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Introduction: Podocyte apoptosis is a common mechanism driving progression in Alport syndrome (AS).

This study aimed to investigate the mechanism of podocyte apoptosis caused by COL4A3 mutations.

Methods: We recruited patients with autosomal dominant AS (ADAS). Patients with minimal change

disease (MCD) were recruited as controls. Microarray analysis was carried out on isolated glomeruli from

the patients and validated. Then, corresponding mutant human podocytes (p.C1616Y) and 129 mice

(p.C1615Y, the murine homolog to the human p.C1616Y) were constructed. The highest differentially

expressed genes (DEGs) frommicroarray analysis were validated in transgenic mice and podocytes before

and after administration of MMP-2 inhibitor (SB-3CT) and NOX4 inhibitor (GKT137831). We further vali-

dated NOX4/MMP-2/apoptosis pathway by real-time polymerase chain reaction (PCR), immunohisto-

chemistry, and western blot in renal tissues from the ADAS patients.

Results: Using microarray analysis, we observed that DEGs, including NOX4/H2O2, MMP-2, and podocyte

apoptosis-related genes were significantly upregulated. These genes were validated by real-time PCR,

histologic analysis, and western blot in corresponding mutant human podocyte (p.C1616Y) and/or mice

models (p.C1615Y). Moreover, we found podocyte apoptosis was abrogated and MMP-2 expression was

down-regulated both in vivo and in vitro by NOX4 inhibition, urinary albumin-to-creatinine ratio, 24-hour

proteinuria; and renal pathologic lesion was attenuated by NOX4 inhibition in vivo. Furthermore, podocyte

apoptosis was attenuated whereas NOX4 expression remained the same by inhibition of MMP-2 both

in vivo and in vitro.

Conclusion: These results indicated that NOX4 might induce podocyte apoptosis through the regulation of

MMP-2 in patients with COL4A3 mutations. Our findings provided new insights into the mechanism of

ADAS.
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A
DAS is caused by heterozygous mutations in the
COL4A3/4.1 The frequency of pathogenetic mu-

tations of COL4A3/4 is reported as high as 1/106 in the
general population based on a recent large sample size
study.2 In addition, pathogenic mutations in the
COL4A3/4 could lead to a range of phenotypes,
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including familial IgA nephropathy, focal segmental
glomerulosclerosis (FSGS), thin basement membrane
nephropathy, steroid-resistant nephrotic syndrome and
familial chronic kidney disease.3 For example, our
recent study discovered heterozygous COL4A3 muta-
tions in 12.5% of FSGS families and 2% of sporadic
FSGS patients.4

Podocytes, a key component of the glomerular filtra-
tion barrier, are exposed to permanent transcapillary
filtration pressure and adhere tightly to the glomerular
basement membrane (GBM). Type IV collagen is the
major component of GBM. Reduction of COL4A3-5
caused by pathogenetic mutations disrupt heterotrimer
formation in podocytes; therefore, the mutant COL4 can
cause abnormal interaction with podocytes, and
Kidney International Reports (2023) 8, 1864–1874

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
https://doi.org/10.1016/j.ekir.2023.06.007
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:renhong66@126.com
mailto:cnrj100@126.com
mailto:nephroxie@163.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ekir.2023.06.007&domain=pdf


J Tong et al.: COL4A3 Mutation Induced Podocyte Apoptosis TRANSLATIONAL RESEARCH
eventually podocyte apoptosis.5,6 Furthermore, it is well
known that podocyte apoptosis was increased in
glomeruli of diabetic mice.7,8 Gorin et al.9 reported that
inhibition of NOX4 reduced NOX4-dependent reactive
oxygen species (ROS) generation and attenuated podo-
cyte apoptosis in OVE26 mice, a model of type 1 dia-
betes.10 And Zhou et al.11 discovered that NOX2 inhibitor
could attenuate podocyte apoptosis in type 2 diabetic
nephropathy of db/db mice, suggesting NOX/ROS may
play a role in podocyte apoptosis in COL4mutations. Our
previous study12 demonstrated that excessive endo-
plasmic reticulum stress (ERS) and ERS-induced
apoptosis were involved in the podocyte injury caused
by the NC1-truncated COL4A3 mutation; MG132 (a
proteasome inhibitor) intervention improved ERS-
related podocyte apoptosis, indicating that ERS was
also involved in podocyte apoptosis in COL4A3 muta-
tions. Autophagy has been reported to have a protective
role against podocyte injury. Li et al.13 reported that the
level of autophagy was decreased in diabetic rats, and
spironolactone inhibited mechanical-stress-induced
podocyte injury partially through restoring autophagy
activity.

Until now, there is no specific treatment for AS
because the pathogenesis of GBM lesions and podocyte
injury is still unknown. Therefore, we selected patients
with ADAS caused by COL4A3 heterozygous mutation,
and we obtained DEGs through microarray analysis of
transcripts from the isolated glomerulus, followed by
functional analysis. Finally, we revealed that NOX4
might induce podocyte apoptosis through regulation of
MMP-2 in patients with COL4A3 mutations.

METHODS

Ethics Approval and Consent to enrollment

This study was performed following the Declaration of
Helsinki and approved by the Ethics Committee of
Ruijin Hospital, Shanghai Jiaotong University, School
of Medicine. Written informed consent was obtained
from each patient.

Patients

All patients enrolled in this study were recruited at the
Department of Nephrology, Ruijin Hospital, Shanghai
Jiaotong University, School of Medicine from 2012 to
2014. We recruited 3 patients with ADAS with path-
ogenetic heterogenous mutations on COL4A3 identified
by whole exome sequencing. Predicted pathogenic
variants were identified based on the American College
of Medical Genetics and Genomics criteria.14 Renal bi-
opsy was performed and FSGS lesions were detected
under light microscopy and electronic microscopy. All
the patients had a family history of nephropathy
following autosomal dominant inheritance pattern.
Kidney International Reports (2023) 8, 1864–1874
Patients with systemic diseases such as obesity (BMI
>30); HIV-associated nephropathy; infection; reflux
nephropathy; autoimmune diseases were excluded. The
glomerular filtration rate (GFR) was evaluated using the
Chronic Kidney Disease Epidemiology Collaboration.
Chronic kidney disease stage for patients enrolled was
evaluated according to the standard of the National
Kidney Foundation.15

Microarray Analysis of Transcripts From

Glomeruli

A total of 3 samples from patients with ADAS were
included. For each kidney sample, cortical regions were
selected using a scalpel, followed by isolation of single
glomeruli under an eyepiece. RNA was extracted from
the isolated glomeruli. For each qualified kidney spec-
imen, more than 20 glomeruli were needed for RNA
extraction (N:5); Only qualified RNA samples with RNA
integrity values >7.0 and the RNA concentration >30
ng/ml were used for microarray analysis (N:3). Finally, 3
samples remained in our cohort. In addition, 5 patients
with MCD without genetic mutation by whole exome
sequencing were enrolled as the control group. More-
over, complementary DNA was obtained from total RNA
through reverse transcription. The complementary DNA
was fragmented, labeled, and hybridized onto gene
chips (Microarray Gene 1.0, Affymetrix, Santa Clara,
CA) according to the manufacturer’s instructions.
Affymetrix1 Expression Console Software (version 1.2.1)
was used for microarray analyses.

Clinical Characteristics

All clinical variables at the time of renal biopsy were
collected. Gender, age at biopsy, serum creatinine,
estimated GFR (eGFR), uric acid, 24-hour protein
excretion, urinary albumin-to-creatinine ratio, and
serum albumin were recorded.

Immunofluorescence Staining of Glomerular

COL4A3

After antigen retrieval and blocking, 5-mm kidney
sections were incubated overnight at 4 �C with primary
rabbit anti-COL4A3 (ab111742, Abcam, USA). After
washing with phosphate buffered saline, the sections
were incubated with FITC-conjugated goat antirabbit
secondary antibodies at 37 �C in the dark for 1 hour.
Images were captured with AxioVert A1 microscope
(Zeiss, Germany) with a digital camera, and the posi-
tively stained area in the glomeruli was calculated using
ImageJ 1.51k software (National Institutes of Health).
First, the images were adjusted into 8-bit grayscale im-
ages. The glomerular regions were selected, then the
optical density was calculated. Next, the positively
stained areas in the glomeruli were selected and set
1865
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appropriately, the cells were counted; finally, the posi-
tively stained regions were calibrated, and both mea-
surements were normalized to the glomerular areas.

Animal Experiments

Animal maintenance and intervention were approved
by the Animal Care Committee of Ruijin Hospital,
Shanghai Jiao Tong University School of Medicine. The
genetic background of transgenic mice was 129. The
animal model constructed by CRISPR/Cas9 technology
was Col4a3 C1615Y transgenic mice. This missense
mutation corresponds to amino acid number 1616 in
humans and was first found in an FSGS family receiving
renal biopsy in our department. Protein sequence
alignment verified the corresponding mutation to
C1615Y in model mice. There were 4 mice in each group.
Mice were bred with standard rodent chow food. Male
mice were used in the experiments, and the weight
difference was less than 10%. All mice received treat-
ment at 8 weeks. MMP-2 inhibitor, SB-3CT (Sell-
eckchem, USA) was administrated intraperitoneally for 6
days before sacrifice at the dosage of 50 mg/kg; NOX4
inhibitor, GKT137831 (Selleckchem, USA) was adminis-
trated gavage for 28 days before sacrifice at the dosage
of 60 mg/kg. All animal experiments were approved by
the Ethics Committee of Ruijin Hospital.

Metabolic and Physiologic Parameters

Before sample collection, mice were provided water ad
libitum, and 24-hour urine was collected in metabolic
cages at weeks 4, 8, 12, 16, and 20. The urinary albumin
amount was measured using a Mouse Albumin enzyme-
linked immunosorbent assay Quantitation Set (Bethyl
Laboratories, Inc., Montgomery, TX, USA). The urinary
creatinine concentration from the same sample was
detected by the QuantiChromTM Creatinine Assay Kit
(BioAssay Systems, Hayward, CA, USA) according to the
manual’s procedures. Eyelid vein blood was collected at
weeks 12 and 20. The serum creatinine was measured
using a Mouse Creatinine Assay Kit (Crystal Chem Inc.,
Downers Grove, IL, USA) according to the manufac-
turer’s protocol.

Glomerulus isolation from renal biopsy, RNA
extraction from the glomerulus, microarray analysis,
and identification of DEGs were performed as reported
previously.16

Validation With Real-Time PCR

For validation of microarray data, the top highest DEG
(MMP-2) in patients with ADAS compared with patients
with MCD were selected, and its related gene NOX4 was
also selected. Total RNAs from the glomerulus were
extracted by using Ambion RNAqueous-Micro Kit
(Ambion, Texas, USA), according to the manufacturer’s
1866
protocol. Complementary DNA was synthesized by us-
ing a High-Capacity complementary DNA Reverse
Transcription kit with RNase Inhibitor (Applied Bio-
systems; Thermo Fisher Scientific, CA, USA). Real-time
PCR was performed using the SYBR Green PCR Master
Mix (Applied Biosystems; Thermo Fisher Scientific, CA,
USA) and the StepOnePlus Real-Time PCR System
(Applied Biosystems; Thermo Fisher Scientific, Inc, CA,
USA).

We applied real-time PCR to verify the mRNA levels
of the candidate genes, and the genes selected for real-
time PCR validation wereisolated from additional 10
patients, including 3 patients with ADAS and 7 pa-
tients with MCD, who met the criteria of patient se-
lection mentioned before. Data were analyzed using the
2�OOCT method and are presented as fold changes
relative to a control sample after normalization against
the expression of housekeeping genes.

Western Blot Analysis

The levels of protein expression were detected by
western blot analysis as described previously.10 Protein
samples were extracted using radio immuno precipi-
tation assay lysis buffer on ice (Beyotime Biotech-
nology, Nantong, China). Then the lysates were
separated by centrifugation at 12,000 rpm for 20 mi-
nutes at 4 �C after aspiration. The supernatants were
collected, and the protein concentration was measured
with Pierce bicinchoninic acid Protein Assay Kit
(Thermo Scientific, USA). Equal amounts of protein
samples were loaded and separated by sodium
dodecylsulfate-polyacrylamide gel electrophoresis and
then transferred to polyvinylidene fluoride mem-
branes. The membranes were then blocked with 5%
nonfat milk at room temperature for 1 hour followed by
incubation with primary antibodies at 4 �C overnight.
On the next day, membranes were incubated with
secondary antibodies for 1 hour at room temperature.
b-actin or glyceraldehyde-3-phosphate dehydrogenase
were used as an internal standard for normalization.

Primary antibodies included: MMP-2 (ab92536,
Abcam, USA), NOX4 (ab133303, Abcam, USA),
Cleaved-Cas3 (#9661S, Cell Signaling Technology,
USA), b-actin (ab8226, Abcam, USA), and glyceralde-
hyde-3-phosphate dehydrogenase (ab9485, Abcam,
USA) were used as the control. HRP-conjugated sec-
ondary antibodies (antimouse IgG, #7076; antirabbit
IgG, #7074, Cell Signaling Technology, USA) were
applied. Bands were visualized using a SuperSignal
West Femto kit (Pierce, IL, USA).

Measurement of Podocyte H2O2

Measurement of podocyte H2O2 was performed using
the hydrogen peroxide assay kit (Beyotime, China) as
Kidney International Reports (2023) 8, 1864–1874



Table 1. Clinical characteristics of patients with ADAS and patients
with MCD in the discovery group
Variable ADAS MCD P

Number 3 5 -

Male/Female 1/2 3/2 0.465

Onset age (yr) 51.3 � 1.5 22.2 � 3.4 0.035a

Serum creatinine, mmol/l 138.67 � 45.55 64.80 � 10.92 0.036a

Uric acid, mmol/l 534.00 � 183.34 337.60 � 89.24 0.081

eGFR, ml/min per 1.73 m2 61.01 � 16.62 108.29 � 34.25 0.004a

24 hr UprV(g) 0.75 (0.18–1.17) 6.0 (3.63–9.59) 0.036a

Ln(UP) �0.79 � 0.74 1.59 � 0.41 0.021a

Serum albumin, g/l 38.67 � 1.53 12.40 � 5.32 0.0002a

ACR, mg/mmol 45.37 � 37.57 445.82 � 168.92 0.008a

ACR, albumin-to-creatinine ratio; ADAS, autosomal dominant alport syndrome; eGFR,
glomerular filtration rate; MCD, minimal change disease; 24 hr UprV, protein amount of
24 hours urine.
aP < 0.05.
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described previously.9 H2O2 is capable of oxidizing
ferrous ions (Fe2þ) to ferric ions (Fe3þ) for 30 minutes at
room temperature, followed by forming a visible pur-
ple complex for downstream measurement. The content
of H2O2 was detected under a microplate reader at a
wavelength of 560 nm (Bio-Rad, USA).

Cell Culture and Treatment

Human wild type (WT) podocytes and transgenic
podocytes were cultured in 1640 medium containing
10% fetal bovine serum. Then podocytes were incu-
bated with NOX4 inhibitor, GKT137831 (final concen-
tration 140 nmol/l) for 1 hour before harvest; and
MMP-2 inhibitor SB-3CT (final concentration:
14 nmol/l) for 48 hours before harvest. All these in-
hibitors were solubilized in DMSO.

Immunohistochemistry Staining of MMP-2

Immunohistochemistry staining was performed on
formalin-fixed and paraffin-embedded kidney sections
following standard procedures. Sections were blocked
in 2% goat serum in phosphate buffered saline for 1
hour at room temperature and then incubated with the
primary antibody against MMP-2 (ab92536, Abcam,
USA) at 4 �C overnight. The next day, sections were
washed with phosphate buffered saline 3 times and then
incubated with biotinylated secondary antibodies for 1
hour, followed by incubation with an avidin-biotin–
peroxidase complex for diaminobenzidine substrate
development using the ABC kit (Vector Laboratories,
Burlingame, CA, USA) at room temperature. Images
were captured using a Leica DM1000 microscope. Posi-
tive staining was processed using peroxidase-labeled
streptavidin and a diaminobenzidine substrate. The
control included a kidney section from an MCD patient.

Light Microscopy

Fresh kidneys were fixed in 4% paraformaldehyde,
embedded in paraffin, followed by hematoxylin-eosin
staining (HE) and washed for light microscopy, HE
staining was observed under a light microscope.

Electron Microscopy

Renal cortical sections were isolated and immersed in
2% glutaraldehyde in phosphate-buffered solution (pH
7.4), followed by incubation with 2% osmium tetrox-
ide in phosphate-buffered solution (pH 7.4) for 2 hours
at 4 �C, stained with lead citrate and uranyl acetate.
Finally, renal sections were viewed under a HT770
transmission electron microscope (Hitachi, Japan).

Statistical Analysis

Statistical analysis was done using SPSS (version 21.0,
Chicago, IL, USA). Continuous variables characterized
by normal distribution were presented as the mean
Kidney International Reports (2023) 8, 1864–1874
� SD, 2-tailed t-test was used to analyze data between
2 groups. Continuous variables with skewed distri-
bution were described as the median (range) and
compared using the Mann-Whitney U test. Categorical
variables were presented as frequencies and were
compared with the chi-squared test. Statistical sig-
nificance was defined at P < 0.05. All of the experi-
ments were repeated at least 3 times.
RESULTS

Clinical Parameters

A total of 3 patients with ADAS and 5 patients with
MCD were enrolled in the discovery group for micro-
array analysis. Patients with ADAS had late age of dis-
ease onset (51.3 � 1.5 vs. 22.2 � 3.4 years, P ¼ 0.035),
increased serum creatinine (138.67 � 45.55 vs. 64.80 �
10.92 mmol/l, P ¼ 0.036), decreased level of eGFR (61.01
� 16.62 vs. 108.29 � 34.25 ml/min per 1.73 m2, P ¼
0.004), proteinuria (in-transformed urine protein, �0.79
� 0.74 vs. 1.59 � 0.41, P ¼ 0.021), urinary albumin-to-
creatinine ratio (45.37 � 37.57 vs. 445.82 � 168.92 mg/
mmol, P ¼ 0.008), and increased serum albumin (38.67
� 1.53 vs. 12.40 � 5.32 g/l, P ¼ 0.0002). The clinical
characteristics of the patients enrolled for microarray
analysis (discovery group) were summarized in Table 1.
A total of 3 patients with ADAS and 7 patients with
MCD were enrolled in the validation group. In the
validation group, patients with ADAS are characterized
by different levels of proteinuria. The pathogenicity of
COL4A3 mutations was scored using the American
College of Medical Genetics and Genomics criteria, and
all patients with ADAS in the discovery and validation
groups were either Pathogenic or Likely Pathogenic.
Detailed information of patients with ADAS is available
in the online Supplementary Table S1. Patients with
ADAS had decreased proteinuria (ln-transformed urine
protein, 0.69 � 0.41 vs. 1.90 � 0.61, P ¼ 0.0005),
1867
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urinary albumin-to-creatinine ratio (328.82 � 180.70 vs.
430.15 � 198.99 mg/mmol, P ¼ 0.013), and increased
serum albumin (35.17 � 4.53 vs. 13.43 � 1.33 g/l, P ¼
0.0000003), which was consistent with the tendency in
the discovery group. However, patients with ADAS had
increased serum uric acid (430.18 � 79.39 vs. 323.29 �
78.87 mmol/l, P ¼ 0.013), and there was no significant
difference in age at disease onset, serum creatinine, and
eGFR between patients with ADAS and patients with
MCD in the validation group, which was distinct from
the finding in discovery group. Detailed clinical infor-
mation of validation group is available in the online
Supplementary Table S2.

Characterization of COL4A3 Expression in

Glomeruli of Patients With ADAS Who Are

Carrying COL4A3 Mutations

By examining the localization and expression of
COL4A3 by immunofluorescence, we found that
collagen type IV a3 chain in the glomerulus was mainly
expressed in podocytes and the GBM, and the
expression level of a3 chain in the glomerulus was
significantly decreased and discontinued in patients
with ADAS carrying COL4A3 mutations (Figure 1).

Characterization of COL4A3C1615Y/C1615Y

Transgenic Mouse Model

We constructed Col4a3C1615Y/C1615Y transgenic mice.
The expression of a3 chain decreased significantly in
the renal cortex of the mutant mice (Figure 2a), and the
sequencing plot of mutation was presented in
Figure 2b. We also measured clinical parameters of
transgenic mice at 28 weeks: urinary albumin-to-
creatinine ratio increased obviously compared with
WT mice, and decreased significantly after NOX4 in-
hibition; 24-hour proteinuria decreased after NOX4
Figure 1. Type IV collagen a3 chain expression in glomeruli of patients
glomeruli of patients with ADAS and patients with MCD using immunofluore
expression in glomeruli of a ADAS patient caused by COL4A3 mutation (p
control. (b) Comparison of fluorescence intensity of a3 chain in glomeru
intensity was calculated from 3 patients with ADAS and 5 control patients
test was used to analyze the data, **P< 0.01.
ADAS, autosomal dominant Alport syndrome; MCD, minimal change disea
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inhibition. No significant difference of serum creatinine
compared with WT group, and there was no obvious
difference of serum creatinine in WT and transgenic
group before and after NOX4 inhibition (Figure 2c–e).
Real-time PCR validation showed that the expression of
Nox4 and Mmp-2 mRNA was higher in mutant group
compared with that in the WT group (Figure 2f). Light
micrographs represented focal adhesion of glomeruli
(red arrow), tubular cast (yellow arrow), interstitial
inflammatory cell infiltration (yellow triangle) in
transgenic group, and alleviation of pathologic lesion
after NOX4 inhibition in transgenic group (Figure 2g).
Electronic microscopy suggested segmental thickening
of GBM and effacement of podocyte foot process in
COL4A3C1615Y/C1615Y transgenic mice, and NOX4 inhi-
bition attenuated pathologic lesion (Figure 2h).

Microarray Analysis

Glomeruli isolation was processed as reported previ-
ously.11 Transcripts extracted from glomeruli were used
for microarray analysis, and the heat map comparison of
microarray data revealed a distinct pattern of transcripts
between patients with ADAS and patients with MCD
(Figure 3a). Furthermore, Kyoto Encyclopedia of Genes
and Genomes and Gene Ontology were used to explore
the DEGs. Gene Ontology analyses found that JAK-STAT
signaling pathway was one of the top upregulated path-
ways, and Kyoto Encyclopedia of Genes and Genomes
analyses indicated that the ROS pathway was upregu-
lated in glomeruli of patients with ADAS (Figure 3b and
c). Of all the DEGs,MMP-2 was the highest upregulated
gene in the ADAS group as compared to the MCD group.

Validation of NOX4 and MMP-2

The top DEG, MMP-2 and its related gene NOX4 were
chosen for further validation in 3 additional patients
with ADAS or MCD. (a) Expression of type IV collagen a3 chain in
scence. Representative immunofluorescence image shows a3 chain
.C1616Y), and a3 chain expression in glomeruli of MCD patients as
li of patients with ADAS versus patients with MCD. Fluorescence
with MCD. The results are presented as the mean� SEMs, 2-tailed t-

se.

Kidney International Reports (2023) 8, 1864–1874



Figure 2. Characterization of Col4a3 transgenic mouse model. (a) Western blot analysis of type IV collagen a3 chain level in glomeruli of Col4a3
transgenic mice and wild type (WT) mice. The transgenic group (Mut) had a significantly lower type IV collagen a3 chain level compared with the
WT group. (b) Sanger sequencing of Col4a3 mutant mice constructed by CRISPR/Cas9 technology. (c)–(e) The mutant and WT mice treated with or
without NOX4 inhibitor at 28 weeks of age, quantification of urinary ACR ([c] each group N ¼ 4), 24 hour proteinuria ([d] each group N ¼ 3), serum
creatinine ([e] each group N ¼ 3, and serum creatinine was transformed as Ln[Scr] because of skewed distribution). **P < 0.05, ***P < 0.001. (f)
Real-time PCR validation show the expression of NOX4 and MMP-2 mRNA was higher in mutant group compared with that in WT group. N ¼ 4;
**P < 0.01. (g) Representative light micrographs of HE stained kidney sections from WT and mutant mice at 28 weeks of age. Light micrographs
represent focal adhesion of glomeruli (red arrow), tubular cast (yellow arrow), interstitial inflammatory cell infiltration (yellow triangle) in mutant
group. N ¼ 4. (h) Electron micrographs of kidney tissue from WT and mutant mice at 28 weeks of age. Electron micrographs show partial podocyte
foot process effacement (red star), segmental thickening of GBM (red arrow) in mutant group. N ¼ 4. ACR, albumin-to-creatinine ratio.

Figure 3. Microarray analysis of patients with ADAS with COL4A3 mutation followed by validation of DEGs from both transcriptomic and
proteomic level. (a) The heat map of gene expression analysis in glomeruli of patients with ADAS and patients with MCD. The line highlighted
represents top highest DEG, MMP-2. Red indicates upregulated. Green indicates down-regulated. Black indicates no significant difference
between the 2 groups. F1–F3 indicated patients with ADAS with COL4A3 mutation. M1–M5 indicates patients with MCD as control. (b)–(c)
Pathways of genes upregulated in patients with ADAS compared with patients with MCD, using Kyoto Encyclopedia of Genes and Genomes
analysis (b), and Enrichr Gene Ontology Biological Process program (c). (d) Real-time PCR validation of NOX4 and MMP-2 in glomeruli of 3
additional patients with ADAS and 7 additional patients with MCD. (e) Immunohistochemical staining of MMP-2 in glomeruli of patients with
ADAS and patients with MCD. (f) Histogram of immunohistochemical staining from (e) showed a significant increase in the expression of MMP-2
in glomeruli of patients with ADAS compared with that in glomeruli of patients with MCD. *P < 0.05, **P < 0.01. N ¼ 3. ADAS, autosomal
dominant Alport syndrome; MCD, minimal change disease.
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with ADAS and 7 additional patients with MCD. The
result of real-time PCR suggested that the tendency of
NOX4 and MMP-2 mRNA expression between the 2
groups was consistent with the microarray results
(Figure 3d). We further observed the expression of
MMP-2 was significantly higher in the renal cortex in
patients with ADAS compared with the control (pa-
tients with MCD) by immunohistochemistry (Figure 3e
and f).
Validation of the Relation Between NOX4 and

MMP-2

Further, we found the expression of MMP-2 and the
level of apoptosis decreased after treating Col4a3C1615Y/
C1615Y mice with NOX4 inhibitor, GKT137831. How-
ever, we confirmed the level of apoptosis decreased,
and the expression of NOX4 remained all most the same
after treatment with MMP-2 inhibitor, SB-3CT both
in vivo and in vitro (Figure 4a and b). H2O2 is the
downstream molecule of NOX4, the primary function of
NOX4 is to use nicotinamide adenine dinucleotide
phosphate to transfer electrons to O2 molecules to
produce H2O2,

13 and we found the level of H2O2 was
higher in COL4A3 p.C1616Y transgenic podocytes
compared with WT podocytes. Next, we inhibited the
expression of NOX4 by using GKT137831, and the level
of H2O2 decreased significantly in COL4A3 transgenic
podocytes (Figure 4c). Histograms represented the
difference showing in western blot in vitro and in vivo
separately (Figure 4d and e).
Figure 4. Validation of the relation between NOX4 and MMP-2. (a) In vitro
related protein cleaved caspase 3 in COL4A3 transgenic podocytes. (b) In v
of NOX4, MMP-2, and cleaved caspase 3 in glomeruli of Col4a3 transgeni
inhibition. (N ¼ 4). (d) Densitometric analysis represented Western blot
Western blot analysis from (b). (N ¼ 4) *P < 0.05, ** P < 0.01.
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DISCUSSION

COL4(a3/a4/a5) chain is one of the major compo-
nents of GBM, which is mainly synthesized and
secreted by podocytes.17 Moreover, there is also a
small part of COL4 synthesized and secreted by
endothelial cells.18 In our previous work, we iden-
tified pathogenetic COL4A3 mutations segregated in
12.5% of Chinese FSGS families. COL4A3 mutation-
related patients with FSGS presented with different
degrees of proteinuria and renal function deteriora-
tion; histologic features under electron micrograph
included effacement of podocyte foot processes and
segmental thinning of the GBM.19 Based on the
advice of the International Alport Cooperation
Group, the genetic FSGS caused by the COL4 path-
ogenetic mutation should be redefined as AS.20 A
majority of studies have reported COL4 mutation
results in splitting of the GBM, podocyte foot process
effacement, and podocyte apoptosis.21

Under physiological conditions, the COL4(a3/a4/a5)
chains assemble through recognition of their NC1 do-
mains and form helical heterotrimers in the endo-
plasmic reticulum of the cell before being secreted into
the GBM. Accumulation of abnormal COL4 chains in
the endoplasmic reticulum could result in activation of
ERS, which has been observed in human podocytes
with COL4A3 G1334E mutation.22 And in our previous
finding, we also observed activation of ERS with sub-
sequent podocyte apoptosis with a truncated COL4A3
mutation.12
validation, Western blot analysis of NOX4, MMP-2, and apoptosis-
ivo analysis, Western blot verification showed increased expression
c mouse. (c) Measurement of podocyte H2O2 before and after NOX4
analysis from (a). (N ¼ 4) (e) Densitometric analysis represented

Kidney International Reports (2023) 8, 1864–1874
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An increasing number of studies have suggested
podocyte apoptosis played a role in diabetic nephrop-
athy (DN). Several studies revealed that hyperglycemia
may increase oxidative stress in podocytes, along with
the accumulation of ROS, which promote podocyte
apoptosis under hyperglycemia.23 NOX4 is the major
renal source of ROS and is abundantly expressed in
podocytes. It is reported that NOX4 contributes to
redox processes involved in DN, acute kidney injury,
and hypertensive nephropathy.24 In addition, re-
searchers reported that podocyte apoptosis was regu-
lated by NOX4, major ROS producer in podocytes, and
inhibition of NOX4 by Baoshenfang Formula (0.75 g/kg
Body Weight, daily, 12 weeks) could decrease pro-
teinuria and protect podocytes from apoptosis under
hyperglycemia in DN rats.25 P53, a well-known pro-
apoptotic molecule, is also involved in podocyte
apoptosis under hyperglycemia. P53 could cause
mitochondrial dysfunction induced by Bcl-2-associated
X protein followed by podocyte apoptosis. Down-
regulation of NOX4/p53/Bcl-2-associated X protein
signaling pathway by huangqi Decoction (1.08 g/kg
Body Weight, daily, 8 weeks) could ameliorate podo-
cyte apoptosis induced by hyperglycemia both in vitro
and in vivo.26 Another study discovered that inhibition
of NOX4 could attenuate renal pathologic change with
decreased albuminuria in streptozotocin-induced DN
rats, inhibiting podocyte apoptosis, and upregulation
of nephrin.27

Excessive oxidative stress has been highly empha-
sized in DN, particularly with extracellular matrix
expansion.28 In this study, we performed microarray
analysis of transcripts isolated from the glomeruli of
the patients with ADAS, and we found the highest
DEG was MMP-2. Furthermore, Gene Ontology anal-
ysis revealed that one of the top upregulated pathways
was JAK-STAT signaling pathway. JAK-STAT
pathway controls basic cellular physiologic process,
including gene expression, cell activation, prolifera-
tion, and differentiation as well as fibrosis.29 JAK
family composes of 4 members, namely JAK1, JAK2,
JAK3, and receptor tyrosine kinase 2. And there are 7
STATs, composed of STAT1 to 4, 5a, 5b, and 6.30

Phosphorylation of JAK activates STAT directly.
STAT regulates targeted gene transcription in the nu-
cleus.31 It is reported that in glomerular diseases such
as FSGS, IgA nephropathy, and DN, JAK, STAT, and
the inflammatory factors that involved in JAK-STAT
signaling were all upregulated.32 Chen et al.33

explored that high glucose inhibits autophagy by
activating JAK-STAT signaling pathway in podocytes,
aggravating podocyte injury and accelerating the pro-
gression of DN. Oral JAK1/2 inhibitor, LN3103801
administration attenuated pathologic lesion in diabetic
Kidney International Reports (2023) 8, 1864–1874
mice.34 Furthermore, inhibition of JAK2 inactivated the
downstream STAT4 and Runx3 transcription, followed
by inhibition of endothelial cell dysfunction via
increasing NO.35

MMP-2 is also involved in JAK-STAT signaling
pathway. MMP-2, a 72kDa type IV collagenase, mainly
degrades COL4 in GBM in the kidney. Attachment of
podocytes to GBM requires continuous remodeling of
COL4, and the process of remodeling needs a moderate
level of MMP-2, suggesting that MMP-2 is closely
related to the attachment of podocytes to GBM, which
is pivotal for the maintenance of podocyte physiolog-
ical function.36 It was reported that abnormally upre-
gulated MMP-2 is closely related to podocyte apoptosis
in adriamycin-induced nephropathy,37 and chronic
humoral rejection of human kidney allografts.38

NOX4 has been extensively explored in podocyte
apoptosis. Guo et al.39 reported that high glucose-
induced podocyte apoptosis by upregulating NOX4.
Liang et al.40 identified that salvianolate could prevent
glucose-induced oxidative injury of podocytes through
modulation of NOX4 activity in DN mice. Das et al.41

suggested that TGF-b1 activates NOX4 in mouse
podocyte through Smad2/3 pathways; knockdown of
either Smad2 or Smad3 attenuates NOX4-induced
podocyte apoptosis in DN. Furthermore, activation of
mammalian target of rapamycin (mTOR) 1 initiates
NOX4-dependent podocyte injury in diabetic renal
injury.42 In addition, deletion of NOX4 decreases
albuminuria and attenuates glomerular accumulation of
extracellular matrix proteins in streptozotocin-induced
diabetic ApoE�/� mice.43 We found that NOX4 and
ROS were significantly upregulated in patients with
ADAS in our study. Furthermore, we discovered a high
level of H2O2 (major component of ROS) in COL4A3
transgenic podocytes, which highlighted the correla-
tion between NOX4 and MMP-2. Interestingly, we
found the increased level of MMP-2 and podocyte
apoptosis could be rescued after NOX4 inhibition both
in vivo and in vitro. However, MMP-2 inhibition could
attenuate podocyte apoptosis, but not the level of
NOX4 both in vivo and in vitro, suggesting that NOX4
might induce podocyte apoptosis through regulation of
MMP-2 in COL4A3 mutation.

Luong et al.44 found that phosphate treatment
significantly upregulated mRNA level of NOX4, and
increased expression of downstream MMP-2 in pri-
mary human aortic smooth muscle cells. Diebold
et al.45 reported that NOX4 could upregulate MMP-2
and stimulate smooth muscle cell proliferation under
the stimulation of urotensin-II, a vasoactive peptide
associated with vascular remodeling, including
congestive heart failure and pulmonary hypertension.
And we also found NOX4 might induce podocyte
1871
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apoptosis through regulation of MMP-2 in COL4A3
mutation, which was consistent with earlier reports.

There are several limitations in our study, the sample
size is relatively small. Because only RNA samples with
RNA integrity values >7.0 and RNA concentration >30
ng/ml were qualified for microarray analysis, and more
than 500 ng qualified RNA was needed for each sample.
In addition, the absence of normal kidney specimens as
control group is due to ethical considerations. The ne-
phrectomy samples might not be a good control because
the ischemic changes between nephrectomy and biopsy
samples are quite different. Therefore, we selected pa-
tients with MCD as control. In our study, the level of
NOX4, MMP-2, and cleaved caspase 3 were found to be
all upregulated from glomeruli of patients with ADAS.
Combined with the interaction between these molecules
from our validation in vivo and in vitro, we suggested
that NOX4/MMP-2 pathway can activate cleaved cas-
pase 3 in podocytes in ADAS, and further functional
analysis of this pathway needs to be investigated. Our
findings suggest that NOX4/MMP-2 pathway may play
a key role in the pathogenesis of podocyte apoptosis in
ADAS.

CONCLUSION

This study provides a pivotal clue about podocyte
apoptosis in patients with ADAS. NOX4/MMP-2/
cleaved-Cas 3 pathway was discovered to be activated
after COL4A3 mutation in vivo and in vitro. These re-
sults describe an important pathway involved in
podocyte apoptosis in ADAS and help highlight po-
tential novel pharmacologic targets.
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