly, NLRC5 was 
expressed in both nuclear and cytoplasmic compartments 
and like Flna was increased in response to IL-1β (Fig. 7b). 

Fig. 7  a Western bolt was performed to analyze the nuclei and cyto-
plasm protein in IL-1β (10 ng/mL) treated mTECs at 30 min and 1 h. 
b Immunofluorescence was performed to detect cellular location of 
Flna (green) and NLRC5 (red) in mTECs treated with IL-1β (10 ng/
mL) for 30 min. White arrows indicated the mTECs that Flna protein 
was significantly increased in the cytoplasm after IL-1β treatment, 
which NLRC5 was also up-regulated. c Fluorescence in situ hybridi-
zation was performed to detect cellular location of Arid2-IR (green) 
in mTECs treated with IL-1β (10 ng/mL) for 30 min. White arrows 
indicated the mTECs which Arid2-IR was recruited to the cytoplasm 
after IL-1β treatment. d The protein level of Flna was detected in 

Flna or NC siRNA(200  nM) transfected mTECs by Western bolt. e 
QPCR presentation of relative level of Arid2-IR and NLRC5 normal-
ized to β-actin in Flna or NC siRNA-transfected mTECs. All data 
are mean ± SEM of at least three independent experiments. *p < 0.05 
versus control, #p < 0.05 versus NC siRNA. f Agarose gel electro-
phoresis of RT-PCR was used to detect Arid2-IR level in the nuclei 
and cytoplasm fraction of IL-1β (10 ng/mL) treated mTECs. MTECs 
were transfected with Flna or NC siRNA (200 nM) for 24 h before 
IL-1β treatment. C cytoplasm, N Nuclei. g Statistical analysis was 
used to represent Arid2-IR level in mTECs. *p < 0.05, ***p < 0.001 
versus NC siRNA
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We, thus, hypothesized that Flna may anchor Arid2-IR in 
the cytoplasm, thereby preventing its nuclear translocation 
to promote NF-κB signaling via the NLRC5-dependent 
mechanism. We examined this hypothesis by silencing Flna 
in mTECs (Fig. 7d and quantified in Supplementary Fig. 4a) 
and found that knockdown of Flna by siRNA inhibited cyto-
plasmic Arid2-IR but promoting its nuclear translocation 
to transcriptionally inhibit NLRC5 expression (Fig. 7e–g). 
Furthermore, we also detected whether nuclear translocation 
of Arid2-IR correlates with apoptosis by flow cytometry, 
and found that knocking down of Arid-2 did not affect the 
apoptosis rate of mTEC (Supplementary Fig. 4b).

Discussion

In this study, we identified that lncRNA-Arid2-IR was 
induced by TGF-β1 and differentially expressed in three 
different kidney disease models. Thus, increased Arid2-IR 
expression contributes significantly to progressive renal 
fibrosis and inflammation as seen in the UUO kidney. 
In contrast, in the AKI in which extensive renal tubular 
cell necrosis occurs, expression of Arid2-IR was largely 
reduced because TECs are the major sites of Arid2-IR-
expressing cells. Interestingly, no significant alteration 
of Arid2-IR was noted in diabetic kidney of db/db mice 
where renal inflammation and fibrosis are minimal. Results 

Fig. 7  (continued)
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from these studies demonstrated that expression of Arid2-
IR is disease-specific.

The most significant finding from the present study is 
the identification of mechanism whereby Arid2-IR pro-
motes NF-κB-mediated renal inflammation by targeting 
NLRC5. In this study, RNA sequencing and reporter 
assays found that NLRC5, a negative regulator of NF-κB, 
was as a downstream target gene of Arid2-IR and Arid2-
IR negatively regulated NLRC5 to enhance activation of 
NF-κB signaling in vivo and in vitro. NLRC5 belongs 
to the highly conserved NOD-like protein family which 
expresses in various cell types and tissues [28]. Several 
studies have suggested that NLRC5 is an MHC class I 
gene transactivator [22, 29, 30]. In NLRC5-deficient mice, 
constitutive expression of the classical murine MHC class 
I genes was substantially impaired in T cells, NK cells 
and NKT cells [30]. However, the functions of NLRC5 
in regulating innate immunity and inflammation remain 
controversial. Cui et al. found NLRC5 as a negative regu-
lator of NF-κB and type I interferon signaling pathways 
induced by TLR [31], whereas others do not detect any 
changes in NF-κB-related genes in bone marrow-derived 
macrophages isolated from NLRC5-deficient mice [32]. 
In the kidney, NLRC5 is highly expressed in diabetic 
kidney disease and IRI-induced AKI at 24 h and 48 h 
[33], NLRC5-deficient mice are protected against renal 
injury as evidenced by decreased serum creatinine levels, 
improved morphological injuries, and reduced inflamma-
tory responses [33]. These results suggest that NLRC5 
is protective in renal inflammation. Consistent with these 
studies, we found that NLRC5 was induced by inflamma-
tory cytokine IL-1β in mTECs. Interestingly, NLRC5 was 
dramatically decreased in a mouse model of UUO, which 
was reversely correlated with expression of Arid2-IR. The 
regulatory role of Arid2-IR in NLRC5 expression during 
renal inflammation was revealed by RNA sequencing and 
reporter assay with the identification of NLRC5 as a target 
gene of Arid2-IR. The finding of knocking down NLRC5 
to rescue the Arid2-IR siRNA-induced inactivation of 
NF-κB signaling revealed a protective role of NLRC5 in 
Arid2-IR-mediated NF-κB-driven renal inflammation.

In the present study, we also found that Flna directly 
interacted with Arid2-IR and prevented its nuclear trans-
location to negatively regulate NLRC5 transcriptionally. 
Flna is a well-known actin-binding protein that orches-
trates the engineering of the actin cytoskeleton in response 
to signaling cascades to regulate cell shape and migra-
tion [25]. It also serves as a scaffold for over 90 bind-
ing partners and involves in multiple cell functions [34, 
35]. Mutations in Flna are associated with a wide range 
of human genetic disorders, including skeletal, craniofa-
cial, cardiovascular defects and cancers. Flna is also as a 
nucleolar protein that associates with the RNA polymerase 

I and RNA polymerase III-transcribed genes transcrip-
tion [27, 36]. In the present study, we found that Flna was 
expressed in the cytoplasm and was induced by IL-1β 
to trap Arid2-IR to prevent its nuclear translocation to 
negatively regulate NLRC5, thereby inhibiting Arid2-IR-
mediated NF-κB-driven renal inflammation.

In summary, as shown in Fig. 8, under disease condi-
tions, Arid2-IR is induced by profibrotic TGF-β1 but 
functions to promote renal inflammation by activating 
NF-κB signaling. Whereas Flna and NLRC5 are induced 
by inflammatory cytokines (such as IL-1β), but function to 
negatively regulate Arid2-IR-mediated renal inflammation. 
Indeed, under inflammation conditions, Flna traps Arid2-IR 
in cytoplasm to prevent its nuclear translocation to activate 
NF-κB-driven renal inflammation by targeting NLRC5. 
Thus, lncRNA Arid2-IR functions as a key regulator of 
NF-κB-dependent renal inflammation and may be a novel 
therapeutic target for inflammatory diseases in general.

Materials and methods

Animal models

Mouse model of UUO was induced in left kidney of male 
C57BL/6 J mice at 8 weeks of age (20–22 g body weight) 
as described earlier and left kidney tissues were harvested 
at day 5 [37]. IRI (ischemia reperfusion injury) model 
was induced in male C57BL/6 J mice at 8 weeks of age 
(20–22 g body weight) by bilaterally clamping their renal 
arteries with a vascular clip and then removed 40 min 
later to allow reperfusion as described earlier [38]. Mice 
were sacrificed and kidney tissues were collected 1d and 
3d after IRI surgery under anaesthesia by intraperitoneal 
injection of pentobarbitone. C57BL background leptin 
receptor knock-out type 2 db/db mice (C57BL/KsJ) and 
db/m mice were purchased from Shanghai Model Organ-
isms Center (Shanghai, China). DKD (db/db) or control 
(db/m) mice were sacrificed at age of 12 weeks, 16 weeks 
and 24 weeks under an aesthesia by intraperitoneal injec-
tion of pentobarbitone. Whole kidney was used for histo-
logical analysis, and cortex region of mice kidney tissue 
was mainly used in this study for qPCR and western blot 
analysis. The experimental procedures were approved by 
the Animal Experimentation Ethics Committee at The 
First Affiliated Hospital of Sun Yat-sen University.

Primary mouse tubular epithelial cells culture

Primary mouse tubular epithelial cells (mTEC) were iso-
lated from the kidney of wild-type male C57BL/6 J mice. 
Cells were collected and cultured in DMEM/F12 media 
(Gibco, USA) with 1% Streptomycin/Penicillin (Gibco, 
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USA), 10%FBS (Gibco, USA), ITS liquid media supplement 
(Sigma, USA), Murine EGF (10 ng/ml, Peprotech, USA) as 
previous describe. The primary mTECs were characterized 
as E-cadherin-positive and a-SMA-negative, as shown in 
Supplementary Fig. 5, the purity is over 95%. After 2nd pas-
sage, primary mouse tubular epithelial cells were seeded in 
10-cm plate or 6-well plates for further experiments. 293 T 
cells were cultured in DMEM/F12 media (Gibco, USA) with 
1% Streptomycin/Penicillin (Gibco, USA), 5%FBS (Gibco, 
USA). Cytokines, such as TGF-β1, IL-1β and TNF-α, used for 
in vitro study were all purchased from R&D systems (USA). 
Specific inhibitors for PI3K (wortmannin, CST-9951S), MEK 
(PD98059, CST-9900S), p38 MAPK (SB203580, CST-
5633S), and PKC (Ro-31–8220, Calbiochem) were dissolved 
in DMSO (dimethyl sulfoxide). MTECs were treated with 
final concentration of wortmannin (1 μM), PD98059 (50 μM), 
p38 MAPK SB203580 (10 μM), Ro-31–8220 (5 μM), or equal 
volume of vehicle control (DMSO) for 2 h, followed by 0, 6 h 
and 24 h treatment of TGF-β1 (10 ng/ml).

Down‑regulation and overexpression of Arid2‑IR

For knocking down Arid2-IR, mTECs were transfected with 
3 small interfering RNAs (siRNA) targeting Arid2-IR (A 
si-1, A si-2 and A si-3) or NC (scrambled negative control) 
siRNA at final concentration of 200 nM. For siRNA transient 
transfection, 60–80% confluent mTECs were transfected 

with siRNA using the RNA Max (Invitrogen, USA) accord-
ing to the manufacturer’s instructions. For overexpression 
of Arid2-IR, the full length of Arid2-IR was inserted into 
pcDNA3.1 vector (Invitrogen, USA) at the NheI and EcoRI 
sites. To overexpress Arid2-IR, 80% confluent 293 T cells 
were transfected with 3 μg pcDNA3.1-Arid2-IR plasmids 
or pcDNA3.1 empty vector with Lipofectamine 3000 (Inv-
itrogen, USA) according to the manufacturer’s instructions. 
SiRNA sequences (customized by Ribo Biological Technol-
ogy, Guangzhou, China) and primers (customized by Sangon 
Biotech, Shanghai, China) used for vector construction are 
listed in Supplementary Table 7.

RNA sequencing

Primary TECs were collected 24 h post transfection with 
siRNA-targeting Arid2-IR (A si-1) and NC siRNA for RNA-
Seq (n = 3 for each gorup) (Igenecode, Beijing). The RNA 
sequencing data were deposited in the National Center for 
Biotechnology Information database (accession number 
PRJNA668429).

Analysis of differentially expressed genes

The RPKM (Reads Per Kilobase per Million mapped reads) 
were used to quantifying the transcript expression. FastQC 
is used for quality control checks on raw sequence data. 

Fig. 8  The molecular mecha-
nism of Arid2-IR in normal or 
inflammation. Under normal 
condition (left panel), Arid2-IR 
mainly locates in nuclei and 
negatively regulates the tran-
scription of NLRC5. In renal 
injury(right panel), Arid2-IR is 
induced by TGF-β1, whereas 
elevated Flna induced by 
inflammatory cytokines (IL-1β) 
traps Arid2-IR in cytoplasm 
prevent its nuclear transloca-
tion and activate NF-B-driven 
renal inflammation by targeting 
NLRC5
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The DEGs (differentially expressed genes) were analyzed 
by DESeq2 for the identification of Arid2-IR-related genes. 
The genes with false discovery rate (FDR = adjusted p-val-
ues) < 0.05 were considered to indicate significant alteration. 
Pearson’s correlation coefficient based on transcript abun-
dance (RPKM) was used to measure the gene expression 
similarity between samples (Supplementary Fig. 6).

GO and pathway analysis

The significant pathways and functional information that 
DEGs enriched were analyzed by GO (gene ontology) and 
KEGG (Kyoto Encyclopedia of Genes and Genomes). GO 
analyses of DEGs were performed on DAVID, DEGs were 
clustered in biological process (BP), molecular function 
(MF), and cellular component (CC), and the significantly 
enriched GO terms were considered as FDR < 0.05. Path-
ways of Arid2-IR-associated DEGs in renal injury were ana-
lyzed by KEGG, FDR < 0.05 was considered as significance.

Reverse transcription and quantitative real‑time 
PCR

To quantify the expression level of lncRNA or mRNA in cul-
tured cells (n = 3 for each group) or kidney tissues (n = 5–8 
for each group), qPCR (quantitative real-time PCR) was per-
formed with TB green Premix Ex Taq II kit (Takara, Japan). 
Total RNA (1 μg) was reverse-transcribed into first-strand 
cDNA using genomic DNA eraser PrimeScript RT reagent 
Kit (Takara, Japan). QPCR was conducted using the condi-
tion of 95 ℃ for 1 min, then 40 cycles of 95 ℃ for 15 s, 58 ℃ 
for 15 s and 72 ℃ for 30 s on ABI7900 (Applied Biosystems, 
USA). Sequences of the primers are listed in Supplementary 
Table 7. The relative levels of target genes were calculated 
using the  2−△△CT method, and the data were normalized by 
β-actin and expressed as the mean ± SEM [39].

Western blot analysis

Protein from kidney tissues and cultured cells was extracted 
using the protein lysis buffer with protease inhibitor, and 
western blot was performed as previously described. In 
brief, after blocking non-specific binding with 5% skim 
milk in TBST, membranes were then incubated overnight 
at 4 ℃ with the primary antibody against NLRC5 (Abcam, 
ab105411), Cebpb (CST, 3087), Flna (Millipore, CBL228), 
pIKK (phosphor-IKK, CST, 2697S), IKKβ (CST, 8943S), 
pp65 (phosphor-p65, CST,  3033S), p65 (CST,  4764S), 
pIκB (CST, 9246S), IκB (CST, 4814S), β-actin (CST, 3700) 
followed by horseradish peroxidase-conjugated second-
ary antibody for 1 h at room temperature and detected by 
chemiluminescent reagent (SuperSignal West Pico Plus, 
ThermoFisher). Quantification of the protein level was 

performed by measuring the intensity of the hybridiza-
tion signals using the Fluorchem Image analysis program. 
The ratio for the protein examined was normalized against 
β-actin and expressed as the mean ± SEM.

Nuclear and cytoplasmic RNA and protein extraction

To determine the location of Arid2-IR and Flna expression, 
the nuclear and cytoplasmic fractions of cultured cells were 
isolated with PARIS Kit (Invitrogen, USA) according to the 
manufacturer’s instructions. QPCR and western blot were 
conducted in nuclear and cytoplasmic fraction separately. 
Arid2-IR level was normalized by GAPDH (cytoplasm) and 
U6 (nuclear) expressed as the mean ± SEM. PCR primers for 
U6 are purchased from Ruibo Biological Technology.

Luciferase reporter construction and Dual luciferase 
assay

To construct the luciferase reporter vector containing 
NLRC5 promoter, 2 kb length of NLRC5 promoter region 
was cloned into pGL3-Basic vector (Promega, USA) at 
KpnI/BglII sites (primers listed in Supplementary Table 7). 
The sequence of reporter vector containing NLRC5 promoter 
was confirmed by DNA sequencing (Supplementary File 2). 
293 T Cells were cultured in 24-well plates for 24 h at 80% 
confluent, and then reporter vectors were co-transfected with 
Arid2-IR-overexpression vector (pcDNA3.1-Arid2-IR) or 
empty vector (pcDNA3.1) at final amount of 0.5 μg. Renilla 
luciferase reporter plasmid pRL-TK (Promega, USA) was 
co-transfected as transfection efficiency control, and cells 
were collected by lysis buffer supplied in dual luciferase 
reporter assay kit (Promega, USA) 24 h after transfection. 
The luciferase activity was measured by dual luciferase 
reporter assay kit according to the manufacturer’s instruc-
tions on Spectra Max L (Molecular Devices, USA). The data 
are given as mean ± SEM and shown as the ratio of firefly to 
renilla luciferase activity.

Immunofluorescence and immunocytochemistry 
staining

Primary mTECs were cultured on 10-mm coverslips (EM 
Science, NJ, USA) and fixed in PBS (phosphate-buffered 
saline) containing 4% paraformaldehyde 15 min at room 
temperature and permeated in 0.5% Triton X-100 for 5 min. 
After washing with PBS, cells were blocked in solution with 
PBS containing 5% BSA and 10% goat serum for 30 min 
at room temperature. Cells were incubated overnight at 
4 ℃ with the primary antibodies anti-NLRC5 (Abcam, 
ab105411), Flna(Millipore, CBL228) diluted in blocking 
solution at 1:100, and then incubated with Alexa-546 goat 
anti-rabbit antibody or Alexa-488 goat anti-mouse antibody 
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(Invitrogen, USA), respectively, for 1 h at room temperature. 
DAPI was subsequently used for nuclei staining for 5 min 
and samples were mounted in mounting medium (R&D 
Systems, USA). For mouse kidney, 10-μm OCT-embedded 
sections were fixed in 4% paraformaldehyde in PBS for 
20 min. After three times of wash in PBS, tissue sections 
were treated with 0.5% Triton X-100 solution for 10 min, 
and blocked in solution with PBS containing 5% BSA and 
10% goat serum for 30 min at room temperature. The sec-
tions were incubated overnight at 4 ℃ with primary antibod-
ies against Flna, NLRC5, and then incubated with Alexa-546 
goat anti-mouse or anti-rabbit antibody (Invitrogen, USA) 
for 1 h at room temperature. Images were analyzed and col-
lected with 160 Zeiss LSM 810 Confocal Imaging System 
(Zeiss, Jena, Germany). Paraformaldehyde-fixed paraffin-
embedded kidney tissues were used for immunocytochem-
istry staining of NLRC5 following the protocol described 
before [17].

In situ hybridization and RNA fluorescence in situ 
hybridization

To detect the expression pattern and location of Arid2-IR in 
kidney, in situ hybridization was performed in paraformal-
dehyde-fixed paraffin-embedded tissue with Digoxigenin-
labeled probes (shown in Supplementary Table 7) at final 
concentration at 20 μM, following the instructions of ISH 
Detection Kit (Boster, China).

To detect the expression and cellular location of Arid2-IR 
in the primary mTEC, fluorescence in situ hybridization was 
performed. Antisense and sense (negative control) probes 
were synthesised with T7 RNA polymerase and labeling 
with Alex-488 using FISH Tag™ RNA Kit (Invitrogen, 
USA) according to the manual instruction. Primers used for 
probe synthesis are listed in Supplementary Table 7. RNA 
fluorescence in situ hybridization was performed according 
to the protocol [40]. Briefly, primary mTECs were cultured 
on 10-mm coverslip (EM science, NJ, USA) 24 h at 80% 
confluent, and then were treated or untreated with IL-1β 
for 30 min. First, cells were fixed in PBS containing 4% 
paraformaldehyde for 15 min at room temperature and per-
meate with 0.5% Triton X-100 for 5 min, then rinsed in PBS 
thrice for 10 min each and then in 2 × SSC (Saline Sodium 
Citrate) buffer once for 10 min. Second, cells were incubated 
in hybridization solution (Qiagen, Germany) at 37 ℃ for 
30 min. At the same time, the probes were denatured by 
heating at 90 ℃ for 5–10 min and immediately chilled on 
ice. Then, cells were incubated with 100 μL of hybridization 
solution with probe (20 nM) at 42 ℃ in dark for 12–16 h. 
Coverslips with cells were washed thrice in freshly made 
50% formamide with 2 × SSC for 5 min, thrice in 2 × SSC, 
1 × SSC for 5 min at 37 ℃, and then twice in 4 × SSC for 

10 min at room temperature. Lastly, cells were stained 
with DAPI prepared in 4 × SSC, and washed in 4 × SSC for 
5–10 min before mounting. Images were analyzed and col-
lected with 160 Zeiss LSM 810 Confocal Imaging System 
(Zeiss, Jena, Germany).

RNA pull‑down and mass spectrometry

Arid2-IR antisense (negative control) and sense probes 
were transcribed with T7 RNA polymerase (Roche, Swit-
zerland), and labeled with biotin using Biotin RNA labeling 
Mix Kit (Roche, Switzerland) according to the manufac-
turer’s instructions. RNA (5 μg) was mixed with cell lysates 
(5 mg) in 500 μl IP lysis buffer with RNase Inhibitor and 
incubated at room temperature for 1 h. Streptavidin mag-
netic beads (50 μl) (Invitrogen, USA) were added to each 
sample and incubated for 1 h. The retrieved proteins were 
separated and detected by western blot. Silver staining was 
conducted according to the manufacturer’s protocols with 
a silver staining kit (Beyotime Biotechnology, Shanghai). 
Mass spectrometry was performed to identify the proteins 
or peptides interacting with Arid2-IR followed by RNA 
pull-down.

RNA immunoprecipitation

RNA immunoprecipitation (RIP) was performed using 
Magna RIP RNA-Binding Protein Immunoprecipitation Kit 
(Millipore, USA) according to manufacturer’s instructions. 
Briefly, primary mTECs were cultured in 10-cm plate for 
24 h and then treated with IL-1β (10 ng/mL) for 30 min. For 
one RIP reaction, 100 μL of cell lysate from 2.0 × 107 cells 
was collected. 5 μg anti-Flna (Millipore, USA) or IgG anti-
bodies were incubated with cell lysate in 1.5 mL tubes with 
rotating for overnight at 4 ℃. RNA was retrieved and puri-
fied for qPCR as described before. Primers for Arid2-IR and 
β-actin used for qPCR are listed in Supplementary Table 7.

Flow cytometry

Mouse tubular epithelial cells were cultured in 6-well plate 
for 24 h and then transfected with Arid2-IR siRNA-1 or NC 
siRNA at final concentration of 200 nM. After 24 h trans-
fection, cells were treated with IL-1β (10 ng/mL) for 0 h, 
0.5 h or 6 h. Then, mTECs were stained using an Annexin 
V fluorescein isothiocyanate (FITC) apoptosis detection kit 
(BD, USA) according to the manufacturer’s instructions. The 
proportions of apoptotic cells were determined using flow 
cytometer (BD, USA). The apoptotic cells could be distin-
guished as the stained cells with Annexin V (+)/Propidium 
Iodide (−).
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Statistical analysis

Data obtained from this study were expressed as 
means ± SEM, and the statistical significance was analyzed 
using unpaired t test or one-way analysis of variance fol-
lowed by Newman–Keuls for multiple comparisons from 
GraphPad Prism 5.0. Differences were considered statisti-
cally significant at p < 0.05.
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