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1 | INTRODUCTION

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 Kroppel-
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.
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complexes.1 In many glomerular diseases, such as mesangial prolif-

erative nephritis and diabetic nephropathies, MCs are injured and

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

undergo a major change in phenotype, resulting in uncontrolled me-
sangial proliferation and excessive deposition of mesangial matrix.>*
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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sclerosis and interstitial fibrosis; further aggravate renal damage;
and cause progression to irreversible end-stage renal disease.’”
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 Krippel-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° 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.'*** Our previous study has demonstrated
that KLF15 is required for inhibiting the proliferation of MCs.*® This
study aimed to clarify the direct target gene and the downstream
mechanism by which KLF15 regulates mesangial proliferation.

2 | MATERIALS 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,*® 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 O, 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 pm thick-
ness, and the sections were stained for IHC. The slices were in-
cubated with 3% H,O, 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)

ChlP was performed using a Simple ChlP 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 x 10° 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 x ChlIP buffer. The
lysates were clarified by centrifugation at 9300 x 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.
ChlP-Seq libraries for sequencing were prepared using a TruSeq
ChIP Sample Prep Kit (lllumina). The libraries were subjected to
parallel sequencing with a HiSeq2500 sequencer (lllumina) 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).Y7 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.'® 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.!” Superenhancers
were identified from the set of peaks detected in DMSO-treated
HRMCs with the superenhancer software ROSE.?° 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.?! 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-lgG 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 gPCR Supermix. The SUMO1 primers were as
follows: 5-AGCAGCGGTCTTTAGCATCA-3'
5'-TCGGTTAACCAGCACCCTTG-3". The relative amplification of
the promoter sequence of the gene was calculated using the 27aACT

forward: reverse:

method, and normalization was performed against a 1:100 dilution
of the input DNA.

2.6 | Celllabelling 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.?? Briefly, after being la-
belled with light (13C6—Iabelled) or heavy (15N2—Iabelled) lysine and
light (13C6-Iabelled)or heavy (15N4-Iabelled)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 x 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 pg 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

TABLE 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

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 pL 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 | and Bgl
Il 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-gPCR are provided in
Table 1.
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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 EAU 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 pmol/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.z‘o"24 Anti-KLF15 antibody (AV32587, Merk),
anti-SUMO1 antibody(S8070, Merk) and anti-p-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 ChlIP-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://digitalinsights.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
ChlP-Seq in primary renal glomerular MCs

To identify the direct binding partner genes of KLF15, we performed
ChlP-Seq analysis and ultimately screened 2478 genes. GO analy-
sis of these genes through the tool at the website www.uniprot.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
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FIGURE 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

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.2® A previous study has shown that PDGF-BB is essential for
MC proliferation preceding the development of glomerulosclerosis
in experimental glomerulonephritis.?® 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-
1). 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 ChlIP-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).
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FIGURE 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

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.?’
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.?®?? Furthermore, we used SUMOsp software to predict the
possible SUMOylation sequences of P53 in various species and found
that P53 had the SUMOQylation sequence W-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 Thyl 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
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FIGURE 3 Motif analysis and validation
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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, >3 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.'®%2 To explore the direct tar-
get genes of KLF15, we used ChlP-Seq. Klein RH and his colleagues
used ChIP-seq technology to study the regulation of KLF7 on the
differentiation of corneal epithelial cells.®® Ying M et al used this
technique to study the inhibitory effect of KLF9 on the pluripotency
of glioblastoma.34 Compared with ChlP-chip, ChIP-Seq enables true
whole-genome analysis with higher resolution, higher detection sen-
sitivity and lower sample size demand.3> 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.

ChlP-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, ChlP-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,3¢%7
including SUMO,%8 neural precursor cell-expressed, developmen-
tally down-regulated 8 (NEDD8) 3%*° and interferon-stimulated
gene 15 (I1SG15),* 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 s 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
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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 SUMOQylation 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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FIGURE 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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FIGURE 6 KLF15 suppresses MC proliferation byenhancing p53 SUMO1
siRNA (SI CON) or SUMO1 siRNA (S| SUMO1) and incubated with PDGF
assessed by IP analysis. B, The expression of KLF15 and SUMO1 was ass

conjugation. A-C, HRMCs were transfected with negative control

-BB. A, The expression of SUMO1-P53 and input (P53) was

essed 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 prolife

stability.42 SUMO1, as a member of SUMOQOS family, can affect cell
proliferation by modifying substrate and stabilizing cell cycle reg-
ulatory proteins.*® 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.

ration assay results. *P <.05,n =3

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 ¥-K-x-D/E. Previous studies have shown that
P53 was a substrate of SUMOyIation,‘M’45 and enhanced P53 SUMO1
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FIGURE 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, AP <.01,#P <.01,n=5

conjugation promoted the stability and activity of P53 and induced se- the expression of SUMO1, while overexpression of SUMO1 did not

nescence.* In our study, interference with the expression of SUMO1 affect the expression of KLF15. Either KLF15 or SUMO1 overex-
in HRMCs produced the same change trends in SUMO1-P53 and P53, pression increased the SUMOylation of P53 and antagonized the
indicating that P53 was a SUMOylation substrate of SUMO1. cell proliferation induced by PDGF-BB. When the expression of

Emerging evidence has indicated that SUMOylation and de- SUMO1 was inhibited, the SUMOylation of P53 was also inhibited,
SUMOylation play roles in numerous nephropathic diseases, such and KLF15 lost its antagonistic effect on cell proliferation. In vivo,
as renal dysgenesis, renal carcinoma, glomerular disease, podo- the proliferation of MCs gradually increased with aggravation of
cyte apoptosis, renal medulla hypertonicity, acute kidney injury mesangial proliferative nephritis, while the expression of KLF15,

and nephrolithiasis.‘”’51 To clarify the relationship among KLF15, SUMO1 and P53 decreased significantly. Considering the inte-
SUMO1, P53 SUMOylation and MC proliferation, we performed a grated observations in cells and tissues, we preliminarily conclude
series of transfection treatments on cells that had undergone PDGF- that KLF15 regulates the SUMOylation of P53 through SUMO1,
BB-induced proliferation. Overexpression of KLF15 up-regulated thereby inhibiting MC proliferation.



WILEY--7%

https://doi.org/10.1074/jbc.C5002

https://doi.org/10.1016/j.

http://dx.doi.org/10.1074/mcp.

WU ET AL.
5 | CONCLUSIONS 5. Floege J, Johnson RJ, Gordon K, et al. Increased synthesis of ex-
tracellular matrix in mesangial proliferative nephritis. Kidney Int.
) o ) 1991;40(3):477-488. https://doi.org/10.1038/ki.1991.235.
Some studies have indicated that KLF15 plays an important role 6. Tveita AA, Rekvig OP, Zykova SN. Increased glomerular matrix
in regulating the proliferation of MCs. In this work, we explored metalloproteinase activity in murine lupus nephritis. Kidney Int.
the mechanisms of MC proliferation suppression mediated by this 2008;74(9):1150-1158. https://doi.org/10.1038/ki.2008.308.
transcription factor. We identified SUMO1 as the primary target of 7. Kashgarian M, Sterzel RB. The pathobiology of the mesangium.
. L. . R . Kidney Int. 1992;41(3):524-529. https://doi.org/10.1038/ki.1992.74.
KLF15 in MCs via bioinformatics analyses involving ChIP-Seq and 8. Haldar SM. Ibrahim OA, Jain MK. Kruppel-like Factors (KLFs) in
SILAC-LC/MS. Furthermore, with the aid of the IPA database and muscle biology. J Mol Cell Cardiol. 2007:43(1):1-10. https://doi.
SUMOsp software, we determined that P53 was a direct substrate org/10.1016/j.yjmcc.2007.04.005.
of SUMOL1. In vitro and in vivo experiments confirmed that KLF15 9. Jiang J, Chan YS, Loh YH, et al. A core KIf circuitry regulates self-
| of emb icst ls. Nat Cell Biol. 2008;10(3):353-360.
could promote the expression of SUMO1 and the SUMOylation of Li:s:l;dc;i zr;/rl\go;éc;sf;:;fé;s ar~efiBlo ©
P53 then inhibit the proliferation of MCs (Figure S2). These results 10. Bhattacharya R, Senbanerjee S, Lin Z, et al. Inhibition of vascular
contribute to the understanding of the regulatory role of KLF15 permeability factor/vascular endothelial growth factor-mediated
in MC proliferation and provide a theoretical basis for finding new angiogenesis by the Kruppel-like factor KLF2. J Biol Chem.
treatments for MC proliferation-related kidney diseases. (2)8(2)(5)’0280(32)'28848_28851'
11. Gao X, Wu G, Gu X, Fu L, Mei C. Kruppel-like factor 15 modulates
ACKNOWLEDGEMENTS renal interstitial fibrosis by ERK/MAPK and JNK/MAPK pathways
Thanks to Dr Fei Peng for her contribution in the revision of the regulation. Kidney Blood Press Res. 2013;37(6):631-640. https://doi.
manuscript org/10.1159/000355743.
’ 12. Gu X, Xu D, Fu L, Wang Y, Mei C, Gao X. KLF 15 works as an early
anti-fibrotic transcriptional regulator in Ang llI-induced renal fibro-
CONFLICT OF INTEREST sis via down-regulation of CTGF expression. Kidney Blood Press Res.
The authors confirm that there are no conflicts of interest. 2017;42(6):999-1012. https://doi.org/10.1159/000485349.
13. Matoba K, Lu Y, Zhang R, et al. Adipose KLF15 controls lipid han-
dling to adapt to nutrient availability. Cell Rep. 2017;21(11):3129-
AUTHOR CONTRIBUTIONS 3140. https://doi.org/10.1016/j.celrep.2017.11.032.
Lingling Wu: Formal analysis (lead); Methodology (equal); Writing- 14. Takeuchi Y, Yahagi N, Aita Y, et al. KLF15 enables rapid switch-
original draft (lead). Ou Li: Data curation (equal); Methodology ing between lipogenesis and gluconeogenesis during fasting.
(equal); Writing-original draft (equal). Fengge Zhu: Validation (equal). Celll 58’1‘6 07282;;16(9):2373'2386'
. . celrep. .07.069.
Pu Chen: Methodology (supporting). Xu Wang: Formal analysis 15. HongQ,LiC,XieY,etal. Kruppel-like factor-15 inhibits the prolifera-
(equal); Methodology (supporting). Guangyan Cai: Supervision (sup- tion of mesangial cells. Cell Physiol Biochem. 2012;29(5-6):893-904.
porting). Xiangmei Chen: Conceptualization (supporting); Writing- https://doi.org/10.1159/000178518.
review & editing (supporting). Quan Hong: Conceptualization (lead); 1é. L‘I‘ Y’d'-i“ X Shhi S, etal. Bioinfor;natics a;alysis Ofl prc;’teomic pro-
. . .. L. .. fi ing t f anti-Thy1 itis. Mol Cell Prot ics.
Project administration (lead); Supervision (lead); Writing-original zloefz;ln(:iMlel;)rg;Z;zg anti=ihy=. nephritis. ol tell Froteomics
draft (lead); Writing-review & editing (lead). m111’.008755
17. Li H, Durbin R. Fast and accurate short read alignment with
ORCID Burrows-Wheeler transform. Bioinformatics. 2009;25(14):1754-
Lo . 1760. https://doi.org/10.1093/bioinformatics/btp324.
Lingling Wi h : . - 2-7166-39
ingling Wu ttps //orc.ld 0rg/0000-000 66-3966 18. Ross-Innes CS, Stark R, Teschendorff AE, et al. Differential oestro-
Fengge Zhu " https://orcid.org/0000-0002-7236-049X gen receptor binding is associated with clinical outcome in breast
Quan Hong https://orcid.org/0000-0002-6839-7695 cancer. Nature. 2012;481(7381):389-393. https://doi.org/10.1038/
nature10730.
REFERENCES 19. Whyte WA, Orlando DA, Hnisz D, et al. Master transcription
. . factors and mediator establish super-enhancers at key cell iden-

1. Abboud HE. Mesangial cell biology. Exp Cell Res. 2012;318(9):979- tity genes. Cell. 2013;153(2):307-319. https://doi.org/10.1016/j.
985. https://doi.org/10.1016/j.yexcr.2012.02.025. cell.2013.03.035.

2. Wang J, Zhang Q, Li' S, et al. Low molecular weight fucoidan alle= 55 zhang v, Liu T, Meyer CA, et al. Model-based analysis of ChIP-Seq
viates diabetic nephropathy by binding fibronectin and inhibiting (MACS). Genome Biol. 2008:9(9):R137. https://doi.org/10.1186/
ECM-receptor interaction in human renal mesangial cells. Int J gb-2008-9-9-r137
Biol Macromol. 2020;150:304-314. https://doi.org/10.1016/j.ijbio 21. Zhu LJ, Gazin C, Lawson ND, et al. ChIPpeakAnno: a Bioconductor
mac.2020.02.087. packagetoannotateChlP-seqandChlIP-chipdata.BMCBioinformatics.

3. Wright RD, Dimou P, Northey SJ, Beresford MW. Mesangial cells are 2010:11(1):237. https://doi.org/10.1186/1471-2105-11-237.
key contributors to the fibrotic damage seen in the lupus nephritis 22. Quan H, Peng X, Liu S, et al. Differentially expressed protein pro-
glomerulus. J Inflamm (Lond). 2019;16:22. https://doi.org/10.1186/ file of renal tubule cell stimulated by elevated uric acid using SILAC
$12950-019-0227-x. coupled to LC-MS. Cell Physiol Biochem. 2011;27(1):91-98. https://

4. Migliorini A, Ebid R, Scherbaum CR, Anders HJ. The danger doi.org/10.1159/000325209.
control concept in kidney disease: mesangial cells. J Nephrol. 23

2013;26(3):437-449. https://doi.org/10.5301/jn.5000247.

Bai J, Wu L, Chen X, et al. Suppressor of cytokine signaling-1/
statl regulates renal inflammation in mesangial proliferative


https://orcid.org/0000-0002-7166-3966
https://orcid.org/0000-0002-7166-3966
https://orcid.org/0000-0002-7236-049X
https://orcid.org/0000-0002-7236-049X
https://orcid.org/0000-0002-6839-7695
https://orcid.org/0000-0002-6839-7695
https://doi.org/10.1016/j.yexcr.2012.02.025
https://doi.org/10.1016/j.ijbiomac.2020.02.087
https://doi.org/10.1016/j.ijbiomac.2020.02.087
https://doi.org/10.1186/s12950-019-0227-x
https://doi.org/10.1186/s12950-019-0227-x
https://doi.org/10.5301/jn.5000247
https://doi.org/10.1038/ki.1991.235
https://doi.org/10.1038/ki.2008.308
https://doi.org/10.1038/ki.1992.74
https://doi.org/10.1016/j.yjmcc.2007.04.005
https://doi.org/10.1016/j.yjmcc.2007.04.005
https://doi.org/10.1038/ncb1698
https://doi.org/10.1074/jbc.C500200200
https://doi.org/10.1074/jbc.C500200200
https://doi.org/10.1159/000355743
https://doi.org/10.1159/000355743
https://doi.org/10.1159/000485349
https://doi.org/10.1016/j.celrep.2017.11.032
https://doi.org/10.1016/j.celrep.2016.07.069
https://doi.org/10.1016/j.celrep.2016.07.069
https://doi.org/10.1159/000178518
http://dx.doi.org/10.1074/mcp.m111.008755
http://dx.doi.org/10.1074/mcp.m111.008755
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1038/nature10730
https://doi.org/10.1038/nature10730
https://doi.org/10.1016/j.cell.2013.03.035
https://doi.org/10.1016/j.cell.2013.03.035
https://doi.org/10.1186/gb-2008-9-9-r137
https://doi.org/10.1186/gb-2008-9-9-r137
https://doi.org/10.1186/1471-2105-11-237
https://doi.org/10.1159/000325209
https://doi.org/10.1159/000325209

0
7% | wiLEy

24.

25.

26.
27.

28.
29.

30.

31.
32.
33.
34.

35.
36.
37.

38.

39.

40.

WU ET AL.

glomerulonephritis models. Front Immunol. 2018;9:1982. https://
doi.org/10.3389/fimmu.2018.01982.

Hong Q, Zhang L, Das B, et al. Increased podocyte Sirtuin-1 func-
tion attenuates diabetic kidney injury. Kidney Int. 2018;93(6):1330-
1343. https://doi.org/10.1016/j.kint.2017.12.008.

Oh JH, Ha H, Yu MR, Lee HB. Sequential effects of high glu-
cose on mesangial cell transforming growth factor-beta 1 and fi-
bronectin synthesis. Kidney Int. 1998;54(6):1872-1878. https://doi.
org/10.1046/j.1523-1755.1998.00193.x.

Ostendorf T, Kunter U, Grone HJ, et al. Specific antagonism of
PDGF prevents renal scarring in experimental glomerulonephritis. J
Am Soc Nephrol. 2001;12(5):909-918.

Wilkinson KA, Henley JM. Mechanisms, regulation and conse-
quences of protein SUMOylation. Biochem J. 2010;428(2):133-145.
https://doi.org/10.1042/BJ20100158.

Li X, Wilson AF, Du W, Pang Q. Cell-cycle-specific function of
p53 in fanconi anemia hematopoietic stem and progenitor cell
proliferation. Stem Cell Reports. 2018;10(2):339-346. https://doi.
org/10.1016/j.stemcr.2017.12.006.

Wawryk-Gawda E, Chylinska-Wrzos P, Lis-Sochocka M,
et al. P53 protein in proliferation, repair and apoptosis of cells.
Protoplasma. 2014;251(3):525-533. https://doi.org/10.1007/s0070
9-013-0548-1.

Zhang J, Zhong HB, Lin Y, Yao W, Huang JY. KLF15 suppresses cell
proliferation and extracellular matrix expression in mesangial cells
under high glucose. Int J Clin Exp Med. 2015;8(11):20330-20336.
Mallipattu SK, Guo Y, Revelo MP, et al. Kruppel-like factor 15 me-
diates glucocorticoid-induced restoration of podocyte differenti-
ation markers. J Am Soc Nephrol. 2017;28(1):166-184. https://doi.
org/10.1681/ASN.2015060672.

Gao X, Huang L, Grosjean F, et al. Low-protein diet supplemented
with ketoacids reduces the severity of renal disease in 5/6 nephrec-
tomized rats: a role for KLF15. Kidney Int. 2011;79(9):987-996.
https://doi.org/10.1038/ki.2010.539.

Klein RH, Hu W, Kashgari G, et al. Characterization of enhancers
and the role of the transcription factor KLF7 in regulating corneal
epithelial differentiation. J Biol Chem. 2017;292(46):18937-18950.
https://doi.org/10.1074/jbc.M117.793117.

Ying M, Tilghman J, Wei Y, et al. Kruppel-like factor-9 (KLF9) inhib-
its glioblastoma stemness through global transcription repression
and integrin alphaé inhibition. J Biol Chem. 2014;289(47):32742-
32756. https://doi.org/10.1074/jbc.M114.588988.

Park PJ. ChIP-seq: advantages and challenges of a maturing technol-
ogy. Nat Rev Genet. 2009;10(10):669-680. https://doi.org/10.1038/
nrg2641.

Oh E, Akopian D, Rape M. Principles of ubiquitin-dependent sig-
naling. Annu Rev Cell Dev Biol. 2018;34:137-162. https://doi.
org/10.1146/annurev-cellbio-100617-062802.

van der Veen AG, Ploegh HL. Ubiquitin-like proteins. Annu Rev
Biochem. 2012;81:323-357. https://doi.org/10.1146/annurev-bioch
em-093010-153308.

Dhingra N, Zhao X. A guide for targeted SUMO removal. Genes Dev.
2017;31(8):719-720. https://doi.org/10.1101/gad.300491.117.
Enchev RI, Schulman BA, Peter M. Protein neddylation: beyond
cullin-RING ligases. Nat Rev Mol Cell Biol. 2015;16(1):30-44. https://
doi.org/10.1038/nrm3919.

Li K, Zhong B. Regulation of cellular antiviral signaling by modifi-
cations of ubiquitin and ubiquitin-like molecules. Immune Netw.
2018;18(1):e4. https://doi.org/10.4110/in.2018.18.e4.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Dos Santos PF, Mansur DS. Beyond ISGlylation: functions of free
intracellular and extracellular ISG15. J Interferon Cytokine Res.
2017;37(6):246-253. https://doi.org/10.1089/jir.2016.0103.
Rodriguez MS, Dargemont C, Hay RT. SUMO-1 conjugation in vivo
requires both a consensus modification motif and nuclear targeting.
J Biol Chem. 2001;276(16):12654-12659. https://doi.org/10.1074/
jbc.M009476200.

Bellail AC, Olson JJ, Hao C. SUMO1 modification stabilizes CDKé
protein and drives the cell cycle and glioblastoma progression. Nat
Commun. 2014;5(1):4234. https://doi.org/10.1038/ncomms5234
Muller S, Berger M, Lehembre F, Seeler JS, Haupt Y, Dejean A.
c-Jun and p53 activity is modulated by SUMO-1 modification. J
Biol Chem. 2000;275(18):13321-13329. https://doi.org/10.1074/
jbc.275.18.13321.

Peuget S, Bonacci T, Soubeyran P, lovanna J, Dusetti NJ. Oxidative
stress-induced p53 activity is enhanced by a redox-sensitive
TP53INP1 SUMOylation. Cell Death Differ. 2014;21(7):1107-1118.
https://doi.org/10.1038/cdd.2014.28.

Ivanschitz L, Takahashi Y, Jollivet F, Ayrault O, Le Bras M, de The H.
PML IV/ARF interaction enhances p53 SUMO-1 conjugation, activa-
tion, and senescence. Proc Natl Acad Sci U S A. 2015;112(46):14278-
14283. https://doi.org/10.1073/pnas.1507540112.

Kim JA, Kwon MJ, Lee-Kwon W, Choi SY, Sanada S, Kwon HM.
Modulation of TonEBP activity by SUMO modification in re-
sponse to hypertonicity. Front Physiol. 2014;5:200. https://doi.
org/10.3389/fphys.2014.00200.

Kloeckener-Gruissem B, Betts DR, Zankl A, Berger W, Gungor
T. A new and a reclassified ICF patient without mutations in
DNMT3B and its interacting proteins SUMO-1 and UBC9. Am
J Med Genet A. 2005;136(1):31-37. https://doi.org/10.1002/
ajmg.a.30767.

Lin HY, Wang CL, Hsiao PJ, et al. SUMO4 M55V variant is asso-
ciated with diabetic nephropathy in type 2 diabetes. Diabetes.
2007;56(4):1177-1180. https://doi.org/10.2337/db06-1283.

Wang L, Zhu J, Fang M, et al. Inhibition of p53 deSUMOylation
exacerbates puromycin aminonucleoside-induced apoptosis in
podocytes. Int J Mol Sci. 2014;15(11):21314-21330. https://doi.
org/10.3390/ijms151121314.

Yang Z, Zhang Y, Sun S. Deciphering the SUMO code in the kid-
ney. J Cell Mol Med. 2019;23(2):711-719. https://doi.org/10.1111/
jemm.14021.

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Wu L, Li O, Zhu F, et al. Krsppel-like
factor 15 suppresses renal glomerular mesangial cell
proliferation via enhancing P53 SUMO1 conjugation. J Cell Mol
Med. 2021;25:5691-5706. https://doi.org/10.1111/
jcmm.16583



https://doi.org/10.3389/fimmu.2018.01982
https://doi.org/10.3389/fimmu.2018.01982
https://doi.org/10.1016/j.kint.2017.12.008
https://doi.org/10.1046/j.1523-1755.1998.00193.x
https://doi.org/10.1046/j.1523-1755.1998.00193.x
https://doi.org/10.1042/BJ20100158
https://doi.org/10.1016/j.stemcr.2017.12.006
https://doi.org/10.1016/j.stemcr.2017.12.006
https://doi.org/10.1007/s00709-013-0548-1
https://doi.org/10.1007/s00709-013-0548-1
https://doi.org/10.1681/ASN.2015060672
https://doi.org/10.1681/ASN.2015060672
https://doi.org/10.1038/ki.2010.539
https://doi.org/10.1074/jbc.M117.793117
https://doi.org/10.1074/jbc.M114.588988
https://doi.org/10.1038/nrg2641
https://doi.org/10.1038/nrg2641
https://doi.org/10.1146/annurev-cellbio-100617-062802
https://doi.org/10.1146/annurev-cellbio-100617-062802
https://doi.org/10.1146/annurev-biochem-093010-153308
https://doi.org/10.1146/annurev-biochem-093010-153308
https://doi.org/10.1101/gad.300491.117
https://doi.org/10.1038/nrm3919
https://doi.org/10.1038/nrm3919
https://doi.org/10.4110/in.2018.18.e4
https://doi.org/10.1089/jir.2016.0103
https://doi.org/10.1074/jbc.M009476200
https://doi.org/10.1074/jbc.M009476200
https://doi.org/10.1038/ncomms5234
https://doi.org/10.1074/jbc.275.18.13321
https://doi.org/10.1074/jbc.275.18.13321
https://doi.org/10.1038/cdd.2014.28
https://doi.org/10.1073/pnas.1507540112
https://doi.org/10.3389/fphys.2014.00200
https://doi.org/10.3389/fphys.2014.00200
https://doi.org/10.1002/ajmg.a.30767
https://doi.org/10.1002/ajmg.a.30767
https://doi.org/10.2337/db06-1283
https://doi.org/10.3390/ijms151121314
https://doi.org/10.3390/ijms151121314
https://doi.org/10.1111/jcmm.14021
https://doi.org/10.1111/jcmm.14021
https://doi.org/10.1111/jcmm.16583
https://doi.org/10.1111/jcmm.16583

