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KIDNEY

MicroRNA-874-3p/ADAM (A Disintegrin and
Metalloprotease) 19 Mediates Macrophage
Activation and Renal Fibrosis After Acute Kidney
Injury

Junni Wang;” Wanyun Nie;" Xishao Xie; Menggiu Bai, Yanhong Ma, Lini Jin, Liang Xiao®2, Peng Shi, Yi Yang, Pedro A. Jose®,
Ines Armando, Jianghua Chen, Weigiang Lin, Fei Han

ABSTRACT: Inflammation and maladaptive repair play a crucial role in the development of chronic kidney disease and hypertension
after acute kidney injury. To study the mechanisms involved in acute kidney injury-to-chronic kidney disease transition, we
established a chronic renal fibrosis mouse model that was triggered by an initial ischemia/reperfusion—induced acute kidney
injury (acute-chronic model). Downregulation of microRNA-874-3p during renal fibrosis was identified by a genome-wide
RNA-sequencing and was further confirmed in cell-based assays, mouse models, and human samples. Overexpression of
microRNA-874-3p in the kidneys markedly alleviated renal fibrosis, accompanied with decreased infiltrated macrophages
and expression of a-smooth muscle actin, type | collagen, fibronectin, CCL (C-C motif chemokine ligand) 2, and ADAM (A
Disintegrin and Metalloprotease) 19. ADAM19is a target gene of microRNA-874-3p as shown by luciferase reporter assays
and was upregulated in the acute-chronic model. Overexpression of ADAM19 directly induced the expression of fibrotic
genes, CCL2, and macrophage infiltration in vivo. Depletion of macrophages using clodronate liposomes ameliorated the
fibrogenic effects of ADAM19. Overexpression of ADAM19 also induced accumulation of the Notch1 intracellular domain,
an upstream regulator of CCL2 expression, whereas Notch1 pathway antagonist N-(N-[3,5-difluorophenacetyl]-L-alanyl)-S-
phenylglycine t-butyl ester reduced CCL2 level in ADAM19-overexpressed cells. Collectively, microRNA-874-3p/ADAM19
mediates renal fibrosis after acute kidney injury by increasing macrophage infiltration via the Notch1/CCL2 pathway.
(Hypertension. 2021;77:1613-1626. DOI: 10.1161/HYPERTENSIONAHA.120.16900.) ¢ Data Supplement
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hypertension, due to sympathetic nervous system

and renin-angiotensin-aldosterone system overac-
tivity, extracellular volume expansion, endothelial dys-
function, immune activation, and inflammation."? As one
of the major underlying mechanisms shared in hyperten-
sion and CKD, renal inflammation, and fibrosis profoundly
affect the clinical outcomes of patients. Accumulated
evidence has implicated a role of renal immune activa-
tion in virtually all aspects of the development of CKD

Chronic kidney disease (CKD) is a common cause of

and hypertension. This includes leading inflammatory cell
infiltration, production cytokines, reactive oxygen spe-
cies and other factors, dysfunctional sodium and water
handling, alterations in vascular resistance, and eventual
end-organ remodeling and damage.® However, the onset
of this process remains incompletely understood.
Observational studies have suggested a strong
association between acute kidney injury (AKI; even a
minor injury) and the subsequent development of CKD.*
In a considerable proportion of patients with AKI, in

Correspondence to: Fei Han, Kidney Disease Center, The First Affiliated Hospital, Zhejiang University School of Medicine, Zhejiang Province, Hangzhou 310003,
China, Email hanf8876@zju.edu.cn or Weigiang Lin, Kidney Disease Center, The First Affiliated Hospital, Institute of Translational Medicine, Zhejiang University School

of Medicine, Hangzhou 310003, China, Email wlin@zju.edu.cn
*J. Wang, W. Nie and X. Xie contributed equally.

The Data Supplement is available with this article at https://www.ahajournals.org/doi/suppl/10.1161/HYPERTENSIONAHA.120.16900.

For Sources of Funding and Disclosures, see page 1625.
© 2021 American Heart Association, Inc.

Hypertension is available at www.ahajournals.org/journal/hyp

Hypertension. 2021;77:1613-1626. DOI: 10.1161/HYPERTENSIONAHA.120.16900

May 2021 1613


mailto:hanf8876@zju.edu.cn
mailto:wlin@zju.edu.cn

g
=
o
8
<]
=
o
3
=
=
-
=
&
Q.
o
=
S
<N
0
Q
(]
g
o
)
<
2
N
ke]
N
Q
R
[

Wang et al MiR-874-3p/ADAM19 in Renal Fibrosis After Acute Kidney Injury
Novelty and Significance
What Is New? of NICD1 (Notch receptor intracellular domain 1), indi-

+ MicroRNA (MiR)-874-3p/ADAM (A Disintegrin and
Metalloprotease) 19 mediates renal fibrosis after
acute kidney injury by increasing macrophage infiltra-
tion via the Notch1/CCL2 pathway.

* MiR-874-3p suppresses CCL2 expression and mac-
rophage infiltration and attenuates renal fibrosis by
decreasing ADAM19, strongly suggesting a therapeu-
tic potential for miR-874-3p in the treatment of renal
fibrosis.

* MiR-874-3p expression in peripheral blood mono-
nuclear cells of IgA nephropathy patients with severe
classes was decreased, along with increased expres-
sion of ADAM19 in the kidney of the same human
cohort, indicating that miR-874-3p could also serve as
a blood marker to detect renal fibrosis.

+ High ADAM19 expression directly leads to renal inflam-
mation and renal fibrosis, and it induces the formation

cating that ADAM19 can activate Notch1.

What Is Relevant?

* The progression of kidney damage and hypertension
is closely related to renal histological fibrosis in chronic
kidney disease patients.

* Here, we show that the miR-874-3p/ADAM19 path-
way regulates renal fibrogenesis after acute kidney
injury.

Summary

MiR-874-3p/ADAM19 mediates renal fibrosis after
acute kidney injury by increasing macrophage infiltra-
tion via the Notch1/CCL2 pathway. These findings not
only provide new insights into the mechanisms under-
lying renal fibrosis but also offer potential therapeutic
targets for treating this disease.

Nonstandard Abbreviation and Acronyms
ADAM A Disintegrin and Metalloprotease
AKI acute kidney injury
CCL C-C motif chemokine ligand
CKD chronic kidney disease
Fn fibronectin
GFP green fluorescent protein
I/R ischemia/reperfusion
IgAN IgA nephropathy
KIM-1 kidney injury molecule-1
NC negative control
PBMC peripheral blood mononuclear cells
qPCR quantitative polymerase chain reaction
RNA-seq RNA-sequencing
TGF transforming growth factor
UTR untranslated region
uuo unilateral ureteral obstruction
a-SMA a-smooth muscle actin

spite of no previous evidence of kidney disease, renal
function recovers only partially, which is followed by a
gradual progression toward end-stage renal disease
with the development of hypertension.>” In a cohort
study of children previously treated with extracorporeal
membrane oxygenation, history of AKI was associated
with high risk of hypertension during long-term follow-
up.® Maladaptive repair and tissue regeneration after
AKI may cause a series of pathophysiological changes,

1614 May 2021

such as systemic and intrarenal hypertension, glomeru-
lar hyperfiltration, progressive glomerulosclerosis, and
tubulointerstitial fibrosis. All of the activation of these
mechanisms involved in AKI-to-CKD transition can be
independent of the cause of AKI.°

MicroRNAs (miRNAs) are single-stranded small non-
coding RNAs with a length of about 22 nucleotides. By
targeting mRNA degradation or inhibiting translation,
miRs regulate diverse biological processes,'®!" including
those that occur in AKI or CKD.'"~'® Although many miRs
in kidney fibrosis have been identified in the past decade,
very few studies have assessed the role of miRs in AKI-
to-CKD transition.’'® To study this, we established a
mouse model of AKl-to-CKD transition (referred to as
acute to chronic or acute-chronic [AC] model). Genome-
wide RNA-sequencing revealed that miR-874-3p and
one of its downstream targets, ADAM (A Disintegrin and
Metalloprotease) 19, are involved in this critical process.

ADAM19 is a membrane-anchored glycoprotein of
ADAM family, which contains multiple extracellular cata-
lytic domains. It has been shown to modulate cell-cell
and cell-matrix interactions, activate cell proliferation,
and generate soluble and active forms of proteins by
cleaving transmembrane proteins nearby?°?" ADAM19
is widely expressed in embryos and plays an essential
role in organ development. Adam 19-deficient mice could
not survive the perinatal period due to cardiac insuffi-
ciency?"?? In adults, ADAM19 is moderately expressed in
normal kidneys. However, upregulation of ADAM19 has
been documented in almost all renal diseases, includ-
ing IgA nephropathy (IgAN) and hypertensive nephrop-
athy.?°?% Despite this observation, roles of ADAM19 in
renal fibrosis have not been investigated.

Hypertension. 2021;77:1613-1626. DOI: 10.1161/HYPERTENSIONAHA.120.16900
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Based on our genome-wide RNA-sequencing results,
we tested the hypothesis that miR-874-3p plays a crucial
role in AKl-to-CKD transition via regulating ADAM19.
MiR-874-3p suppressed CCL2 expression and mac-
rophage infiltration and attenuates renal fibrosis by
decreasing ADAM19. Overexpression of ADAM19 alone
in kidneys led to macrophage infiltration and fibrosis.
Mechanistically, ADAM19 caused accumulation of the
Notch1 intracellular domain, an upstream regulator of
CCL2 expression. Our findings identify a new mecha-
nism underlying the pathogenesis of renal fibrosis and
provide new potential therapeutic targets for treating
renal fibrosis after AKI.

METHODS

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Human Kidney and Blood Samples

All patients were recruited in the Kidney Disease Center of the
First Affiliated Hospital of Zhejiang University. This research
protocol conformed to the provisions of the Declaration of
Helsinki and was approved by the Ethics Committee of the First
Affiliated Hospital of Zhejiang University. The diagnosis of IgAN
was based on renal biopsies. No patient received immunosup-
pressive treatment before the renal biopsy. Clinical character-
istics of the patients at biopsy are shown in Table S1 in the
Data Supplement. Peripheral blood mononuclear cells for miR-
874-3p quantitative polymerase chain reaction (qPCR) analysis
were isolated from whole-blood samples collected at the time
of biopsy. The renal tissues were used for the immunohisto-
chemistry of ADAM19 expression. Lee classification of IgAN2*
was shown in the Data Supplement.

Animal Models

Male C57BL/6J mice at 8 to 10 weeks of age weighing 20 to
25 g were purchased from Shanghai SLAC Laboratory. Mice
were housed in specific-pathogen-free environment, with a 12-h
light/dark cycle, in the animal facility of Zhejiang University. All
animal studies were approved by the Committees for Animal
Experiments of Zhejiang University and were performed accord-
ing to the institutional guidelines of Zhejiang University in China.

Ischemia/Reperfusion-Induced Renal Fibrosis (AC
Model) in Mice

AC model was induced, as previously described.?®? Briefly,
under anesthesia, the left renal artery and vein were exposed
and clamped for 30 minutes. After releasing the clip for blood
reperfusion, the incision was sutured. During the surgery, the
body temperature of the mice was kept between 36°C and
38°C, using an electric heating blanket. A right nephrectomy
was performed the day before euthanizing the mice to assess
the left renal function. We euthanized mice and harvested kid-
neys 5 or 10 days after ischemia/reperfusion (I/R). For further
validation, we also performed a time-course study on AKl-to-
CKD transition with kidneys harvested on day 2, 6, 8, 14, and
28. Sham-operated mice served as controls (Figure S1A).

Hypertension. 2021;77:1613-1626. DOI: 10.1161/HYPERTENSIONAHA.120.16900
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Unilateral Ureteral Obstruction in Mice

To confirm the findings with another renal fibrosis model, uni-
lateral ureteral obstruction (UUO) was performed as described
previously.?” In brief, after anesthesia with 60 mg/kg sodium
pentobarbital, the left ureter of the mouse was exposed and
ligated, and the left kidney was harvested at different time
points after surgery, depending on the experiment's require-
ment. Sham-operated mice served as controls (Figure S1A).

Microinjection of Adenovirus into Mouse Kidney

Based on preliminary study, we designed an adenoviral vector
encoding GFP (green fluorescent protein)-labeled miR-874-3p
(Vigene Biosciences) or ADAM19 (GeenChem). Adenoviruses
or empty vectors were administered to mice according to a
published method.2® Briefly, multipoint in situ injection of ade-
novirus with 33G microsyringe (Hamilton) into the left kidney
of mice was performed 4 days before UUO or I/R surgery. The
details are listed in the Data Supplement.

Cell Culture and Treatments

A human renal proximal tubular epithelial cell line (HK2), a
rat renal proximal tubular epithelial cell line (NRK-62E), and
human embryonic kidney cell line (293T) were purchased from
the American Type Culture Collection. NRK-62E, 293T cells
were grown in DMEM (GIBCO 12430) supplemented with
10% FBS (GIBCO 10099) and 1% penicillin/streptomycin
(GIBCO 15140). HK2 cells were grown in RPMI 1640 medium
(Sigma) with 10% FBS and 1% penicillin/streptomycin. Al
cells were cultured in a 37 °C incubator containing 5% CO,,. In
some experiments, the cells were plated into 6-well or 12-well
plates and incubated with the recombinant TGF (transforming
growth facton)-B1 (10 ng/mL, R&D Systems) or N-[N-(3,5-
Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (10
mmol/L, Selleck). Lipofectamine 3000 Transfection Reagent
(Invitrogen) was used in the transfection of miR mimics, inhibi-
tors (RiboBio), and siRNA oligos (GenePharma), according to
the manufacturer’s instructions.

Luciferase Reporter Assay

As described previously,?® two 500 bp fragments of DNA con-
taining 2 predicted miR-874-3p binding sites located in the
3’-UTR region of human ADAM19 gene were cloned into psi-
CHECK-2 vector, respectively. The clones were sequenced to
the sites that were mutated. The ADAM 13 untranslated region
(UTR) plasmid or mutated plasmids were cotransfected with
miR-874-3p mimics or negative control (NC) into 293T cells.
The dual-luciferase reporter assay was performed with the
Dual-Luciferase Reporter Assay Kit (Promega E1910) follow-
ing the manufacturer’s instructions.

RNA Extraction and gPCR Analysis

With cultured cells and kidney tissues collected and homog-
enized, RNA was extracted using ESscience RNA-Quick
Purification Kit (YiShan Biotech, Shanghai, China). RNA sam-
ples were reverse transcribed for mRNA level quantification via
gPCR using HiScript Il RT SuperMix and gPCR Master Mix
(Vazyme). Primers for qPCR are listed in Table S4. The bulge-
loop miRNA reverse transcription and qPCR primer sets (one
reverse transcription primer and a pair of gPCR primers for

May 2021 1615
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each set) specific for miR-874-3p are designed by RiboBio
(Guangzhou, China). U6 small nuclear RNA was used as con-
trol for miR-874-3p qPCR.

RNA Deep Sequencing and Data Analysis

The kidneys from the UUO model group, AC model group,
and sham group obtained 5 days after surgery were used for
total RNA extraction. Three mice were included in each group.

MiR-874-3p/ADAM19 in Renal Fibrosis After Acute Kidney Injury

The total RNA was subjected to RNA-sequencing (RNA-seq)
to determine miRNA and mRNA expression patterns. We
also conducted RNA-seq in the UUO mice that were micro-
injected with miR-874-3p or empty virus; each group had 4
mice. Bioinformatics analyses including raw data process, dif-
ferential gene expression analysis, and Kyoto Encyclopedia of
Genes and Genomes analysis were conducted by Anoroad and
HaploX Genomic Center.
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Figure 1. MicroRNA (MiR)-874-3p expression is reduced in renal fibrosis.

A, Heatmaps of the differentially expressed miRs in kidneys of acute-chronic (AC) and unilateral ureteral obstruction (UUO) mice and their
respective controls. Venn diagram of differentially expressed miRNAs in the kidney of AC, and UUO mice. Forty-five differentially expressed
miRNAs were found in the kidney of both mouse models. B, Renal expression of miR-874-3p decreased early (2 d) and remained decreased (6
d, 8 d) in AC mice. The trend was also observed in UUO mice. n=3 for sham, AC and UUO groups at each time point. **£<0.01 vs sham. C,

Fluorescence in situ hybridization in kidneys of mice showed that miR-874-3p expression in kidney (yellow arrows) was reduced in AC mice at day
5. Scale bar, 50 pm. Quantification of miR-874-3p staining in renal tissues showed miR-874-3p expression decreased in AC mice at day 5. n=4 for
sham and AC groups, *P<0.05. D, Treatment of HK2 cells with TGF (transforming growth factor)-f1 (10 ng/mL) for 6 or 24 h markedly decreased
miR-874-3p expression. n=3 for each group, **P<0.01 vs NC. E, Masson trichrome staining of renal biopsy samples of IgA nephropathy patients
showed severe renal fibrosis in patients with Lee class Ill and IV. quantitative polymerase chain reaction analysis of miR-874-3p expression in
peripheral blood mononuclear cells of IgA nephropathy patients (18 patients graded as Lee class | and Il vs 29 patients with Lee class Ill and IV)
showed miR-874-3p was significantly lower in patients with Lee class Ill and IV. **P<0.01. F, MiR-874-3p expression in mouse peripheral blood
mononuclear cells was decreased in renal fibrosis. Sham, n=3; AC group, n=4; *P<0.05. Data were expressed as means=SEM. Student ¢ test
was for (C) and (F), Mann-Whitney U test was used for (E), and One-way ANOVA and Tukey post hoc test were used for (B) and (D).
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Figure 2. MicroRNA (MiR)-874-3p reduces renal fibrosis in the acute-chronic (AC) model.

A, Schematic diagram for experimental design. GFP (green fluorescent protein)-labeled adenoviruses carrying human miR-874-3p or empty
viruses were delivered to mice through kidney injection 4 days before ischemia/reperfusion (I/R) surgery. B, Serum creatinine of mice treated
with miR-874-3p virus was lower than in mice treated with empty virus, but both were higher than in sham-operated mice. Sham, n=4; empty
virus, n=4; miR-874-3p group, n=5; ##<0.01, sham vs all; *P<0.05, miR-874-3p vs all. C, Masson trichrome staining of renal sections
showed decreased areas of fibrosis in AC mice treated with miR-874-3p virus than in mice treated with empty virus. Scale bar, 100 um. D,
Overexpression of miR-874-3p in the kidney decreased the renal mRNA expression of Acta2, Col71a1, (Continued)
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Mouse Kidney Cells Flow Cytometry

Mouse kidneys were harvested after cold PBS perfusion. Kidney
samples were mechanically minced and then digested in RPMI
1640 (Corning) with 1.6 mg/mL collagenase IV (Worthington)
and 100 Unit DNase | (Sigma) for 30 minutes at 37 °C. Then,
cells were filtered through a 70 pum cell strainer (Biologix).
Inflammatory cells in kidneys were further enriched by Percoll
gradient centrifugation (700g, room temperature, 20 minutes
without brake). The middle layer from 36/72% percoll was col-
lected and washed with PBS. After centrifugation (300g, 4°C, 5
minutes), cells were counted and plated into 96-well for further
staining.

Cell suspension was incubated with Fc blocker (BioLegend)
at 4°C for 15 min. For surface antigens staining, antibody cock-
tails were added to cells at 4°C in the dark for 20 minutes.
For intracellular staining, cells were fixed by Fixation Buffer
(BioLegend) at room temperature in the dark for 15 minutes.
Neutralizing the Fixation Buffer leftover by incubating cells in
Intracellular Staining Perm Wash Buffer (BioLegend) in the
dark at room temperature for 5 minutes twice. Intracellular anti-
gens were stained by antibody cocktails in Intracellular Staining
Perm Wash Buffer in the dark for 40 minutes. Flow cytometry
data were acquired on NovoCyte Flow Cytometer 2060R. Data
were analyzed by FlowJo_vX.0.7.

Quantification and Statistical Analysis
Quantification of immunoblotting and immunostaining were ana-
lyzed with Image-Pro Plus version 6.0 (Media Cybernetics, Inc)
and Image J version 1.52v (Rawak Software, Inc), as described
previously2® All statistical analyses were performed using SPSS
version 22.0 (SPSS, Inc). Continuous variables of clinical char-
acteristics were presented as the means, and the SDs or the
medians with the range depending on the distribution; categorical
variables are presented as frequencies with percentages. Other
data were expressed as meanstSEM. The normal distribution of
values was determined by Kolmogorov-Smirnov Test. Significant
differences between and among groups were determined with
Student ttest, 1-way ANOVA, Mann-Whitney U test, or 2 test as
appropriate. A<0.05 was considered statistically significant.

RESULTS

Renal Fibrosis Is Associated With miR-874-3p
Downregulation

With protocol shown in Figure S1A, significant renal
fibrosis and marked elevation of serum creatinine were
observed in AC mice, and the same pattern of fibro-
sis was observed in cortex and medulla (Figure S1B
and S1C). Similar renal fibrosis was also found in UUO

MiR-874-3p/ADAM19 in Renal Fibrosis After Acute Kidney Injury

mice (Figure S1C). Genome-wide RNA-Seq detected
a total of 45 miRs that were differentially expressed in
both models compared with sham (Figure 1A, Tables
S2 and S3). Among all detected miRs, significant down-
regulation of miR-874-3p was confirmed by gPCR in
both AC and UUO mice (Figure 1B and Figure S1D).
Additional qPCR indicated that this phenomenon per-
sisted over 28 days in AC mice (Figure S2). Moreover,
fluorescence in situ hybridization revealed that miR-
874-3p was widely expressed in kidney, including renal
tubules, glomeruli, and interstitial cells, and the fluo-
rescence was markedly compromised in samples from
AC mice (Figure 1C). Furthermore, miR-874-3p was
significantly decreased in HK2 cells treated with TGF-
1, a potent profibrotic factor, as determined by gPCR
analysis (Figure 1D). Beside kidney cells, miR-874-3p
was also found in human and mouse peripheral blood
mononuclear cells (PBMCs). In patients with IgAN, a
type of CKD accompanied by renal fibrosis, miR-874-3p
was significantly lower in PBMCs in patients with Lee
class Ill and IV than those with Lee class | and Il (Fig-
ure 1E). Similar change was found in PBMCs from AC
mice (Figure 1F). In parallel, the mean arterial pressure
of the patients with Lee class | and Il was significantly
lower than that of grade Il and IV patients (44.8% had
hypertension; Table S1).

MiR-874-3p Reduces the Degree of Renal
Fibrosis and Macrophage Infiltration

To investigate the role of miR-874-3p in vivo, we designed
adenoviral vectors carrying human miR-874 sequence
(miR-874-3p mimic) with empty vectors used as controls. A
GFP reporter under the same promoter with miR-874 was
included in the vector as shown in the diagram in Figure
S3A. The expression of mature miR-874-3p was confirmed
by qPCR (Figure S3B), and GFP* cells were detected in
the kidney under confocal microscope. The expression of
GFP in kidney was widespread at day 4, peaked at day 6,
and lasted for 15 days (Figure S3C). GFP was detected
primarily in interstitial cells (Figure S3C) and can also be
found in renal tubules (Figure S3D). Administration of
miR-874-3p mimic viral vector into mice 4 days before I/R
(Figure 2A) attenuated the increases in serum creatinine
(Figure 2B) and renal fibrosis (Figure 2C). The mRNA
expressions of Acta2 (o-smooth muscle actin, a-SMA),
Col1at (type | collagen), and Fn1 (fibronectin, Fn) were

Figure 2 Continued. Fn7 (fibronectin 1) in AC mice. Sham, n=4; empty virus, n=4; miR-874-3p, n=5; #P<0.05, miR-874-3p group vs
sham; *P<0.05, miR-874-3p group vs empty virus. E, Representative images of immunofluorescence showed decreased staining of a-SMA
(a-smooth muscle actin; red, yellow arrows) and Fn (red) in interstitial area, with less infiltration of F4/80* cells (violet, aqua arrows) in AC
mice overexpressing miR-874-3p in kidney than in empty virus (GFP, green). LTL (lotus tetragonolobus lectin, red) labeled renal proximal
tubules. KIM-1 (violet, yellow arrows) marked injured tubules. DAPI (blue) is a stain for nucleic acid. Scale bar, 100 pm, 20 um and 15 pum.
Quantification of immunostaining showed expression of KIM-1, a-SMA, Fn, and F4/80 decreased in AC mice treated with miR-874-3p virus.
Empty virus, n=4; miR-874-3p, n=5; *P<0.05, **£<0.01, ***P<0.001. F, Flow cytometry analysis showed decreased renal macrophage
infiltration in mice treated with miR-874-3p adenovirus. n=4 for empty virus and n=3 for miR-874-3p. *P<0.05. Data were expressed as
meanstSEM. Student t test was used for (E) and (F), One-way ANOVA and Tukey post hoc test were used for (B) and (D). miRNA adv

indicates adenoviral vectors carried human microRNA-874-3p sequence.
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Figure 3. MicroRNA (MiR)-874-3p targets ADAM (A Disintegrin and Metalloprotease) 19 in renal fibrosis.

A, Venn diagram of differentially expressed mRNAs in acute-chronic (AC) model, unilateral ureteral obstruction (UUO) model, UUO

model treated with miR-874-3p adenovirus, and miR-874-3p target database. B, Representative images of immunohistochemical staining
showed less ADAM19 staining in AC mice treated with miR-874-3p adenovirus than in mice treated with empty virus. Scale bar, 100 pm.
Quantification of immunostaining showed ADAM19 expression decreased in AC mice treated with miR-874-3p virus. Empty virus, n=4;
miR-874-3p, n=5; ***P<0.001. C, Quantitative polymerase chain reaction showed decreased Adam19 mRNA expression in AC mice
treated with miR-874-3p adenovirus, relative to mice treated with empty virus. Empty virus group, n=4; miR-874-3p group, n=5 in AC model,
*P<0.05 vs empty virus group. D, The increase in ADAM19 protein expression induced by TGF (transforming growth factor) $1 stimulation
in HK2 cells was reduced in the presence of miR-874-3p mimic. The relative protein level was analyzed by gray levels and normalized by
{-actin. n=3 for each group, *P<0.05. E, Luciferase microRNA target reporter assay showed that miR-874-3p targeted site 1 in the 3"-UTR
of ADAM19. Normal plasmid served as control. n=3 for each group, **P<0.01 vs control group (empty bar). F, Representative images of
immunohistochemical staining showed more ADAM19 staining (arrows) in renal biopsy samples of IgAN patients with Lee class Il and IV
than patients with Lee class | and Il. Scale bar, 100 um. Quantification of ADAM19 staining in renal biopsy samples of IgAN patients (15
patients graded as Lee classes | and Il vs 25 patients with Lee classes Il and IV) showed ADAM19 increased in patients with classes IlI
and IV. **P<0.001. Data were expressed as means=SEM. Student t test was for (B), (C), and (F). One-way ANOVA and Tukey post hoc
test were used for (D) and (E).
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Figure 4. ADAM (A Disintegrin and Metalloprotease) 19 induces macrophage infiltration to promote renal fibrogenesis.

A, Schematic diagram for experimental design. Adenoviruses carrying mouse Adam19 or empty viruses were delivered to mice through
kidney injection. B, Overexpression of ADAM19 in the kidney increased the renal mMRNA expressions of Acta2, Col1a1, and Fn1 (fibronectin
1). Sham, n=3; ADAM19 and empty virus, n=4/group. *P<0.05, **P<0.01, ADAM19 vs sham or empty virus. C, Representative images of
immunofluorescence showed overexpression of ADAM19 (GFP [green fluorescent protein], green) led to more staining of a-SMA (a-smooth
muscle actin; red), Col-l (red), F4/80 (violet) in tubulointerstitial area. LTL (lotus tetragonolobus lectin; red) (Continued)
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decreased by 80%, 85%, and 84%, respectively, com-
pared with mice that received empty viruses (Figure 2D).
Overexpression of miR-874-3p in kidney decreased the
staining of KIM-1 (kidney injury molecule-1), a-SMA, Fn,
and F4/80 in mice treated with miR-874-3p mimic (Fig-
ure 2E and S4). As determined by flow cytometry analysis
of mouse kidneys, macrophage infiltration was reduced
in AC mice treated with miR-874-3p mimic (Figure 2F).
To confirm the findings in a second model, we performed
UUO in mice 4 days after miR-874-3p mimic or control
transduction, and the results were similar to what we have
found in AC model (Figure Sb).

MiR-874-3p Targets ADAM19 in Renal Fibrosis

RNA-Seq was performed to identify differentially
expressed genes in UUO mice treated with miR-874-3p
mimic in comparison with those administered empty
virus. By analyzing RNA-Seq data and the Targetscan
database, we found 9 candidate target genes of miR-
874-3p, including ADAM19 (Figure 3A).

In line with the downregulation of miR-874-3p in
AC mouse model, ADAM19 was upregulated at the
same time points after injury (Figure S6A). Moreover,
ADAM19 expression was markedly reduced in AC mice
treated with miR-874-3p mimic, compared with mice
treated with empty virus (Figure 3B and 3C). Addition-
ally, treatment with miR-874-3p mimic suppressed the
expression of ADAM19 in HK2 cells (Figure 3D and
S6B). These results could be replicated in the UUO
model (Figure S6C through S6E).

We further analyzed 2 predicted miR-874-3p target
sites in the human ADAM 19 gene by performing a lucif-
erase reporter assay. MiR-874-3p repressed ADAM19
luciferase expression in the presence of the plasmid
containing the site 1 sequence but did not affect lucifer-
ase expression in the presence of the plasmid containing
the mutated site 1 sequence and site 2 sequence (Fig-
ure 3E), suggesting that miR-874-3p directly targets site
1 and represses ADAM19 expression.

Moreover, ADAM19 was increased in PBMCs from
AC mice (Figure S6F). Staining of renal section showed
during renal fibrosis, ADAM19 was also expressed in
renal proximal tubules and injured tubules (Figure S7).
Quantification of ADAM19 staining in human renal
biopsy samples of IgAN patients showed that ADAM19
was increased in patients with Lee class Ill and IV

MiR-874-3p/ADAM19 in Renal Fibrosis After Acute Kidney Injury

compared with the IgAN patients graded as Lee class |
and Il (Figure 3F).

ADAM19 Induces Macrophage Infiltration to
Promote Renal Fibrogenesis

To determine the role of ADAM19 in renal fibrogenesis,
we overexpressed ADAM19 in mouse kidneys using ade-
novirus carrying the GFP-labeled mouse Adam 19 coding
sequence (Figure 4A, Figure S8A and S8B). The mRNA
expression of several fibrotic genes, including Acta2,
Collal, and Fn1, was augmented 15 days after admin-
istration of the ADAM19 adenovirus (Figure 4B). Immu-
nofluorescent analysis revealed that cells overexpressed
ADAM19 (GFP*) was adjacent to tubular epithelial cells,
and was colocalized with fibrocytes (type | collagen* a-
SMA*) and macrophages (F4/80*; Figure 4C, Figures
S8C and S9). In consistent with qPCR results, expres-
sion of type | collagen (Collagen | or Col-l), a-SMA was
increased by ADAM19 overexpression. The flow cytom-
etry analysis showed increased macrophage infiltration
in mice treated with ADAM19 adenovirus (Figure 4D),
in line with the effect of decreasing miR-874-3p. Again,
these results were consistent with mice overexpressed
ADAM19 by adenovirus carrying the human ADAM19
coding sequence (Figure S10).

To assess the role of macrophages in renal fibrosis,
clodronate liposomes were administered to deplete mac-
rophages in mice overexpressing ADAM19 (Figure 4E
and S11A). The fibrogenic effects of ADAM19 overex-
pression were abrogated following macrophage deple-
tion (Figure 4F; Figure S11B and S11C).

MiR-874-3p/ADAM19 Mediates CCL2
Expression Through Notch1 Activation

The RNA-Seq analysis showed that the pathways
enriched from miR-874-3p mimic treatment were pri-
marily related to cytokine-cytokine receptor interac-
tions and chemokine signaling pathways in UUO mice
(Figure BA). CCL2 is a key chemotactic protein that
recruits circulatory monocytes and tissue macrophages
in renal injury and fibrosis.?"32 By qPCR and Western
blot, we found that CCL2 expression in kidney was
downregulated in AC mice treated with miR-874-3p
mimic (Figure 5B and Figure S12A), and increased in

Figure 4 Continued. labeled renal proximal tubules. KIM-1 (violet, yellow arrows) marked injured tubules. DAPI (blue) is a stain for nucleic
acid. Scale bar, 100 and 20 um. Quantification of immunostaining showed expression of KIM-1, a-SMA, Col-l, and F4/80 increased

in mice treated with ADAM19 virus. Sham, n=3; empty virus, n=4; ADAM19, n=4; *P<0.05, **P<0.01, **P<0.001. D, Flow cytometry
analysis showed increased renal macrophage infiltration in mice treated with ADAM19 adenovirus. n=3 for empty virus and n=4 for
ADAM19. *P<0.05, vs empty virus. E, Experimental design of the treatment procedure. Clodronate liposomes were delivered to the mice
through ophthalmic vein injection every 4 d, whereas adenoviruses encoding human ADAM19 or empty viruses were delivered to mice
through kidney injection. F, Masson trichrome staining of renal sections showed less fibrosis in mice overexpressing ADAM19 treated with
clodronate liposomes than PBS-liposomes. Scale bar, 100 pm. **£<0.01 vs empty virus. Data were expressed as meanstSEM. Student ¢
test was for (D); One-way ANOVA and Tukey post hoc test were used for (B) and (C).
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Figure 5. MicroRNA (MiR)-874-3p/ADAM (A Disintegrin and Metalloprotease) 19 mediates CCL2 expression through Notch1
activation.

A, Heatmap of differentially expressed mRNAs in unilateral ureteral obstruction mice treated with miR-874-3p adenovirus or empty virus. KEGG
Pathway enrichment analysis and functional analysis showed cytokine-cytokine receptor interaction and chemokine signaling pathways enriched
in mice kidneys treated with miR-874-3p adenovirus. B, Decreased CCL2 expression in acute-chronic (AC) mice treated with miR-874-3p
adenovirus, relative to those treated with empty virus. Empty virus n=4, miR-874-3p, n=5. *<0.05 vs empty virus. (Continued)
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mice treated with ADAM19 virus (Figure 5C and Fig-
ure S12B). MiR-874-3p mimic also attenuated CCL2
expression induced by treatment with TGF-B1 in HK2
cells in vitro (Figure 5D). In contrast, ADAM19 over-
expression increased CCL2 mRNA expression in HK2
cells (Figure 5D). These observations were confirmed
in UUO mice treated with miR-874-3p mimic (Figure
S12A and S12B). Collectively, these results indicated
that miR-874-3p/ADAM19 regulates CCL2 expres-
sion, thereby affecting macrophage infiltration during
renal fibrosis.

ADAM proteases are essential for the cleavage and
activation of the Notch receptor,®® and Notch1 has been
proved as an upstream regulator of CCL2.3* We found
that Notch1 was upregulated in UUO mice but down-
regulated in UUO mice treated with miR-874-3p mimic
(Figure S12C and S12D). Based on these findings, we
speculated that ADAM19 may increase CCL2 expres-
sion via the activation of the Notch signaling pathway.
To study this, we overexpressed ADAM19 in rat renal
tubular cells (NRK-52E) using an adenoviral vector
and found that the levels of NICD1 (Notch receptor
intracellular domain 1) and CCL2 were increased (Fig-
ure BF). The Notch1 pathway antagonist N-(N-[3,5-
difluorophenacetyl]-L-alanyl)-S-phenylglycine  t-butyl
ester, a v secretase inhibitor, decreased Cc/2 mRNA
in NRK-B2E cells treated with ADAM19 adenovirus
(Figure BE). N-(N-[3,5-difluorophenacetyl]-L-alanyl)-
S-phenylglycine t-butyl ester did not affect ADAM19
expression, indicating that ADAM19 is upstream of
Notch1 pathway.

Immunofluorescence showed more renal NICD1
staining in renal tubular epithelial cells in mice treated
with ADAM19 adenovirus than those with empty virus,
accompanied by a-SMA* cells infiltration in the tubu-
lointerstitial area (Figure 6A and 6B). We further exam-
ined the Notch signaling activation in mice treated with
ADAM19 adenovirus and found that the mRNA expres-
sion of Notchl, Hes1 (hes family bHLH transcription
factor 1), and DIl/4 (delta like canonical Notch ligand 4)
was enhanced (Figure 6D).

Taken together, miR-874-3p/ADAM19 mediates renal
fibrosis after AKI by increasing macrophage infiltration
via the Notch1/CCL2 pathway.

MiR-874-3p/ADAM19 in Renal Fibrosis After Acute Kidney Injury

DISCUSSION

In current study, we show that miR-874-3p/ADAM19
plays a crucial role in mediating renal fibrosis. Renal
fibrosis is associated with downregulation of miR-874-3p
in both renal cells and PBMCs. As a critical target of
miR-874-3p, ADAM19 expression is augmented after
AKI, which enhances CCL2 production via cleavage and
activation of Notch1 pathway. To the best of our knowl-
edge, it is the first time to demonstrate that miR-874-3p/
ADAM19 mediates the development of renal fibrosis
after AKI by regulating macrophage infiltration.
MiR-874-3p was significantly downregulated in renal
fibrosis after AKI, soon after the onset of the AC or UUO
model. This indicates that miR-874-3p is involved in the
early stage of renal fibrosis, probably even in the initial
stages of renal injury. Yao et al®® previously reported
that miR-874-3p alleviates renal injury and inflammatory
responses in diabetic nephropathy by targeting toll-like
receptor-4. Here, we found that miR-874-3p suppresses
CCL2 expression and macrophage infiltration and atten-
uates renal fibrosis by decreasing ADAM19, strongly
suggesting a therapeutic potential for miR-874-3p in
the treatment of renal fibrosis. Our study also shows
that miR-874-3p expression in peripheral blood mono-
nuclear cells of IgAN patients with severe classes was
decreased, along with increased expression of ADAM19
in the kidney of the same human cohort. Because miRs
are stable and easily detected,*® miR-874-3p could also
serve as a blood marker to detect renal fibrosis.
OurRNA-segand following study established ADAM 19
as a pivotal target of miR-874-3p in the development of
renal fibrosis. Our histological results confirmed the renal
expression of ADAM19 and were consistent with pre-
vious findings from other models. Study by Melenhorst
et al®® showed that kidney expresses a large amount of
ADAM19 during embryonic development, and it is mainly
located in the glomerular endothelial cells, mesangium,
renal tubules, and collecting ducts. After birth, ADAM19
is mainly expressed in vascular endothelial cells. Only
a small number of distal tubules have been shown to
express ADAM19 but not in proximal tubules. Ramdas
et al®” have shown that ADAM19 is highly expressed in
renal tubular epithelial cells after TGF-f3 treatment in vitro

Figure 5 Continued. C, CCL2 expression was increased in the mice treated with ADAM19 adenovirus than those with empty virus. ADAM19
and empty virus, n=3/group. **P<0.01 vs empty virus. D, Transfection of miR-874-3p mimic into HK2 cells treated with TGF (transforming
growth factor)-B1 (10 ng/mL, 24 h) reduced CCL2 mRNA expression. *P<0.05. CCL2 expression was increased in HK2 cells treated with
ADAM19 adenovirus. n=3 for each group, **P<0.01 vs empty virus. E, The ADAM19 and CCL2 mRNA levels in NRK-52E cells treated with
ADAM19 adenovirus or empty virus, with/without Notch1 pathway antagonist N-(N-[3,5-difluorophenacetyl]-L-alanyl)-S-phenylglycine t-butyl
ester (DAPT). n=3 for each group; ##P<0.01, empty virus with DAPT vs empty virus without DAPT; 88P<0.01, ADAM19 adenovirus with
DAPT vs ADAM19 adenovirus without DAPT; **P<0.01, ADAM19 vs empty virus groups. F, Transfection of adenovirus carrying ADAM19 into
NRK-52E cells induced the expression of NICD1 (Notch receptor intracellular domain 1) and CCL2 proteins. The relative protein levels were
analyzed by gray levels and normalized to total protein level. Data were pooled from at least two independent experiments. In ADAM19 and
NICD1, n=2 for NC, n=5 for empty virus and ADAM19 groups, **<0.01 and ***P<0.001. In CCL2, n=2 for NC, n=3 for empty virus and
ADAM19 groups, *P<0.05. Data were expressed as meanstSEM. Student ¢ test was for (C), (D), and (E). Mann-Whitney U test was for (B).

One-way ANOVA and Tukey post hoc test were used for (F).
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Figure 6. ADAM (A Disintegrin and
Metalloprotease) 19 overexpression
induces NICD1 (Notch receptor
intracellular domain 1) expression in
mice.

A and B, Representative images of
immunofluorescence showed more renal
NICD1 staining (red, yellow arrows)

in renal tubular epithelial cells in mice
treated with ADAM19 adenovirus (GFP
[green fluorescent protein], green) than
those with empty virus, accompanied

with 0-SMA™* (a-smooth muscle actin;
turquoise, white arrows) cells infiltration in
the tubulointerstitial area. DAPI is a stain
for nucleic acid. Scale bar, 100 pm and 15
um. €, Quantification of immunostaining
showed NICD1 expression increased in
mice treated with ADAM19 virus. ADAM19
and empty virus, n=4/group. ***P<0.001.
D, Notch signaling was activated in mice
treated with ADAM19 adenovirus. n=3/
group. *P<0.05, vs empty virus. Data were
expressed as meanstSEM. Student t test
was for (C) and (D).
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and specifically expressed in the epithelial cells of the = mediates ectodomain shedding of substrates, including
dilated tubules in UUO model. Besides, we also found cytokines, growth factors, receptors, and cell adhesion
ADAM19 is expressed in PBMC during renal fibro-  molecules.?*?" In current study, ADAM19 was transduced
sis. ADAM19 is a transmembrane protein and has an  and expressed nonspecifically in renal tissue with our
extracellular metalloproteinase domain that catalytically =~ adenoviral vector but was primarily detected in interstitial
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cells. Overexpression of ADAM19 might change the
inflammatory milieu via functioning on extracellular sub-
strates, and promote renal fibrosis.

We further show that ADAM19 promotes renal
inflammation and renal fibrosis by cleavage and
activation of Notch1. Being known as an upstream
regulator of CCL2, Notch1 plays a crucial role in
macrophage activation and infiltration, thereby accen-
tuating inflammatory response, leading to chronic
inflammation and tissue fibrosis.®*% The Notch sig-
naling pathway is also instrumental in cell differen-
tiation and fate determination.® In this process, the
role of ADAM protease is indispensable. Studies on
Drosophila and mammals have found that Notch-
mediated signal transduction is caused by the con-
formational change of Notch heterodimer, and this
conformational change can be induced by cleavage
of Notch receptors from ADAM10 or ADAM17 on cell
membrane.*~*? Although both ADAM10 and ADAM17
can cleave Notch in in vitro experiments, knockout
mouse models have shown that Notch is primarily
shedded by ADAM10 in vivo.?" Our study indicated
a novel cleavage mechanism of Notch1 by ADAM19.
However, further validation needs to be performed in
knockout mouse models.

In conclusion, we show that the miR-874-3p/ADAM 19
pathway regulates renal fibrogenesis after AKI. These
findings not only provide new insights into the mecha-
nisms underlying renal fibrosis but also offer potential
therapeutic targets for treating this disease.

PERSPECTIVES

The progression of kidney damage and hypertension
is closely related to renal histological fibrosis in CKD
patients. There is a strong association between AKl and
the subsequent development of CKD and hypertension.
Inflammation and maladaptive repair are of vital impor-
tance during the pathogenesis of CKD after AKI; how-
ever, the mechanism involved remains unclear. In this
study, miR-874-3p was found to be reduced in mouse
models of renal fibrosis induced by I/R or obstruction
and in human peripheral blood mononuclear cells of IgA
nephropathy patients of severe pathological classes.
Overexpression of miR-874-3p in vivo alleviated renal
fibrosis and reduced macrophage infiltration through
decreasing the expression of ADAM19. In addition,
overexpression of ADAM19 directly induces renal
fibrosis and macrophage infiltration via Notch1/CCL2
pathway. These findings suggest novel insights into the
potential therapeutic target and diagnostic biomarker
of renal fibrosis.
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