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Aim: Diabetic nephropathy (DN) is a serious health problem worldwide. Epidermal
growth factor (EGF) has suggested as a potential biomarker for the progression of
chronic kidney disease. In this study, we examined the effects of EGF on the high
glucose (HG)-induced podocyte injury and explored the underlying molecular
mechanisms.

Methods: The cell proliferation, toxicity, and cell apoptosis of podocytes were determined
by CCK-8 assay, lactate dehydrogenase release assay, and flow cytometry, respectively, and
protein levels in the podocytes were determined by Western blot assay. Mechanistically,
DNA methylation analysis, bioinformatic analysis, methylation-specific PCR and quantita-
tive real-time PCR were used to analyze functional pathways in differentially methylated
genes and the expression of the key methylated genes in the podocytes after different
interventions.

Results: EGF treatment significantly increased the protein expression level of LC3 and
decreased the protein level of P62 in HG-stimulated podocytes, which was attenuated
by autophagy inhibitor, 3-methyladenine. EGF increased the cell proliferation and the
protein expression levels of nephrin and synaptopodin, but reduced cell toxicity and
cell apoptosis and protein expression level of cleaved caspase-3, which was partially
antagonized by 3-methyladenine. DNA methylation expression profiles revealed the
differential hypermethylation sites and hypomethylation sites among podocytes treated
with normal glucose, HG and HG+EGF. GO enrichment analysis showed that DNA
methylation was significantly enriched in negative regulation of phosphorylation, cell-
cell junction and GTPase binding. KEGG pathway analysis showed that these genes
were mainly enriched in PI3K-Akt, Hippo and autophagy pathways. Further validation
studies revealed that six hub genes (ITGB1, GRB2, FNI1, ITGB3, FZD10 and FGFR1)
may be associated with the protective effects of EGF on the HG-induced podocyte
injury.

Conclusion: In summary, our results demonstrated that EGF exerted protective effects on
HG-induced podocytes injury via enhancing cell proliferation and inhibiting cell apoptosis.
Further mechanistic studies implied that EGF-mediated protective effects in HG-stimulated
podocytes may be associated with modulation of autophagy and PI3K/AKT/mTOR signaling
pathway.
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Introduction

Diabetic nephropathy (DN) is one of the major causes of
end-stage renal diseases and is becoming a serious health
problem worldwide. The early stage of DN is character-
ized by the
(albuminuria),’ which is largely due to the defects in the

increased amount of urinary protein

permeability of glomerular filtration barrier.” The function
of glomerular filtration barrier is maintained by podo-
cytes, which encase the exterior basement membrane of
glomerular capillary. The injury of podocytes can lead to
albuminuria.® The early pivotal characteristic in DN is the
loss of podocytes, where the detachment and apoptosis are
closely associated with abnormal autophagy function.* It
is reported that high glucose (HG) can repress the autop-
hagy activity in podocytes, which leads to cellular injury
and dysfunction.® Therefore, impaired podocytes autop-
hagy and subsequent loss of podocytes could result in
massive proteinuria in diabetic nephropathy patients.’
Autophagy is a lysosomal degradation pathway and
plays a vital role in maintaining cellular integrity and func-
tion by decomposing cytoplasmic components for clearance
and reutilization.® It is reported that basal autophagy is
for the structure and

function.” Lv et al found that activation of autophagy can

essential kidney homeostasis,
protect podocytes against sublytic complement attack-
induced injury by enhancing the survival and adhesion.'
Xin et al consistently found that the activation of autophagy
could protect human podocytes against HG-induced cell
injury."" These results indicated that autophagy activation
of podocytes may be a novel therapeutic strategy for DN.

Epidermal growth factor (EGF) is a polypeptide with
53 amino acids and involves multiple cellular responses
including cell migration, proliferation, differentiation and
regeneration. EGF, as a cytoprotective factor, can protect
cells from injury included by hydrogen peroxide, acetalde-
hyde and oxidative stress.'*'® Previous studies found that
urinary EGF is correlated with estimated glomerular filtra-
tion rate (eGFR) and the rate of eGFR loss, which may be
a clinical parameter to predict the progression of chronic
kidney disease (CKD)."* In addition, EGF can protect
podocytes from HG-induced apoptosis. Li et al found
mesenchymal stem cells reduce podocytes apoptosis and
injury by secreting the EGFE.'> However, the underlying
molecular mechanism is still not fully understood.

DNA methylation is one of the epigenetic modifications
in DN.'® Bell et al identified 19 prospective CpG sites that
may be associated with risk of diabetic nephropathy.'” In

this study, we examined the effects of EGF on the podocyte
viability and autophagy under the HG condition. In addition,
microarray assay was performed to gain insight into the
molecular mechanisms underlying EGF-mediated protective
effects against HG-induced injury in podocytes.

Materials and Methods
Cell Culture

Human podocytes were purchased from Shanghai Zeye
Biotechnology Co., Ltd (Shanghai, China) and were cul-
tured in McCoy’s 5a medium (Thermo Fisher Scientific,
Waltham, USA) supplemented with 10% fetal bovine
serum (FBS; Thermo Fisher Scientific) in the humidified
incubator at 37°C 5% CO,. For the treatments, cells were
cultured with McCoy’s 5a medium containing 5.5 glucose
mM (negative control (NC) group), 30 mM glucose (HG
group), 30 mM glucose + 3 ng/mL EGF (HG+EGF group)
or 30 mM glucose + 3 ng/mL EGF + 10 nM 3MA (HG
+EGF+3MA group), respectively, for 48 h.

Cell Counting Kit 8 (CCK-8) Assay

Cell viability was determined using CCK-8 assay (Glpbio,
Montclair, USA). After different treatments, the cells were
incubated CCK-8 solution at room temperature for 2 h,
and then, the cell proliferation was determined by measur-
ing optical density at 450 nm wavelength using
a microplate reader.

Lactate Dehydrogenase (LDH) Release
Assay

Cell toxicity was measured by LDH release assay kit
(Beyotime, Shanghai, China) according to the manufac-
turer’s instruction. Briefly, after different treatments, the
cells were mixed with LDH detection reagent (10%
volume of the original medium), and then incubated at
room temperature for 30 min in the dark. After incubation,
the optical density was measured at 490 nm wavelength
using a microplate reader.

Western Blot Assay

Total proteins were isolated using RIPA buffer containing
the proteinase inhibitors (Sigma-Aldrich, St. Louis,
USA). Total protein concentration was quantified by
BCA Protein Assay Kit (Thermo Fisher Scientific).
Total protein samples were boiled with sodium dodecyl
sulfate (SDS)-loading buffer at 100°Cfor 8 min to
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denature the proteins. The denatured proteins were
resolved on 10% SDS-PAGE gel (Biotechnology,
Shanghai, China) and were then transferred to PVDF
membranes (Millipore, Burlington, USA). The mem-
branes were blocked with Tris buffered saline with
Tween-20 (TBST) at 37°Cfor 2 h and incubated with
corresponding primary antibodies against LC3 (Cell
USA), P62 (Cell

(Cell  Signaling
Technology), synaptopodin (Cell Signaling Technology),
p-Akt (Cell Signaling Technology), t-Akt (Cell Signaling
Technology), p-PI3K (Cell Signaling Technology),
t-PI3K (Cell Signaling Technology), p-mTOR (Cell
t-mTOR  (Cell
Technology) and B-actin (Cell Signaling Technology) at

Signaling Technology, Danvers,

Signaling  Technology), nephrin

Signaling  Technology), Signaling
4°Cfor overnight. The membranes were then incubated
with horse radish peroxidase-conjugated secondary anti-
bodies (Cell Signaling Technology) for 1 h at room tem-
perature. Proteins were detected by chemiluminescence
for visualization using ECL kit (Tenon, Shanghai, China).
The relative protein expression was analyzed by Image-
Pro Plus 6.0 software. B-actin was used as the internal
control.

Flow Cytometry Analysis of Cell
Apoptosis Assay

After different treatments, cells were trypsinized and har-
vested followed by washing with ice-cold phosphate buf-
fered saline and then cells were stained with FITC-Annexin
V and propidium iodide (Beyotime, Beijing, China). Viable
and dead cells, as well as early and late apoptotic cells were
quantified and analyzed by FACS Calibur and Cell Quest
Pro software (BD Biosciences, Franklin Lakes, USA).

DNA Methylation Analysis

The genomic DNA samples of NC, HG group and HG
+EGF groups were treated with bisulfite. Illumina Infinium
Methylation EPIC BeadChips (Illumina, San Diego, USA)
was used to screen differential DNA methylation sites. The
data were analyzed with Chip Analysis Methylation
Pipeline (ChAMP) package. Principal component analysis
(PCA) was used to analyze the DNA methylation profiling
among three treatment groups.

Functional Enrichment Analysis
Gene Ontology (GO) (http://geneontology.org/) and Kyoto

Encyclopedia of Genes and Genomes (KEGG) (https://

www.genome.jp/kegg/) pathway enrichment analysis

were performed using clusterProfiler package, implemen-
ted in R. The GO terms and KEGG pathways with P <
0.05 were considered statistically significant.

PPl Network Construction

Protein—protein interaction (PPI) was screened with
Retrieval of Interacting Genes (STRING; http://stringdb.
org/) database online tool. Combined with autophagy-
related signaling pathway, key methylation genes regu-
lated by EGF were determined. The screened networks
were visualized by Cytoscape software.

Analysis of DNA Methylation Levels by
Quantitative Methylation-Specific PCR

(qMSP)

Genomic DNA from NC group, HG group and HG+EGF
group were extracted using EZ DNA Methylation light-
ning kit under the guidance of manufacturer’s instruction.
The genomic DNA was underwent bisulfite conversion
(pH 5.0, 50°C for 10 h). PCR was used to amplify the
converted DNA. The PCR condition was set aas follows:
95°Cfor 3 min, 40 cycles of 95°Cfor 15 sec and 60°Cfor
30 sec, then 95°Cfor 30 sec. The methylation level was
calculated by the 2 **Ct method. The primer sequences
for MSP analysis aresummarized in Table 1.

Quantitative Real-Time PCR (qRT-PCR)
Analysis

Total RNA was extracted using TRIzol reagent (Thermo
scientific), and the mRNA was reversely transcribed into
c¢DNA by using the PrimeScript RT Reagent Kit (Takara,
Tokyo, Japan). Real-time PCR was performed with SYBR
Premix Ex TaqTM Kit (Takara) according to the manufac-
turer’s protocol. The thermal cycling conditions were as fol-
lows: 95°C for 3 min, 40 cycles of 95°C for 15 sec and 60°C
for 30 sec, then 95°C for 30 sec. The primer sequences for
gqRT-PCR analysis are shown in Table 2. The relative mRNA
expression levels were measured with qPCR and calculated by
224 method. GAPDH snRNA was used as the internal
control.

Statistical Analysis
All the data analysis was performed using the GraphPad
Prism (Version 6.0, GraphPad Prism Software, La Jolla,
USA). All the data were presented as mean + standard
deviation. differences

Significant among different
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Table | Primer Sequences Used in MSP

Primer F R Band Size (bp)
ITGBI M AAAATTTAAAACGTAGTATGGAGCG TAATCTAAACCCTTTACTCGTCGAA 149

U AAATTTAAAATGTAGTATGGAGTGA TAATCTAAACCCTTTACTCATCAAA 148
GRB2 M TGGTTTTTAGAAGGTATAGTAACGT TAAATACAAAAAAACGAAAACGTA 206

U TGGTTTTTAGAAGGTATAGTAATGT CTAAATACAAAAAAACAAAAACATA 207
FNI M AATTTTATTTTTTGAATTTTTTCGG TTATCTTCACAACTCCCTATTCGA 184

U AATTTTATTTTTTGAATTTTTTTGG TTTTATCTTCACAACTCCCTATTCAA 186
ITGB3 M GATTTTCGGGATTAGGATGC GATAAATAAAACGCAACGAAACG 201

U GATTTTTGGGATTAGGATGTGT CAATAAATAAAACACAACAAAACAA 202
FZDI0 M GGTTATCGCGGTATAAATTAAGTTC CTTTAAAATTTCAAAAAAACGAA 185

U GGGGTTATTGTGGTATAAATTAAGTTT TTTAAAATTTCAAAAAAACAAA 186
FGFRI M GGAGGGGTTGATTTTATAATAAAATC CTTAAAAAAATAATTTTCGCGCT 158

U GGGTTGATTTTATAATAAAATTGG CCTTAAAAAAATAATTTTCACACT 155

Table 2 Primer Sequences Used for qRT-PCR

Genes Forward Reverse
ITGBI 5'-GTGAAGCCAGCAACGGACAGA-3’ 5'-CCAAGGCAGGTCTGACACATCT-3’
GRB2 5'-GTGTGGCACGCACCTGTAGT-3 5'-GGCTCACTCAACCTCCACTTCC-3’
FNI 5'-GCCTGAAGCCTGGTGTGGTAT-3’ 5-GGTGCTGGTGGTGGTGAAGT-3’
ITGB3 5'-TCAATGCCACCTGCCTCAACAA-3’ 5-ATGCTGAAGCTCACCGTGTCTC-3’
FZDI0 5-GGCGGTGCTGTGCTTCTTCT-3’ 5'-GGATGAGGTAGCCCACGGAGTA-3’
FGFRI 5'-CGGTTGCTCACGCCTGTAATCC-3’ 5'-GTGTGCCACCATGCCTGGATAA-3’
GAPDH 5'-CTCGCTTCGGCAGCACA-3' 5'-AACGCTTCACGAATTTGCGT-3'

treatment groups were assessed by one-way ANOVA fol-
lowed by Bonferroni’s multiple comparison tests. P < 0.05
was considered as statistically significant.

Results

EGF Ameliorated HG-Induced Podocytes
Injury

First, we detected whether EGF inhibited HG-induced podo-
cytes damage by activating autophagy. As shown in Figure
1A and B, HG treatment induced the up-regulation of p62
protein expression, but had no effect on the protein level of
LC3-II/1 in the podocytes, when compared to the NC group.
EGF treatment significantly increased the protein level of
LC3-II/T and decreased the protein level of P62 in the podo-
cytes when compared the HG group, which was reversed by
the pre-treatment with 3-MA (Figure 1A and B). The CCK-8
assay showed that HG treatment significantly reduced the

cell viability of podocytes when compared to the NC group,
and the inhibitory effect of EGF on the cell viability was
reversed by the EGF treatment (Figure 1C). Moreover, 3MA
pretreatment significantly reduced the cell viability of podo-
cytes when compared to the HG+EGF group (Figure 1C).
Meanwhile, the LDH release assay showed that EGF sig-
nificantly decreased LDH release in HG-induced human
podocytes, whereas 3-MA neutralized the inhibitory effects
of EGF (Supplemental Figure S1). The protein levels of

nephrin and synaptopodin in the treated podocytes were
further evaluated by Western blot assays (Figure 1D). HG
significantly reduced the protein expression level of nephrin
and synaptopodin in the podocytes when compared to the
NC group (Figure 1D-F). EGF treatment significantly
increased the protein levels of nephrin and synaptopodin in
the podocytes when compared to the HG group, which was
significantly attenuated by the pretreated with 3-MA (Figure
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Figure | EGF alleviates HG-induced podocyte injury by regulating autophagy activity. Podocytes were treated with full medium containing 5.5 glucose mM (negative control
(NC) group), 30 mM glucose (HG group), 30 mM glucose + 3 ng/mL EGF (HG+EGF group) or 30 mM glucose + 3 ng/mL EGF + 10 nM 3MA (HG+EGF+3MA group), (A) gel
blots showed Western blot analysis of LC3 and P62 proteins in the treated cells; (B) semi-quantitative analysis of LC3Il, LC3I and P62 protein levels was performed; (C) The
cell viability of podocytes was measured by CCK-8 assay. (D) gel blot showed the Western blot analysis of nephrin and synaptopodin proteins in the treated cells, (E and F)
semi-quantitative analysis of nephrin (E) and synaptopodin (F) protein levels was performed. N = 3; significant differences among treatment groups were shown as *P < 0.05,
**P < 0.01 and ¥*P < 0.001.
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1D-F). Collectively, these results indicated that EGF ame-
liorated HG-induced human podocytes injury by regulating
autophagy.

EGF Attenuates HG-Induced Apoptosis in

the Podocytes

Next, we detected whether EGF participated in HG-
induced podocytes apoptosis by activating autophagy.
The apoptosis of podocytes was detected using flow cyto-
metry. As shown in Figure 2A, HG treatment significantly
increased the cell populations at the early and late apop-
tosis in the podocytes when compared to the NC group,
and the HG-induced increase in the cell apoptosis of
podocytes was markedly attenuated by EGF treatment
(Figure 2A). Moreover, 3-MA pretreatment largely antag-
onized the effects of EGF on the cell apoptosis of HG-
stimulated podocytes (Figure 2A). In addition, the protein
level of cleaved caspase-3 was determined by Western blot
expected, HG
increased the protein level of cleaved caspase-3 in the

assay (Figure 2B). As significantly
podocytes when compared to the NC group. EGF treat-
ment significantly decreased the protein level of cleaved
caspase-3 in the HG-stimulated podocytes, which was
significantly attenuated by the pre-treatment with 3MA
(Figure 2B). Altogether, these results suggested that EGF
attenuated apoptosis in HG-treated human podocytes by
activating autophagy.

The Difference of DNA Methylation

Genes Profiles

The effect of EGF on genome-wide differentially DNA
methylation genes profiles in HG-induced human podo-
cytes injury was examined as well. As shown by the
principal component results of Illumina 850K (EPIC)
DNA methylation array analysis, there were significant
differences in podocytes among NC, HG and HG+EGF
group (Figure 3A). Principal component analysis (PCA)
showed that the three groups were distinctly clustered
according to the DNA methylation. There were 6259
hypermethylation sites and 3637 hypomethylation sites in
HG group when compared to that in NC group (Figure
3B). Compared to HG group, 9309 hypermethylation CpG
sites (5220 genes) and 3111 hypomethylation CpG sites
(2511 genes) were found in HG+EGF group (Figure 3C).
From the analyzed individual CpG sites between HG and
NC group according to genomic location, 25.97% were
found in the transcription start site (TSS200=5.12%,

TSS1500=10.75%, 5'UTR=8.05%, and 1st exon=2.05%).
41.82% CpG sites were located in gene body. The rest
were in 3'UTR and unconnected areas (Figure 3D).
According to the location in CpG islands, there were
12.66% in CpG islands, 17.03% in CpG shores, 7.89% in
CpG shelves, and 62.43% in open sea (Figure 3E).
Moreover, The results from the analysis of genomic loca-
tion between EGF+HG and HG group indicated that
27.22% were located in the transcription start site
(TSS200=5.01%, TSS1500=12.05%, 5'UTR=8.05%, and
Ist exon=2.11%), 38.62% were in gene body and the rest
were in 3'UTR and unconnected areas (Figure 3D);
12.48% of differentially methylated sites were found in
CpG islands, 18.62% in CpG shores, 7.34% in CpG
shelves, and 61.56% in open sea (Figure 3E). There were
9896 differentially methylated CpG sites in podocytes
from HG group comparing that in the NC group. There
are 6259 hypermethylation and 3637 hypomethylation
CpG sites, which were corresponding to 4587 and 3046
genes, respectively. Compared to HG group, 9309 hyper-
methylation CpG sites (5220 genes) and 3111 hypomethy-
lation CpG sites (2511 genes) were found in HG+EGF
group (Figure 4A), and there were 1106 methylation sites
(983 genes) in intersection (Figure 4A).

Enrichment Analysis of Methylated Genes
Regulated by EGF

In order to explore the biological function of EGF in the
treatment of HG-induced human podocytes injury, we
further performed GO enrichment and KEGG pathway ana-
lysis of the differentially methylated genes (983 genes) regu-
lated by EGF. The functional classification of genomic data
was obtained from GO (http://www.geneontology.org) data-

base, which include biological process (Figure 4B), molecu-
lar function (Figure 4C), and cellular component (Figure
4D). GO enrichment analysis suggest that DNA methylation
was significantly enriched in negative regulation of phos-
phorylation, cell-cell junction and GTPase binding. In the
KEGG pathway analysis, these genes were mainly enriched
in PI3K-Akt, Hippo and autophagy pathways (Figure 4E).
Moreover, we validated that EGF counteracted the inductive
effect of HG on the protein level of p-PI3K, p-Akt and
p-mTOR in the human podocytes, with the total protein
levels of PI3K, Akt and mTOR unchanged (Supplemental
Figure S2), indicating that EGF negatively regulated PI3K/
Akt/mTOR signaling in HG-induced human podocytes.

2260 "

Dove!

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2021:14


http://www.geneontology.org
https://www.dovepress.com/get_supplementary_file.php?f=299562.pdf
https://www.dovepress.com/get_supplementary_file.php?f=299562.pdf
https://www.dovepress.com
https://www.dovepress.com

Sun et al
A . NG . HG
1 1 g 40, o ok o
7]
% % @ 30- -
- x =
g, &, & 204
e 1 & e
. . > 104
27 21. i =
o ‘3);:% o gégs%*.-'}'.' g;;;% w 0- < O &
21032 16‘ u')s 165 ;o” 91032 u')‘ 165 165 ;07? < S (oc’ n,@‘v.
FITCH FITCH 0" (("
XL
HG+EGF+3MA <)
QX
< 4
B %K KK oK
.g 3- =+
¥ -
o 24
: g
B 1"
8
A 7
ey O O g
106 1072 \\ ’2‘ &0 x‘b@
< L
T L
X
Q‘O
B
\&?. c Cleaved caspase-3
x> S 925
OQ C‘)Q $ . % *x *x
o & & 2~ 20- =5
L PP L gg
) < 1.5
cgls%?segfi v oy ww s |19kDa g
_ 5 5 1.0
Pacln| ——w e e —— [43kDa 5 .
= V7
= 0.0
14

&

< \'ss
<& N
< <
P o
ox
RS

Figure 2 EGF attenuates HG-induced apoptosis in the podocytes. Podocytes were treated with full medium containing 5.5 glucose mM (negative control (NC) group), 30
mM glucose (HG group), 30 mM glucose + 3 ng/mL EGF (HG+EGF group) or 30 mM glucose + 3 ng/mL EGF + 10 nM 3MA (HG+EGF+3MA group), (A) cell apoptosis was
analyzed using Annexin V-FITC and Pl staining. (B) The protein expression of cleaved-caspase 3 in the treated cells was determined by Western blot assay. N = 3; significant
differences among treatment groups were shown as *P < 0.05, **P < 0.0 and ***P < 0.001.
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Figure 3 DNA methylation expression profile analysis of podocytes cells (A) Principal component analysis (PCA). (B) Volcano plot analysis of significantly differentially
methylated CpG sites of podocytes cells between the high glucose (HG) and normal glucose (NC). (€) Volcano plot analysis of significantly differentially methylated CpG
sites of podocytes cells among the Epidermal Growth Factor (EGF) and high glucose (HG) group. (D) CpG content and neighbourhood context of CpG island, shore, shelf
and open sea distribution of different methylation CpG sites. (E) Different DNA methylation CpG sites gene structure: 5’'UTR, 3'UTR, IstExon, TSS200, TSS1500, IGR and

gene body distribution.

Screening of Key Methylation Genes
Regulated by EGF

To further to explore the key methylation genes regulated by
EGF, we used STRING database to construct the PPI net-
work of the differentially methylated genes regulated by
EGF. The constructed PPI network is shown in Figure 5A.
KEGG enrichment was used to analyze the genes screened
by PPI network. The results showed that hub genes were
mainly enriched in PI3K/AKT/mTOR signal pathway, which
was related to autophagy (Figure 5B). Subsequently, six
genes (ITGB1, GRB2, FN1, ITGB3, FZD10, FGFRI1)
enriched in PI3K/AKT/mTOR signal pathway and with

high connectivity in the PPI network were selected for further
validation studies.

The Methylation Level and mRNA

Expression Level of Six Candidate Genes
To perform a targeted validation of the results obtained
by the DNA methylation array analysis, we quantified
DNA methylation of the above six genes (ITGBI,
GRB2, FNI1, ITGB3, FZD10, and FGFR1) by qMSP.
As shown in Figure 6A, the methylation level of
ITGBI1, GRB2, FNI1, ITGB3 and FZD10 in HG group
were significantly higher than those in NC group. For

2262 "

Dove!

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2021:14


https://www.dovepress.com
https://www.dovepress.com

Dove Sun et al
HG vs. NC HG+EGF vs. HG HG vs. NC HG+EGF vs. HG
(Delta Beta <0) (Delta Beta >0) (Delta Beta >0) (Delta Beta <0)
negative regulation of phosphorylation- . cell-cell junctiont .
regulation of GTPase activity ' transcription factor complex- B
epithelial tube morphogenesis+ . focal adhesion ®
negative regulation of protein )
gative reg hirilion plaliuq @ Count cell-substrate adherens junction+ @ Count
transmembrane rcccpun’ pr‘(ﬂcm Serine/ | ® ® 26 Y G ® 175
threonine kinase signaling pathway o cell-substrate junction ® ° 200
positive regulation of GTPase activity @ . 30 neuron to neuron synapse ® . ;7,§
gland development- @ . 3 postsynaptic specialization- @ @ 0
ical structure h i [€] cell leading edge+ @
embryonic organ development+ ® —log;o(pvalue) postsynaptic density 8 —logo(pvalue)
P = ) E ot : 3.
system orga ® 2 asymmetric synapse: ( J 2 2
Ras protein signal transduction- @ 1 chromosomal region ® 20
Iticellular organismal homeostasis L ] 3 nuclear chromatin- @ 1.5
response to transforming growth factor | °
beta vacuolar membrane { ( J
forebrain development glutamatergic synapse- ®
muscle cell differentiation- L] trans-Golgi network: @
0.040 0.045 0.050 0.055 0030 0035 0040  0.045
D GeneRatio E GeneRatio
small GTPase binding+ . PI3K-Akt signaling pathway1 .
Ras GTPase binding- . Human papillomavirus infection: .
protein serine/threonine kinase activity ¢ . Cushing syndrome:- . Count
actin binding- . Comst Hippo signaling pathway ‘ e 8
phospholipid binding . @ 5 Human cytomegalovirus infection+ o 4 12
nucleoside-triphosphatase regulator ) " g . . o 2
activity ® 0 Cell adhesion molecules (CAMs) o
GTPase activator activity @} @ Transcriptional misregulation in cancer- @ ®
GTPase regulator activity+ ® Jogyo(pvalue) Human T-cell leukemia virus 1 infection: . 18
guanyl-nucleotide exchange factor ~logio\pvalue
SRR S E;c(it'ity' @ 40 ¢GMP-PKG signaling pathway | @
transcription corepressor activity @ 35 Pathogenic Escherichia coli infection’ @ ~logio(pvalue)
DNA-binding transcription repressor | ) %‘5’ y - . 3.
activity, RNA polymerase Il-specific 20 Estrogen signaling pattiway o '32
molecular adaptor activity- @ Autophagy - animal { @ 20
RNA polymerase II transcription factor 9 1
Py i P binding] L4 Vascular smooth muscle contraction- [ J 15
actin filament binding [ J Cortisol synthesis and secretion; @
SMAD binding: @ Thyroid hormone synthesis: @
0.02 0.03 0.04 0.05 003 004 005 006 007
GeneRatio GeneRatio

Figure 4 Functional enrichment analysis of 2320 differentially methylated genes. (A) The venn diagram shows the intersection between differentially methylated CpG sites
or genes in the high glucose (HG) vs normal glucose (NG) and differentially methylated CpG sites or genes in the HG+EFG vs HG. (B) Enriched GO terms in the “biological
process” category. (C) Enriched GO terms in the “molecular function” category. (D) Enriched GO terms in the “cellular component” category. The color represents the
ranges of the enriched -logl0 (P value). (E) Enriched KEGG biological pathways. The color represents the ranges of the enriched -logl0 (P value). Count represents the

enrich genes numbers.

the gene FGFR1, the methylation level of FGFR1 was
significantly lower in the HG group than that in the NC
group (Figure 6A). EGF treatment decreased the
methylation of ITGB1, GRB2, FNI1 and
ITGB3, but increased the methylation Ilevels of
FZD10 and FGFR1 when compared to the HG group
(Figure 6A).

levels

DNA methylation, especially within the promoter
regions, usually affected the biological function of cells by
changing related genes expression. Therefore, we simulta-
neously detected whether EGF affected the expression of the
above six genes (ITGB1, GRB2, FN1, ITGB3, FZD10, and
FGFR1). The mRNA levels of these genes further analyzed
by qRT-PCR. HG treatment significantly decreased the
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Figure 5 The PPl network of methylation regulated by EGF. (A). PPl interaction network analysis of 2320 methylated genes; (B). PPl interaction network of genes enriched

in PI3K/Akt/mTOR pathways.
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Figure 6 The methylation level and mRNA expression level of six candidate genes.
(A) The methylation levels of ITGBI, GRB2, FNI, ITGB3, FZD10, FGFRI in the
podocytes from the NC, HG and HG+EGF group were determined by qMSP. (B)
The relative mRNA expression levels of ITGBI, GRB2, FNI, ITGB3, FZD 10, FGFRI
in the podocytes from the NC, HG and HG+EGF group were detected by qRT-
PCR. N = 3; significant differences among treatment groups were shown as *P <
0.01, ¥*P < 0.001.

mRNA expression levels of ITGB1 and FZD10, but
increased the mRNA expression levels of GRB2, FNI,
ITGB3 and FGFRI in the podocytes when compared to
that in the NC group (Figure 6B). On the other hand, EGF
treatment remarkably increased the mRNA expression levels
of ITGB2, FZD10 and FGFR1, and decreased the mRNA
expression levels of GRB2, FN1 and ITGB3 in the podocytes
when compared to the HG group (Figure 6B).

Discussion
DN is a potentially fatal diabetic complication, affecting
large number of people worldwide. EGF has many biolo-
gical functions such as the regulation of cell growth, pro-
liferation and tissue repair.'® Satirapoj et al suggested that
urinary EGF could be served as biomarkers for kidney
damage in DN, which could be used to predict the renal
progression in the diabetic patients.'® Furthermore, low
urinary EGF level was found in tubular atrophy and inter-
stitial fibrosis.”” However, the therapeutic effect of EGF
on the treatment of DN has not been described.
Podocytes are terminally differentiated epithelial cells
attached to the glomerular basement membrane and play
an important role in maintaining the structural and func-
tional integrity of the glomerular filtration barrier.
Emerging evidence has verified that podocytes injury and
apoptosis is the earliest link of DN, and to find an effective
and feasible intervention methods is the key to prevent and
treatment of DN.?'*? EGF is the typical epidermal
growth factor receptor (EGFR) ligand, which is mainly
derived from the kidney. Studies indicated that EGF accel-

23-25 and

erate the renal repair after an injurious insult,
EGFR deletion delays recovery of renal injury.”® In addi-
tion, Li et al reported that EGF alone could inhibit podo-
cytes apoptosis and injury
Consistent with these studies, we also found that EGF
can inhibit human podocytes injury and apoptosis, and

in HG environment.'?

further found that this protective effect was achieved
through the autophagy activation. One study demonstrated
that EGFR activation induced renal proximal tubular cells
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proliferation and migration.?” Lei et al reported that EGFR
expression is reduced in renal tissue of DN rats and HG-
induced podocytes, inhibition of EGFR ubiquitination
ameliorated hyperglycemia induced podocyte damage
and inhibited ERK signaling pathway.® On the contrary,
some studies illustrated that EGFR plays a deleterious
action in renal pathology. Laura et al reported that EGFR
pathway is activated in diabetic kidney diseases, and tar-
geted intervention EGFR could improve renal outcomes in
DN.?’ Rayego et al reported that EGFR activation
accelerates renal damage in chronic kidney disease by
activation of a fibrotic -related process.>® Li et al reported
that podocyte EGFR deletion protected podocyte injury
and markedly reduced in albuminuria and glomerulo-
sclerosis, renal proinflammatory cytokine/chemokine
expression, and decreased profibrotic and fibrotic compo-
nents in DN mice with type 2 diabetes.>’ Different
mechanisms may be involved in these studies. Hence, the
mechanism through which EGF to prevent HG-induced
podocytes apoptosis and injury needs further study.
During the past decade, the importance of podocyte
injury in the formation and progression of DN has been
emphasized in various studies. DNA methylation was
injury,
perspectives.*>** To explore the changes of DNA methy-
lation in HG and/or EFG-treated podocytes, DNA methy-
lation expression profile was analyzed using Illumina
850K (EPIC) DNA methylation array. Compared to HG

group, 9309 hypermethylation CpG sites (5220 genes) and

related to podocytes which provides novel

3111 hypomethylation CpG sites (2511 genes) were found
in HG+EGF group. These results EGF-mediated protective
effects on the HG-induced podocyte injury may be asso-
ciated with the changes in the DNA methylation. The
enrichment analysis of this study showed that the differ-
entially DNA methylation genes were significantly
enriched in the PI3K/AKT/mTOR signaling pathway, sug-
gesting that EGF-mediated protective effects may be asso-
ciated with modulation of PI3K/AKT/mTOR in the HG-
stimulated podocytes. PI3K/Akt/mTOR signaling pathway
is related to many cellular processes, including the regula-
tion of apoptosis, inflammation, autophagy.”*** Previous
that PI3K/Akt/mTOR

mediated high glucose induced podocytes injury via
34-36

studies illustrated signaling

restraining podocytes autophagy, indicating targeting
this signaling is a promising way to ameliorate DN pro-
gression. In addition, studies have reported that EGF can
regulate PI3K/Akt/mTOR signaling pathways in various
cancer.’”*® However, its effect on regulating PI3K/AKT/

mTOR signaling suggested that EGF-mediated autophagy
activation through PI3K/AKT/mTOR signaling and there-
fore to protect against podocyte damage. Herein, the
Western blot analysis of this study uncovered that EGF
negatively regulated PI3K/Akt/mTOR signaling in HG-
induced human podocytes, indicating EGF could alleviate
HG-induced human podocytes injury by inhibiting PI3K/
Akt/mTOR signaling. Furthermore, previous studies have
shown that EGF can involve in the MAPK and AMPK
signaling to regulate cellular biological function.***!' EGF
stimulation regulates the VEGF expression in GBM cells
through MAPK signaling.** EGF-induced cell migration
and EMT through regulating p38-/ERK-MAPK signaling
404344 EGF  activated AMPK by Ca2
+/Calmodulin-dependent kinase under various cellular

stresses.*! The treatment of CRC cell with EGF induced
5

pathway.

a significant AMPK phosphorylation.*> Interestingly,
MAPK and AMPK signaling pathway plays critical roles
in  proliferation, apoptosis and autophagy of
podocytes.**>° Diana et al, reported that EGF promotes
HK-2 cells proliferation by MAPK (ERK1/2) signaling
activation’'. Our founding indicated that the differentially
DNA methylation genes were enriched in the MAPK and
AMPK signaling pathway, suggesting that EGF-mediated
protective effect may be regulated via MAPK or AMPK
signaling pathway in high glucose environment.

Based on the PPI network analysis, six hub genes
including ITGB1, GRB2, FN1, ITGB3, FZDIO and
FGFR1 in the podocytes were subjected to MSP and qRT-
PCR analysis. ITGBI1 (integrin 1) and ITGB3 (integrin
B3) belong to the members of integrin family. Integrins can
activate multiple signaling pathways, such as PI3K/Akt
pathway, which can regulate cell survival.’*> Wang
et al, found that EGFR-ITGB1 complex can be activated
in cell adhesion sites by activating of EGFR.>* The results
from this study showed that the methylation level of
ITGB1 and ITGB3 was elevated after treatment with HG
and decreased by EGF treatment, suggesting EGF could
promote cell survival via the regulation of ITGBI and
ITGB3/PI3K/Akt pathway. GRB2 protein, with a SH2
domain flanked by N- and C-terminal SH3 domains,
mediated cell proliferation by stimulating PI3K/AKT/
mTOR pathway.>® Our results showed that the methylation
level and mRNA expression level of GRB2 were up-
regulated in HG group. In HG+EGF group, the methyla-
tion level and mRNA expression level of GRB2 were
decreased. Our results implied EGF could promote PI3K/

Akt/mTOR pathway activity by the proline-rich domain-
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mediated GRB2-binding.’® FN1 is one of the extracellular
matrix glycoprotein that plays an important role in cellular
adhesion, tissue remodeling and so on. Gao et al found the
silence of FNI1 could inactivate the AKT signaling
pathway.”” In our study, the methylation level and
mRNA expression level of FN1 were increased in the
HG group. In HG+EGF group, the methylation level and
mRNA expression level of FN1 were down-regulated. Our
data suggested that EGF may exert protective effects on
the HG-induced podocyte injury via repressing FNI
expression, which subsequently inactivated the AKT sig-
naling pathway. FZD10 can positively modulate cell pro-
liferation via the activation of Wnt/B-catenin signaling;
while the repression of AKT activation partly accounted
for WNT inhibition.® Our results showed the mRNA
expression level of FZDI10 in podocytes could be
decreased by HG; while EGF could enhance the mRNA
expression of FZD10. These results suggested that the
EGF promoted the cell proliferation of podocytes by
increasing FZD10 expression. FGFR1 has been found to
regulate the inflammatory cytokines release via PI3K
signaling.>® Our results showed that the methylation level
of FGFR1 was reduced by HG and increased by EGF,
which suggested the effect of EGF was mediated via
PI3K pathway with attenuated FGFR1 expression.

Conclusion

In summary, our results demonstrated that EGF exerted pro-
tective effects on HG-induced podocytes injury via enhancing
cell proliferation and inhibiting cell apoptosis. Further mechan-
istic studies implied that EGF-mediated protective effects in
HG-stimulated podocytes may be associated with modulation
of autophagy and PI3K/AKT/mTOR signaling pathway.
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