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Abstract:

Background/Aims: Emerging evidence suggests that circular RNAs (circRNAs) play a
crucial role in kidney disease regulation. However, their functional significance in chronic
kidney disease (CKD) remains poorly understood. Methods: In this study, circRNAs
were identified by RNA sequencing in two CKD mouse models, including unilateral
ureteral obstruction (UUO) and anti-glomerular basement membrane (anti-GBM)
glomerulonephritis. RNase-R treatment and Sanger sequencing were used to confirm
circular structure. Circ-RNF216-shRNA was used to establish stable KD mTEC cell lines.
Real-time quantitative polymerase chain reaction (RT-qPCR) was used to detect circ-
RNF216 expression. In situ hybridization was used to find the expression and localization
of circ-RNF216 in kidney. Transwell assay was performed to assess cell migration. RNA
sequencing was performed to characterize the mRNA expression profiles and identify
the pathways affected by circ-RNF216 knockdown in mTECs. Results: We identified
1589 circRNAs in 2 CKD mouse models. Circ-RNF216 expression was up-regulated in
UUO models. Functional analyses revealed that circ-RNF216 regulates renal fibrosis
through modulation of the TGF-B1/Smad3 pathway. Knocking down circ-RNF216 in
mouse tubular epithelial cells led to significant suppression of migratory capacity and
fibrosis. RNA sequencing showed that circ-RNF216 knockdown altered mRNA expression,
with differential genes mainly enriched in the transforming growth factor-B receptor
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superfamily signaling pathway. Conclusion: Our findings highlight circ-RNF216 as a
novel regulatory factor in CKD-related renal fibrosis, thus broadening our understanding
of circRNA involvement in kidney disease pathogenesis. These results suggest that circ-

RNF216 may serve as a promising target for therapeutic strategies aimed at preserving

H © 2025 The Author(s). Published by
renal function. Cell Physiol Biochem Press GmbH&Co. KG

Introduction

A cross-sectional epidemiological study conducted in China between 2018 and 2019
estimated that approximately 82 million adults were affected by chronic kidney disease
(CKD). The reported prevalence rates of CKD and its associated renal impairments were
8.2% and 2.2% [1]. Despite recent efforts in multimodal approaches, the awareness of
CKD was only 10.0%, and effective prognostic strategies for CKD patients are still lacking.
Irreversible renal fibrosis is the common histopathological feature of a wide variety of
chronickidney diseases as previously reported [2]. Transforming growth factor-f1 (TGF-f1),
a profibrogenic cytokine, activates multiple downstream signaling cascades. It exerts its pro-
fibrotic effects primarily through Smad3, a transcription factor that mediates inflammation
and fibrotic matrix deposition [3-5]. Studies have demonstrated that Smad3-deletion in
mice confers protection against CKD, leading to a significant reduction in renal inflammation
and fibrosis [6-9]. In our prior work, we identified Smad3-dependent molecules including
microRNAs, protein-coding genes and long non-coding RNAs through whole-transcriptome
RNA-sequencing related to TGF-B1/Smad3 pathway in CKD models [10].

While multiple classes of non-coding RNAs have been studied in CKD, the functional
relevance of circular RNAs (circRNAs) remains largely unexplored. CircRNAs are
distinguished by their circularized structures, ubiquitously and abundantly expressed among
eukaryotes. Resulting from their covalently closed loop structure, circRNAs exhibit tolerance
to exonuclease degradation, a feature that distinguishes them from linear RNAs [11]. Most
circRNAs are generated through pre-mRNA back-splicing, where a downstream splice site
(splice donor, SD) is joined to an upstream splice site (splice acceptor, SA), leading to a
single-stranded RNA (ssRNA) with a circular conformation [12]. CircRNAs perform diverse
functions, including acting as microRNA sponge, serving as protein scaffold, regulating gene
expression by competing with pre-mRNA splicing, trans- or cis- modulating their parental
gene, and some circRNAs themselves can be translated into proteins [13]. Moreover, circRNAs
can be delivered to extracellular fluids such as blood, plasma, saliva, urine, and extracellular
vesicles, suggesting their potential as diagnostic biomarkers [14]. Recent studies have
identified several circRNAs with critical roles in renal diseases. Circ-ASAP1 has been shown
to induce ferroptosis in renal clear cell carcinoma [15], while extracellular vesicle-derived
circ-EHD2 promotes renal cell carcinoma progression via stromal activation [16]. Conversely,
circtNTNG1 suppresses renal cell carcinoma by facilitating HOXA5-dependent epigenetic
repression of Slug [17]. In the context of renal fibrosis, circ-PTPN14 exacerbates disease
progression by interacting with FUBP1 to enhance MYC transcription [18].

In this study, we aimed to identify Smad3-related circRNAs involved in the pathogenesis
of chronic kidney disease. To define the expression pattern of circRNAs during chronic
renal injury, we analyzed transcriptome deep-sequencing data from unilateral ureteral
obstruction (UUO) and anti-glomerular basement membrane glomerulonephritis (anti-GBM
GN) models in both wild-type (WT) and Smad3-knockout (KO) mice. The detection of circular
RNAs from sequencing data was accomplished by identifying characteristic back-splice
junctions (BS]s), which generate chimeric read signatures [19, 20]. As illustrated in Fig. 1, we
employed 2 independent computational algorithms to identify the expression of circRNAs
in the kidney RNA-sequencing data from UUO and anti-GBM GN models. A total of 1, 589
circRNAs were identified across 12 CKD samples. Furthermore, we identified differentially
expressed circRNAs in two CKD models of WT and Smad3-KO mice. Comparative expression
analysis revealed that while some circRNAs were shared between immunologically driven
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complete adjuvant (Sigma, USA). Five

days later, the mice received an intraperitoneal injection of sheep anti-mouse GBM immunoglobulin at a
dosage of 60 pg per gram of body weight (designated as day 0). Glomerulonephritis was induced ten days
after immunization by intravenous injection of the same anti-GBM globulin. Total RNA was extracted from
kidney specimens, processed for library generation, and subjected to high-throughput sequencing.

In the present study, a new cohort of 6-week-old C57BL/6] mice was used to further validate the
expression dynamics of key circRNAs (circ-ATXN1, circ-EGF, and circ-RNF216) identified from the discovery
dataset. In the UUO model, the left ureter was ligated and kidney tissues were harvested on days 3, 7, and 14
after surgery (n = 6 per time point). Sham-operated mice, in which the ureter was not ligated, served as the
normal control group (n = 6). All animal studies were conducted in compliance with the ethical regulations
sanctioned by the relevant oversight committee at Sun Yat-sen University (No [2014]. A-117) and conducted
in accordance with the ARRIVE guidelines.

RNA-sequencing and data collection

For circRNAs, genomic sequencing was carried out utilizing a Hiseq2000 platform from Illumina
(San Diego, USA). The processed dataset was archived in the NCBI repository in 2014 under the accession
PRJNA223210, available at http://www.ncbi.nlm.nih.gov/bioproject/223210 [10]. The mTEC cells
underwent transfection with sh-circ-RNF216 or shRNA-NC. RNA was first enriched using magnetic
beads conjugated with Oligo (dT), after which the mRNA was randomly fragmented by the addition of
Fragmentation Buffer. Taking the fragmented mRNA as the template, the first-strand and second-strand
cDNA were synthesized sequentially, followed by cDNA purification. The purified double-stranded cDNA
then underwent end repair, A-tailing, and sequencing adapter ligation; subsequently, fragment size selection
was performed using AMPure XP beads. Finally, the cDNA library was obtained through PCR enrichment.
The generated libraries were examined by Qsep400 and subjected to sequencing on an Illumina HiSeq2500
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instrument. Next, the clean data was obtained after raw data filtering, and aligned to the mm10 mouse
reference genome. Read counts were analyzed, and differentially expressed mRNAs were screened based
on FDR (<0.01) and |log?2 fold change (FC)| > 1. GO and KEGG terms were enriched with the cutoff criteria
of p < 0.05. Gene Set Enrichment Analysis (GSEA) of Gene Ontology (GO) pathways was conducted using the
clusterProfiler package (v4.6.2) in R (v4.3.2), focusing on Biological Process (BP), Cellular Component (CC),
and Molecular Function (MF) categories, using a false discovery rate (FDR)-adjusted p-value < 0.25 as the
threshold for significant enrichment.

CircRNA profiling and differential expression analysis

Three circRNA prediction software, CIRI2 [21], circexplorer2 [22] and DCC [23], were used to search
for possible circRNAs in all samples. CircRNAs identified by at least two independent software tools were
taken as candidate circRNAs. The mouse reference genome mm10 (GRCm38) with Ensembl annotation
release 102 was used for circRNA detection. CircRNA expression levels were normalized to TPM (transcripts
per million). Differential expression analysis was conducted using the DESeq2 package in R (v3.5.1), with
data categorized according to experimental groups. The ggplot2 package was used to generate MA and
volcano plots. To better estimate the false positive rate and compare the interpretation results, FDR (false
discovery rate; adjusted p-value) was set as a threshold for identifying differentially expressed circRNAs.
CircRNAs were considered significantly differentially expressed if |log, fold change (FC)| > 1 and FDR
(adjusted p-value) < 0.05.

RNA extraction and RNase-R treatment

RNA was isolated with the TRIZOL reagent (Invitrogen) following the manufacturer’s protocol.
RNase-R (Epicenter) treatment was applied for 15 min at 37°C at the concentration 2U/pug. After treatment,
RNA underwent direct conversion to cDNA through reverse transcription with the PrimeScript RT reagent
Kit (Takara), which is designed to eliminate genomic DNA during the process. PCR was performed by using
High-fidelity polymerase PrimeSTAR GXL(Takara). A-tail was added to the 3’end of PCR product by using
DNA A-Tailing kit (Takara) before T-A cloning (Pdt-vector, Takara). Sanger sequencing was used for the
identification of circRNA back-splicing junction site.

Reverse transcription PCR(RT-PCR) and Quantitative real-time PCR (qPCR)

Reverse transcription PCR was carried out by using the PrimeScript RT reagent Kit (Takara) with
the genomic DNA eraser component as the manual described. Relative circRNAs or linear reference gene
(B-actin) expression was quantified by quantitative real-time PCR (qPCR) with TB Green (Premix Ex Taq Il
kit, Takara) as the fluorescent reporter. Primers for circRNAs and reference gene are listed in Supplementary
Table 1. The qPCR protocol consisted of an initial denaturation step at 95°C for 1 minute, followed by 40
cycles of denaturation at 95°C for 15 seconds, annealing at 58°C for 15 seconds, and extension at 72°C for 30
seconds, performed on the ABI7900 instrument. The 2-AACT method was applied to calculate the relative
abundance of target circRNAs, and the data were normalized to (3-actin, presented as the mean + SD [24].

In situ hybridization

In order to determine the expression localization of circRNA in kidney, in situ hybridization was
performed on kidneys from both normal and UUO conditions on paraffin-fixed tissue slides. Digoxigenin-
labeled probes for circ-RNF216 detection are listed in Supplementary Table S1, based on the guidelines
provided in the Roche application manual.

Cell culture and circ-RNF216-shRNA stable cell lines

The mouse tubular epithelial cell line (mTEC) was maintained in DMEM-F12 medium (Gibco, CA),
supplemented with 5% FBS (Gibco, CA) as previously described [25]. HK-2 (proximal tubular cell), ACHN
(renal adenocarcinoma cell), 786-0 (clear cell carcinoma cell), The Caki-1 cell line (human clear cell renal
carcinoma) and HMC (human glomerular mesangial cells) were maintained in DMEM-F12 medium (Gibco,
CA) with 10% FBS (Gibco, CA). For HPC (human podocytes), cells were cultured in RPMI medium containing
10% FBS and IFN-y at 33°C under conditions favorable for growth, or without IFN-y at 37°C under non-
permissive conditions.
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For cytokines treatment in vitro study, mTEC cells were stimulated with TGF-f31 at a dose of 10 ng/ml
or TNF-a (10 ng/ml) (all purchased from R&D systems) for periods of 0-48 hours. For the construction of
circ-RNF216 stable KD and control cell lines, mTECs were transfected with circ-RNF216 shRNA lentivirus
vector or NC shRNA lentivirus vector (purchased from Hanbio, China) for 24 hours followed by selection
with 10 pg/ml puromycin (Gibco, CA) for 7 days.

Transwell assay

Basement membrane was hydrated by adding 50 pL of serum-free medium to each well and incubating
at 37°C for 30 minutes. Cells were serum-starved for 12-24 hours to minimize serum influence, then
digested, centrifuged and resuspended in serum-free medium containing BSA, adjusting the density to 5
x 10° cells/mL. 100 pL of the cell suspension was seeded into the upper chamber of the Transwell insert,
while 600 pL of complete medium with TGF-1(10 ng/ml) was added to the lower chamber. Cells were
incubated at 37°C with 5% CO, for 24 hours. Cells were stained with 0.1% crystal violet for 20 minutes.
The migrated cells, which adhered to the lower side of the membrane, were observed under a fluorescence
microscope, and six random fields were imaged for quantification. The average number of migrated cells
was calculated for statistical analysis, ensuring consistency in staining and imaging conditions.

Statistical analysis

The data from real-time PCR are expressed as means +* SEM from at least three independent
experiments and were analyzed using an unpaired t-test or one-way ANOVA for multiple comparisons.
The unpaired t-test was used to compare differences between two groups. p < 0.05 was established as a
statistically significant difference.

Results

CircRNAs are broadly expressed in kidney tissue of CKD models

The 12 samples were separated into 6 distinct groups for the purpose of statistical
assessment, including gene expression quantification, analysis of differential expression,
and pathway enrichment analysis (Fig. 2A). The sample IDs and specific groupings were
shown in Table 1.

Fig. 2. Statistics of circRNAs [ a
in 6 groups. (A) Correlation % =
matrix for all samples. (B) Venn =5 roe
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Through  preliminary Table 1. Sample ID and group labels
screening, a total of 2,711
circRNAs were identified’ Sample ID SRA Run ID (PRJNA223210) Group Label
among which 2'18_3 Y214/Y217 SRR1205147/SRR1205148 A Wildtype-Normal (WTN)
circRNAs were detected in  U106/U409 SRR1205141/ SRR1205142 B Smad3 KO Normal (KON)
CIRI2Z and 2,217 circRNAs  Y541/Y555 SRR1205145/ SRR1205146 C Wildtype -GBM (WTG)
D
E
F

Sample Type
(Abbreviation)

were detected in DCC. A  L762/H482 SRR1205140/ SRR1205139 Smad3 KO GBM (KOG)
total of 1,589 overlapping  G232/G233 SRR1205149/ SRR1205150 Wildtype -UUO (WTU)
CircRNAs  were  shared  X544/X547 SRR1205143/SRR1205144 Smad3 KO-UUO (KOU)
between the two methods

and were selected for Table 2. Differential expression of
further analysis (Fig. 2B). Theidentified 1589 common  circRNAs in the two CKD models of wild-
circRNAs ranged from less than 100 nucleotides (nt)  type and Smad3 knockout mice

to over 40 kb, with the majority falling between 0-200

Comparison Total UpDown
nt (Fig. 2C). CircRNAs can be categorized into three  wrgvswrN 73 21 52
types based on their genomic origins: exonic circRNAs WTU vs WTN 174 59 115
(EcRNAs), exon-intron circRNAs (EIciRNAs) and ~ Commonin WTmodels 58 16 42
. ; . . . KOG vs KON 75 54 21
circular intronic RNAs (CiRNAs), revealing that the gy vs kon 33 15 18

vast majority (97.92%) overlapped with the exonic =~ CommoninSmad3KOmodels 3 3 0
regions of protein coding genes. In contrast, exon-

intron circRNAs (where exons are circularized with

introns 'retained’ between exons) and intergenic circRNAs are exceedingly rare, comprising
only 1.76% and 0.31%, respectively.

Identification of differentially expressed circRNAs related to renal injury in two models

The differentially expressed (DE) circRNAs were identified at the threshold of FDR
<0.05 and |log,FC|>1. The most significantly differentially expressed circRNAs (FDR <0.05
and |fold change|>4) were displayed in the hierarchical clustering with yellow and purple
colors representing high and low expression levels in Supplementary Fig. 1.

The analysis of DE circRNAs was shown in Table 2, revealing that 73 circRNAs were
differentially expressed between wild-type anti-GBM GN (WTG) and wild-type normal (WTN)
mice, among which 21 were up-regulated and 52 were down-regulated in WTG kidneys.
Similarly, 174 circRNAs were differentially expressed in wild-type UUO (WTU) compared
to WTN mice, with 59 up-regulated and 115 down-regulated in WTU kidney. Among these
two models, we found that 16 up-regulated circRNAs and 42 down-regulated circRNAs were
consistently dysregulated in both WTG and WTU mice compared to WTN mice (Fig. 3A).

Top five most up-regulated and down-regulated circRNAs in anti-GBM GN and UUO
model were listed in Tables 3 and 4. Notably, circ-RNF216 was consistently up-regulated,
while circ-TTC3 and circ-ARHGAP10 were commonly down-regulated in both wild-type CKD
models compared to the wild-type normal group, suggesting that these shared DE circRNAs
may play important roles in CKD pathogenesis.

Interestingly, among top 5 circRNAs showing the most significant increases and
decreases in expression in anti-GBM models, two circRNAs (chr7:51887911|51926544:
+ and chr7:51936553|51953301: +) which were derived from the same parental gene
Gas2(Growth arrest specific 2) exhibited opposing regulatory patterns in anti-GBM
compared to wild-type normal mice. Gas2, which is cleaved by caspase-3 during apoptosis,
induces substantial changes in the actin cytoskeleton and dramatically alters cell shape. We
propose that these two Gas2-associated circRNAs may have different functions in modulating
apoptosis and cell survival in the context of CKD progression.

Smad3-dependent circRNAs in two CKD models
A considerable amount of research has established that Smad3 plays a pivotal role as
a transcription factor in the process of renal fibrosis. Deletion of Smad3 significantly
diminished the protein coding genes and long non-coding RNA expression in UUO and anti-
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A Up in WTU Down in WTG

Up in WTG Down in WTU

Up in KOU Down in KOG

Up in KOG Down in KOU

Fig. 3. Venn diagram of the number of differentially expressed circRNAs in two CKD models of WT and
Smad3 KO mice. (A) Number of differentially expressed circRNAs in WT mice. (B) Number of differentially
expressed circRNAs in Smad3 KO mice. Note: WTN: wildtype normal mice; WTU: UUO model of wild-type
mice; WTG: anti-GBM GN model of wildtype mice; KON: Smad3 knockout normal mice; KOU: UUO
model of Smad3 knockout mice; KOG: anti-GBM GN model of Smad3 knockout mice.

GBM GN models according to our previous
studies [6, 10]. This study further revealed
that numerous circRNAs exhibited differential
expression in the kidneys of Smad3 knockout
(KO) mice in CKD, in contrast to wild-type
(WT) mice. These findings are summarized in
Table 2, showing that the total number of DE
circRNAs in the anti-GBM GN model and UUO
model of Smad3-KO mice (KOG and KOU)

was 75 and 33 respectively, compared to the
Smad3-KO normal mice (KON). Top 10 DE
circRNAs in two Smad3-KO CKD models were
also listed in Tables 5 and 6. Notably, only
three circRNAs were commonly dysregulated
in both UUO and anti-GBM GN models of
Smad3-KO mice (Fig. 3B). The three common
DE circRNAs (chr5:146259504|146271735:
+ Cdk8, chr6:145032782|145039635: -Bcatl,
chr10:25267307|25289730: -Akap7) were all
up-regulated in two Smad3-KO CKD models.
DE circRNAs that exhibit opposite expression
patterns in WT and Smad3-KO mice will

be considered as genes related to chronic
kidney injury and regulated by Smad3. Only
2 circRNAs (chr4:96316298|96340001:

- Cyp2j11, chr9:59779542|59790092:

+ Myo9a) were found up-regulated in
comparison ‘WTG vs WTN’ and down-
regulated in ‘KOG vs KON’, and two circRNAs
(chr9:96602712|96611499: -Rasa2,

Table 3. Top 10 differentially expressed circRNAs
in wildtype anti-GBM GN model

CircRNA ID Gene namelogzFC FDR Regulation

chr5:89084641|89135820: + Sle4ad 1011  150x107°  Up
chr7:51887911|51926544: + Gas2 958  122x107%  Up
chrX:85754331(85761407: - Gk 941  302x1077  Up
chr5:143090119]143090758: - Rnf216 725  716x107%  Up
chr2:6835881368369105: - stk39 599  269x1072  Up
chr7:51936553|51953301: + Gas2  -1006 213x10"  Down
chr16:94383911|94393174: + T3 -1028 868x10710  Down
chr12:57325523|57364234: + Mipoll -1057 318x1071Y  Down

Arhgap10 -10.61 3.20 x10710  pown

chr8:77344639|77365160: -
Erbb2ip -10.63 138x10710  Down

chr13:103868042|103884260: -

Table 4. Top 10 differentially expressed
circRNAs in wildtype UUO model

CircRNA ID Gene namelogzFC FDR Regulation
chr7:97660812|97664766: + Rsf1 9.04 581x107/ Up
chr2:70770003|70786995: - Tlk1 797 495x107° Up
chr9:96602712|96611499: - Rasa2 7.67 150 ><10_fl Up
chr5:143090119|143090758: - Rnf216  6.92 156 x1073 Up
chr11:8518198|8532509: - Tns3 3.72 644x1073 Up
chr16:94383911|94393174: + Ttc3 1038 749x10710  Down

chr11:6313787|6317080: + Ogdh  -1048 713x10710  Down
chr8:77344639|77365160: - Arhgap10 1072 420x10710  Down
chr3:133320935|133339349: + Ppa2 1146 7.26x10712  Down
chr4:43087902|43101874: + Unci3b -1261  350x10715  Down

Table 5. Top 10 differentially expressed circRNAs
in Smad3 KO anti-GBM GN model

CircRNA ID Gene name log2FC FDR Regulation
chr19:37570382|37599693: + Exoc6 1092933 446x10710  up
chr11:8518198|8532509: - Tns3 5015115 251x1073  Up
chr13:45852327|45956575: - Aol 4796349 914x1073  Up
chr5:146259504|146271735: + Cdk8 4767757 213x1072  Up
chr16:94383911|94403368: + T3 4198467 530x1073  Up
chr1:84782826|84814969: - Tripl2 -210831 7.24x10°8  Down
chr7:73514089|73519708: - Chd2 -215775 422x108  Down
chr14:99133235(99150741: + Pibfl  -3.0125 466x10728  Down
chr7:97660812|97670882: + Rsfl  -3.19364 527x10720  Down
chr4:96316298|96340001: - Cyp2j11 -10.5864 446x10"10  Down

chr5:73510885|73534697: +Dcun1d4) were up-regulated in ‘WTU vs WTN’ and down-
regulated in ‘KOU vs KON Further experimental validation is required to investigate the
functional roles of these DE circRNAs in renal injury and their regulatory association with

Smad3.
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GOand KEGG analysis of protein-coding genes linked to circRNAs with differential expression

DAVID database (Annotation, Visualization and Integrated Discovery) was utilized to
perform gene functional annotation. Gene Ontology (GO) categorizes gene functions into
three distinct, non-overlapping domains: biological processes (BP), molecular functions
(MF), and cellular components (CC). To explore the relationship between the parental genes
of DE circRNAs and to identify shared pathways involved in renal injury, we summarized the
significant GO terms and KEGG pathways in two CKD models. Due to the limited number of
DE circRNAs, the enriched
GO and KEGG pathway

was not found in all the Table 6. Top 10 differentially expressed circRNAs in Smad3 KO UUO

comparisons. Thesignificant model
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KEGG pathway analysis
indicated that enrichment
was only found in the DE
circRNAs of Smad3-KO mice
(Fig. 4B). In comparison of
WTG vs KOG, DE circRNAs
mainly clustered in the
pathways related to
estrogen signaling pathway
and prostate cancer in anti-
GBM GN, while Peroxisome
and PPAR signaling pathway
were enriched in UUO.
The function of potential
renal injured related DE
circRNAs requires further
experimental evidence.
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Fig. 4. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis of protein-coding genes connected to

circRNAs with differential expression. (A)GO analysis of the genes from

which differentially expressed circRNAs originate. (B) KEGG pathway

analysis of the genes associated with differentially expressed circRNAs.
Note: Cvs A: WTG vs WTN; E vs A: KOU vs WTN; D vs B: KOG
vs KON; C vs D: KOG vs WTG; E vs F: KOU vs WTU. WTN:
wildtype normal mice; WTU: UUO model of wild-type mice; WTG:
anti-GBM GN model of wildtype mice; KON: Smad3 knockout normal

mice; KOU: UUO model of Smad3 knockout mice; KOG:

GN model of Smad3 knockout mice.
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Validation of circRNA expression in mouse kidney
Before investigating the potential roles of these differentially expressed circRNAs, the
circular nature of the circRNAs needs to be validated (Table 7). PCR amplification using

divergent primers spanning the back-splicing

junction site was performed to confirm the

expression of seven candidate circRNAs in mouse kidney (Fig. 5A). Sanger sequencing of the
back-splicing junction sites of circ-ATXN1, circ-EGF, and circ-RNF216 verified their circular

structures as predicted (Fig. 5B-D).

To confirm the potential function of these
three circRNAs in the process of renal fibrosis,
we examined the expression of circ-ATXN1,
circ-EGF, and circ-RNF216 in mouse kidney
at day 3, 7 and 14 after UUO. qPCR results
showed that circ-ATXN1 expression was
up-regulated during UUO progression (Fig.
6A), whereas circ-EGF expression decreased
during UUO (Fig. 6B), although these
changes did not reach statistical

Table 7. PCR validation of circRNAs
Lane CircRNA  BS] sitePredicted PCR product size

1 circ-ATXN1 Yes 206 bp
2 circ-COX7B No 212 bp
3 circ-EGF Yes 151 bp
4 circ-PRDM5  No 225 bp
5 circ-UNC13B  No 224 bp
6 circ-RNF216  Yes 389 bp
7 circ-ERBB2IP  No 167 bp

significance. Circ-RNF216
expression was significantly up-
regulated in UUO models, along
with a dramatic increase at UUO
day 3 (Fig. 6C). Circ-RNF216
originates from Rnf216/Triad3,
which encodes an E3 ubiquitin
ligase involved in the regulation
of innate immunity, autophagy,
clathrin-mediated  endocytosis,
and synaptic plasticity [26, 27].
These findings suggest that circ-
RNF216 may play a critical role in
CKD pathogenesis.

Functional analysis of circ-
RNF216 in renal fibrosis

To further explore the
function of circ-RNF216, we
investigated the expression of
circ-RNF216 in different cultured
human kidney cell lines including
HK-2, ACHN, HPC, Caki-1, 786-0
and HMC. gPCR analysis showed
that circ-cRNF216  expression D
was significantly higher in HK-2
and ACHN cells, both of which
are tubular epithelial cells (Fig.
6D). In situ hybridization further
confirmed that circ-RNF216
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was expressed mainly in renal
interstitium, and markedly up-
regulated in tubular epithelial
cells in UUO kidney (Fig. 6E).

Fig. 5. PCR validation of circular structure of predicted circRNAs.
(A) Agarose gel electrophoresis of PCR products amplified by
diverged primer overlapped with back-splicing junction site of
seven candidate circRNAs in mouse kidney. (B-D) Schematic

diagram of predict circular structure of circ-ATXNI, circ-EGF,
circ-RNF216, and their BSJ sites sequencing. BSJ: back-splice

junctions.

875



Cellular Physiology Cell Physiol Biochem 2025;59:867-883

DOI: 10.33594/000000833 © 2025 The Author(s). Published by

and Biochemistry Published online: 30 November 2025 Cell Physiol Biochem Press GmbH&Co. KG

Xu et al.: Circ-RNF216 Regulates Renal Fibrosis Via TGF-B1/Smad3 Pathway

Transforming growth factor-f1 (TGF-f1) and tumor necrosis factor-a (TNF-a) are key
cytokines participating in the fibrotic process. To investigate the regulation of circ-RNF216
by pro-inflammatory (TNF-a) and anti-inflammatory (TGF-B1) cytokines, mTECs were
treated with TNF-a and TGF-f at a dose of 10 ng/mL for different time points. qPCR results
demonstrated that circ-RNF216 was induced by TGF-1 but not TNF-a at 0.5 hours (Fig.
6F-G). To validate whether TGF-1-mediated induction of circ-RNF216 was dependent on
Smad3, TGF-B1 was then added into the medium of mTECs transfected with Smad3 siRNA.
In cells transfected with Smad3 siRNA, TGF-B1-induced circ-RNF216 expression was
significantly attenuated compared to NC siRNA-transfected cells, indicating that Smad3 is
required for TGF-f1-induced circ-RNF216 expression (Fig. 6H).

For a more thorough investigation of the function and underlying mechanisms of circ-
RNF216 in kidney fibrosis, circ-RNF216 was knocked down in mTECs. Two siRNAs were

circ-RNF216
ns

A B c ks

circ-ATXN1 circ-EGF

relative expression to B-actin

relative expression to B-actin
relative expression to B-actin

Con Uuo7 UUoO14
D £ 45 E
15
T
% © .
1.0 &
o 4
] o
o )
4 £
x 0.51 .
]
° 4
2
3 o
©
© 0.0 Con
HK-2 ACHN HPC Caki 7860 HMC
F _ circ-RNF216 G _ circ-RNF216 H . circ-RNF216
£ =
= 5 ]
g6 g 20 g 1.5
@ *okokok @ o
e 2.5 c
S 4 S g 10
7] % g
g g 1.0 5
a g g
& 2 H e 05
H 205 H
E E % kK ok
2 od— T T T T g oot ST T T T T T
0 05h 1h 3h 24h 0 15m 0.5h 1h 3h 6h 0 5m 15m30m 1h 3h 6h 24h 48h
TGF- 10 ng/mL TNF-a 10 ng/mL TGF-B 10 ng/mL+smad3 siRNA

Fig. 6. qPCR analysis of relative expression level of circ-ATXN1 (A), circ-EGF (B), and circ-RNF216 (C)
in kidney of UUO day 3, 7 and 14. n = 6. (D) qPCR analysis of relative expression level of circ-RNF216
in different renal cell lines, n = 3. (E) In situ hybridization detection of circ-RNF216 expression and location in
normal and UUO kidney tissue. Magnification: 200. Bar = 50 um. qPCR analysis of relative expression level of
circ-RNF216 in TGF-B1 (F) and TNF-a (G) (dose at 10 ng/ml) treated mTEC cells for different time points. n = 3.
(G) qPCR analysis of relative expression level of circ-RNF216 in TGF-f1 treated mTECs which transfected
with Smad3 siRNA. n = 3. Significance was calculated by One-way ANOVA (A-C) or two-tailed Student’s t test
(D, F-G) in GraphPad Prism 8. Means + SEM (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001)
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designed to target circ-RNF216, and qPCR analysis confirmed that siRNA-2 exhibited higher
gene-silencing efficiency, reducing circ-RNF216 expression by over 50% (Fig. 7A). The target
site of siRNA-2 was then selected for the construction of a lentivirus shRNA vector. Efficient
lentiviral transduction was confirmed by nearly 100% GFP-positive expression in mTEC
cells (Fig. 7B). In mTECs stably transfected with the circ-RNF216-shRNA lentivirus vector,
circ-RNF216 knockdown significantly reduced fibrosis and TGF-B1-induced cell migration
compared to the NC group. As shown in Fig. 7C, qPCR results indicated a significant reduction
in Vimentin mRNA in the circ-RNF216 knockdown group. We also investigated the impact of
circ-RNF216 silencing on cell migration, since enhanced movement is a key feature of cells
involved in epithelial-mesenchymal transition (EMT) and fibrosis. As shown in Fig. 7D-E,
circ-RNF216 knockdown effectively blocked TGF-B1-induced cell migration, as assessed by
transwell assay. Collectively, these findings indicated that circ-RNF216 is a key regulator that
promotes TGF-B1-induced EMT and renal fibrosis.

Alteration of the mRNA expression profile after circ-RNF216 knockdown in mTEC cells

To further elucidate the molecular mechanisms of circ-RNF216 mediation on mTEC
cells, we tested the mRNA expression profile of mTEC cells after circ-RNF216 knockdown
through RNA-seq. As illustrated in Fig. 4A, the volcano plot of differentially expressed mRNAs
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Fig. 7. (A) qPCR result of relative expression level of circ-RNF216 after specific siRNAs targeting circ-
RNF216 were transfected. n = 3 (B) The transfection efficiency of lentiviral was measured by of GFP positive
(green) rate in mTEC cells. Magnification: 100. Bar = 100 pm. (C) qPCR result of relative expression level
of Vimentin mRNA in circ-RNF216 stably knocking down or NC mTECs after TGF-B1 (10 ng/ml) treated. n
=3 (D) Transwell assay of migrated cell in circ-RNF216 stably knocking down or NC after TGF-f1 (10 ng/ml)
treated. Magnification: 100. Bar = 100 um. (E) Statistics of transwell assay. n = 6. Significance was calculated by
two-tailed Student’s t test (A, C, E) in GraphPad Prism 8. Means + SEM (* p<0.05, **** p<0.0001).
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suggested that a total of 198 mRNAs were upregulated while 101 were down-regulated (|log2
fold change (FC)| >1, p < 0.05) in the sh-circ-RNF216 group, as compared to the sh-NC group.
Our analyses of the 299 DEGs revealed enrichment in cellular processes, protein-containing
complex, and cellular anatomical entities via GO analysis (Fig. 8B). KEGG pathways of up-
regulated genes highlighted Purine metabolism, Proximal tubule bicarbonate reclamation,
Mineral absorption and Glycosaminoglycan biosynthesis (Fig. 8C), while KEGG pathway
cnetplot of down-regulated genes highlighted that Cytokine-cytokine receptor interaction,
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Fig. 8. Characteristics of circ-RNF216 KD effect on mTECs. (A) Volcano map shows the total 299 DEGs between
circ-RNF216 KD and NC mTECs. (B) GO enrichment results of DEGs presented by a bar chart. (C) Dot plots
exhibited the top 20 KEGG pathways of up-regulated DEGs. (D) Cnetplot exhibited the relationship between
KEGG pathways and down-regulated DEGs. (E) GSEA analysis showing the representative GO pathways in the

circ-RNF216 KD group.
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Growth hormone synthesis, secretion and action, Hippo signaling pathway and Wnt signaling
pathway were enriched (Fig. 8D).

GSEA analysis (p < 0.05, FDR<0.25) further supported these findings, showing significant
enrichment in regulation of epithelial cell proliferation, transforming growth factor beta
receptor superfamily signaling pathway and regulation of Wnt signaling pathway (positive
NES) alongside suppressed pathways like regulation of inflammasome-mediated signaling
pathway and production of interleukin-12 and interleukin-1 beta (negative NES) in Fig.
8E. Collectively, these RNA-seq profiles indicated that knockdown of circ-RNF216 is a key
regulator that changes TGF-f31 signaling pathway and renal fibrosis in tubular cells.

Discussion

In comparison to circRNAs, noncoding RNAs like miRNAs and long noncoding RNAs have
been extensively well studied. Circular RNAs possess a covalently closed single-stranded
structure, which distinguishes them from linear mRNAs and long noncoding RNAs (IncRNAs).
Over the past decade, aberrant circRNA expression patterns and their essential function have
been described in various diseases, including cancer, nonalcoholic fatty liver disease (NAFLD),
and cardiovascular disease [14, 28, 29]. Many researchers have revealed that circular RNAs
play a key role in the onset and progression of organ fibrosis via diverse mechanisms. Wang
et al. reported that circBNC2 prevents epithelial cell G2-M arrest, thereby attenuating
renal and liver fibrosis [30]. Similarly, growing studies have highlighted the involvement of
circRNAs in CKD. CircInpp5b was shown to ameliorate renal interstitial fibrosis by promoting
lysosomal degradation of DDX1 [31]. In addition, circRNA_0017076 has been identified as a
sponge for miR-185-5p, thereby regulating epithelial-to-mesenchymal transition in tubular
epithelial cells during renal interstitial fibrosis [32]. Moreover, circPTPN14 was reported
to enhance MYC transcription via interaction with FUBP1, ultimately exacerbating renal
fibrosis [33]. Another study demonstrated that urinary renal tubular epithelial cell-derived
hsa_circ_0008925 is closely associated with chronic renal fibrosis [34]. In the present study;,
we characterize the circRNA expression profiles of the UUO and anti-GBM GN models using
high-throughput RNA sequencing. A total of 1589 circRNA with length mostly around 100-
1000 nt were commonly identified by two circRNA detection algorithms, which is consistent
with previous reports showing that the median length of circRNAs is around 500 nt. Among
the top dysregulated circRNAs in this study, we validated 3 circRNAs (circ-ATXN1, circ-EGF,
circ-RNF216) by PCR and Sanger sequencing. We next analyzed the expression patterns
of circ-ATXN1, circ-EGF, and circ-RNF216 in mouse kidneys at days 3, 7, and 14 after UUO.
Among the three candidates, circ-RNF216 was the only circRNA that showed a significant
upregulation during UUO progression. qPCR analysis revealed an upregulation of circ-
ATXN1, while circ-EGF showed a declining trend during UUO progression, although these
changes did not reach statistical significance. The parental genes of circ-ATXN1 (ATXN1)
and circ-EGF (EGF) have previously been implicated in processes related to renal fibrosis,
including cell differentiation, cytoskeletal organization, and epithelial regeneration. Circ-
ATXN1, derived from ATXN1, may regulate renal fibrosis by influencing extracellular matrix
remodeling [35], while circ-EGF, originating from EGF, may modulate EGF-EGFR signaling,
which controls tubular epithelial cell proliferation and maladaptive repair leading to fibrotic
progression [36]. Therefore, altered expression patterns of circ-ATXN1 and circ-EGF may
reflect early adaptive or stress-response changes in tubular epithelial cells, whereas circ-
RNF216 appears to play a more pronounced role in the fibrotic response.

Since TGF-1/Smad3, a master fibrotic signaling pathway, is critical in the organ fibrosis
process, we screened differentially expressed circRNAs in chronic kidney disease models of
Smad3-KO mice. Among them, circ-RNF216 was found to be significantly up-regulated in
the UUO mouse kidney. Furthermore, functional study showed that circ-RNF216 may be a
key regulator that promotes TGF-B1-induced EMT and renal fibrosis. Our study identified
that circ-RNF216 expression increased in both the in vivo and in vitro models. Therefore, we
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designed shRNA to knock down circ-RNF216 for further research. Circ-RNF216 knockdown
altered the mRNA profile, with differentially expressed genes predominantly enriched in
pathways such as TGF-3 receptor signaling and epithelial cell proliferation. GSEA analysis
further demonstrated that circ-RNF216 knockdown suppressed inflammation-related
signaling, accompanied by downregulation of IL-1 and IL-12 production. Previous studies
have shown that inhibition of ACSS2-mediated histone crotonylation alleviates kidney
fibrosis through IL-1(3-dependent macrophage activation and tubular cell senescence [37].
Consistent with our findings, tubular cell-derived IL-1f may stimulate M1 macrophage
polarization, thereby establishing a pro-inflammatory microenvironment that perpetuates
tubular injury. Recent single-cell transcriptomic analyses have also revealed active
inflammatory signaling between maladaptive tubular epithelial cells (TECs) and myeloid
cells, as well as among epithelial cell subsets within fibrotic kidneys, with IL-1 identified as a
key hub gene [38]. The relationships between TECs and macrophages contribute to a vicious
cycle of maladaptive repair during kidney fibrosis, in which IL-1f3 may serve as a central
regulator. In addition, macrophages are known to promote renal fibrosis by producing IL-12,
which subsequently induces pro-inflammatory cytokines such as tumor necrosis factor and
interferon- [39]. Notably, elevated serum IL-12 levels have been reported in patients with
advanced CKD [40].

In conclusion, our study highlighted the potential role of circRNAs in renal fibrosis,
with circ-RNF216 emerging as a promising candidate for further validation and functional
analysis. CircRNAs associated with renal fibrosis may represent a valuable research direction,
and advancing circular RNA-based therapeutics could pave the way for novel non-coding
RNA therapies for chronic kidney diseases. Further investigations into these Smad3-related
circRNAs should provide critical insights into the molecular mechanisms underlying TGF-
B1-mediated renal fibrosis. Our study has several limitations. The role of circ-RNF216 was
tested in a cell model, with the only expression level validation in an in vivo model of UUO.
The data from patients and in vivo conditions are still lacking. In addition, the potential
mechanism of circ-RNF216 regulation corresponding to the TGF-f1 signaling pathway
requires further investigation. Moreover, the effect of circ-RNF216 on its parental gene also
needs further study.
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