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1  | INTRODUC TION

Mesangial cells (MCs) account for approximately one-third of the cell 
population within the glomerulus. They play important roles in ho-
meostasis by maintaining the structural architecture of the glomer-
ulus, producing and maintaining the mesangial matrix, regulating the 
filtration surface area and phagocytosing apoptotic cells or immune 

complexes.1 In many glomerular diseases, such as mesangial prolif-
erative nephritis and diabetic nephropathies, MCs are injured and 
undergo a major change in phenotype, resulting in uncontrolled me-
sangial proliferation and excessive deposition of mesangial matrix.2-4 
In addition to hyperproliferating and increasing their production of 
extracellular matrix (ECM) proteins and matrix metalloproteinases, 
MCs can release inflammatory factors, resulting in glomerular 
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Abstract
Mesangial cell (MC) proliferation is a key pathological feature in a number of com-
mon human renal diseases, including mesangial proliferative nephritis and diabetic 
nephropathies. Knowledge of MC responses to pathological stimuli is crucial to the 
understanding of these disease processes. We previously determined that Krϋppel-
like factor 15 (KLF15), a kidney-enriched zinc-finger transcription factor, was re-
quired for inhibition of MC proliferation. In the present study, we investigated the 
direct target gene and the underlying mechanism by which KLF15 regulated mesan-
gial proliferation. First, we screened small ubiquitin-related modifier 1 (SUMO1) as 
the direct transcriptional target of KLF15 and validated this finding with ChIP-PCR 
and luciferase assays. Furthermore, we demonstrated that overexpressing KLF15 or 
SUMO1 enhanced the stability of P53, which blocked the cell cycle of human renal 
MCs (HRMCs) and therefore abolished cell proliferation. Conversely, knockdown of 
SUMO1 in HRMCs, even those overexpressed with KLF15, could not inhibit HRMC 
proliferation rates and increase SUMOylation of P53. Finally, the results showed that 
the levels of SUMOylated P53 in the kidney cortices of anti-Thy 1 model rats were 
decreased during proliferation periods. These findings reveal the critical mechanism 
by which KLF15 targets SUMO1 to mediate the proliferation of MCs.

K E Y W O R D S

KLF15, Mesangial cell proliferation, P53, SUMO1

www.wileyonlinelibrary.com/journal/jcmm
https://orcid.org/0000-0002-7166-3966
https://orcid.org/0000-0002-7236-049X
mailto:﻿￼
https://orcid.org/0000-0002-6839-7695
http://creativecommons.org/licenses/by/4.0/
mailto:redhq@163.com


5692  |     WU et al.

sclerosis and interstitial fibrosis; further aggravate renal damage; 
and cause progression to irreversible end-stage renal disease.5-7 
Knowledge of the MC response to pathological stimuli is crucial for 
the development of treatments to reduce the kidney damage caused 
by abnormal proliferation of MCs and delay progression into end-
stage renal disease.

The Krüppel-like factors (KLFs) are a group of zinc-finger DNA-
binding transcription factors. Increasing evidence indicates that this 
family is involved in a variety of cellular processes, such as cell dif-
ferentiation, cardiac remodelling, haematopoiesis and stem cell fate 
determination.8-10 The KLF family consists of eighteen members, 
among which KLF15 is widely distributed in the kidney, pancreas, 
heart, liver and skeletal muscles. Previous studies have demonstrated 
that KLF15 is a key transcriptional regulator in diverse physiological 
processes, including gluconeogenesis, immune responses and ad-
ipocyte differentiation.11-14 Our previous study has demonstrated 
that KLF15 is required for inhibiting the proliferation of MCs.15 This 
study aimed to clarify the direct target gene and the downstream 
mechanism by which KLF15 regulates mesangial proliferation.

2  | MATERIAL S AND METHODS

2.1 | Anti-Thy1 nephritis model

Male Wistar rats (Beijing Vital River Laboratory Animal Technology 
Co., Ltd.) weighing between 200 and 220 g were randomly allocated 
to the control and anti-Thy1 groups. All rats were housed in an ani-
mal care facility under a light/dark cycle of 12/12 hours with free 
access to food and water. Welfare-related assessments and inter-
ventions were performed throughout the experiment. In total, 28 
rats were injected with a mouse anti-Thy1 monoclonal antibody, as 
described previously,16 and seven were injected with saline (con-
trols). Glomeruli were purified from the renal cortex tissue using a 
sieving method. Sera were collected for measurements of serum 
urea nitrogen and creatinine levels. Anti-Thy1 model rats were killed 
on days 0, 3, 5, 7 and 10, and their glomeruli were harvested. All 
animal welfare and experimental procedures were performed in 
strict accordance with the Guide for the Care and Use of Laboratory 
Animals (USA National Research Council, 1996).

2.2 | Human renal MC (HRMC) 
culture and treatment

Primary renal HRMCs were purchased from ScienCell (San Diego, 
CA). HRMCs from the third to sixth passages were maintained in 
MC Medium (MsCM; ScienCell) according to the manufacturer's 
instructions. For experiments, the cells were grown to confluence, 
growth-arrested in reduced serum (0.5% FBS) for 24 hours and split 
into different experimental groups.

For treatment with different concentrations of glucose, the 
cells were incubated in MsCM containing either 5 mmol/L glucose 

(normal glucose) or 30  mmol/L glucose (high glucose, HG) for 
48 hours at 37°C. Cells incubated under identical experimental con-
ditions with 5 mmol/L glucose and 25 mmol/L mannitol instead of 
30  mmol/L glucose were used as osmotic controls. For treatment 
with PDGF-BB, the cells were incubated in MsCM containing 20 ng/
mL PDGF-BB (R&D Systems, Minneapolis, MN) for 48 hours at 37°C.

2.3 | Immunohistochemistry (IHC)

Paraffin-embedded kidney tissue was sectioned at 4  μm thick-
ness, and the sections were stained for IHC. The slices were in-
cubated with 3% H2O2 to block endogenous peroxidase following 
deparaffinization. After antigen retrieval and blocking, the slices 
were incubated with anti-KLF15 (ab81604, Abcam), anti-small 
ubiquitin-related modifier 1 (SUMO1, ab32058, Abcam) and anti-
PCNA (ab92552, Abcam) antibodies at 4°C. The slices were then 
incubated with a secondary antibody labelled with horseradish 
peroxidase at 37°C for 30  minutes, and the immunohistochemical 
reaction was observed according to the manufacturer's instruc-
tions with 3,3’-diaminobenzidine (DAB, ORIGENE, CN) as the chro-
mogenic agent. Subsequently, the slices were counterstained with 
haematoxylin-eosin and imaged with a light microscope (Olympus). 
Immunohistochemical staining was evaluated with Image J software 
according to the average optical density (AOD) value.

2.4 | Chromatin immunoprecipitation (ChIP) with 
parallel sequencing (ChIP-Seq)

ChIP was performed using a Simple ChIP Plus Enzymatic Chromatin 
IP Kit (Magnetic Beads; Cell Signaling Technology) according to 
the manufacturer's protocol. Briefly, HRMCs were overexpressed 
with either KLF15 or scramble at a cell density of 2.0 × 105 cells/
mL and cross-linked with 1.7% formaldehyde in PBS for 5 minutes 
at room temperature (RT). Cross-linked cells were lysed to obtain 
the nuclear fraction, which was sonicated in 1 × ChIP buffer. The 
lysates were clarified by centrifugation at 9300 × g for 10 minutes 
at 4°C. Chromatin samples were incubated with either an anti-
KLF15 antibody (ab81604, Abcam) or an anti-IgG antibody (back-
ground control) overnight at 4°C. The antibody-bound complexes 
were captured by incubation with protein G magnetic beads. 
ChIP-Seq libraries for sequencing were prepared using a TruSeq 
ChIP Sample Prep Kit (Illumina). The libraries were subjected to 
parallel sequencing with a HiSeq2500 sequencer (Illumina) using 
the single-end 50 bp sequencing length protocol. Next-generation 
sequencing (NGS) raw data were converted into FASTQ files using 
CASAVA software (version 1.8.2), and each data set was aligned 
to the human reference genome (UCSC hg19) using the Burrows-
Wheeler Aligner (version 0.7.12).17 ChIP-Seq peak calling was per-
formed using the MACS2 program (version 2.0.1) with the default 
parameters but a -q value of 0.05, with the input data for subtrac-
tion.18 Peak comparison with the scramble control (the parental 
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cells) and overexpression samples was performed with Diffbind, an 
R package, using the DeSeq2 algorithm, and a false discovery rate 
of 0.1 was considered to indicate significance.19 Superenhancers 
were identified from the set of peaks detected in DMSO-treated 
HRMCs with the superenhancer software ROSE.20 The ChIP-Seq 
peaks were annotated with the R package ChIPpeakAnno, and 
promoters were defined as KLF15-enriched regions within 1 kb of 
the transcription start site.21 The gene with the transcription start 
site closest to the centre of each superenhancer was defined as 
the target gene of that superenhancer.

2.5 | ChIP-quantitative real-time PCR (ChIP-PCR)

The ChIP-PCR procedure was similar to the procedure described 
above. ChIP DNA from anti-KLF15 antibody-treated cells was 
used to detect the association between KLF15 and SUMO1. 
DNA from anti-IgG antibody-treated cells served as the con-
trol. Purified DNA was used for analysis of the SUMO1 proximal 
promoter region by real-time PCR on an ABI PRISM 7600 using 
SYBR GreenER qPCR Supermix. The SUMO1 primers were as 
follows: forward: 5′-AGCAGCGGTCTTTAGCATCA-3′; reverse: 
5′-TCGGTTAACCAGCACCCTTG-3′. The relative amplification of 
the promoter sequence of the gene was calculated using the 2−ΔΔCT 
method, and normalization was performed against a 1:100 dilution 
of the input DNA.

2.6 | Cell labelling and stable isotope labelling by 
amino acids in cell culture (SILAC) analysis

Cells at 15% confluency were seeded in the appropriate complete 
medium (for HRMCs: MsCM). The labelling and SILAC procedures 
have been described in previous research.22 Briefly, after being la-
belled with light (13C6-labelled) or heavy (15N2-labelled) lysine and 
light (13C6-labelled) or heavy (15N4-labelled) arginine, cells were trans-
fected with a KLF15 overexpression plasmid or a control plasmid. 
After treatment, the cells were trypsinized and counted to obtain 
a cell pellet of 2 × 107 cells/condition, and the cells were subjected 
to SILAC analysis using mass spectrometry. The heavy and light cell 
pellets were lysed in radioimmunoprecipitation buffer spiked with 
protease and phosphatase inhibitors using short 15 second sonica-
tion bursts. The lysates were centrifuged at 14,000 rpm for 20 min-
utes. After centrifugation, the supernatants were collected, and the 
protein concentration was measured using a Hitachi L-8900 amino 
acid analyser. Aliquots of 200 μg of protein were prepared from the 
samples, combined and precipitated using a methanol-chloroform 
precipitation method. The protein pellets were resuspended in 
8 mol/L urea/0.4 mol/L ammonium bicarbonate buffer, reduced with 
45 mmol/L DTT for 30 minutes at 37°C, alkylated with 100 mmol/L 
iodoacetamide for 30 minutes in the dark at RT and digested with 
Lys-C protease (1:20 w/w) overnight (~16 hours) at 37°C. The Lys-C 

digest was further diluted and digested with trypsin (1:20 w/w) for 
8 hours at 37°C. The digest was desalted with a MacroSpin column 
(The Nest Group, Inc) and dried in a SpeedVac concentrator. The 
desalted peptides were then enriched with phosphopeptides using 
titanium dioxide resin embedded in 10  μL tips (Glygen Corp). The 
flowthroughs were reserved, and the enriched peptides were eluted 
using a 1:33 ratio of ammonium hydroxide to water. The SpeedVac-
dried flowthrough and elution fractions were resuspended in buffer 
A (0.1% formic acid in water) and subjected to liquid chromatography-
tandem mass spectrometry (LC/MS) analysis.

2.7 | Dual-luciferase reporter assay

Wild-type human SUMO1(NM_001005781) promoter with 
1604bp (−1474nt  ~  +129nt) including the potential binding site 
(−205nt ~ −199nt) was obtained using PCR amplify and subcloned 
into pGL3-Basic vector (Cat.# E1751 Promega) with Sac I and Bgl 
II restriction enzyme sites, named pGL3-WT-SU. Also, the bind-
ing site -CACCCA- within the promoter of SUMO1 was mutated 
to -CGTTTG-, named pGL3-MT-SU. Plasmid (pReceiver-M94) 
contained the human KLF15 full-length cDNA was obtained from 
GeneCopoeia. The KLF15 overexpression plasmid and pGL3-
WT-SU or pGL3-MT-SU were transfected into HEK293T cells with 
Lipofectamine 2000 reagent. The samples were then cotransfected 
with a pRL-TK (Cat #E2241, Promega) plasmid expressing Renilla lu-
ciferase. After 24 hours of transfection, the cells were lysed. Firefly 
and Renilla luciferase activity levels were examined using a dual-
luciferase reporter assay system (Biotek).

2.8 | RNA preparation, cDNA synthesis and RT-
qPCR analysis

Total RNA was extracted using TRIzol (Invitrogen) and purified 
using a RNeasy Mini Kit (Qiagen) according to the manufacturer's 
instructions. cDNA was generated using a ProtoScript first-strand 
cDNA synthesis kit (New England Biolabs). Quantitative PCR was 
performed using Power SYBR Green Master Mix (Life Technologies). 
The oligonucleotide sequences used for RT-qPCR are provided in 
Table 1.

TA B L E  1   Primers for RT-qPCR analysis

Primer Sequence (5'→3')

KLF15 Forward: GGGCCAAGGCCAGAACTTTA

Reverse: GGCCTACTTCCTTCTCCTCC

SUMO1 Forward: TGTCAAAGACAGGGTGTTCCA

Reverse: CCTCCATTCCCAGTTCTTTTGG

18s RNA Forward: GTAACCCGTTGAACCCCATT

Reverse: CCATCCAATCGGTAGTAGCG
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2.9 | Cell proliferation assay

Human full-length SUMO1 cDNA (NM_003352.8) obtained from 
OriGene Technologies (Beijing, China) was inserted into pCMV6-
Entry plasmid (CAT#: RC200633). Cell proliferation was analysed 
with a Click-iT® Plus EdU Alexa Fluor® 555 Imaging Kit (Invitrogen) 
according to the manufacturer's instructions. In brief, cells were 
incubated in a 6-well culture plate and transfected with a KLF15 
control plasmid (Scramble, the VECTOR group), a KLF15 overex-
pression plasmid (the same above, the KLF15 group), an expression 
vector for SUMO1 (the VECTOR group), a SUMO1 overexpression 
plasmid (the SUMO1 group), negative control siRNA (the SI CON 
group), SUMO1 siRNA (the SI SUMO1 group), a KLF15 overexpres-
sion plasmid with SUMO1 siRNA (the KLF15 + SI SUMO1 group) or 
a KLF15 overexpression plasmid with negative control siRNA (the 
KLF15 + SI CON group) for 24 hours. Then, the medium was replaced 
with medium supplemented with 20 ng/mL PDGF-BB for 48 hours, 
and an optimized EdU concentration of 10 μmol/L was added about 
12  hours before PDGF-BB stimulation. After treatment, the cells 
were fixed with 4% formaldehyde, permeabilized with 0.5% Triton 
X-100, washed with 3% BSA in PBS, incubated with Click-iT® re-
action cocktail for 30 minutes at RT and incubated with DAPI re-
action buffer for 10 minutes at RT while protected from light. The 
cells were observed by fluorescence microscopy (Olympus, Tokyo, 
Japan). The nuclei of proliferating cells were then stained red.

2.10 | Western blot analysis and 
immunoprecipitation (IP)

Cells were lysed using RIPA buffer (Thermo Scientific), and the total 
protein in the supernatants was quantified using a BCA protein assay 
kit (Thermo Scientific). Western blot analysis and IP were performed 
as described previously.23,24 Anti-KLF15 antibody (AV32587, Merk), 
anti-SUMO1 antibody(S8070, Merk) and anti-β-actin (A5316, Sigma) 
were used for Western blot analysis. Anti-P53 antibody (P5813, 
Merk) was used for IP analysis.

2.11 | Bioinformatics analysis

Candidates from ChIP-Seq or SILAC showed at least twofold en-
richment over the controls. Gene Ontology (GO) analysis was 
performed with the Database for Annotation, Visualization and 
Integrated Discovery (DAVID; version 6.7). P-values were adjusted 
for multiple hypothesis testing using the Benjamini-Hochberg 
method. Significantly enriched categories in the function subontol-
ogy and KEGG pathways with an adjusted P-value <.05 were chosen. 
Ingenuity Pathway Analysis (IPA) of 52 intersecting genes or pro-
teins between ChIP-Seq and SILAC was performed on the Qiagen 
IPA Platform (https://digit​alins​ights.qiagen.com/), and the motifs 
in the target genes were analysed using MEME Suite 5.3.0. (http://
meme-suite.org/).

2.12 | Statistical analysis

All experiments were performed in triplicate, and the results are 
expressed as the means ± SEs. All data were analysed using SPSS 
software (ver. 20.0; SPSS Inc) and compared using Student's t test or 
one-way ANOVA. A P-value <.05 was considered to reflect statisti-
cal significance.

3  | RESULTS

3.1 | Screening of KLF15-binding genes through 
ChIP-Seq in primary renal glomerular MCs

To identify the direct binding partner genes of KLF15, we performed 
ChIP-Seq analysis and ultimately screened 2478 genes. GO analy-
sis of these genes through the tool at the website www.unipr​ot.org 
(Figure  1A,B) revealed molecular function terms associated with 
1941 genes, cellular component terms related to 1662 genes and 
biological process terms related to 1766 genes. Since our aim was to 
find out how KLF15 affects MCs, we focused on cell process-related 
genes. Among the 1315 cell process-related genes, 74 genes were 
found to participate in cell cycle processes; specifically, these genes 
participated in the mitotic cell cycle, the cell cycle phase transition 
and other processes (Figure  1C,D). Furthermore, we analysed the 
genes involved in growth and found that they were related to devel-
opmental growth, cell growth and other types of growth (Figure 1E).

3.2 | Screening of differentially regulated genes in 
KLF15-overexpressing renal glomerular MCs using 
SILAC and LC/MS

SILAC and LC/MS analysis of HRMCs overexpressing KLF15 com-
pared to parental cells led to the identification of 1357 proteins. 
We used the DAVID and IPA to acquire the GO domains and en-
riched pathways of the quantified proteins identified by SILAC. 
Interestingly, many proteins biological function-related terms were 
among the top 30 significantly enriched GO terms, including the 
regulation of cellular amino acid metabolic process, proteasome 
complex, protein binding, and transcription and translation terms, all 
of which are closely related to ubiquitination (Figure 2A). Figure 2B 
shows the top 30 significantly enriched pathway terms. Several bio-
logical process terms, including the proteasome and neurodegenera-
tive disease terms, were also related to ubiquitination.

3.3 | Bioinformatics analysis of KLF15-binding 
genes that are potentially associated with renal 
glomerular MC proliferation

To explore the KLF15-binding genes that are potentially associated 
with renal glomerular MC proliferation, we performed bioinformatics 

https://digitalinsights.qiagen.com/
http://meme-suite.org/
http://meme-suite.org/
http://www.uniprot.org
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analysis of the ChIP-Seq data and the SILAC-LC/MS data. Fifty-two 
genes were screened (Table 2 and Figure 2C), and five of these genes, 
including SUMO1, macrophage migration inhibitory factor (MIF), 
eukaryotic initiation factor (EIF), insulin-like growth factor (IGF) and 
reticulocalbin (RCN), were closely related to cell proliferation. Since 
the GO and pathway analyses of the differentially expressed proteins 
suggested that the screened genes were related mainly to the ubiquit-
ination process, we concluded that SUMO1, a member of the ubiquitin-
like (UBL) protein family, participates in post-translational modification 
similar to ubiquitination as the target gene of KLF15.

Increasing amounts of evidence have indicated that HG is one of 
the major factors inducing the development of diabetic nephropa-
thy, and it promotes MC proliferation and increased matrix synthesis 
in vitro.25 A previous study has shown that PDGF-BB is essential for 
MC proliferation preceding the development of glomerulosclerosis 
in experimental glomerulonephritis.26 After confirming that MCs 
were stimulated by HG or PDGF-BB in vitro, we detected changes in 
the expression of KLF15 and SUMO1 at both the RNA and protein 

levels and found that these molecules had similar trends (Figure 2D-
I). Finally, we determined SUMO1 to be the target gene of KLF15.

3.4 | KLF15 up-regulates SUMO-1 gene expression 
by binding to a 16 bp CACCCA-SUMO-1 promoter 
region and a C+A-rich motif

We used the MEME suite (http://meme-suite.org/tools/​meme) to 
characterize the KLF15-binding motifs of the 52 screened genes 
from the KLF15 ChIP-Seq data and identified the KLF-binding 
motif (Figure 3A). In addition, we further analysed more than one 
thousand bases upstream of the SUMO1 promoter and found that 
KLF15 could recognize and bind to a 16 bp sequence (nucleotides 
−205  ~  −199) including -CACCCA- (Figure  3B). ChIP-PCR con-
firmed that KLF15 bound to the SUMO1 promoter, and the results 
showed significantly higher expression of SUMO1 in the anti-KLF15 
antibody group than in the background control group (Figure 3C). 

F I G U R E  1   Annotation of KLF15 ChIP-Seq data in HRMCs. A-B, GO analysis of the 2,478 screened genes. C, GO analysis of 1,315 cell 
process-related genes. D, Cell cycle process-related gene analysis results. E, Growth process-related gene analysis results

http://meme-suite.org/tools/meme
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Furthermore, we performed a dual-luciferase reporter assay to con-
firm the targeting relationship between SUMO1 and KLF15. The 
wild-type SUMO1 promoter group showed higher luciferase activity 
than the pGL3 vector and mutant groups in HRMCs, and the activ-
ity was significantly increased by overexpression of KLF15. The en-
hancement in luciferase activity was reversed by transfection with 
a plasmid expressing the mutant promoter region (Figure 3D). Taken 
together, these data suggest that SUMO1 is a direct transcriptional 
target of KLF15.

3.5 | Screening of P53 as the SUMOylation 
substrate of SUMO1

SUMO modifications are widely expressed post-translational modi-
fications in eukaryotes. Reversible conjugation of these modifica-
tions to substrate proteins is also known as SUMOylation, which 
plays important roles in regulating the functions of the target pro-
teins and further participates in various biological processes, such as 
nucleocytoplasmic transport, transcriptional regulation, apoptosis, 
protein stabilization, stress responses and cell cycle progression.27 
To explore the downstream signalling molecules directly conjugated 
by SUMO1, we performed network analysis of SUMO1 using the 
IPA database, and the data showed that SUMO1 could directly con-
jugate to P53, APP, JUN and AKT, among other proteins (Figure 4A-
C). We initially selected P53 as a downstream molecule of SUMO1 
because it is a well-known protein that is closely related to cell prolif-
eration.28,29 Furthermore, we used SUMOsp software to predict the 
possible SUMOylation sequences of P53 in various species and found 
that P53 had the SUMOylation sequence Ψ-K-x-D/E (Figure 4D). To 
determine whether P53 is indeed modified by SUMOylation, we 
transiently transfected HRMCs with a SUMO1 overexpression plas-
mid or SUMO1 siRNA. Both the IP and Western blot results revealed 
trends in expression changes of SUMO1-P53 and P53 that were con-
sistent with the changes in SUMO1 (Figure 4E-J). These data indicate 
that P53 is a SUMOylation substrate of SUMO1.

3.6 | KLF15 inhibits MC proliferation by promoting 
SUMO1 expression and P53 SUMOylation

To establish the regulation of P53 SUMOylation and MC prolifera-
tion by KLF15 and SUMO1, we intervened with KLF15 or SUMO1 
expression in HRMCs and treated HRMCs with PDGF-BB. Among 
PDGF-BB-treated HRMCs, cells transfected with the KLF15 overex-
pression plasmid exhibited higher expression of SUMO1-P53, P53, 

KLF15 and SUMO1 than cells transfected with the KLF15 control 
plasmid. The same changes in SUMO1-P53, P53 and SUMO1 were 
found in the SUMO1 overexpression plasmid-transfected cells, 
while KLF15 expression was unchanged in these cells (Figure 5A-F). 
PDGF-BB is one of the most effective growth factors of MCs de-
scribed thus far, and a proliferative response of HRMCs to PDGF-BB 
was observed. As shown in Figure  5G,H, the percentage of EdU-
positive cells was significantly increased by administration of re-
combinant PDGF-BB. The EdU staining results indicated that both 
KLF15 and SUMO1 overexpression inhibited PDGF-BB-induced cell 
proliferation (Figure 5G,H).

To gain further insight into the roles of KLF15 and SUMO1 in 
proliferating HRMCs, we transfected cells with only SUMO1 siRNA 
or cotransfected them with SUMO1 siRNA and a KLF15 overex-
pression plasmid. Down-regulation of SUMO1 did not affect the 
expression of KLF15, but the expression levels of SUMO1-P53 
and P53 were obviously decreased after SUMO1 siRNA transfec-
tion (Figure 6A-C). In addition, when the expression of SUMO1 was 
inhibited, SUMO1-P53 and P53 expression levels were also sup-
pressed even in cells overexpressing KLF15 (Figure 6D-F). Then, MC 
proliferation was evaluated using an EdU staining assay. SUMO1 
RNAi enhanced the proliferative effect of PDGF-BB on HRMCs, and 
the group cotransfected with the KLF15 overexpression plasmid and 
SUMO1 siRNA had more EdU-positive cells than the group cotrans-
fected with the overexpression plasmid and the hybrid sequence 
control siRNA (Figure  6G,H). We therefore conclude that KLF15 
suppresses MC proliferation by enhancing P53 SUMOylation.

3.7 | Global SUMO1 and P53 expression in 
glomerular MCs is negatively correlated with MC 
proliferation in rat Thy-1 nephritis

Anti-Thy1 nephritis is a classical model of self-limited mesangial pro-
liferative glomerulonephritis with a proliferative phase and a recov-
ery phase. We injected a Thy1 antibody into Wistar rats to create 
this model. Both serum urea nitrogen and creatinine have no sig-
nificant change between control rats and the model rats (Figure S1). 
Marked mesangial proliferation and ECM accumulation were ob-
served during the proliferative phase (days 5 and 7) in the model rats, 
and the number of MCs decreased during the recovery phase on day 
10 (Figure 7A). We also detected the expression changes in the cell 
proliferation marker PCNA by IHC (Figure 7A,B). PCNA levels were 
increased on day 5, peaked on day 7 and were decreased on day 10 
(Figure 7F). Western blot analysis showed that the protein expres-
sion of P53, SUMO1 and KLF15 in isolated glomeruli was lower in 

F I G U R E  2   Bioinformatics analysis of KLF15-binding genes. A, DAVID analysis and IPA were performed to acquire the GO domains of 
the 1,357 SILAC-LC/MS-screened proteins. B, Top 30 signalling pathways identified by IPA of the SILAC-LC/MS data. C, Fifty-two genes 
identified by bioinformatics analysis of ChIP-Seq data and SILAC-LC/MS data. D, KLF15 and SUMO1 mRNA expression in HG-treated 
HRMCs. E, KLF15 and SUMO1 mRNA expression in PDGF-BB-treated HRMCs. F-G, KLF15 and SUMO1 protein expression in HG-treated 
HRMCs. H-I, KLF15 and SUMO1 protein expression in PDGF-BB-treated HRMCs. *P < .05, ***P < .01, n = 3



5698  |     WU et al.

TA
B

LE
 2

 
52

 g
en

es
 o

f b
io

in
fo

rm
at

ic
s 

an
al

ys
is

 o
f C

hI
P-

Se
q 

da
ta

 a
nd

 S
IL

AC
-L

C
/M

S 
da

ta

Re
fs

eq
G

en
e 

Sy
m

bo
l

D
es

cr
ip

tio
n

Fo
ld

 C
ha

ng
e

U
p/

D
ow

n

N
M

_0
02

94
0

A
BC

E1
AT

P-
bi

nd
in

g 
ca

ss
et

te
, s

ub
fa

m
ily

 E
 (O

A
BP

), 
m

em
be

r 1
0.

66
6

D
ow

n

N
M

_0
02

19
7

AC
O

1
ac

on
ita

se
 1

, s
ol

ub
le

0.
58

4
D

ow
n

N
M

_0
05

10
0

A
K

A
P1

2
A

 k
in

as
e 

(P
RK

A
) a

nc
ho

r p
ro

te
in

 1
2

1.
53

6
U

p

N
M

_0
00

47
7

A
LB

al
bu

m
in

0.
29

7
D

ow
n

N
M

_0
01

62
7

A
LC

A
M

ac
tiv

at
ed

 le
uk

oc
yt

e 
ce

ll 
ad

he
si

on
 m

ol
ec

ul
e

1.
50

2
U

p

N
M

_0
02

86
0

A
LD

H
18

A
1

al
de

hy
de

 d
eh

yd
ro

ge
na

se
 1

8 
fa

m
ily

, m
em

be
r A

1
1.

53
2

U
p

N
M

_0
00

70
0

A
N

X
A

1
an

ne
xi

n 
A

1
1.

94
1

U
p

N
M

_0
04

03
9

A
N

X
A

2
an

ne
xi

n 
A

2
1.

50
6

U
p

N
M

_0
00

70
1

AT
P1

A
1

AT
Pa

se
, N

a+
/K

+
 tr

an
sp

or
tin

g,
 a

lp
ha

 1
 p

ol
yp

ep
tid

e
1.

52
0

U
p

N
M

_0
04

28
1

BA
G

3
BC

L2
-a

ss
oc

ia
te

d 
at

ha
no

ge
ne

 3
0.

40
4

D
ow

n

N
M

_0
01

22
1

C
A

M
K

2D
ca

lc
iu

m
/c

al
m

od
ul

in
-d

ep
en

de
nt

 p
ro

te
in

 k
in

as
e 

II 
de

lta
1.

69
5

U
p

N
M

_0
01

34
4

D
A

D
1

de
fe

nd
er

 a
ga

in
st

 c
el

l d
ea

th
 1

1.
76

3
U

p

N
M

_0
01

53
9

D
N

A
JA

1
D

na
J 

(H
sp

40
) h

om
ol

og
, s

ub
fa

m
ily

 A
, m

em
be

r 1
1.

88
8

U
p

N
M

_0
12

10
0

D
N

PE
P

as
pa

rt
yl

 a
m

in
op

ep
tid

as
e

1.
64

8
U

p

N
M

_0
01

41
5

EI
F2

S3
eu

ka
ry

ot
ic

 tr
an

sl
at

io
n 

in
iti

at
io

n 
fa

ct
or

 2
, s

ub
un

it 
3 

ga
m

m
a,

 5
2 

kD
a

1.
73

1
U

p

N
M

_0
01

56
8

EI
F3

E
eu

ka
ry

ot
ic

 tr
an

sl
at

io
n 

in
iti

at
io

n 
fa

ct
or

 3
, s

ub
un

it 
E

1.
72

6
U

p

N
M

_0
21

81
4

EL
O

V
L5

EL
O

V
L 

fa
tt

y 
ac

id
 e

lo
ng

as
e 

5
1.

65
0

U
p

N
M

_0
14

67
3

EM
C

2
ER

 m
em

br
an

e 
pr

ot
ei

n 
co

m
pl

ex
 s

ub
un

it 
2

1.
91

7
U

p

N
M

_0
06

83
2

FE
RM

T2
fe

rm
iti

n 
fa

m
ily

 m
em

be
r 2

0.
48

7
D

ow
n

N
M

_0
00

58
3

G
C

gr
ou

p-
sp

ec
ifi

c 
co

m
po

ne
nt

 (v
ita

m
in

 D
 b

in
di

ng
 p

ro
te

in
)

0.
32

3
D

ow
n

N
M

_0
00

51
8

H
BB

ha
em

og
lo

bi
n,

 b
et

a
0.

59
2

D
ow

n

N
M

_0
00

52
1

H
EX

B
he

xo
sa

m
in

id
as

e 
B 

(b
et

a 
po

ly
pe

pt
id

e)
1.

60
3

U
p

N
M

_0
02

13
8

H
N

RN
PD

he
te

ro
ge

ne
ou

s 
nu

cl
ea

r r
ib

on
uc

le
op

ro
te

in
 D

0.
44

0
D

ow
n

N
M

_0
01

55
3

IG
FB

P7
in

su
lin

-li
ke

 g
ro

w
th

 fa
ct

or
-b

in
di

ng
 p

ro
te

in
 7

1.
70

8
U

p

N
M

_0
05

57
8

LP
P

LI
M

 d
om

ai
n 

co
nt

ai
ni

ng
 p

re
fe

rr
ed

 tr
an

sl
oc

at
io

n 
pa

rt
ne

r i
n 

lip
om

a
1.

99
8

U
p

N
M

_0
00

24
0

M
AO

A
m

on
oa

m
in

e 
ox

id
as

e 
A

0.
58

9
D

ow
n

N
M

_0
05

90
9

M
A

P1
B

m
ic

ro
tu

bu
le

-a
ss

oc
ia

te
d 

pr
ot

ei
n 

1B
0.

52
1

D
ow

n

N
M

_0
13

28
3

M
AT

2B
m

et
hi

on
in

e 
ad

en
os

yl
tr

an
sf

er
as

e 
II,

 b
et

a
1.

71
4

U
p

N
M

_0
02

39
5

M
E1

m
al

ic
 e

nz
ym

e 
1,

 N
A

D
P(

+
)-d

ep
en

de
nt

, c
yt

os
ol

ic
0.

44
9

D
ow

n

N
M

_0
02

41
5

M
IF

m
ac

ro
ph

ag
e 

m
ig

ra
tio

n 
in

hi
bi

to
ry

 fa
ct

or
 (g

ly
co

sy
la

tio
n-

in
hi

bi
tin

g 
fa

ct
or

)
1.

77
5

U
p

N
M

_0
05

95
6

M
TH

FD
1

m
et

hy
le

ne
te

tr
ah

yd
ro

fo
la

te
 d

eh
yd

ro
ge

na
se

 (N
A

D
P 

+
 d

ep
en

de
nt

) 1
1.

55
9

U
p

(C
on

tin
ue

s)



     |  5699WU et al.

Re
fs

eq
G

en
e 

Sy
m

bo
l

D
es

cr
ip

tio
n

Fo
ld

 C
ha

ng
e

U
p/

D
ow

n

N
M

_0
02

52
6

N
T5

E
5'

-n
uc

le
ot

id
as

e,
 e

ct
o 

(C
D

73
)

1.
64

1
U

p

N
M

_0
13

34
1

O
LA

1
O

bg
-li

ke
 A

TP
as

e 
1

0.
59

6
D

ow
n

N
M

_0
02

58
3

PA
W

R
PR

KC
, a

po
pt

os
is

, W
T1

, r
eg

ul
at

or
1.

77
6

U
p

N
M

_0
13

37
4

PD
C

D
6I

P
pr

og
ra

m
m

ed
 c

el
l d

ea
th

 6
 in

te
ra

ct
in

g 
pr

ot
ei

n
0.

40
0

D
ow

n

N
M

_0
04

91
1

PD
IA

4
pr

ot
ei

n 
di

su
lp

hi
de

 is
om

er
as

e 
fa

m
ily

 A
, m

em
be

r 4
1.

69
2

U
p

N
M

_0
03

68
1

PD
XK

py
rid

ox
al

 (p
yr

id
ox

in
e,

 v
ita

m
in

 B
6)

 k
in

as
e

1.
89

7
U

p

N
M

_0
21

10
5

PL
SC

R1
ph

os
ph

ol
ip

id
 s

cr
am

bl
as

e 
1

1.
68

4
U

p

N
M

_0
02

73
4

PR
K

A
R1

A
pr

ot
ei

n 
ki

na
se

, c
A

M
P-

de
pe

nd
en

t, 
re

gu
la

to
ry

, t
yp

e 
I, 

al
ph

a
0.

46
4

D
ow

n

N
M

_0
12

29
3

PX
D

N
pe

ro
xi

da
si

n 
ho

m
ol

og
 (D

ro
so

ph
ila

)
1.

65
8

U
p

N
M

_0
12

41
4

R
A

B3
G

A
P2

R
A

B3
 G

TP
as

e 
ac

tiv
at

in
g 

pr
ot

ei
n 

su
bu

ni
t 2

 (n
on

-c
at

al
yt

ic
)

1.
76

5
U

p

N
M

_0
02

90
1

RC
N

1
re

tic
ul

oc
al

bi
n 

1,
 E

F-
ha

nd
 c

al
ci

um
-b

in
di

ng
 d

om
ai

n
0.

56
2

D
ow

n

N
M

_0
01

03
2

RP
S2

9
rib

os
om

al
 p

ro
te

in
 S

29
1.

51
0

U
p

N
M

_0
16

10
6

SC
FD

1
se

c1
 fa

m
ily

 d
om

ai
n 

co
nt

ai
ni

ng
 1

1.
68

3
U

p

N
M

_0
14

76
6

SC
RN

1
se

ce
rn

in
 1

0.
30

3
D

ow
n

N
M

_0
21

19
9

SQ
RD

L
su

lp
hi

de
 q

ui
no

ne
 re

du
ct

as
e-

lik
e 

(y
ea

st
)

1.
90

3
U

p

N
M

_0
03

35
2

SU
M

O
1

sm
al

l u
bi

qu
iti

n-
lik

e 
m

od
ifi

er
 1

2.
15

4
U

p

N
M

_0
04

60
7

TB
C

A
tu

bu
lin

 fo
ld

in
g 

co
fa

ct
or

 A
0.

55
4

D
ow

n

N
M

_0
06

75
9

U
G

P2
U

D
P-

gl
uc

os
e 

py
ro

ph
os

ph
or

yl
as

e 
2

0.
45

0
D

ow
n

N
M

_0
16

22
6

V
PS

29
va

cu
ol

ar
 p

ro
te

in
 s

or
tin

g 
29

 h
om

ol
og

 (S
. c

er
ev

is
ia

e)
1.

81
1

U
p

N
M

_0
06

82
6

Y
W

H
AQ

ty
ro

si
ne

 3
-m

on
oo

xy
ge

na
se

/t
ry

pt
op

ha
n 

5-
m

on
oo

xy
ge

na
se

 a
ct

iv
at

io
n 

pr
ot

ei
n,

 th
et

a
0.

55
4

D
ow

n

N
M

_0
80

66
0

ZC
3H

AV
1L

Zi
nc

-f
in

ge
r C

CC
H

-t
yp

e,
 a

nt
iv

ira
l 1

-li
ke

0.
55

2
D

ow
n

TA
B

LE
 2

 
(C

on
tin

ue
d)



5700  |     WU et al.

the model groups than in the control group (Figure 7C,D), consistent 
with the immunohistochemical results (Figure  7E,F). These results 
indicate that the abnormal proliferation of MCs in anti-Thy1 model 
rats is related to the low-level expression of KLF15 and SUMO1. 
Interfering with the expression of these molecules is expected to 
alleviate the pathological phenotype in rats.

4  | DISCUSSION

The glomeruli are the filtration units of the kidney. Disruption of glo-
merular function can be caused by primary glomerular pathology or 
can be secondary to systemic diseases. Mesangial changes seen fol-
lowing glomerular injury include hyperproliferation of MCs followed 
by excessive production of ECM (mesangial expansion) and produc-
tion of chemoattractant for inflammatory cells. Therefore, modula-
tion of MC responses, especially abnormal proliferation, is a novel 
therapeutic approach. KLF15 is a protein that plays a regulatory 
role as a transcription factor by binding to specific DNA sequences. 
Many studies have reported that KLF15 is involved in the regula-
tion of cell proliferation. For example, it has been found that KLF15 
participates in the inhibition of MC proliferation-related signalling 
pathways,15,30 but its direct target gene has not been reported in 
the literature. Therefore, this study involved mainly joint screening 
of transcription and translation levels to identify the direct target 
gene of KLF15.

KLF15 regulates different genes in different species and in dif-
ferent tissues and organs. In the process of regulating the prolifer-
ation of MCs, KLF15 affects the expression of multiple genes and 
participates in multiple pathways.11,31,32 To explore the direct tar-
get genes of KLF15, we used ChIP-Seq. Klein RH and his colleagues 
used ChIP-seq technology to study the regulation of KLF7 on the 
differentiation of corneal epithelial cells.33 Ying M et al used this 
technique to study the inhibitory effect of KLF9 on the pluripotency 
of glioblastoma.34 Compared with ChIP-chip, ChIP-Seq enables true 
whole-genome analysis with higher resolution, higher detection sen-
sitivity and lower sample size demand.35 We used ChIP to obtain 
the DNA fragments directly bound by KLF15, and after comparison 
and analysis with GenBank, we screened 2478 possible target genes. 

Through GO and pathway analyses, we identified many target genes 
involved in cell cycle and proliferation processes.

ChIP-Seq experiments require PCR for amplification of the de-
tection signal, and some degree of bias during the amplification pro-
cess is inevitable. In addition, ChIP-Seq obtains only the genes that 
KLF15 can bind and does not indicate the changes that occur in the 
expression of these genes when the expression of KLF15 changes. 
We used SILAC-LC/MS proteomics analysis to compensate for these 
shortcomings. This technique provides information on all the pro-
teins whose expression changes upon regulation by KLF15, includ-
ing the proteins directly regulated by KLF15 and the proteins that 
are indirectly regulated or post-translationally modified. HRMCs 
were cultured using SILAC, and KLF15 was overexpressed in the 
cells through plasmid transfection. The proteins were collected for 
LC/MS detection, and 1357 differentially expressed proteins were 
obtained. GO and pathway analyses revealed that some of the dif-
ferentially expressed proteins were involved in ubiquitination. The 
gene and protein data were intersected. The genes not related to the 
research purpose and genes not directly regulated by KLF15 were 
removed; ultimately, 52 genes were screened. Among these, the 
five genes with the most obvious expression differences that were 
the most closely related to proliferation were selected. Given the 
combined results of pathway analysis, SUMO1 and KLF15 expres-
sion analysis in proliferating HRMCs, ChIP-PCR and dual-luciferase 
reporter assays, the protein SUMO1 was selected as the target gene 
of KLF15.

In addition to ubiquitin, increasing numbers of UBL proteins,36,37 
including SUMO,38 neural precursor cell-expressed, developmen-
tally down-regulated 8 (NEDD8) 39,40 and interferon-stimulated 
gene 15 (ISG15),41 are being identified. These modifying proteins 
powerfully regulate a variety of biological processes. The cova-
lent addition of SUMO to substrates, termed SUMOylation, is a 
post-translational modification involved in a series of cellular pro-
cesses, including nuclear-cytosolic transport, transcriptional reg-
ulation, apoptosis, protein stability control, stress responses and 
cell cycle progression.27 SUMO is typically attached to acceptor 
lysine residues of protein substrates harbouring a consensus se-
quence and contributes to the regulation of protein-protein inter-
actions as well as to subcellular compartmentalization and protein 

F I G U R E  3   Motif analysis and validation 
of KLF15-binding sites. A, Consensus 
KLF15-binding motif identified by 
WebLogo in the KLF15 ChIP-Seq data 
using the MEME program. B, Target region 
of the SUMO1 promoter to which KLF15 
binds. C, ChIP-PCR results for SUMO1, 
n = 5. D, Dual-luciferase reporter assay 
results, n = 5. ***P < .01
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F I G U R E  4   IPA of downstream signalling molecules of SUMO1 and validation. A-C, IPA network associated with SUMO1. D, Alignment of 
various P53 sequences from different species (indicated). The SUMOylation consensus sites are shown in red. E-J, SUMO1-P53, KLF15 
and SUMO1 expression in SUMO1-overexpressing or SUMO1-depleted HRMCs. *P < .05, **P < .01, n = 3
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F I G U R E  5   Both KLF15 overexpression and SUMO1 overexpression inhibit PDGF-BB-induced cell proliferation. A-C, HRMCs were transfected 
with a control plasmid (VECTOR) or a KLF15 overexpression plasmid (KLF15) and incubated with PDGF-BB. A, The expression of 
SUMO1-P53 and input (P53) was assessed by IP analysis. B, The expression of KLF15 and SUMO1 was assessed by Western blot analysis. 
C, Quantitative data. D-F, HRMCs were transfected with an empty vector (VECTOR) or a SUMO1 overexpression plasmid (SUMO1) and 
incubated with PDGF-BB. D, The expression of SUMO1-P53 and input (P53) was assessed by IP analysis. E, The expression of KLF15 and 
SUMO1 was assessed by Western blot analysis. F, Quantitative data. G-H, Cell proliferation assay results. KLF15 or SUMO1 overexpression 
inhibited PDGF-BB-induced cell proliferation. *P < .05, n = 3
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stability.42 SUMO1, as a member of SUMOS family, can affect cell 
proliferation by modifying substrate and stabilizing cell cycle reg-
ulatory proteins.43 Therefore, combined with the literature report 
and the comprehensive screening and analysis results, we focused 
on how KLF15 regulates the effect of SUMO1 on mesangial cell 
proliferation.

To identify the substrates of SUMO1, we performed network 
analysis of SUMO1 using the IPA database and SUMOsp software. 
Combined with published research on P53, our initial screening 
data suggested P53 as a downstream molecule of SUMO1 with the 
SUMOylation sequence Ψ-K-x-D/E. Previous studies have shown that 
P53 was a substrate of SUMOylation,44,45 and enhanced P53 SUMO1 

F I G U R E  6   KLF15 suppresses MC proliferation byenhancing p53 SUMO1 conjugation. A-C, HRMCs were transfected with negative control 
siRNA (SI CON) or SUMO1 siRNA (SI SUMO1) and incubated with PDGF-BB. A, The expression of SUMO1-P53 and input (P53) was 
assessed by IP analysis. B, The expression of KLF15 and SUMO1 was assessed by Western blot analysis. C, Quantitative data. D-F, HRMCs 
were transfected with a control plasmid and negative control siRNA (VECTOR + SI CON) or SUMO1 siRNA (VECTOR + SI SUMO1), and 
KLF15 overexpression plasmid and negative control siRNA (KLF15 + SI CON) or SUMO1 siRNA (KLF15 + SI SUMO1) and incubated with 
PDGF-BB. D, The expression of SUMO1-P53 and input (P53) was assessed by IP analysis. E, The expression of KLF15 and SUMO1 was 
assessed by Western blot analysis. F, Quantitative data. G-H, Cell proliferation assay results. *P < .05, n = 3
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conjugation promoted the stability and activity of P53 and induced se-
nescence.46 In our study, interference with the expression of SUMO1 
in HRMCs produced the same change trends in SUMO1-P53 and P53, 
indicating that P53 was a SUMOylation substrate of SUMO1.

Emerging evidence has indicated that SUMOylation and de-
SUMOylation play roles in numerous nephropathic diseases, such 
as renal dysgenesis, renal carcinoma, glomerular disease, podo-
cyte apoptosis, renal medulla hypertonicity, acute kidney injury 
and nephrolithiasis.47-51 To clarify the relationship among KLF15, 
SUMO1, P53 SUMOylation and MC proliferation, we performed a 
series of transfection treatments on cells that had undergone PDGF-
BB-induced proliferation. Overexpression of KLF15 up-regulated 

the expression of SUMO1, while overexpression of SUMO1 did not 
affect the expression of KLF15. Either KLF15 or SUMO1 overex-
pression increased the SUMOylation of P53 and antagonized the 
cell proliferation induced by PDGF-BB. When the expression of 
SUMO1 was inhibited, the SUMOylation of P53 was also inhibited, 
and KLF15 lost its antagonistic effect on cell proliferation. In vivo, 
the proliferation of MCs gradually increased with aggravation of 
mesangial proliferative nephritis, while the expression of KLF15, 
SUMO1 and P53 decreased significantly. Considering the inte-
grated observations in cells and tissues, we preliminarily conclude 
that KLF15 regulates the SUMOylation of P53 through SUMO1, 
thereby inhibiting MC proliferation.

F I G U R E  7   Expression of SUMO1 and P53 in anti-Thy1 rat glomeruli. A, Periodic acid-Schiff (PAS) staining results and PCNA 
immunohistochemical staining results. B, Statistic results of the proportion of PCNA-positive cells in the glomerulus. C-D, P53, 
KLF15 and SUMO1 expression in glomerular protein extracts. E-F, Expression of KLF15 and SUMO1 in the glomerulus as assessed by 
immunohistochemical staining. *P < .05, ▲P < .01, #P < .01, n = 5



     |  5705WU et al.

5  | CONCLUSIONS

Some studies have indicated that KLF15 plays an important role 
in regulating the proliferation of MCs. In this work, we explored 
the mechanisms of MC proliferation suppression mediated by this 
transcription factor. We identified SUMO1 as the primary target of 
KLF15 in MCs via bioinformatics analyses involving ChIP-Seq and 
SILAC-LC/MS. Furthermore, with the aid of the IPA database and 
SUMOsp software, we determined that P53 was a direct substrate 
of SUMO1. In vitro and in vivo experiments confirmed that KLF15 
could promote the expression of SUMO1 and the SUMOylation of 
P53 then inhibit the proliferation of MCs (Figure S2). These results 
contribute to the understanding of the regulatory role of KLF15 
in MC proliferation and provide a theoretical basis for finding new 
treatments for MC proliferation-related kidney diseases.
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