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Key Points

* WWP2 expression is elevated in the tubulointerstitium of fibrotic kidneys and contributes to CKD pathogenesis and
progression.

* WWP2 uncouples the profibrotic activation and cell proliferation in renal myofibroblasts.

* WWP2 controls mitochondrial respiration in renal myofibroblasts through the metabolic regulator peroxisome proliferator-
activated receptor gamma coactivator 1-alpha.

Abstract

Background Renal fibrosis is a common pathologic end point in CKD that is challenging to reverse, and myofibroblasts are
responsible for the accumulation of a fibrillar collagen-rich extracellular matrix. Recent studies have unveiled myo-
fibroblasts” diversity in proliferative and fibrotic characteristics, which are linked to different metabolic states. We
previously demonstrated the regulation of extracellular matrix genes and tissue fibrosis by WWP2, a multifunctional
E3 ubiquitin—protein ligase. Here, we investigate WWP2 in renal fibrosis and in the metabolic reprograming of
myofibroblasts in CKD.

Methods We used kidney samples from patients with CKD and WWP2-null kidney disease mice models and leveraged
single-cell RNA sequencing analysis to detail the cell-specific regulation of WWP2 in fibrotic kidneys. Experiments in
primary cultured myofibroblasts by bulk-RNA sequencing, chromatin immunoprecipitation sequencing, metabolomics,
and cellular metabolism assays were used to study the metabolic regulation of WWP2 and its downstream signaling.

Results The tubulointerstitial expression of WWP2 was associated with fibrotic progression in patients with CKD and
in murine kidney disease models. WWP2 deficiency promoted myofibroblast proliferation and halted profibrotic
activation, reducing the severity of renal fibrosis in vivo. In renal myofibroblasts, WWP2 deficiency increased
fatty acid oxidation and activated the pentose phosphate pathway, boosting mitochondrial respiration at the expense
of glycolysis. WWP2 suppressed the transcription of peroxisome proliferator-activated receptor gamma coactivator
1-alpha (PGC-1a), a metabolic mediator of fibrotic response, and pharmacologic inhibition of PGC-1a partially
abrogated the protective effects of WWP2 deficiency on myofibroblasts.

Conclusions WWP2 regulates the metabolic reprogramming of profibrotic myofibroblasts by a WWP2-PGC-1a axis, and
WWP2 deficiency protects against renal fibrosis in CKD.
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Introduction

CKD is a global health concern and one of the leading
causes of mortality worldwide. Renal fibrosis is a common
pathologic pathway in CKD, irrespective of the underlying
etiology.! It is broadly characterized by the accumulation
of a fibrillar collagen-rich extracellular matrix (ECM) in
the tubulointerstitial space, which eventually results in
kidney failure,®> and myofibroblasts are considered the
main source of ECM production. Recent studies highlight
the complexity of this process®* and show extensive fi-
broblast heterogeneity in the fibrotic (or inflamed) kid-
ney.> Alpha-smooth muscle actin (@-SMA) is commonly
used as a specific marker for activated myofibroblasts,®”
but only approximately 50% of a-SMA™ cells express ECM
protein, Collal (collagen type I « 1).8 Fibroblast to my-
ofibroblast differentiation has consequences on the pro-
liferative status of the cell,®10 and this contributes to cell
activation and ECM production.!! However, other studies
showed that cell proliferation is independent of myofibro-
blast activation and even protective from fibrosis.!?13

Fibrometabolism is an emerging avenue of research,'4
and cellular metabolic reprogramming is considered as a
fundamental process for fibrosis in different organs.>!®
In skin wound healing, disruptions of the enzymes in-
volved in glycolysis and the fatty acid oxidation dis-
play their reciprocal effects on ECM upregulation and
downregulation, respectively.'¢ Increased aerobic glycoly-
sis represents a critical factor for myofibroblast activation in
lung fibrosis, particularly when coupled with profibrotic
TGF-B signaling activation.'”'® Suppression of myofibro-
blast proliferation is also linked to a metabolic flux rerout-
ing from the pentose phosphate pathway toward glycolysis,
coupled with an increased expression of ECM proteins,!?
and a reduction in the generation of NADPH has been
observed in pulmonary myofibroblasts.? However, consid-
erable controversy remains regarding the functional hetero-
geneity of myofibroblasts and their metabolic regulation
in CKD.

Altered metabolic activities have been observed in in-
jured kidneys, often in association with fibrotic progression
in CKD.?! Enhancing fatty acid oxidation and oxidative
phosphorylation (OXPHOS) can effectively improve kidney
function,?? while ramping down glycolysis can slow down
the progression of fibrosis.?> Dysregulated myofibroblast
metabolism may be critical for shaping cellular proliferation
and profibrotic response during renal fibrosis,?* yet much
emphasis has been given to metabolism programming in
proximal tubule epithelial cells.?>2” The contribution of
myofibroblasts metabolic reprogramming to fibrosis re-
mains poorly defined, partly due to the high myofibroblast
heterogeneity in fibrotic kidneys.

We previously identified the homologous to E6AP C-
terminus domain E3 ubiquitin—protein ligase WWP2 as a
regulator of myofibroblast profibrotic activation in cardiac
fibrosis.?® Giving the widespread tissue expression and
master regulatory role of WWP2 in orchestrating profibrotic
ECM network,?#?° we hypothesized that WWP2 regulates
myofibroblast phenotypes and tissue fibrosis in kidney dis-
ease. To test this hypothesis, we investigated human CKD
kidneys, developed cellular and mouse models, and inte-
grated single-cell transcriptomics with metabolic analyses to
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characterize the function of WWP2 in renal fibrosis.
Through these studies, we propose that WWP2 underlies
the metabolic reprogramming and profibrotic response of
myofibroblasts during CKD. We provide evidence that these
effects are in part mediated by peroxisome proliferator-
activated receptor gamma coactivator 1-alpha (PGC-1a).

Methods

Human Samples

The Bari cohort was enrolled from the Nephrology Unit of
the University of Bari, Italy. The protocol was approved by
the Independent Ethics Committee of the “Azienda Ospe-
daliero Universitaria Policlinico Consorziale di Bari” and
was conducted in accordance with the Declaration of Hel-
sinki (Prot. N.4104/2013). In the Bari cohort, we analyzed
34 patients with a histologic diagnosis of FSGS, 37 patients
showing evidence of IgA nephropathy, and 39 patients with
membranous nephropathy. The Nanjing cohort was en-
rolled from the Department of Nephrology in the Children’s
Hospital of Nanjing Medical University in Nanjing, China.
The protocol was approved by the Independent Ethics
Committee of the hospital and was conducted in accor-
dance with the Declaration of Helsinki (No. 202304069-1). In
the Nanjing cohort, we analyzed 23 patients diagnosed with
IgA nephropathy.

All patients from both cohorts gave written informed
consent for the use of biopsy material for research purposes.
Detailed information on those patients is presented in
Supplemental Table 1. Biopsy specimens were evaluated
through light, immunofluorescence, and electron micros-
copy independently by two nephropathologists, blinded to
patients’ features to diagnose the disease.

Mouse Models

Mice were bred and maintained in the animal facility of
Duke-NUS Medical School before use. Protocol with In-
stitutional Animal Care and Use Committee number 2021/
SHS/1653 was approved by Institutional Animal Care and
Use Committee of the National University of Singapore,
Duke-NUS Medical School, Singapore. All mice were
housed in a specific pathogen-free environment and com-
plied with all relevant ethical regulations according to
guidelines issued by the National Advisory Committee
on Laboratory Animal Research. The housing room was
set to a 12-hour light/dark cycle with lights off at 8 AM, a
temperature of about 22°C, and a relative air humidity of
about 50%. Steps were performed to minimize animal suf-
fering according to guidelines of the SingHealth Council on
Animal Care.

With respect to the unilateral ureteral obstruction (UUO)
model, mice underwent ligation of the left ureter and were
sacrificed on day 7 or day 14. For the folic acid model, mice
were injected with folic acid (250 mg/kg once, dissolved in
300 mM NaHCO;) intraperitoneally and sacrificed on
day 21.

Mouse Strain
WWP2™/~ mouse line was previously generated in our
laboratory as described,?® and littermates were used from
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in-house mating in the vivarium at Duke-NUS Medical
School, Singapore. The background of mice is C57BL/6]
(B6J). Pairs of female and male heterozygous WWP2*/~
mice were housed together for breeding. Homozygous
WWP2™/~ and wild-type (WT) litter mates were weaned
at around 3 weeks of age and housed in same-sex groups of
four to five animals per cage. Mice were randomly assigned
to experimental test and control groups.

Transgenic WWP2 mice (WWP2™8) overexpressed
mouse WWP2 full-length isoform under the immediate-
early promoter of cytomegalovirus on the pIRES2-EGFP
Vector. In detail, 2 ml plasmid saline solution was admin-
istered to mice via tail vein injection at the dosage of 4 mg/
kg within 2 seconds. Mice of 8 weeks were randomly
assigned to ControlTg and WWP2"8 undergoing plasmid
injection containing control and WWP2 DNA insert, re-
spectively. The efficiency of WWP2 overexpression in the
kidneys was examined 24 hours after injection by randomly
selecting three mice from each group; the UUO modeling
was established 24 hours after injection in the rest of
the mice.

Primary Myofibroblasts Culture

Murine renal (myo)fibroblasts were derived from mouse
kidneys using the primary culture of kidney tissue
pieces.303! In detail, minced kidney pieces (1-3 mm°)
were placed in 6-cm dishes with Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 20% fetal bovine
serum. The fibroblasts began to crawl out of the tissues
at approximately 5 days and reached to 80%-90% conflu-
ence around tissue pieces at approximately 10 days. These
cells were labeled as PO and passaged 1-2 times (P1-P2) for
experiments in DMEM supplemented with 10% fetal bovine
serum. P2 renal myofibroblasts (at approximately 80% con-
fluence) were used for all experiments. All cells were cul-
tured and passaged in parallel, and in each experimental
batch, P1-P2 cells were treated simultaneously.

WWP2°F cells were generated with infection of lenti-
virus, which carried antipuromycin gene and WWP2
full-length isoform DNA, and the lentivirus with scram-
ble DNA as control. Seventy-two hours after infection,
4 pg/ml puromycin was added in the medium to deplete
the noninfected cells. To activate myofibroblasts, cells
were treated with TGFB1 human at a concentration of
5 ng/ul for 24 or 72 hours, as indicated in each exper-
iment. To inhibit or activate PGC-1a function, cells were
treated with 1020 uM ZLNO005 and SR18292 at 2.5-10
uM for 30 minutes before TGFB1 treatment for 72 hours,
respectively.

Kidney Histopathology

Masson’s trichrome and Sirius Red were performed on
paraffin-embedded sections to quantify the percentage of
fibrotic area in kidneys. Images were acquired by the
Aperio ScanScope CS2 device (Aperio Technologies, Vista,
CA), and digital slides were analyzed by ImageScope
V12.1.0.5029 (Aperio Technologies). We excluded for the
analysis perivascular regions, Bowman’s capsule, and the
limits of each biopsy section were defined by drawing tools.
The positive area was expressed as the ratio positive area
over the total area analyzed (%).

698 JASN

Hydroxyproline Assay

The amount of total collagen in the kidneys was quantified
using the Quickzyme Total Collagen assay kit (Quickzyme
Biosciences). The assays were performed according to the
manufacturer’s protocol. The levels of hydroxyproline as-
say collagen were normalized to the weight of kidneys
tested and expressed as ug/mg.

Immunochemistry and Immunofluorescence Staining

For the immunohistochemical evaluation of WWP2 in
human kidneys, 4 um thick paraffin-embedded kidney
tissues underwent deparaffination and heat-mediated an-
tigen retrieval (EDTA 1 mM, pH=8.00). After epitope
unmasking, the slides were incubated with H,O, (0.3%)
and then with Triton X (0.25%), protein block solution
(Dako), and the primary antibody (1:50 dilution in PBS).
Primary antibodies were detected by the Peroxidase/DAB
Dako Real EnVision Detection System according to the
manufacturer’s instructions (Dako). Kidney sections were
counterstained with Mayer hematoxylin and mounted
with glycerol (Dako Cytomation, Glostrup, Denmark).
Negative controls were prepared using isotype con-
trol antibodies.

For the immunofluorescence staining of kidney sam-
ples, sections of 5 um thickness of kidneys were fixed
with 10% neutral buffered formalin and processed using
Leica automatic tissue processor. Following dewaxing
and rehydration, sections were heated in citrate buffer
for antigen retrieval for further antibody incubation. For
cell sections, P2 renal fibroblasts were seeded onto eight
well removable chamber slides (80841, ibidi) and fixed
with ice-cold acetone for 30 minutes at room tempera-
ture. Antibodies used for immunofluorescence staining
are as follows: anti-ACTA2 (Sigma-Aldrich, 1:100), anti-
WWP2 (Bethyl Laboratories, 1:100), and anti-Vimentin
(Abcam, 1:100). Images were visualized using secondary
antibodies at 1:500 for 2 hours at room temperature and
imaged under a Leica Fluorescent microscope.

Oil Red O Staining

Renal myofibroblasts were seeded onto 24-well plate at a
density of 8000 cells/well. After treatment with TGFB1
(5 ng/ul) for 72 hours, cells were fixed with 4% parafor-
maldehyde for 30 minutes at room temperature. After brief
rinsing with PBS, plates were incubated with Oil Red O
solution (0.5% in isopropanol, 01391, Sigma-Aldrich) for 20
minutes at room temperature. Images were obtained
using a light microscope after rinsing the plates with
dH,0. Quantification of Oil Red O stain extracted from
stained cells was performed by eluting the stain from cells
in 1 ml of 100% isopropyl alcohol and then measuring the
absorbance of the stain against a blank (100% isopropyl
alcohol) at 500 nm.

Quantitative Real-Time PCR Analysis

Total RNA was extracted from snap-frozen tissue and
primary cells using the RNeasy mini kit (Qiagen), and
cDNA was prepared using iScript cDNA synthesis kit
(primer specific, Biorad) according to the manufacturer’s
instructions. Fast SYBR-Green master mix (Biorad) was
used for the analysis of gene expression using the Biorad
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CFX reverse transcription-PCR system. The primers used
in the experiment are listed in Supplemental Dataset 1.
18S was used to normalize the relative gene expression,
and 2~ *4“" method was used to measure the gene expres-
sion changes.

Coimmunoprecipitation

To detect WWP2 and TWIST1 proteins interaction, the
lysates obtained from the renal myofibroblasts (approxi-
mately 5x10° each sample) were immunoprecipitated with
the anti-WWP2 (Bethyl Laboratories) following the manu-
facturer’s instructions using Pierce Direct Magnetic IP/CO-
IP kit (88828, Thermo fisher). Rabbit IgG (AS21 4694) served
as a negative immunoprecipitation control.

Western Blot Analysis

Cell lysates were obtained from kidney tissues and cells
using radioimmunoprecipitation assay buffer (Thermo
Fisher Scientific) supplemented with protease (Sigma-
Aldrich) and phosphatase inhibitor cocktails (Roche).
Lysates were subjected to 4%-12% SDS-PAGE electro-
phoresis after Bradford quantification. Blotting of the
membrane was performed using anti-WWP2 (Bethyl Lab-
oratories, 1:250), anti-ACTA2 (Sigma-Aldrich, 1:500),
anti-Vimentin (Abcam, 1:500), anti-Periostin (Novus
Bio, 1:500), anti-Fibronectin (Sigma-Aldrich, 1:500),
anti-Collal (SouthernBiotech, 1:500), anti-PGCla (Ab-
cam, 1:500), anti-CyclinA (GeneTex, 1:500), and anti
p21 (GeneTe, 1:500) after transfer onto a nitrocellulose
membrane at 100 V for 1 hour. Antitubulin (Sigma-Al-
drich, 1:5000) and anti-glyceraldehyde 3-phosphate
dehydrogenase (Abcam, 1:5000) were used as loading
controls. Full and unprocessed scanned images of the
blots are provided in Supplemental Dataset 2.

Flow Cytometry Analysis

Mouse kidneys were perfused, excised, minced, and diges-
ted with Collagenase II (Worthington Biochemical Corpo-
ration) and Dispase II (Roche). Tissue mixture was
mechanically disrupted and filtered through 70 um cell
strainer to obtain single-cell suspension. Cultured myofi-
broblasts were seeded onto 10-cm dishes and were harves-
ted for single-cell suspension after treatment with TGFS1
(6 ng/ul) for 72 hours. After blocking with CD16/32
(Thermo fisher, 1:100) at reverse transcription for 10 min-
utes, cells were fixed and permeabilizated using Intracel-
lular Fixation and Permeabilization Buffer Set (eBioscience).
Cells were collected by centrifugation, subjected to live-
death dye and antibody staining, and analyzed (or sorted)
by flow cytometry using BD FACS ARIA system; the data
were analyzed using FlowJo v10 software.

Cell Proliferation Assay

Cell proliferation was assessed using the 3-(4,5-dimeth-
ylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-
phenyl)-2H-tetrazolium (MTS) assay (Promega) according
to the manufacturers’ protocol. For the cell cycle assay, cells
were harvested and fixed using the Propidium Iodide Flow
cytometry Kit (Abcam) and measured using the BD FACS
ARIA system (BD Bioscience, Franklin Lakes, NJ). Data
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were analyzed using ModFit LT software (DNA Modeling
System).

ChIP-Seq and Chromatin Immunoprecipitation
Quantitative PCR Analyses
Chromatin immuno-precipitation (ChIP) assay was per-
formed using Magnetic ChIP Kit (Pierce) with anti-WWP2
antibody (A302-936A, Bethyl Laboratories). In brief, P2
WT renal fibroblasts were grown for 80%-90% confluence.
After treatment with TGFB1 (5 ng/ul) for 24 hours, cells
were harvested by trypsinisation. DNA and proteins in the
cells (approximately 10° in each sample) were cross-linked
using 1% (v/v) formaldehyde and then sonicated in lysis
buffer to obtain 200-500 bp long DNA fragments. Super-
natant was incubated with control IgG or WWP2 antibody
beads at 4°C or kept as input reference. Reverse-
crosslinking and purification of DNA was performed.
Chromatin immunoprecipitation sequencing (ChIP-
seq) libraries were constructed and sequenced using Illu-
mina HiSeq 4000 sequencer, resulting in paired-end
FASTQ files containing sequence reads of 150 bp length,
which were mapped to mouse reference genome GRCm38
(mm10) v89 using STAR aligner. Peak calling was per-
formed by MACS2 callpeak function®? using the following
parameters: “-qvalue 0.001,” “-—keep-dup auto,” and
“—call-summits.” The genomic location of the peak max-
imum was extended 250 bp both upstream and down-
stream, defining a 501 bp-long sequence centered on each
ChIP-seq peak. Transcription factor binding site (TFBS)
motifs discovery and annotation was performed by the
Regulatory Sequence Analysis Tools (RSAT) peak-motif
web server®® (with default parameters) and using the
JASPAR (an open access database of curated, nonredun-
dant TFBS profiles)3* core nonredundant vertebrates and
ENCODE databases.?> The results of all the TFBS motifs
identified are presented in Supplemental Table 2. The
correlations of TFBS motifs with DNA sequences under-
lying ChIP-Seq-binding peaks were obtained by RSAT.

Bulk RNA-Seq Data Generation and Analysis
Primary renal myofibroblasts (P2) were harvested, and
RNA was extracted using the RNeasy mini kit (Qiagen)
following the manufacturer’s instruction. Libraries were
generated with the poly-A selection method (mMRNA Direct
kit, Life Technologies) and sequenced using the NovaSeq
6000 S4 platform (2X150 bp) with a target of 30 million
reads per library. Libraries were sequenced using paired-
end 150 bp sequencing strategy. Reads were mapped to the
mouse genome GRCm38 (mm10) v89 using STAR aligner,3°
and counts per gene were quantified by featureCounts®”
with settings of pair-end (-p) and exon mapping (-t exon).
Genes were considered detected if they have at least five
read counts in at least five samples. Counts were then
normalized for sequencing depth and RNA composition
across all samples by DESeq2.38

Differential gene expression analysis between two sam-
ple groups (WT and WWP2 ™/~ mouse) was performed by
the Wald test, the default test in DESeq2. After multiple
testing correction, genes with a false discovery rate <0.05
were considered significantly differentially expressed, un-
less otherwise indicated. Functional enrichment analysis
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of the differentially expressed genes between WT and
WWP2 ™/~ was performed by clusterProfiler, and visual-
ization of enrichment results was performed by gseaplot
function. Pathways relevant to ECM and cell proliferation
were identified using curated gene sets from Molecular
Signatures Database.34°

Metabolic Function Analysis

Metabolic measurements of myofibroblasts were obtained
by real-time oxygen consumption rate and extracellular
acidification rate (ECAR) using a Seahorse XFe96 Analyzer
(Agilent). In brief, 10,000-20,000 cells were seeded into each
well of a XF96 cell culture microplate (102416-100, Agilent).
Cells were isolated from one mouse and then plated on 3—4
microplate wells; experiments were performed indepen-
dently three times (i.e., using three different mice). For
Cell Mito Stress Test analysis, the culture medium was
switched to Seahorse XF DMEM assay medium with
1 mM pyruvate, 2 mM glutamine, and 10 mM glucose
and then placed into a CO, free 37°C incubator for 1
hour before the assay. The oxygen consumption rate mea-
surements were recorded using serial injections of Oligo-
mycin (10 wm), fluoro-carbonyl cyanide phenylhydrazone
(1 uM), and antimycin A (0.5 uM) plus rotenone (0.5 uM).
For the Glycolysis Stress Test analysis, the culture medium
was changed to Seahorse XF DMEM supplemented with
2 mM glutamine and then placed into a CO, free 37°C
incubator for 1 hour before the assay. The ECAR measure-
ments were recorded using serial injections of glucose
(15 mM), Oligomycin (10 wm), and 2-deoxy-D-glucose
(50 mM). On completion of each Seahorse XF assay, the
medium was discarded, and the cells were incubated in 0.5
mg/ml MTS for 3 hours for normalization. The number of
cells per well was normalized by MTS assay, which was
used to measure cellular metabolic activity.

Metabolomics Analysis

After treatment with TGFB1 (5 ng/ ul) for 72 hours, primary
renal myofibroblasts (P2) were harvested in 0.6% formic
acid and sonicated with ten cycles (30 seconds ON, 30
seconds OFF). Acetonitrile was added in a 1:1 ratio to
the formic acid volume, and the mixture was vortexed
for homogeneity. We used a metabolomics approach to
quantify acetylcarnitines, amino acids, glucose molecules,
and organic acids involved in fatty acid oxidation, amino
acid metabolites, glycolysis, and TCA cycle intermediates,
which was conducted in the Metabolomics Facility at Duke-
NUS Medical School, Singapore.

The glycolytic intermediates were separated by capil-
lary ion chromatography on a Dionex ICS-4000 capillary
system (Thermo Fisher Scientific) and monitored on a
Thermo Q Exactive Plus Q-Orbitrap high-resolution
mass spectrometry (Thermo Fisher Scientific). For amino
acids and acylcarnitine (AC) panel, the samples were run
with a C18 column (Phenomenex, 100X2.1 mm, 1.6 um,
Luna Omega) on 1290 Infinity LC system (Agilent
Technologies) coupled with quadrupole-ion trap mass
spectrometer (QTRAP 5500, AB Sciex). Trimethylsilyl
derivatives of organic acids were separated by gas
chromatography (Agilent Technologies, HP 7890A) and
quantified by selected ion monitoring on a 5975C mass

700 JASN

spectrometer using stable isotope dilution. Data acqui-
sition and analysis were performed on MassHunter
Workstation B.06.00 (Agilent), MultiQuant 3.0.3 soft-
ware (AB Sciex, DC), and using the TraceFinder software
(Thermo Fisher Scientific). Data were normalized with
respect to the protein concentration. Statistical differ-
ences between WT and WWP2 ™/~ groups were assessed
by two-tailed nonparametric Mann-Whitney U test, and
P values were corrected using the Benjamini-Hochberg
(BH) method.

Single-Cell RNA-Seq Data Generation and Analysis
Library Generation and Sequencing

Mouse kidneys were perfused, excised, minced, and di-
gested to obtain single-cell suspensions as described
above. Cells were collected by centrifugation, subjected
to live-death dye, and sorted by flow cytometry using BD
FACS ARIA system (BD Bioscience, Franklin Lakes, NJ).
Isolated living single-cell suspensions were converted to
barcoded single-cell RNA sequencing (scRNA-seq) librar-
ies by using the Chromium Single Cell 3’ Library, Gel
Bead and Multiplex Kit, and Chip Kit V3, loading an
estimated 7000-12,000 cells per library/well, and follow-
ing the manufacturer’s instructions. Indexed libraries
were sequenced using Illumina NovaSeq 6000 platform,
where 150 bp pair-end sequences were obtained. Sequenc-
ing reads were aligned and quantified to the mouse ge-
nome GRCm38 (mm10-3.0.0 provided by 10X Genomics)
using 10X Genomics Cell Ranger count.

Data Preprocessing and Cell Annotation

Quality control and preprocessing were performed individ-
ually for each of the four samples (WWP2™ /7, n=2and WT,
n=2). Genes detected in <50 cells and cells below the tenth
and above the 90th percentile in terms of both the number
of genes and number of counts were filtered out. Cells with
percentage of mitochondrial content >40% and hemoglobin
gene accounting more than 1% of total counts were also
filtered out. In addition, cells above the 99th percentile in
terms of percentage of total counts being stress genes*! were
also removed. Seurat (v4.0) was used to normalize the
filtered data using normalization method of “LogNormal-
ize” and scale factor of 10,000. The top 5000 highly variable
genes were used for the principal component analysis, and
top 50 principal components were used for Uniform Mani-
fold Approximation and Projection dimensionality reduc-
tion. Doublet identification and the calculation of doublet
score were performed using coexpression-based doublet
scoring.4? Clusters with median doublet score of greater
than the 60th percentile were denoted as potential doublet
clusters and filtered out. Small outlier clusters with fewer
than 1% of total number of cells were also filtered out. For
cell type annotation, markers from a published scRNA-seq
study of murine kidney using the UUO model*3 were used
as reference. Cell type scores were calculated using Seurat
(v4.0) AddModuleScore function with random seed set at
42 and control gene set size of 500. Final cell type annota-
tions were obtained by identifying the cell type with the
highest normalized score (dividing each cell type score by
the maximum cell type score). The cell type annotations
were further confirmed by using two other scRNA-seq
datasets from murine kidney.**#> Renormalization of the
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filtered data was performed using Seurat (v4.0) with the
clustering resolution of 0.8. We recalculated doublet score
using the coexpression-based doublet scoring approach as
above. Clusters with median doublet score of greater than
the 95th percentile were denoted as potential doublet clus-
ters and filtered out. This yielded four processed data
matrices corresponding to the initial four scRNA-seq
10X libraries. The four processed datasets were merged,
and the same Seurat pipeline highlighted above was im-
plemented using a clustering resolution of 1.0. After merg-
ing, mixed clusters were filtered out. In addition, batch-
specific clusters, which have one batch dominating at least
75% of cells, were removed. This process was performed
recursively until there were no batch-specific or doublet
clusters present. This merged dataset was renormalized
using the same Seurat (v4.0) pipeline with a clustering
resolution of 1.0. Finally, small clusters (accounting for
fewer than 0.25% of total cell number) and 12 outlier cells
were filtered out, giving us a final processed dataset con-
sisting of 17,058 genes and 74,585 cells. Differential gene
expression analysis and functional enrichment tests: differ-
ential expression between WWP2™/~ and WT was per-
formed by running Seurat’s FindMarkers function with
minimum log-fold change of 0 and minimum percentage
set to 0. Functional enrichment test in the differentially
expressed genes in fibroblast between WT and WWP2 ™/~
was performed by clusterProfiler using pathways in the
Reactome database® (release 83). Enriched terms were
grouped by treeplot function that hierarchically clustered
terms based on the pairwise similarities, which were calcu-
lated by the pairwise_termsim function. The final plot of
hierarchical clustering of pathways was further manually
curated by merging similar pathways/processes terms on
the basis of the similarity of enriched genes. Full enrichment
results are presented in Supplemental Table 3.

Transcription Factor Network Analysis

We derived transcriptional networks (regulons) for the
mouse myofibroblasts by pyScenic standard pipeline
(pySCENIC 0.11.2), using default parameters and random
seed=10. This approach was used to identify regulons (i.e.,
transcription factors [TFs] and the network of the respective
downstream targets) in murine renal fibroblasts. To ascertain
the regulons regulated by Wwp2™/~, we assessed the dif-
ferential expression of each regulon in WT and Wwp2 ™/~
myofibroblasts by two-sided Wilcoxon test, and the
P value was adjusted for multiple testing using the BH
method. This analysis yielded a total of 35 regulons ex-
pressed in renal fibroblasts and significantly regulated by
Wwp2 (BH-adjusted P < 0.05), presented in Supplemental
Table 4.

Ligand—Receptor Interaction Analysis

CellphoneDB (v2.0) was used for ligand-receptor interac-
tion analysis in myofibroblasts and tubular cells. Niche-
NetR (version 1.0.0) was used to convert mouse gene
symbols to human analogs, and we focused only on the
myofibroblast-activating ligands among the cytokines and
growth factors produced by tubular cells. Sankey flow
diagram to visualize the ligand-receptor relationships
was constructed using plotly (v4.9.3). Differential expres-
sion analysis of ligands and receptors between Wwp27/ -
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and WT cells was performed using a two-sided Wilcoxon
test, followed by BH P value adjustment for multi-
ple testing.

Functional Enrichment Analysis

Gene set enrichment analysis (GSEA) and therein the clus-
terProflier's GSEA function was used with functional gene
sets downloaded from Bader lab.*” Note that the normal-
ized expression scores were weighted by the overlap be-
tween the input gene sets and the canonical functional gene
sets. BH method was used for P value correction, and
adjusted P value cutoff was set at 0.05 unless other-
wise indicated.

External Datasets of Human Kidney Fibroblasts

Two human single-cell kidney datasets,'948 including fibro-
blasts from both CKD and healthy patients” kidneys, were
used in our study, and the original cell annotation provided
by authors was used for downstream analysis. For the data-
set “human_CD10negative_final. RData” (https://zenodo.
org/record /4059315), we used fibroblasts annotated as “Fi-
broblast” and “Myofibroblast” cells in “ Annotation.Level.3.”
For the Kidney Precision Medicine Project dataset “snRNA_-
kidney_atlas_ KPMP.rds” (https://cellxgene.cziscience.com/
collections /bcb61471-2a44-4d00-a0af-ff085512674c), we used
cells annotated as “kidney interstitial fibroblast” in “cell-
type.” For both datasets, data from patients (both healthy
and CKD) with <20 fibroblasts were removed in down-
stream analyses.

Pseudotime Analysis

Slingshot was used for pseudotime analysis of cell state
changes. ECM gene sets (NABA_MATRISOME, NABA_CO-
RE_MATRISOME, NABA_BASEMENT_MEMBRANE,
NABA_ECM_REGULATORS, NABA_ECM_GLYCOPRO-
TEINS, NABA_COLLAGENS, NABA_PROTEOGLY-
CANS)* were downloaded from GSEA Molecular
Signatures Database.?” The ECM gene sets were inte-
grated, and the average expression scores of ECM gene
sets visualized on Uniform Manifold Approximation and
Projection reduction dimension along the trajectory infer-
red by Slingshot.

Cell Phase Estimation and Visualization

The cell phase was determined for each cell using the
Revelio method.>® This method extracts a set of marker
genes for each cell phase (M-G1, G1-S, S, G2, G2-M) and,
for each cell, calculates an expression score for each cell
phase. The cell status was assigned based on the maximum
z-score across all cell phases. Using dimensionality reduc-
tion method, all cells were projected into two-dimension on
the basis of their dynamical components, which are similar
to principal components. The visualization of the “pseudo-
time” of cell phases was the revolution of cartesian to polar
transformation of the 2D dynamical component plot (more
technical details®’). The line summarizing expression score
in the cell cycle plots was added by geom_smooth function,
which uses a generalized additive mode smoothing
method. To test if gene expression changes significantly
along the cell cycle phases (G0>G1>5>G2>M), we used
the WAVK trend test,5! which is implemented in the R
package funtimes v9.1.52 In brief, WAVK is a nonparametric
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test to detect (non)monotonic parametric trends in
time series; here, the time series is represented by the
pseudotime trajectory alongside the cell cycle phases
(G0>G1>5>G2>M), and the null hypothesis tested the
by WAVK trend test is no change in trend along the
pseudotime trajectory. For illustration purpose, phases
M-G1 and GI1-S are labeled as GO/G1, and phases G2
and G2 to M are labeled as G2/M.

Estimation of Cell Metabolic Activities from scRNA-Seq Data

We used the Compass algorithm®? to estimate the cellular
metabolic states on the basis of single-cell RNA expression
and infer flux balance. For each cell, compass calculates the
activity scores of a comprehensive list of metabolic reac-
tions. The differences of these activities scores between
WWP2~/~ and WT group were tested using the nonpara-
metric Wilcoxon rank-sum test, and the effect size was
estimated by Cohen’s D. BH-adjusted P value < 0.01
was considered as significant. For each cell, we also calcu-
lated the correlation between the WWP2 mRNA expression
(normalized counts with scale factor 10k) and the metabolic
activity scores by Spearman correlation coefficient.
P value < 0.01 was used to identify significant correlations.

Correlation and Coexpression Network Modules

We used the bigSCale analytical framework>* to estimate
the gene-gene correlation coefficient (r) and infer the net-
work of genes centered on PGC-la (PPARGC1A) in the
scRNA-seq myofibroblasts data from WT and WWP2~/~
mouse kidneys. The genes correlated (|r|>0.5,
P < 0.001) with PGC-1la defined two gene coexpression
networks, positively correlated and negatively correlated
network, respectively. The genes in each network were
further clustered into different submodules using multilevel
modularity optimization algorithm for finding community
structures, cluster_louvain (igraph package®® with param-
eter resolution=1 which yields fewer clusters), which in-
ferred two main modules of strongly interrelated genes. In
detail, modules 1 and 2 include genes positively correlated
with PGC-1a, while modules 3 and 4 include genes nega-
tively correlated with PGC-1a. For illustration purposes,
genes in modules 1 and 2 or modules 3 and 4 were grouped
together, and we considered only the genes with gene-gene
correlations |r|>0.6 and strongly correlated with PGC-1a
(i.e., |r|>0.8). Differences in module gene expression be-
tween WWP2 ™/~ and WT were estimated using bulk RNA
sequencing (RNA-seq) data (see Bulk RNA-Seq Data Gen-
eration and Analysis above) generated in cultured renal
fibroblasts, with or without TGFB1 treatment, from WT and
WWP2~/~ mice. First, for each gene in a module, transcript
per million expression was calculated and normalized by z-
score across all samples. Second, for each module, global
expression differences between WWP2~/~ and WT were
tested using the nonparametric Wilcoxon rank-sum test on
the z-score normalized data.

Quantification and Statistical Analysis

Data are expressed as mean*SD, unless otherwise
indicated. The applied statistical tests (two-tailed nonpara-
metric Mann-Whitney U test, two-tailed nonparametric
Wilcoxon rank-sum test, the chi-squared test [for propor-
tions]), which were dependent on the number of groups
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being compared and the study design, are indicated in each
figure legend. R (v4.2.3) statistical programming language
or SPSS (v26) Statistical Software Platform were used in all
statistical analyses. All experiments requiring the use of
animals, directly or as a source of cells, were subjected to
randomization. The experimenters were blinded to the
grouping information. All in vivo model analyses were
conducted with sample sizes of at least n=8 independent
mice. In vitro experiments were independently replicated a
minimum of three times, as stated in the figure legends.
Unless specified otherwise, each data point in the figures
corresponds to an independent experiment, denoting either
an individual mouse or cells isolated from individual
mouse. For the Seahorse experiments, the data represent
the readout from 3 to 4 microplate wells (technical repli-
cates) and three different mice (biological replicates). Sta-
tistical significance is indicated by P value, where * denotes
P < 0.05 and ** denotes P < 0.01 unless otherwise indicated.
Multiple testing corrections (false discovery rate, BH-
adjusted P value, Bonferroni-corrected P values) were im-
plemented as required, as indicated in each case.

Raw (FASTQ files), preprocessed data (count matrix)
and metadata of the scRNA-seq datasets, bulk RNA-seq
data generated in primary myofibroblasts, and raw and
processed bulk ChIP-seq data have been deposited in
NCBI's Gene Expression Omnibus database (GSE241504).
Scripts for the analysis pipeline used for single-cell cluster-
ing, data visualization, and generation of all major figures
in this study were written in R, and code is available at
Github (https://github.com/JingG/wwp2_kidney/).

Results
Association of Tubulointerstitial Expression of WWP2 and
the Severity of Renal Fibrosis
In kidney biopsies from patients with CKD, WWP2 ex-
pression was more pronounced in kidneys with severe
fibrosis compared with those with mild fibrosis (Figure
1A). Immunofluorescence staining showed that WWP2
was mainly expressed in tubular epithelial cells (Figure
1B, upper panels) as well as in interstitial myofibroblasts
and colocalized with a-SMA-positive fibrotic kidney le-
sions (Figure 1B, lower panels). A significant correlation
between the WWP2-positive area and fibrosis in the tu-
bulointerstitial region was detected in a multicenter cohort
of patients with CKD (r=0.274, P = 0.001, Figure 1C) and
confirmed in two cohorts of patients with IgA nephrop-
athy (Supplemental Figure 1B). We also detected a positive
correlation between WWP2 expression in the tubulointer-
stitial region and the impairment of kidney function, that
is, BUN and serum creatinine levels® (Supplemental
Figure 1C). Patients with moderate CKD (stage 3-4)
showed higher expression of interstitial WWP2 when
compared with those having mild CKD (stage 1-2), re-
gardless of the original insult leading to the kidney dam-
age (Figure 1D). There was no significant association
between the glomerular WWP2 expression and the extent
of glomerular fibrosis,®® kidney function, and proteinuria
(Supplemental Figure 1, E-H).

In the UUO model, a commonly used preclinical murine
model for tubulointerstitial fibrosis,®! the intensity of
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Figure 1. The tubulointerstitial WWP2 expression is positively associated with renal fibrosis in CKD patients and UUO mice.
(A) Representative immunostaining images of WWP2 in tubulointerstitial area from human kidney biopsy samples, illustrating mild,
moderate, and severe interstitial fibrosis, respectively (n=133 patients with CKD recorded, see Supplemental Table 1). Scale bars, 30 um.
(B) Representative fluorescence images of WWP2 in CKD kidney. Upper panels: double-immunofluorescence staining of WWP2 (green)
and lotus tetragonolobus lectin (LTL) (red). Lower panels: double-immunofluorescence staining of WWP2 (green) and a-SMA (red). Nuclei
were stained with DAPI. Scale bars, 50 um. (C) Positive correlation between tubulointerstitial WWP2-positive area and fibrosis-positive area,
as determined by immunostaining and Sirius red staining (see Supplemental Figure 1A) with ImageScope. Each data point represents a
measurement of an individual section obtained from each patient with CKD (n=133). (D) The WWP2-positive tubulointerstitial area (%) in
kidney biopsy samples increases as CKD progresses from stage 1-2 to stage 3—4, including kidney biopsy samples from patients with
membranous nephropathy (n=11, P = 0.02), FSGS (n=12, P = 0.009), and IgA nephropathy (n=16, P = 0.02). P values calculated by the
two-tailed Mann-Whitney U test. (E) Representative immunostaining images of WWP2 in tubulointerstitial kidneys from UUO and control
mice (n=5-10 images recorded for each mouse kidney). Scale bars, 100 um. (F) Representative fluorescence images of WWP2 in UUO
kidney. Left panels: double-immunofluorescence staining of WWP2 (green) and LTL (red). Right panels: double-immunofluorescence
staining of WWP2 (green) and a-SMA (red). Nuclei were stained with DAPI. Scale bars, 50 um. (G) The expression of WWP2 in kidney tissue
from UUO and control mice. Left: representative Western blotting for protein levels; right: mRNA expression changes were determined
by RT-qPCR. n=6, each group, and values are reported and mean=SD. a-SMA, alpha-smooth-muscle actin; DAPI, 4',6-diamidino-2-
phenylindole; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; RT, reverse transcription; UUO, unilateral ureteral obstruction.
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Figure 2. WWP2 deficiency protects from renal fibrosis in vivo. (A) Representative images of WT and WWP2 ™/~ mouse kidneys
following UUO model for 14 days (n=8 images recorded for each condition). Top and middle panels: Sirius red staining for whole
section and representative fibrotic area. Scale bars, 50 um. Bottom panels: representative images of Masson’s trichrome staining for
representative fibrotic area. Scale bars, 20 um. (B) Quantitative analysis of cortical fibrosis—positive area (left, %) and HPA collagen
levels (right, ug/mg) WT and WWP2 ™'~ mouse kidneys following UUO model for 14 days (n=6-10, in each experimental group).
(C) Representative Western blot for ECM proteins in UUO kidney tissue from WT and WWP2 ™~ mouse kidneys following UUO model
for 14 days. (D) Expression of ECM genes, determined by RT-qPCR, in kidney from WT and WWP2 ™/~ mouse following UUO model for
14 days (n=6, in each group). (E) Representative images of folic acid-induced fibrotic kidneys at day 21 in WT and WWP2 ™'~ mice
(n=6 images recorded for each condition). Top panel: Sirius red staining for representative fibrotic area. Scale bars, 50 um. Bottom
panel: representative images of Masson’s trichrome staining for representative fibrotic area. Scale bars, 20 um. The folic acid-induced
fibrotic kidney model is abbreviated as FA. (F) Quantitative analysis of cortical fibrosis-positive area (%) and HPA collagen levels (ug/
mg) in folic acid-induced fibrotic kidneys in WT and WWP2 ™/~ mice (n=5-12, in each experimental group). (G) Representative
Western blot for ECM proteins in folic acid-induced fibrotic kidneys from WT and WWP2 '~ mice. (H) Kidney function in the folic acid
model as assessed by the level of plasma creatinine (mg/dl) and BUN (mg/dl) in both WT and WWP2 ™'~ mice (n=8 per experimental
group). In each case, data values are reported as mean=SD, and P values were calculated by the two-tailed Mann-Whitney U test. NS,
P> 0.1; *P < 0.05; **P < 0.01. ECM, extracellular matrix; FA, fatty acid; HPA, hydroxyproline assay; NS, not significant; WT,
wild type.
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WWP2 staining was higher in fibrotic kidneys compared
with control ones (Figure 1E), which was localized to tu-
bular cells (Figure 1F, left panels) and interstitial myofibro-
blasts (Figure 1F, right panels). This was supported by the
relatively increased protein and transcript expression levels
of WWP2 in fibrotic kidneys (Figure 1G). We generated a
transgenic mouse line engineered to overexpress WWP2
(WWP2'8) (Supplemental Figure 2A). Compared with
controls (Control™), WWP2'® mice exhibited higher per-
centage of fibrosis in the kidney sections (Supplemental
Figure 2B). WWDP2 overexpression also increased
fibrotic ECM marker genes in UUO kidneys, as shown
by the upregulation of ACTA2, COL3, and DEA-FN
(Supplemental Figure 2C).

WWP2 Deficiency Protected from Renal Fibrosis In Vivo
To investigate the effect of WWP2 deficiency on renal
fibrosis, we used a previously generated WWP2 ™/~ mouse
strain?® and confirmed the deletion of WWP2-FL and -N
isoforms in kidneys (Supplemental Figure 3A). After 14
days of UUQ, there was significantly mitigated renal fibro-
sis in WWP2 ™/~ mice (Figure 2A), which showed approx-
imately 50% reduction in cortical fibrosis and decreased
collagen deposition compared with UUO WT mice (Figure
2B). In line with the biological analysis, WWP2 deficiency
attenuated the upregulation of ECM marker genes in UUO-
induced kidneys at both protein and mRNA levels (Figure
2, C and D). However, the effect of WWP2 deficiency on
interstitial fibrosis was not apparent at 7 days of UUO, a
time point that coincides with mild-moderate renal
fibrosis (Supplemental Figure 3, B-E).

The protective effect of WWP2 deficiency was con-
firmed in the folic acid-induced nephropathy model.%?
Twenty-one days after folic acid induction, histochemistry
for Sirius red and Masson’s trichrome showed reduced
fibrotic lesions, associated with a lower percentage of
cortical fibrosis and collagen content in WWP2 /-
when compared with WT controls (Figure 2, E and F).
The expression of ECM proteins in the kidney was also
reduced in WWP2~/~ mice (Figure 2G). Moreover, WWP2
deficiency protected from kidney dysfunction, as indicted
by the lower levels of BUN and creatinine in plasma from
WWP2™/~ mice (Figure 2H).

These data from two in vivo fibrotic models demonstrate
the protective antifibrotic effect of WWP2 deficiency. Ad-
ditional data in WWP2"™® mice (Supplemental Figure 2)
corroborate the role of WWP2 in renal fibrosis.

WWP2 Uncoupled Myofibroblast Activation from
Proliferation in the Fibrotic Kidney

We previously demonstrated that WWP2 regulates heart
fibrosis and cardiac fibroblast activation.?® Since fibroblast
activation is coupled to their proliferative status, we next
investigated whether the stromal cell heterogeneity reflect
different states of cell activation/proliferation. We thus
performed single-cell transcriptional analysis, which iden-
tified two cell populations (clusters 7-8) functionally en-
riched for ECM organization (Supplemental Figure 4, A and
B). Pseudotime analysis of the trajectory of gene expression
changes confirmed that clusters 7-8 were the main source of
ECM gene expression in UUO fibrotic kidney (Figure 3A).

WWP2, Metabolism, and Renal Fibrosis, Chen et al.

Since clusters 7-8 were enriched for markers of myofibro-
blasts, and around 40% of these cells expressed Acta2
(Supplemental Figure 4C), we defined these clusters as
renal myofibroblasts. WWP2 regulated the proportion of
myofibroblasts in UUO-induced fibrotic kidneys, that is, a
lower percentage of clusters 7-8 in WWP2~/~ mice com-
pared with WT mice (Figure 3B), which was supported by
flow cytometry analysis that showed a significantly re-
duced proportion of ACTA2" cells (Figure 3C). Compara-
tively, cluster 7 is enriched for processes related to collagen
synthesis, while cluster 8 is enriched for genes related to cell
proliferation and TCA cycle (Supplemental Figure 4D).
Compared with WT cells, WWP2~/~ myofibroblasts con-
tain relatively less cluster 7 and more cluster 8 cells
(Supplemental Figure 4E).

We further used GSEA to map the functional path-
ways modulated by WWP2 (Figure 3D). Renal myofibro-
blasts from WWP2~/~ UUO mice showed increased
expression of genes related to mitotic cell cycle, cell di-
vision phases, DNA replication, transcription, and trans-
lation, which were previously reported to contribute to
cellular proliferation.®® In keeping with this, WWP2~/~
myofibroblasts had a lower proportion of cells in G0/G1
cell cycle phases compared with WT mice in fibrotic
kidneys (Figure 3E), and higher expression of hallmark
gene sets for cell proliferation (P < 0.001 for each gene
set, Figure 3F). By contrast, the expression of ECM path-
ways, particularly collagen production/remodeling,
was significantly reduced in WWP2~/~ myofibroblasts
(Figure 3D). The gene sets related to core ECM matrisome
were also downregulated in WWP2~/~ myofibroblasts
compared with WT cells (P < 0.001 for each gene set,
Figure 3G).

In myofibroblasts from human CKD kidneys, cellular
proliferation and profibrotic activation were also differ-
entially active across cell cycle phases. Using the Revelio
algorithm (see Methods), we extracted cell cycle informa-
tion for renal myofibroblasts derived from ten patients
with CKD!? and focused on cell proliferation and ECM
processes. The proliferating MYC targets and P53 path-
way gene sets exhibited cell cycle-dependent transcrip-
tional changes, with the highest expression observed at
G2/M phase (Figure 3H), while all ECM gene sets showed
the lowest expression at G2/M phase (Figure 3I).

Thus, single-cell analysis demonstrated heterogeneity of
renal myofibroblasts populations in fibrotic kidney, indi-
cating cell proliferation and profibrotic activation, respec-
tively. Both are regulated by WWP2 deficiency, which
promotes cellular proliferation while inhibiting collagen
synthesis. In addition, considering the expression level of
WWP2 in tubular cells (Figure 1, B and E), we explored the
potential profibrotic effect of tubular cells signaling on
myofibroblasts (Supplemental Figure 5). WWP2 has similar
expression in myofibroblasts and tubular cells, but less
genes are regulated by WWP2 in tubular cells (ie., less
differentially expressed genes between WT and WWP2™ /")
(Supplemental Figure 5, A and B). Functionally, WWP2
deficiency upregulated pathways mainly related to
cell homeostasis, but not inflammation, and moderately
suppressed pathways related the ECM organization
(Supplemental Figure 5C). Moreover, tubular cells and
myofibroblasts crosstalk was not affected by WWP2
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Figure 3. WWP2 mediates myofibroblasts phenotypes in fibrotic kidneys. (A) Diffusion map embedding of single cells data from UUO
kidneys (left), and relative expression of ECM genes over imposed on the same embedding (right). Compared with other cell types,
two myofibroblasts clusters (C7 and C8) presented high expression scores of ECM genes, quantified by a composite “ECM score” (see
Methods). (B) Bar plots showing the percentage of myofibroblasts derived from UUO kidneys in WT and WWP2 ™/~ mice. Myofibroblasts
percentage was calculated with respect to all renal cells, and P value was calculated by the chi-squared test (df=1) for cell proportions.
(O) Left: representative graph of ACTA2" cells in WT mouse using flow cytometry in renal living cells from UUO kidney (14 days).
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Figure 3. Continued. Right: quantification of ACTA2" cells in kidney cells from WT and WWP2~'~ mice (n=5, from three in-
dependent experiments). Values are reported as mean=SD, and P values were calculated by the two-tailed Mann-Whitney U
test. (D) Classification of reactome pathways enriched in ECM-expressing myofibroblasts and significantly different between WT and
WWP2 "~ UUO kidneys by GSEA (FDR <0.05). NES, where a positive NES indicates upregulation in WWP2 "~ compared with WT
myofibroblasts. (E) Proportions of ECM-expressing myofibroblasts at different phases of the cell cycle, grouped as G0/G1, S, and G2/M
phases. ECM-expressing myofibroblasts from UUO kidneys are grouped according to WT and WWP2 ™/~ genotypes. P value
was calculated by the chi-squared test for cell number in G0/G1, S, and G2/M phases, yielding x*=11.89, df=2, P value = 0.003.
(F and G) Expression score for hallmark gene sets for proliferation (F) and ECM production genes (G) in ECM-expressing
myofibroblasts from UUO fibrotic kidneys. See Methods for definition of gene sets and score calculation. For each gene set,
difference in expression score between WT and WWP2 '~ groups was tested using the nonparametric Wilcoxon rank-sum test;
for each given gene set, the P value for the difference was < 0.001. (H and I) Using the Revelio algorithm (see Methods),
myofibroblast cells derived from five human CKD kidneys'? are arranged along a pseudotime trajectory based on to their cell cycle
phases and grouped as G0/G1, S, and G2/M. The distribution of hallmark gene set scores for proliferation (H) and ECM production
() is shown for each myofibroblast arranged accordingly to its cell cycle phase, and the main trend is approximated by smooth
line interpolation (bold black line). For each gene set, P values for significance of change in the linear trend (bold black line)
were calculated by local regression-based WAVK test (see Methods for additional details). FDR, false discovery rate; GSEA, gene

set enrichment analysis, NES, normalized enrichment score.

deficiency, as shown by the similar activity of
ligand-receptor interactions in WWP2 ™/~ and WT, as
well as the similar mRNA expression of ligands in tubular
cells (Supplemental Figure 5, D and E).

WWP2 Promoted Fibrotic Activation and Suppresses
Proliferation of Myofibroblasts In Vitro

The regulation of myofibroblasts by WWP2 was further
characterized by culturing primary renal fibroblasts isola-
ted from WT and WWP2~/~ mice. WWP2™/~ cells lack
WWP2 expression (Figure 4A), and TGFg1 treatment up-
regulates WWP2 during myofibroblasts differentiation
(Supplemental Figure 6A). Flow cytometry analysis showed
that the majority of cultured WT myofibroblasts express
ACTA2, and the fraction of ACTA2-expressing cells was
reduced in WWP2™/~ myofibroblasts (Figure 4B).

In keeping with our scRNA-seq results in UUO kidneys
(Figure 3G), bulk RNA sequencing analysis showed that
cultured WWP2~/~ myofibroblasts exhibit a significantly
decreased expression of ECM gene sets compared with
WT myofibroblasts (Figure 4C). On TGFf1 treatment, the
increased expression of fibrous proteins, such as ACTA2,
extra domain A fibronectin and periostin, was largely
reduced in WWP2 /" myofibroblasts (Figure 4D),
with a diffuse expression and rare incorporation into
stress fibers (Figure 4, E and F). Moreover, cell prolifer-
ation gene sets were more prominently expressed in
WWP2~/~ myofibroblasts compared with WT (Figure
4G), which also confirmed our previous results (Figure
3F). The expression level of cell division phase checkpoint
proteins P21 and Cyclin A in cultured myofibroblasts was
also regulated by WWP2 (Figure 4H). Cell cycle analysis
showed that the majority of cultured renal myofibroblasts
were in GO/G1 phase (approximately 70%), which was
slightly decreased after TGFB1 treatment and further re-
duced by WWP2 deficiency, while cells in S or G2/M
phase showed the opposite trend (Figure 4I). Conse-
quently, WWP2~/~ renal myofibroblasts showed higher
cell proliferation compared with WT cells, irrespective of
TGEB1 treatment (Supplemental Figure 6B).

We generated WWP2 overexpressing myofibroblasts
(WWP2°%) (Supplemental Figure 6C), which confirmed that

WWP2 promoted fibrotic activation and suppressed myofi-
broblasts proliferation. WWP2°F led to further enhanced pro-
duction of fibronectin 1 in myofibroblasts on TGFf1 treatment
(Supplemental Figure 6D) and lower percentage of myofibro-
blasts in G2/M phase (Supplemental Figure 6E).

WWP2 Regulates Myofibroblast Energy Metabolism during
Fibrosis

To further investigate a potential metabolic regulatory role
of WWP2 (Figure 3D), we used compass® to profile the
metabolic reactions in profibrotic myofibroblasts (see
Methods). In murine renal myofibroblasts, WWP2 defi-
ciency yielded increased activity in a wide range of met-
abolic reactions (Figure 5A and Supplemental Figure 7A),
especially those related to central carbon and amino acid
metabolism. These data suggest that WWP2 deficiency is
associated with higher glucose and lipid utilization, in-
cluding pentose phosphate pathway and fatty acid oxida-
tion. WWP2 also might affect amino acid metabolism,
which contributes to the balance of the NADP)*/
NAD(P)H. WWP2 deficiency might enhance TCA cycle
activity and mitochondrial respiratory metabolism, which
we corroborated by analysis of renal myofibroblasts from
patients with CKD: WWP2 expression was negatively
associated with reactions necessary for mitochondrial en-
ergy metabolism (Figure 5B, top panel and Supplemental
Figure 7B). Our analyses emphasize several reactions reg-
ulated by WWP2 (Figure 5B, bottom panels): glucose-6-
phosphate dehydrogenase catalyzed reaction, the first step
in the pentose phosphate pathway,% which leads to the
conversion of NADP to NADPH®?; Acyl-CoA oxidase,
responsible for fatty acid oxidation, acting on CoA deriv-
atives of fatty acids with aliphatic carbons between me-
dium to long chain®; 4-aminobutyrate transaminase
tightly coupled to glutamate metabolism and cellular en-
ergy metabolism®’; and succinate dehydrogenase as part
of the TCA cycle.%® The association of WWP2 expression in
renal myofibroblasts and these metabolic reactions linked
to mitochondrial respiration was confirmed in a second
CKD cohort (Supplemental Figure 8, A and B). Such as-
sociations were stronger in patients with CKD compared
with controls (Supplemental Figure 8C), suggesting that
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Figure 4. WWP2 deficiency promotes cellular proliferation and supresses profibrotic activation in renal myofibroblasts in vitro.
(A) Representative Western blot showing the levels of WWP2 in primary cultured renal myofibroblasts (P2) derived from WT and WWP2 ™/~
kidneys. WWP2 ™'~ cells lack WWP2 full-length and -N isoforms expression. (B) Left: representative graph of ACTA2™ cells in cultured renal
myofibroblasts (P2) derived from WT and WWP2 ™'~ mice using flow cytometry. Right: quantification of ACTA2+ cells in cultured my-
ofibroblasts derived from WT and WWP2 ™'~ kidneys (n=6, from three independent experiments). Values are reported as mean=SD. TGFS1
(5 ng/ul) for 72 hours. (C) GSEA of ECM pathways in cultured renal myofibroblasts, treated with TGFB1 (5 ng/ul) for 72 hours, showing the
enrichment score for ECM gene sets in WWP2 ™/~ (x axis, left) and WT kidneys (x axis, right). NES, where negative values indicate
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Figure 4. Continued. downregulation of the gene set in WWP2 "~ myofibroblasts with respect to WT myofibroblasts. (D) Rep-
resentative Western blotting for ECM proteins in cultured TGFB1-treated myofibroblasts (P2) derived from WT and WWP2 ™/~
kidneys. TGFB1 (5 ng/ul) for 72 hours. (E and F) Representative microscopy images (E) and quantification analysis (F) with im-
munostaining for ACTA2 and VIM in cultured renal TGFB1-treated myofibroblasts derived from WT and WWP2 '~ kidneys (n=5
independent experiments). One single dot indicates the average of 25-40 myofibroblasts taken from each slide. Values are reported as
mean=SD. TGFB1 (5 ng/ul) for 72 hours. (G) Similar to the data in (C), GSEA of proliferation pathways in cultured renal myofi-
broblasts (P2) treated with TGFB1 (5 ng/ul) for 72 hours. Enrichment score comparing WWP2 "~ and WT myofibroblasts. Positive
NES values indicate upregulation in WWP2 ™'~ myofibroblasts with respect to WT myofibroblasts. (H) Representative Western
blotting for cyclin A and P21 in cultured TGFB1-treated renal myofibroblasts (P2) derived from WT and WWP2 "~ kidneys. TGFg81 (5
ng/ul) for 24 hours. (1) Left: representative graph of cell cycle in cultured TGFB1-treated renal myofibroblasts (P2) derived from WT
and WWP2 ™"~ mice using flow cytometry. Right: quantification of cell cycle at GO/G1, S, and G2/M phases in cultured myofi-
broblasts derived from WT and WWP2 '~ kidneys (n=6, from three independent experiments). TGFA1 (5 ng/ul) for 24 hours. Values

are reported as mean=SD. *P < 0.05; **P < 0.01.

the downregulation of these metabolic reactions by WWP2
may be more pronounced during CKD.

We then took a metabolomics approach to detail the reg-
ulation of WWP2 on renal myofibroblasts energy metabolism
(Figure 5, C and D, and Supplemental Figure 9). WWP2~/~
myofibroblasts showed increased ribose-5-phosphate and se-
doheptulose-7-phosphate in the pentose phosphate pathway,
at the expense of fructose 1,6-bisphosphate and phosphoenol-
pyruvate in the Embden-Meyerhof-Parnas pathway.
WWP2~/~ myofibroblasts also showed changes in AC
facilitating fatty acid oxidation,® including an increase
in long/medium chain AC and a decrease in small chain
AC. The higher levels of lactate, malate, and succinate
confirmed an enhanced TCA cycle in WWP2~/~ myofi-
broblasts. These metabolites were coregulated by WWP2
(Figure 5E), implying a synergistic effect of WWP2 de-
letion on multiple interconnected metabolic processes.

Given that TCA cycle is coupled with OXPHOS to produce
ATP, we next sought to evaluate mitochondrial function by
Seahorse analysis (Figure 5, F and G). Compared with
WT cells, WWP2 ™/~ myofibroblasts showed a higher oxygen
consumption rate, with increased levels of basic respiration,
maximum respiration, and ATP production (Figure 5F), and
exhibited a decreased ECAR (Figure 5G). These results con-
firmed the increased fatty acid oxidation and TCA cycle
activity observed by metabolomics (Figure 5C). WWP2 /"~
myofibroblasts also show significantly higher lipid droplet
accumulation (Figure 5H), suggestive of higher fatty acid
uptake, and possibly contributing to increased fatty acid ox-
idation. Taken together, these data show that WWP2 regulates
myofibroblast energy metabolism (Supplemental Figure 9E).

PGC-1« Signaling Mediates the WWP2 Regulated
Myofibroblasts Metabolism

WWP2 has been reported to act as a cofactor in nuclear
transcriptional complexes,?®7? and we showed its nuclear
localization changes in myofibroblasts on TGFS1 treatment
(Supplemental Figure 10A). We previously demonstrated
that WWP2 regulates TF activity of SMAD2 in cardiac
fibroblast?® and of IRF7 in cardiac macrophages.?” There-
fore, we hypothesize a potential transcriptional regulatory
role of WWP2 in fibrotic renal myofibroblasts. Given
the regulatory role of WWP2 in fatty acid oxidation during
murine and human renal fibrosis, we focused on PGC-1«, a
critical modulator of fatty acid oxidation?®?¢ and of

metabolism during tissue fibrosis.”?73 To investigate the
transcriptional regulation of PGC-la by WWP2, we first
used ChIP-seq analysis and assessed WWP2 binding to the
Ppargcla locus, which encodes for PGC-la (Figure 6A).
Chromatin immunoprecipitation quantitative PCR analysis
confirmed a significant increase in the binding of the WWP2
transcriptional complex to the Ppargcla locus at regions
I-1II, compared with the control regions IV-VI (Figure
6B). WWP2 deficiency was associated with increased ex-
pression of PGC-la in cultured myofibroblasts at protein
and mRNA levels (Figure 6C and Supplemental Figure
10B). These data suggest that WWP2 may inhibit the tran-
scription of PGC-1a in activated myofibroblasts.

We further interrogated the transcriptional activation
of the wider PGC-la regulatory network by WWP2 in
myofibroblasts using scRNA-seq data from fibrotic kid-
ney. We derived the sets of genes coexpressed with
Ppargcla in myofibroblasts and looked at the effect of
WWP2 deficiency (Figure 6D). The genes positively cor-
related with Ppargcla were upregulated in WWP2 ™/~
myofibroblasts (Figure 6D, red box) and enriched for
cell proliferation (Figure 6E, module 1) and mitochondrial
metabolism (Figure 6E, module 2). By contrast, genes neg-
atively correlated with Ppargcla were downregulated in
WWP2~/~ myofibroblasts (Figure 6D, blue box); these were
enriched for collagen synthesis, including ribosomal protein
(Figure 6F, module 3) and collagen fiber genes (Figure 6F,
module 4). Bulk RNA-seq analysis of TGFB1-stimulated
renal myofibroblasts confirmed the upregulation of mod-
ules 1-2 and the downregulation of modules 3—4 in re-
sponse to WWP2 deficiency (Figure 6G).

We further identified TWIST1 as a TF mediating the
binding of the WWP2 transcriptional complex to Ppargcla
locus. RSAT analysis®” of our WWP2 ChIP-seq data pre-
dicted 14 distinct binding motif patterns encompassing
100 aligned IDs and identified 39 TFs or TF families as
potential components of the transcriptional complex in
conjunction with WWP2 (Supplemental Table 2). Based
on scRNA-seq data, pySCENIC?® showed that WWP2
significantly regulates 35 TF networks (regulons) in my-
ofibroblasts (Supplemental Table 4). Four transcriptional
factors identified both by motif (RSAT) and regulon (py-
SCENIC) analysis were identified (Figure 6H), and in
particular, the TWIST1 network was the most signifi-
cantly regulated regulon (Figure 6I). The genome-wide
distribution of TWIST1-binding motifs showed an overlap
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Figure 5. Differential energy metabolism of WT and WWP2

—/=

myofibroblasts. (A) Compass score differential activity test in ECM-ex-

pressing myofibroblasts derived from WT and WWP2 ™'~ UUO kidneys, for reactions in the glycolysis, TCA cycle, fatty acid oxidation, and
amino acid metabolism pathways. Statistical significance (y axis) for the difference in the activities scores of metabolic resections between
WWP2 ™~ and WT group was assessed by the nonparametric Wilcoxon rank-sum test, while the effect size was estimated by Cohen’s D
(x axis). The whole set of metabolic reactions changes in myofibroblasts are in Supplemental Figure 6A. (B) WWP2 mRNA expression is
negatively associated with activity of metabolic resections in renal myofibroblasts from five human CKD patients’ kidneys.'® Upper panel:
significant Spearman correlations (P < 0.05) between compass scores of metabolic resections and the expression level of WWP2 in renal
myofibroblasts. The color coding represents different metabolic pathways of the metabolic reactions. Lower panels: detail on the correlation
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Figure 5. Continued. between WWP2 expression and activity of four key metabolic reactions. The data for whole set of metabolic
reactions is showed in Supplemental Figure 6B. (C) Metabolomics analysis shows the profile of metabolites exhibiting significant
differences (P < 0.05, FDR <17%, two-tailed nonparametric Mann-Whitney U test) between cultured TGFB1-treated (5 ng/ul for 72
hours) renal myofibroblasts (P2) derived from WT and WWP2 ™'~ kidneys. Each metabolite level was normalized and represented as
Z-score. (D) Simplified overview of central metabolic fluxes in glycolysis, TCA cycle, fatty acid oxidation, and amino acid metabolism
in cultured renal myofibroblasts derived from WT and WWP2 ™"~ kidneys. Color indicates the relative metabolite or enzyme rates in
WWP2 '~ myofibroblasts compared with WT cells, where red indicates higher flux in WWP2 "~ myofibroblasts and blue indicates
higher flux in WT cells. (E) Coordinated regulation of metabolites associated with WWP2 deficiency. Metabolite-metabolite cor-
relation analysis of differential metabolites (reported in C). Positive correlations are depicted in orange, while negative correlations
are represented in green. Metabolites that exhibit a high degree of correlation are highlighted (blue rectangles). (F) Upper panel:
representative Seahorse Mito stress assays for the OCR in cultured TGFB1-treated (5 ng/ul for 72 hours) renal myofibroblasts derived
from WT and WWP2 "~ kidneys. Lower panel: barplots summarizing the phenotypes derived from OCR analysis. n=3 independent
experiments, each containing readouts from 3 to 4 microplate wells (technical replicates). (G) Upper panel: representative Seahorse
Glycolysis assays for the ECAR in cultured renal myofibroblasts derived from WT and WWP2 '~ kidneys. Lower panel: barplots
summarizing the phenotypes derived from ECAR analysis. n=3 independent experiments, each containing readouts from 3 to 4
microplate wells (technical replicates). (H) Visualization (upper panels) and quantification (lower panels) of neutral lipids by oil red O
analysis in cultured TGFB1-treated (5 ng/ul for 72 hours) renal myofibroblasts derived from WT and WWP2 ™'~ kidneys. Scale bars, 50
um. (n=5 independent experiments.) Data values are reported as mean=SD. P values were calculated by two-tailed Mann-Whitney
U test. *P < 0.05; **P < 0.01. a-KG, a-ketoglutarate; 2PG, 2-phosphoglycerate; BPG, bisphosphoglycerate or 2,3-bi-
sphosphoglycerate; DHAP, dihydroxyacetone phosphate; ECAR, extracellular acidification rate; EMP, Embden-Meyerhof-Parnas
pathway of glycolysis; FBP, fructose-1,6-bisphosphate; G6P, glucose-6-phosphate; Glu, glutamic acid; LCAC, long chain of acyl-
carnitine; MCAC, medium chain of acylcarnitine; OCR, oxygen consumption rate; PEP, phosphoenolpyruvate; PPP, pentose

phosphate pathway; R5P, ribose-5-phosphate; S7P, sedoheptulose-7-phosphate; SCAC, small chain of acylcarnitine.

with the peak locations of the WWP2-binding complex
(genome-wide correlation of TWIST1 and WWP2 binding
r = 0.713, Figure 6]), including overlaps at the Ppargcla
locus (Figure 6K). Coimmunoprecipitation (Co-IP) con-
firmed the direct binding between WWP2 and TWIST1 in
myofibroblasts under TGFB1 treatment (Figure 6L). These
findings suggest that TWIST1 is involved in the WWP2-
dependent regulation of PGC-1a transcription.

Moreover, in TGFB1-stimulated WT myofibroblasts, an
activator of PGC-1a, ZLNO0O5, upregulated PGC-1a expres-
sion in a dose-dependent manner (Figure 6M), leading to
increased mitochondrial respiration and decreased glycol-
ysis, as evidenced by elevated oxygen consumption rate
levels and reduced ECAR levels, respectively (Figure 6N).
ZLNO005 treatment also enhanced myofibroblast cell pro-
liferation (Figure 60) and reduced profibrotic markers in
myofibroblasts (Figure 6P). By contrast, an inhibitor of
PGC-1a, SR18292, partially abrogates the increased meta-
bolic response in myofibroblasts associated with WWP2
deficiency (Figure 6Q-R), which was mirrored by cell pro-
liferation arrest and increased expression of profibrotic
proteins (Figure 6T). The pharmacologic interventions tar-
geting PGC-1a confirmed the contribution of WWP2-PGC-
la-axis in myofibroblasts (Supplemental Figure 10E).

All these results show that in profibrotic myofibroblasts,
WWP2 modulates upstream the transcriptional activity of
PGC-1a, a master regulator in mitochondria energy metab-
olism, particularly fatty acid oxidation”* and pentose phos-
phate pathway.”

Discussion

Fibrogenesis is major driver of CKD progression, which is
meditated by several renal cell types. Here, we took a
myofibroblast-centric view on kidney tubulointerstitial
fibrosis. We highlight the relevance of cell metabolism

for myofibroblasts proliferation and profibrotic activation
in CKD. In this context, we show that WWP2, an E3
ubiquitin ligase implicated in cardiac fibrosis,?® has an
upstream regulatory role. Our work adds a previously
unknown metabolic function of WWP2 in renal myofibro-
blasts and proposes WWP2 as a new druggable target to
ameliorate renal fibrosis.”®

Myofibroblasts are the main source of ECM and
are crucial to the development of tissue fibrosis.3
During renal fibrosis, both cell proliferation and pro-
fibrotic activation”’” contribute to the net ECM produc-
tion in the tubulointerstitium and subsequent CKD
progression.17:23.7879  Activated profibrotic myofibro-
blasts are responsible for synthesizing fibrous proteins
—the primary source of ECM production in fibrotic
kidneys.8% Myofibroblasts have the capacity to prolifer-
ate in response to cytokine cues, leading to expansion of
the fibroblast population in renal interstitial space.!2-8!
Here, we used scRNA-seq to identify functionally
specialized myofibroblast populations in the fibrotic
kidney and demonstrate their regulation by WWP2.
We propose a model whereby profibrotic activation
and proliferation of myofibroblasts are two interlinked
states of cell polarization with differential outcome on
ECM production—low cell proliferation correlating
with high ECM production.!?13 WWP2 uncouples these
two processes: WWP2 deficiency suppresses the profi-
brotic activation and enhances cell proliferation in both
fibrotic kidneys and cultured myofibroblasts. Lemons
et al.¥ also reported similar observations with quiescent
myofibroblasts exhibiting higher expression of fibrous pro-
teins. We consolidate this observation and further reveal
that renal myofibroblasts comprised a mixture of distinct
subpopulations with different effector functions. In the
fibrotic kidney, our single-cell analysis suggests the pres-
ence of at least two functionally distinct myofibroblasts
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Figure 6. WWP2 targets TWIST1 and regulates PGC-1a-mediated mitochondrial respiratory function. (A) Distribution of WWP2 ChlP-
seq signal (red) at the Ppargcia locus in primary WT myofibroblasts after TGFB1 stimulation (5 ng/ul, 72 hours). The primers designed for
ChIP-gPCR (gray boxes, 1-VI) and the reference Ppargcia gene (blue) are indicated. Genomics regions I-lll contain WWP2-binding
signals (ChIP-Seq peaks, in red), which overlap with known DNA-binding elements (light yellow boxes) identified from the REMAP DB>®;
regions IV-VI serve as controls (i.e., no DNA-binding elements). (B) ChIP-qPCR analysis shows increased binding of WWP2 complex
at Ppargcila genomic regions |, Il, and Il after TGFB1 stimulation, which overlap with predicted DNA-binding elements. Each bar shows
WWP2 enrichment normalized to input and the ChIP-IgG control. Values are reported as mean=SD (n=3, independent experiments).
P values were calculated by two-tailed Mann-Whitney U test. *P < 0.05; **P < 0.01; ns, P > 0.05. (C) Representative Western blot
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Figure 6. Continued. for PGC-Ta in cultured renal myofibroblasts derived from WT and WWP2 ™/~ kidneys. TGFB1 stimulation (5 ng/ul)
for 24 hours. (D) Genome-wide distribution of genes sorted based on their Pearson correlation with PGC-1a expression in myofi-
broblasts derived from fibrotic mouse kidneys. The color scale represents the fold change (log,FC) in expression between WWP2 ™/~
myofibroblasts compared with WT cells. The red rectangle includes genes positively related to PGC-1a (r>0.5, P < 0.001) and which
are upregulated in WWP2 ™'~ myofibroblasts compared with WT cells; the genes in the blue rectangle are negatively related to PGC-Ta
(r<—0.5, P< 0.001) and downregulated in WWP2 ™'~ myofibroblasts. (E and F) Subset of network genes from those highlighted in the
red (D) and blue (E) rectangles in (C), which are correlated with PGC-1e (|r|>0.6). PGC-1a-network genes are further clustered in four
distinct modules (M1-M4), positively (M1-M2) and negatively (M3-M4) correlated with PGC-1a, respectively (see Methods for details).
Within each network, edges represent positive coexpression relationships between genes, and colors indicate functional clustering of
the module genes, highlighting the cell proliferation (M1) and mitochondrial metabolism (M2) (D), and processes related to fibrous
protein synthesis (M3 and M4, E). The genes highlighted are more strongly correlated positively (r>0.8, E) or negatively (r<—0.8, F)
with PGC-1a expression, respectively, in myofibroblasts for fibrotic mouse kidneys. (G) For each module (M1-M4, see E and F), violin
plot shows the distribution of normalized gene expression levels derived from bulk-RNA seq analysis of cultured WT and WwWpP2~/~
myofibroblasts treated with TGFB1 (5 ng/ul, 72 hours). For each module, P value for the difference between WT and WWP2 /™
myofibroblasts was < 0.001, which was calculated by the two-tailed Wilcoxon rank-sum test. (H) Venn diagram showing the
overlapping transcriptional factors identified by CHIP-seq motif analysis by RSATs>” (Supplemental Table 2) and scRNA-seq regulon
analysis by pySCENIC analyses33 (Supplemental Table 4). (1) The difference in expression score of each regulon between WWP2 ™/~ and
WT myofibroblasts. The TWIST1 regulon showed the largest and most significant expression score difference between WWP2 ™'~ and
WT myofibroblasts. (J) DNA-binding sequence motif of TWIST1 (left panel), and correlation between WWP2-binding signaling (blue)
and TWIST-binding probability (red) (right panel). (K) Distribution of WWP2 ChlIP-seq signal (red) at the Ppargc1a locus in primary WT
myofibroblasts after TGFB1 stimulation (5 ng/ul, 72 hours). The location of TWIST1-binding sequence motifs (gray vertical lines) and
TWIST1-binding signals (gray) identified from the REMAP DB>° are also indicated. (L) Representative Western blot image of co-IP
showing a direct interaction of WWP2 full-length isoform and TWIST1 in myofibroblasts. (M) Effects of an activator of PGC-1a, ZLNOO5
(10 and 20 uM), in cultured WT myofibroblasts after TGFB1 treatment (5 ng/ul, 72 hours). DMSO (10 uM) was used as a reference
control. Upper panel: experimental design schematic. Lower panel: representative Western blot showing the effect of ZLN005 on
PGC-1a protein expression in cultured WT myofibroblasts. (N) Effects of ZLN0O5 (10 and 20 uM) on cell metabolism in cultured
WT myofibroblasts after TGFB1 treatment (5 ng/ul, 72 hours), measured by Seahorse assay. DMSO (10 uM) was used as a reference
control. Left panel: experimental design schematic. Middle panel: representative Seahorse Mito stress assays for OCR. Right panel:
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Figure 6. Continued. representative Seahorse Glycolysis assays for ECAR. n=3 independent experiments, each containing readouts from 3 to
4 microplate wells (technical replicates). Results of quantification analysis are shown in Supplemental Figure 9C. (O) Effects of ZLN0OO05
(10 and 20 uM) on cell proliferation in cultured WT myofibroblasts after TGFB1 treatment (5 ng/ul, 72 hours), measured by MTS assay
(left panel) and Western blot (right panel) (n=6, from three independent experiments). P values were calculated by the two-tailed
Mann-Whitney U test. (P) Western blot showing the effect of ZLN0O05 (10 and 20 uM) on ECM proteins production in cultured WT
myofibroblasts after TGFB1 treatment (5 ng/ul, 72 hours). (Q) Effects of an inhibitor of PGC-1a, SR18292 (2.5 and 5 uM), in cultured
WWP2 ™'~ myofibroblasts after TGFB1 treatment (5 ng/ul, 72 hours). DMSO (5 uM) was used as a reference control. Upper panel:
experimental design schematic. Lower panel: representative Western blot showing the effect of SR18292 on PGC-1« protein expression
in cultured WWP2 ™'~ myofibroblasts. (R) Effects of SR18292 (2.5 and 5 uM) on cell metabolism in cultured WWP2 ™'~ myofibroblasts
after TGFB1 treatment (5 ng/ul, 72 hours) by Seahorse assay. DMSO (5 uM) was used as a reference control. Left panel: experimental
design schematic. Middle panel: representative Seahorse Mito stress assays for OCR. Right panel: representative Seahorse Glycolysis
assays for ECAR. n=3 independent experiments, each containing readouts from 3 to 4 microplate wells (technical replicates). Results of
quantification analysis are shown in Supplemental Figure 9D. (S) Effects of SR18292 (2.5 and 5 uM) on cell proliferation in cultured
WWP2 ™~ myofibroblasts after TGFB1 treatment (5 ng/ul, 72 hours), measured by MTS assay (left panel) and Western blot (right panel)
(n=6, from three independent experiments). P values were calculated by the two-tailed Mann-Whitney U test. (T) Western blot showing
the effect of SR18292 (2.5 and 5 uM) on ECM proteins production in cultured WWP2 ™/~ myofibroblasts after TGFA1 treatment (5 ng/ul,
72 hours). 2-DG, 2-deoxy-D-glucose; ChIP, chromatin immuno-precipitation; ChIP-qPCR, chromatin immunoprecipitation quantitative
PCR; ChlP-seq, chromatin immunoprecipitation sequencing; EDA-FN, extra domain A fibronectin; FCCP, fluoro-carbonyl cyanide
phenylhydrazone; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; PGC-1a, perox-
isome proliferator-activated receptor gamma coactivator 1-alpha; POSTN, periostin; RNA-seq, RNA sequencing; RSAT, regulatory

sequence analysis tool; scRNA-seq, single-cell RNA sequencing.

subtypes (Supplemental Figure 4), and this inherent het-
erogeneity might explain the observed uncoupling of pro-
fibrotic activation and proliferation.1%-28:82

Myofibroblast activation is typically driven by a vari-
ety of cytokines and growth factors produced by tubular
cells, including TGFB1, Wnt ligands, platelet-derived
growth factor, hepatocyte growth factor, fibroblast
growth factors, and angiotensin.?3-87 Moreover, WWP2
expression is also detected in the tubular cells of fibrotic
kidneys (Figure 1), and its effect on these cells cannot be
excluded. Despite the importance of tubular cells in
renal fibrosis, our data suggest that the contribution of
WWP2 in regulating these cells in fibrosis is limited, and
this does not seem to occur through tubular proinflam-
matory activity or the secretion of profibrotic factors
(Supplemental Figure 5). However, the mechanisms link-
ing cell proliferation to profibrotic activation and tissue
fibrosis remain to be elucidated using a myofibroblast-
specific WWP2 knockout model.

During fibrotic activation and cell proliferation, myofi-
broblasts exhibit high metabolic activity.!* WWP2 regulates
key metabolic processes in myofibroblasts, particularly
those involved in mitochondrial respiratory function. In
two CKD patient cohorts, WWP2 expression is negatively
associated with the activity of key metabolic reactions in
myofibroblasts. This was confirmed in mice, as myofibro-
blasts derived from WWP2~/~ kidneys exhibited enhanced
metabolic rates in central carbon metabolism and amino acid
pathways. Important metabolic fluxes were increased in
WWP2-deficient myofibroblasts, and these directly contrib-
ute to TCA cycle activity, ATP production, and mitochon-
drial function. In keeping with our findings, renal fibrosis is
characterized by a decrease in mitochondrial biogenesis®®
and by damage to mitochondrial DNA.8° Furthermore, the
antifibrotic WWP2 deficiency resulted in a reduction in cell
glycolysis, particularly via the Embden-Meyerhof-Parnas
pathway. The regulation of this pathway by WWP2 is
important, as inhibition of glycolysis has been reported to
decrease renal fibrosis in UUO wvia proximal tubular
cells—fibroblast crosstalk,”® as well as in myofibroblasts.??
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Moreover, we showed how WWP2 deficiency upregulates
the pentose phosphate pathway, including glucose-6-
phosphate dehydrogenase—catalyzed reaction. This is the
first step in the pentose phosphate pathway,** which leads
to the conversion of NADP™ to NADPH.5 The link between
increased NADPH production and cell proliferation has
been also reported in pulmonary myofibroblasts?® and can-
cer cells.”! In addition, although we did show major met-
abolic fluxes that are affected by WWP2 (e.g., fatty acid
oxidation), other pathways and primary targets of WWP2
that lead to myofibroblast metabolic rewiring remain to be
identified. A combination of lineage-tracing studies and cell
type—specific WWP2 targeting can conclusively establish the
broad significance of WWP2-mediated myofibroblast me-
tabolism in renal fibrosis.

WWP2 can act as a co-TF,?87092 and here, we identify
PGC-1a as a novel target of WWP2 in profibrotic myofi-
broblasts. Our analyses suggested TWIST1 as a potential TF
interacting with WWDP2 at the Ppargcla locus. TWIST1 is a
helix-loop-helix—containing TF involved in early develop-
ment, apoptosis, cancer, and osteoblast differentiation.”>-9°
TWIST1 is also reported to downregulate the expression of
PGC-la in epithelial cells®® and skeletal muscle cells.®”
Therefore, we propose that WWP2 is recruited to a tran-
scriptional complex involving TWIST1 and that the com-
plex binds to the regulatory locus of Ppargcla.

PGC-la is crucial for mitochondrial biogenesis and
function,®®%° mitigating fibrosis progression.'® It also
promotes tissue remodeling to a state that is metaboli-
cally more oxidative and less glycolytic.1! The regulation
of myofibroblast metabolism by PGC-1a has been shown
in wound healing, lung fibrosis, and cardiac remodeling,
where it affects mitochondrial biogenesis, OXPHOS, and
secretory state of myofibroblasts.”=73 Previous studies
showed that PGC-la contributes to fibrotic progression
in multiple kidney disease models via its action outside
the stromal compartment.192-104 Here, we show that
PGC-1a in myofibroblasts stimulates the mitochondrial
respiratory function and promotes cell proliferation,
which is upregulated upstream by WWP2 deficiency.
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PGC-la levels also exhibit a negative correlation with
collagen synthesis, which was also suppressed by WWP2
deficiency. Using previously tested small molecules mod-
ulating PGC-1a activity, we showed that PGC-1a medi-
ates, at least in part, the observed effects of WWP2 on
myofibroblasts. While WWP2°2 and PGC-1a'% have been
both identified as Sox9-associated proteins during chon-
drogenesis, here, we show a negative regulatory relation-
ship between WWP2 and PGC-la in profibrotic
myofibroblasts.

We demonstrate WWP2 as a potential druggable target
for fibrosis progression in CKD. Inhibiting WWP2 might
represent a promising therapeutic strategy for attenuating
fibrosis progression. Given the paucity of actionable targets,
our results might pave the way to design new therapeutic
approaches in CKD.

Disclosures

J. Behmoaras and E. Petretto report employment with Duke-
NUS Medical School. G. Chew reports employment with Ministry
of Health Holdings, Singapore. L. Gesualdo reports consultancy
for AstraZeneca, Chinook, GSK, Novartis, Roche, and Travere
and research funding from Abionyx, AstraZeneca, and Sanofi. F.
Pesce reports honoraria from AstraZeneca and GSK. P. Pontrelli
reports employment with University of Bari Aldo Moro, patents
or royalties from University of Bari Aldo Moro, and other inter-
ests or relationships with ERA and SIN. All remaining authors
have nothing to disclose.

Funding

E. Petretto: Ministry of Education - Singapore (T2EP30221-0013),
National Research Foundation Singapore (OFLCG22may-0011),
and Duke-NUS Medical School. A. Zhang: National Natural Sci-
ence Foundation of China (81830020). P. Pontrelli: the European
Union - NextGenerationEU (PNRR) (Mission 4, Component 2,
Investment 1.4 [CN00000041]). J. Behmoaras: Duke-NUS Medi-
cal School.

Author Contributions

Conceptualization: Huimei Chen.

Data curation: Nithya Devapragash, Loreto Gesualdo, Yuteng
Jiang, Yanwei Li, Jui Zhi Loh, Paola Pontrelli, Ran You.

Formal analysis: Huimei Chen, Gabriel Chew, Jing Guo.
Funding acquisition: Enrico Petretto, Paola Pontrelli, Aihua Zhang.
Methodology: Huimei Chen, Ran You.

Project administration: Huimei Chen, Enrico Petretto, Elisabeth Li
Sa Tan.

Resources: Huimei Chen, Shuang Chen, Francesco Pesce.
Supervision: Huimei Chen, Aihua Zhang.

Validation: Huimei Chen, Wei Zhou.

Writing — original draft: Huimei Chen.

Writing — review & editing: Jacques Behmoaras, Huimei Chen,
Enrico Petretto.

Data Sharing Statement

Previously published data used for this study have been refer-
enced with their original sources. Original data created for the
study are available GSE241504 https://www.ncbinlm.nih.gov/
geo/query/acc.cgi?acc=GSE241504.

WWP2, Metabolism, and Renal Fibrosis, Chen et al.

Supplemental Material

This article contains the following supplemental material online
at http:/ /links.lww.com/JSN/E614 and http://links.lww.com/
JSN/E615.

Supplemental Figure 1. Expression of WWP2 in the kidney of
patients with CKD and UUO mice (related to Figure 1).

Supplemental Figure 2. WWP2 overexpression exacerbates renal
fibrosis in vivo (related to Figure 1).

Supplemental Figure 3. Effect of WWP2 deficiency on renal
fibrosis at 7 days of UUO (related to Figure 2).

Supplemental Figure 4. Single-cell transcriptomics landscape of
kidney cells derived from UUO mice (related to Figure 3).

Supplemental Figure 5. Regulatory function of WWP2 in tubular
cells derived from fibrotic kidneys.

Supplemental Figure 6. WWP2 overexpression mediates cellular
proliferation and activation in renal myofibroblasts in vitro (related
to Figure 4).

Supplemental Figure 7. Compass-based exploration of metabolic
profile (related to Figure 5).

Supplemental Figure 8. Compass-based exploration of metabolic
reactions regulated by WWP2 in another CKD cohort (related to
Figure 5).

Supplemental Figure 9. Profile of metabolites measured in cul-
tured renal myofibroblasts derived from WT and WWP2™/~ kid-
neys (related to Figure 5).

Supplemental Figure 10. Regulation of PGC-la signaling by
WWP2 (related to Figure 6).

Supplemental Dataset 1. Key resources used.

Supplemental Dataset 2. Uncut Western blots.

Supplemental Table 1. Details on the Bari CKD cohort.

Supplemental Table 2. TFBS motifs identified by RSAT using
ENCODE and JASPAR database.

Supplemental Table 3. List of pathways tested significant (false
discovery rate <0.05) by GSEA (Gene Set Enrichment Analysis)
based on comparison of WWP2~/~ KO versus WT.

Supplemental Table 4. The transcription factor net-
works (regulons) regulated by WWP2 in myofibroblasts derived
in fibrotic kidneys (upregulated and downregulated referring
in WWP2™/~ versus WT, Benjamini-Hochberg adjust P < 0.05).

References

1. Kolb A, Gallacher PJ, Campbell J, et al. A national registry study
of patient and renal survival in adult nephrotic syndrome. Kidney
Int Rep. 2021;6(2):449-459. doi:10.1016/j.ekir.2020.10.033

2. Bulow RD, Boor P. Extracellular matrix in kidney fibrosis: more
than just a scaffold. J Histochem Cytochem. 2019;67(9):
643-661. doi:10.1369/0022155419849388

3. Zeisberg M, Strutz F, Muller GA. Role of fibroblast activation in
inducing interstitial fibrosis. / Nephrol. 2000;13(suppl 3):
S111-5120. PMID: 11132027

4. Sato Y, Yanagita M. Functional heterogeneity of resident fi-
broblasts in the kidney. Proc Jpn Acad Ser B Phys Biol Sci. 2019;
95(8):468-478. doi:10.2183/pjab.95.033

5. Miguel V, Kramann R. Metabolic reprogramming heterogeneity
in chronic kidney disease. FEBS Open Bio. 2023;13(7):
1154-1163. doi:10.1002/2211-5463.13568

6. Yuan Q, Tan RJ, Liu Y. Myofibroblast in kidney fibrosis: origin,
activation, and regulation. Adv Exp Med Biol. 2019;1165:
253-283. doi:10.1007/978-981-13-8871-2_12

7. Hinz B, Dugina V, Ballestrem C, Wehrle-Haller B, Chaponnier
C. Alpha-smooth muscle actin is crucial for focal adhesion
maturation in myofibroblasts. Mol Biol Cell. 2003;14(6):
2508-2519. doi:10.1091/mbc.e02-11-0729

8. Kramann R, Machado F, Wu H, et al. Parabiosis and single-cell
RNA sequencing reveal a limited contribution of monocytes to
myofibroblasts in kidney fibrosis. JCI Insight. 2018;3(9):€99561.
doi:10.1172/jci.insight. 99561

JASN 35: 696-718, June, 2024 715


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE241504
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE241504
http://links.lww.com/JSN/E614
http://links.lww.com/JSN/E615
http://links.lww.com/JSN/E615
http://links.lww.com/JSN/E614
http://links.lww.com/JSN/E614
http://links.lww.com/JSN/E614
http://links.lww.com/JSN/E614
http://links.lww.com/JSN/E614
http://links.lww.com/JSN/E614
http://links.lww.com/JSN/E614
http://links.lww.com/JSN/E614
http://links.lww.com/JSN/E614
http://links.lww.com/JSN/E614
http://links.lww.com/JSN/E614
http://links.lww.com/JSN/E614
http://links.lww.com/JSN/E615
http://links.lww.com/JSN/E615
http://links.lww.com/JSN/E615
http://links.lww.com/JSN/E615
https://doi.org/10.1016/j.ekir.2020.10.033
https://doi.org/10.1369/0022155419849388
https://doi.org/10.2183/pjab.95.033
https://doi.org/10.1002/2211-5463.13568
https://doi.org/10.1007/978-981-13-8871-2_12
https://doi.org/10.1091/mbc.e02-11-0729
https://doi.org/10.1172/jci.insight.99561

187ZIMINZIDBPXZOBBARATOAEIOYIASALLIAYPOOAEIEAHIONI/AD AU

MY TXOMADYOINXFZOHISGBZIY T+ NIOITWNOTZTARY HAASHAQUG Aq usel/woo mm| sfeuinol;/:dny wolj papeojumoq

G202/€0/T0 uo

BASIC RESEARCH | www.jasn.org

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

716

. Zhou D, Fu H, Liu S, et al. Early activation of fibroblasts is

required for kidney repair and regeneration after injury.
FASEB J. 2019;33(11):12576-12587. doi:10.1096/fj.
201900651RR

Kuppe C, Ibrahim MM, Kranz J, et al. Decoding myofibroblast
origins in human kidney fibrosis. Nature. 2021;589(7841):
281-286. doi:10.1038/s41586-020-2941-1

Lin SL, Kisseleva T, Brenner DA, Duffield JS. Pericytes and
perivascular fibroblasts are the primary source of collagen-
producing cells in obstructive fibrosis of the kidney. Am J
Pathol. 2008;173(6):1617-1627. doi:10.2353/ajpath.2008.
080433

Strutz F, Zeisberg M, Hemmerlein B, et al. Basic fibroblast
growth factor expression is increased in human renal fibro-
genesis and may mediate autocrine fibroblast proliferation.
Kidney Int. 2000;57(4):1521-1538. doi:10.1046/j.1523-1755.
2000.00997.x

Hao S, Shen H, Hou Y, Mars WM, Liu Y. tPA is a potent mitogen
for renal interstitial fibroblasts: role of betal integrin/focal
adhesion kinase signaling. Am J Pathol. 2010;177(3):
1164-1175. doi:10.2353/ajpath.2010.091269

Selvarajah B, Azuelos I, Anastasiou D, Chambers RC. Fi-
brometabolism-An emerging therapeutic frontier in pulmonary
fibrosis. Sci Signal. 2021;14(697):eaay1027. doi:10.1126/
scisignal.aay1027

Barcena-Varela M, Paish H, Alvarez L, et al. Epigenetic
mechanisms and metabolic reprogramming in fibrogenesis:
dual targeting of G9a and DNMTT for the inhibition of liver
fibrosis. Gut. 2021;70(2):388-400. doi:10.1136/gutjnl-2019-
320205

Zhao X, Psarianos P, Ghoraie LS, et al. Metabolic regulation of
dermal fibroblasts contributes to skin extracellular matrix ho-
meostasis and fibrosis. Nat Metab. 2019;1(1):147-157. doi:10.
1038/s42255-018-0008-5

Para R, Romero F, George G, Summer R. Metabolic re-
programming as a driver of fibroblast activation in Pulmonar-
yFibrosis. Am J Med Sci. 2019;357(5):394-398. doi:10.1016/].
amjms.2019.02.003

Yin X, Choudhury M, Kang JH, et al. Hexokinase 2 couples
glycolysis with the profibrotic actions of TGF-B. Sci Signal.
2019;12(612):eaax4067. doi:10.1126/scisignal.aax4067
Lemons JM, Feng XJ, Bennett BD, et al. Quiescent fibroblasts
exhibit high metabolic activity. PLoS Biol. 2010;8(10):
€1000514. doi:10.1371/journal.pbio.1000514

Qu Y, Zhai R, Wang D, et al. Mitochondrial folate pathway
regulates myofibroblast differentiation and silica-induced pul-
monary fibrosis. | Transl Med. 2023;21(1):365. doi:10.1186/
s12967-023-04241-0

Chung KW, Dhillon P, Huang S, et al. Mitochondrial damage
and activation of the STING pathway lead to renal in-
flammation and fibrosis. Cell Metab. 2019;30(4):784-799 e5.
doi:10.1016/j.cmet.2019.08.003

Gomez |G, MacKenna DA, Johnson BG, et al. Anti-microRNA-
21 oligonucleotides prevent Alport nephropathy progression by
stimulating metabolic pathways. J Clin Invest. 2015;125(1):
141-156. doi:10.1172/JCI75852

Ding H, Jiang L, Xu J, et al. Inhibiting aerobic glycolysis sup-
presses renal interstitial fibroblast activation and renal fibrosis.
Am | Physiol Renal Physiol. 2017;313(3):F561-F575. doi:10.
1152/ajprenal.00036.2017

Zhu X, Jiang L, Long M, Wei X, Hou Y, Du Y. Metabolic re-
programming and renal fibrosis. Front Med (Lausanne). 2021;8:
746920. doi:10.3389/fmed.2021.746920

Dhillon P, Park J, Hurtado Del Pozo C, et al. The nuclear re-
ceptor ESRRA protects from kidney disease by coupling me-
tabolism and differentiation. Cell Metab. 2021;33(2):379-394
e8. doi:10.1016/j.cmet.2020.11.011

Kang HM, Ahn SH, Choi P, et al. Defective fatty acid oxidation
in renal tubular epithelial cells has a key role in kidney fibrosis
development. Nat Med. 2015;21(1):37-46. doi:10.1038/nm.
3762

Li H, Dixon EE, Wu H, Humphreys BD. Comprehensive
single-cell transcriptional profiling defines shared and unique
epithelial injury responses during kidney fibrosis. Cell Metab.

JASN

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

2022;34(12):1977-1998 €9. doi:10.1016/j.cmet.2022.09.
026

Chen H, Moreno-Moral A, Pesce F, et al. WWP2 regulates
pathological cardiac fibrosis by modulating SMAD2 signaling.
Nat Commun. 2019;10(1):3616. doi:10.1038/s41467-019-
11551-9

Chen H, Chew G, Devapragash N, et al. The E3 ubiquitin ligase
WWP2 regulates pro-fibrogenic monocyte infiltration and ac-
tivity in heart fibrosis. Nat Commun. 2022;13(1):7375. doi:10.
1038/s41467-022-34971-6

Higashi AY, Aronow BJ, Dressler GR. Expression profiling of
fibroblasts in chronic and acute disease models reveals novel
pathways in kidney fibrosis. | Am Soc Nephrol. 2019;30(1):
80-94. doi:10.1681/ASN.2018060644

Nakai T, Iwamura Y, Suzuki N. Efficient isolation of interstitial
fibroblasts directly from mouse kidneys or indirectly after ex
vivo expansion. STAR Protoc. 2021;2(4):100826. doi:10.1016/
j-xpro.2021.100826

Zhang Y, Liu T, Meyer CA, et al. Model-based analysis of ChIP-
seq (MACS). Genome Biol. 2008;9(9):R137. doi:10.1186/gb-
2008-9-9-r137

Thomas-Chollier M, Herrmann C, Defrance M, Sand O, Thieffry
D, van Helden J. RSAT peak-motifs: motif analysis in full-size
ChlP-seq datasets. Nucleic Acids Res. 2012;40(4):e31. doi:10.
1093/nar/gkr1104

Fornes O, Castro-Mondragon JA, Khan A, et al. Jaspar 2020:
update of the open-access database of transcription factor
binding profiles. Nucleic Acids Res. 2020;48(D1):D87-D92.
doi:10.1093/nar/gkz1001

Kheradpour P, Kellis M. Systematic discovery and character-
ization of regulatory motifs in ENCODE TF binding experi-
ments. Nucleic Acids Res. 2014;42(5):2976-2987. doi:10.
1093/nar/gkt1249

Dobin A, Davis CA, Schlesinger F, et al. STAR: ultrafast uni-
versal RNA-seq aligner. Bioinformatics. 2013;29(1):15-21. doi:
10.1093/bioinformatics/bts635

Liao Y, Smyth GK, Shi W. featureCounts: an efficient general
purpose program for assigning sequence reads to genomic
features. Bioinformatics. 2014;30(7):923-930. doi:10.1093/
bioinformatics/btt656

Love MI, Huber W, Anders S. Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 2014;15(12):550. doi:10.1186/s13059-014-0550-8

Naba A, Clauser KR, Hoersch S, Liu H, Carr SA, Hynes RO. The
matrisome: in silico definition and in vivo characterization by
proteomics of normal and tumor extracellular matrices. Mol
Cell Proteomics. 2012;11(4):M111 014647. doi:10.1074/mcp.
M111.014647

Liberzon A, Birger C, Thorvaldsdéttir H, Ghandi M, Mesirov JP,
Tamayo P. The Molecular Signatures Database (MSigDB)
hallmark gene set collection. Cell Syst. 2015;1(6):417-425. doi:
10.1016/j.cels.2015.12.004

Hochane M, van den Berg PR, Fan X, et al. Single-cell tran-
scriptomics reveals gene expression dynamics of human fetal
kidney development. PLoS Biol. 2019;17(2):e3000152. doi:10.
1371/journal.pbio.3000152

Bais AS, Kostka D. scds: computational annotation of doublets
in single-cell RNA sequencing data. Bioinformatics. 2020;
36(4):1150-1158. doi:10.1093/bioinformatics/btz698

Wu H, Kirita Y, Donnelly EL, Humphreys BD. Advantages of
single-nucleus over single-cell RNA sequencing of adult kidney:
rare cell types and novel cell states revealed in fibrosis. ] Am Soc
Nephrol. 2019;30(1):23-32. doi:10.1681/ASN.2018090912
Ransick A, Lindstrom NO, Liu J, et al. Single-cell profiling
reveals sex, lineage, and regional diversity in the mouse kidney.
Dev Cell. 2019;51(3):399-413 e7. doi:10.1016/j.devcel.2019.
10.005

Park J, Shrestha R, Qiu C, et al. Single-cell transcriptomics of
the mouse kidney reveals potential cellular targets of kidney
disease. Science. 2018;360(6390):758-763. doi:10.1126/
science.aar2131

Gillespie M, Jassal B, Stephan R, et al. The reactome pathway
knowledgebase 2022. Nucleic Acids Res. 2022;50(D1):
D687-D692. doi:10.1093/nar/gkab1028


https://doi.org/10.1096/fj.201900651RR
https://doi.org/10.1096/fj.201900651RR
https://doi.org/10.1038/s41586-020-2941-1
https://doi.org/10.2353/ajpath.2008.080433
https://doi.org/10.2353/ajpath.2008.080433
https://doi.org/10.1046/j.1523-1755.2000.00997.x
https://doi.org/10.1046/j.1523-1755.2000.00997.x
https://doi.org/10.2353/ajpath.2010.091269
https://doi.org/10.1126/scisignal.aay1027
https://doi.org/10.1126/scisignal.aay1027
https://doi.org/10.1136/gutjnl-2019-320205
https://doi.org/10.1136/gutjnl-2019-320205
https://doi.org/10.1038/s42255-018-0008-5
https://doi.org/10.1038/s42255-018-0008-5
https://doi.org/10.1016/j.amjms.2019.02.003
https://doi.org/10.1016/j.amjms.2019.02.003
https://doi.org/10.1126/scisignal.aax4067
https://doi.org/10.1371/journal.pbio.1000514
https://doi.org/10.1186/s12967-023-04241-0
https://doi.org/10.1186/s12967-023-04241-0
https://doi.org/10.1016/j.cmet.2019.08.003
https://doi.org/10.1172/JCI75852
https://doi.org/10.1152/ajprenal.00036.2017
https://doi.org/10.1152/ajprenal.00036.2017
https://doi.org/10.3389/fmed.2021.746920
https://doi.org/10.1016/j.cmet.2020.11.011
https://doi.org/10.1038/nm.3762
https://doi.org/10.1038/nm.3762
https://doi.org/10.1016/j.cmet.2022.09.026
https://doi.org/10.1016/j.cmet.2022.09.026
https://doi.org/10.1038/s41467-019-11551-9
https://doi.org/10.1038/s41467-019-11551-9
https://doi.org/10.1038/s41467-022-34971-6
https://doi.org/10.1038/s41467-022-34971-6
https://doi.org/10.1681/ASN.2018060644
https://doi.org/10.1016/j.xpro.2021.100826
https://doi.org/10.1016/j.xpro.2021.100826
https://doi.org/10.1186/gb-2008-9-9-r137
https://doi.org/10.1186/gb-2008-9-9-r137
https://doi.org/10.1093/nar/gkr1104
https://doi.org/10.1093/nar/gkr1104
https://doi.org/10.1093/nar/gkz1001
https://doi.org/10.1093/nar/gkt1249
https://doi.org/10.1093/nar/gkt1249
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1074/mcp.M111.014647
https://doi.org/10.1074/mcp.M111.014647
https://doi.org/10.1016/j.cels.2015.12.004
https://doi.org/10.1371/journal.pbio.3000152
https://doi.org/10.1371/journal.pbio.3000152
https://doi.org/10.1093/bioinformatics/btz698
https://doi.org/10.1681/ASN.2018090912
https://doi.org/10.1016/j.devcel.2019.10.005
https://doi.org/10.1016/j.devcel.2019.10.005
https://doi.org/10.1126/science.aar2131
https://doi.org/10.1126/science.aar2131
https://doi.org/10.1093/nar/gkab1028

187ZIMINZIDBPXZOBBARATOAEIOYIASALLIAYPOOAEIEAHIONI/AD AU

MY TXOMADYOINXFZOHISGBZIY T+ NIOITWNOTZTARY HAASHAQUG Aq usel/woo mm| sfeuinol;/:dny wolj papeojumoq

G202/€0/T0 uo

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Merico D, Isserlin R, Stueker O, Emili A, Bader GD. Enrichment
map: a network-based method for gene-set enrichment visu-
alization and interpretation. PLoS One. 2010;5(11):e13984.
doi:10.1371/journal.pone.0013984

Lake BB, Menon R, Winfree S, et al. An atlas of healthy and
injured cell states and niches in the human kidney. Nature.
2023;619(7970):585-594. doi:10.1038/s41586-023-05769-3
Subramanian A, Tamayo P, Mootha VK, et al. Gene set en-
richment analysis: a knowledge-based approach for interpreting
genome-wide expression profiles. Proc Natl Acad Sci U S A.
2005;102(43):15545-15550. doi:10.1073/pnas.0506580102
Schwabe D, Formichetti S, Junker JP, Falcke M, Rajewsky N.
The transcriptome dynamics of single cells during the cell
cycle. Mol Syst Biol. 2020;16(11):9946. doi:10.15252/msb.
20209946

Wang L, Akritas MG, Van Keilegom I. An ANOVA-type non-
parametric diagnostic test for heteroscedastic regression mod-
els. | Nonparametric Stat. 2008;20(5):365-382. doi:10.1080/
10485250802066112

Lyubchich V, Gel YR, Vishwakarma S. Funtimes: Functions for
Time Series Analysis; 2023.

Wagner A, Wang C, Fessler J, et al. Metabolic modeling of
single Th17 cells reveals regulators of autoimmunity. Cell.
2021;184(16):4168-4185 €21. doi:10.1016/j.cell.2021.05.045
lacono G, Mereu E, Guillaumet-Adkins A, et al. bigSCale: an
analytical framework for big-scale single-cell data. Genome
Res. 2018;28(6):878-890. doi:10.1101/gr.230771.117

Csardi G, Nepusz T. The igraph software package for complex
network research. Interfournal, Complex Systems. 2006;1695(5):
1-9. http://igraph.sf.net

Hammal F, de Langen P, Bergon A, Lopez F, Ballester B. ReMap
2022: a database of Human, Mouse, Drosophila and Arabi-
dopsis regulatory regions from an integrative analysis of DNA-
binding sequencing experiments. Nucleic Acids Res. 2022;
50(D1):D316-D325. doi:10.1093/nar/gkab996
Santana-Garcia W, Castro-Mondragon JA, Padilla-Gélvez M,
et al. Rsat 2022: regulatory sequence analysis tools. Nucleic
Acids Res. 2022;50(W1):W670-W676. doi:10.1093/nar/
gkac312

Aibar S, Gonzalez-Blas CB, Moerman T, et al. SCENIC: single-
cell regulatory network inference and clustering. Nat Methods.
2017;14(11):1083-1086. doi:10.1038/nmeth.4463

Hosten AO. BUN and creatinine. In: Clinical Methods: The
History, Physical, and Laboratory Examinations, Walker HK,
Hall WD, Hurst JW, eds., 1990.

Conlin CC, Huang Y, Gordon BAJ, Zhang JL. Quantitative
characterization of glomerular fibrosis with magnetic resonance
imaging: a feasibility study in a rat glomerulonephritis model.
Am | Physiol Renal Physiol. 2018;314(5):F747-F752. doi:10.
1152/ajprenal.00529.2017

Martinez-Klimova E, Aparicio-Trejo OE, Tapia E, Pedraza-
Chaverri J. Unilateral ureteral obstruction as a model to in-
vestigate fibrosis-attenuating treatments. Biomolecules. 2019;
9(4):141. doi:10.3390/biom9040141

Yan LJ. Folic acid-induced animal model of kidney disease.
Animal Model Exp Med. 2021;4(4):329-342. doi:10.1002/
ame2.12194

Matson JP, Cook JG. Cell cycle proliferation decisions: the
impact of single cell analyses. FEBS J. 2017;284(3):362-375.
doi:10.1111/febs.13898

Tiwari M. Glucose 6 phosphatase dehydrogenase (G6PD) and
neurodegenerative disorders: mapping diagnostic and thera-
peutic opportunities. Genes Dis. 2017;4(4):196-203. doi:10.
1016/j.gendis.2017.09.001

Stanton RC. Glucose-6-phosphate dehydrogenase, NADPH,
and cell survival. IUBMB Life. 2012;64(5):362-369. doi:10.
1002/iub.1017

Zhang X, Li K, Jones RA, Bruner SD, Butcher RA. Structural
characterization of acyl-CoA oxidases reveals a direct
link between pheromone biosynthesis and metabolic

state in Caenorhabditis elegans. Proc Natl Acad Sci U S A.
2016;113(36):10055-10060. doi:10.1073/pnas.
1608262113

Andersen ]V, Schousboe A. Milestone Review: metabolic dy-
namics of glutamate and GABA mediated neurotransmission -

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

WWP2, Metabolism, and Renal Fibrosis, Chen et al.

the essential roles of astrocytes. /] Neurochem. 2023;166(2):
109-137. doi:10.1111/jnc.15811

Choi I, Son H, Baek JH. Tricarboxylic acid (TCA) cycle inter-
mediates: regulators of immune responses. Life (Basel). 2021;
11(1):69. doi:10.3390/1ife11010069

Reuter SE, Evans AM. Carnitine and acylcarnitines:
pharmacokinetic, pharmacological and clinical aspects.

Clin Pharmacokinet. 2012;51(9):553-572. doi:10.1007/
BF03261931

Zhu W, He X, Hua Y, Li Q, Wang J, Gan X. The E3 ubiquitin
ligase WWP2 facilitates RUNX2 protein transactivation in a
mono-ubiquitination manner during osteogenic differentiation.
J Biol Chem. 2017;292(27):11178-11188. doi:10.1074/jbc.
M116.772277

Bernard K, Logsdon NJ, Ravi S, et al. Metabolic reprogramming
is required for myofibroblast contractility and differentiation. J
Biol Chem. 2015;290(42):25427-25438. doi:10.1074/jbc.
M115.646984

Caporarello N, Meridew JA, Jones DL, et al. PGCla repression
in IPF fibroblasts drives a pathologic metabolic, secretory and
fibrogenic state. Thorax. 2019;74(8):749-760. doi:10.1136/
thoraxjnl-2019-213064

Chen HJ, Pan XX, Ding LLQ, Ruan CC, Gao PJ. Cardiac
fibroblast-specific knockout of PGC-1a accelerates Angll-
induced cardiac remodeling. Front Cardiovasc Med. 2021;8:
664626. doi:10.3389/fcvm.2021.664626

Kleiner S, Nguyen-Tran V, Baré O, Huang X, Spiegelman B, Wu
Z. PPAR{delta} agonism activates fatty acid oxidation via PGC-1
{alpha} but does not increase mitochondrial gene expression
and function. J Biol Chem. 2009;284(28):18624-18633. doi:
10.1074/jbc.M109.008797

Bruns 1, Sauer B, Burger MC, et al. Disruption of peroxisome
proliferator-activated receptor y coactivator (PGC)-1a reverts
key features of the neoplastic phenotype of glioma cells. J Biol
Chem. 2019;294(9):3037-3050. doi:10.1074/jbc.RA118.
006993

Wynn TA, Ramalingam TR. Mechanisms of fibrosis: therapeutic
translation for fibrotic disease. Nat Med. 2012;18(7):
1028-1040. doi:10.1038/nm.2807

Liu Y. Cellular and molecular mechanisms of renal fibrosis. Nat
Rev Nephrol. 2011;7(12):684-696. doi:10.1038/nrneph.2011.
149

Takahashi K, Kamijo Y, Hora K, et al. Pretreatment by low-dose
fibrates protects against acute free fatty acid-induced renal
tubule toxicity by counteracting PPARa deterioration. Toxicol
Appl Pharmacol. 2011;252(3):237-249. doi:10.1016/j.taap.
2011.02.012

Yin XN, Wang J, Cui LF, Fan WX. Enhanced glycolysis in the
process of renal fibrosis aggravated the development of chronic
kidney disease. Eur Rev Med Pharmacol Sci. 2018;22(13):
4243-4251. doi:10.26355/eurrev_201807_15419

Klingberg F, Hinz B, White ES. The myofibroblast matrix:
implications for tissue repair and fibrosis. J Pathol. 2013;229(2):
298-309. doi:10.1002/path.4104

Barnes JL, Gorin Y. Myofibroblast differentiation during fibrosis:
role of NAD(P)H oxidases. Kidney Int. 2011;79(9):944-956.
doi:10.1038/ki.2010.516

Schmidt M, Gutknecht D, Simon JC, et al. Controlling the
balance of fibroblast proliferation and differentiation: impact of
thy-1. J Invest Dermatol. 2015;135(7):1893-1902. doi:10.1038/
jid.2015.86

Gewin L, Zent R, Pozzi A. Progression of chronic kidney dis-
ease: too much cellular talk causes damage. Kidney Int. 2017;
91(3):552-560. doi:10.1016/j.kint.2016.08.025

Tan RJ, Zhou D, Liu Y. Signaling crosstalk between tubular
epithelial cells and interstitial fibroblasts after kidney injury.
Kidney Dis (Basel). 2016;2(3):136-144. doi:10.1159/
000446336

Sakai N, Chun J, Duffield JS, et al. Lysophosphatidic acid
signaling through its receptor initiates profibrotic epithelial cell
fibroblast communication mediated by epithelial cell derived
connective tissue growth factor. Kidney Int. 2017;91(3):
628-641. doi:10.1016/j.kint.2016.09.030

Maarouf OH, Aravamudhan A, Rangarajan D, et al. Paracrine
Wnt1 drives interstitial fibrosis without inflammation by

JASN 35: 696-718, June, 2024 717


https://doi.org/10.1371/journal.pone.0013984
https://doi.org/10.1038/s41586-023-05769-3
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.15252/msb.20209946
https://doi.org/10.15252/msb.20209946
https://doi.org/10.1080/10485250802066112
https://doi.org/10.1080/10485250802066112
https://doi.org/10.1016/j.cell.2021.05.045
https://doi.org/10.1101/gr.230771.117
http://igraph.sf.net
https://doi.org/10.1093/nar/gkab996
https://doi.org/10.1093/nar/gkac312
https://doi.org/10.1093/nar/gkac312
https://doi.org/10.1038/nmeth.4463
https://doi.org/10.1152/ajprenal.00529.2017
https://doi.org/10.1152/ajprenal.00529.2017
https://doi.org/10.3390/biom9040141
https://doi.org/10.1002/ame2.12194
https://doi.org/10.1002/ame2.12194
https://doi.org/10.1111/febs.13898
https://doi.org/10.1016/j.gendis.2017.09.001
https://doi.org/10.1016/j.gendis.2017.09.001
https://doi.org/10.1002/iub.1017
https://doi.org/10.1002/iub.1017
https://doi.org/10.1073/pnas.1608262113
https://doi.org/10.1073/pnas.1608262113
https://doi.org/10.1111/jnc.15811
https://doi.org/10.3390/life11010069
https://doi.org/10.1007/BF03261931
https://doi.org/10.1007/BF03261931
https://doi.org/10.1074/jbc.M116.772277
https://doi.org/10.1074/jbc.M116.772277
https://doi.org/10.1074/jbc.M115.646984
https://doi.org/10.1074/jbc.M115.646984
https://doi.org/10.1136/thoraxjnl-2019-213064
https://doi.org/10.1136/thoraxjnl-2019-213064
https://doi.org/10.3389/fcvm.2021.664626
https://doi.org/10.1074/jbc.M109.008797
https://doi.org/10.1074/jbc.RA118.006993
https://doi.org/10.1074/jbc.RA118.006993
https://doi.org/10.1038/nm.2807
https://doi.org/10.1038/nrneph.2011.149
https://doi.org/10.1038/nrneph.2011.149
https://doi.org/10.1016/j.taap.2011.02.012
https://doi.org/10.1016/j.taap.2011.02.012
https://doi.org/10.26355/eurrev_201807_15419
https://doi.org/10.1002/path.4104
https://doi.org/10.1038/ki.2010.516
https://doi.org/10.1038/jid.2015.86
https://doi.org/10.1038/jid.2015.86
https://doi.org/10.1016/j.kint.2016.08.025
https://doi.org/10.1159/000446336
https://doi.org/10.1159/000446336
https://doi.org/10.1016/j.kint.2016.09.030

187ZIMINZIDBPXZOBBARATOAEIOYIASALLIAYPOOAEIEAHIONI/AD AU

MY TXOMADYOINXFZOHISGBZIY T+ NIOITWNOTZTARY HAASHAQUG Aq usel/woo mm| sfeuinol;/:dny wolj papeojumoq

G202/€0/T0 uo

BASIC RESEARCH | www.jasn.org

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

tubulointerstitial cross-talk. J Am Soc Nephrol. 2016;27(3):
781-790. doi:10.1681/ASN.2014121188

Qi R, Yang C. Renal tubular epithelial cells: the neglected
mediator of tubulointerstitial fibrosis after injury. Cell Death
Dis. 2018;9(11):1126. doi:10.1038/s41419-018-1157-x

Zhan M, Brooks C, Liu F, Sun L, Dong Z. Mitochondrial dy-
namics: regulatory mechanisms and emerging role in renal
pathophysiology. Kidney Int. 2013;83(4):568-581. doi:10.
1038/ki.2012.441

Irazabal MV, Torres VE. Reactive oxygen species and redox
signaling in chronic kidney disease. Cells. 2020;9(6):1342. doi:
10.3390/cells9061342

Wei Q, Su J, Dong G, Zhang M, Huo Y, Dong Z. Glycolysis
inhibitors suppress renal interstitial fibrosis via divergent ef-
fects on fibroblasts and tubular cells. Am J Physiol Renal
Physiol. 2019;316(6):F1162-F1172. doi:10.1152/ajprenal.
00422.2018

Pramono AA, Rather GM, Herman H, Lestari K, Bertino JR.
NAD- and NADPH-contributing enzymes as therapeutic targets
in cancer: an overview. Biomolecules. 2020;10(3):358. doi:10.
3390/biom10030358

Nakamura Y, Yamamoto K, He X, et al. Wwp2 is essential for
palatogenesis mediated by the interaction between Sox9 and
mediator subunit 25. Nat Commun. 2011;2:251. doi:10.1038/
ncomms1242

Chen ZF, Behringer RR. Twist is required in head mesenchyme
for cranial neural tube morphogenesis. Genes Dev. 1995;9(6):
686—699. doi:10.1101/gad.9.6.686

Sosic D, Richardson JA, Yu K, Ornitz DM, Olson EN. Twist
regulates cytokine gene expression through a negative feedback
loop that represses NF-kappaB activity. Cell. 2003;112(2):
169-180. doi:10.1016/s0092-8674(03)00002-3

Bialek P, Kern B, Yang X, et al. A twist code determines the
onset of osteoblast differentiation. Dev Cell. 2004;6(3):
423-435. doi:10.1016/s1534-5807(04)00058-9

Liu L, Ning X, Wei L, et al. Twist1 downregulation of PGC-T«
decreases fatty acid oxidation in tubular epithelial cells, leading

718 JASN

97.

98.

99.

100.

101.

102.

103.

104.

105.

to kidney fibrosis. Theranostics. 2022;12(8):3758-3775. doi:
10.7150/thno.71722

Mudry JM, Massart J, Szekeres FLM, Krook A. TWISTT and
TWIST2 regulate glycogen storage and inflammatory genes in
skeletal muscle. J Endocrinol. 2015;224(3):303-313. doi:10.
1530/JOE-14-0474

Wau Z, Puigserver P, Andersson U, et al. Mechanisms con-
trolling mitochondrial biogenesis and respiration through the
thermogenic coactivator PGC-1. Cell. 1999;98(1):115-124.
doi:10.1016/S0092-8674(00)80611-X

Lehman JJ, Barger PM, Kovacs A, Saffitz JE, Medeiros DM,
Kelly DP. Peroxisome proliferator-activated receptor
gamma coactivator-1 promotes cardiac mitochondrial
biogenesis. J Clin Invest. 2000;106(7):847-856. doi:10.
1172/)C110268

Zhang L, LiuJ, Zhou F, Wang W, Chen N. PGC-1a ameliorates
kidney fibrosis in mice with diabetic kidney disease through an
antioxidative mechanism. Mol Med Rep. 2018;17(3):
4490-4498. doi:10.3892/mmr.2018.8433

Liang H, Ward WF. PGC-1alpha: a key regulator of energy
metabolism. Adv Physiol Educ. 2006;30(4):145-151. doi:10.
1152/advan.00052.2006

Tran MT, Zsengeller ZK, Berg AH, et al. PGC1a drives NAD
biosynthesis linking oxidative metabolism to renal pro-
tection. Nature. 2016;531(7595):528-532. doi:10.1038/
nature17184

Li SY, Susztak K. The role of peroxisome proliferator-activated
receptor y coactivator Ta (PGC-1e) in kidney disease. Semin
Nephrol. 2018;38(2):121-126. doi:10.1016/j.semnephrol.
2018.01.003

Han SH, Wu MY, Nam BY, et al. PGC-1a protects from notch-
induced kidney fibrosis development. / Am Soc Nephrol. 2017;
28(11):3312-3322. doi:10.1681/ASN.2017020130

Kawakami Y, Tsuda M, Takahashi S, et al. Transcriptional
coactivator PGC-Talpha regulates chondrogenesis via associ-
ation with Sox9. Proc Natl Acad Sci U S A. 2005;102(7):
2414-2419. doi:10.1073/pnas.0407510102


https://doi.org/10.1681/ASN.2014121188
https://doi.org/10.1038/s41419-018-1157-x
https://doi.org/10.1038/ki.2012.441
https://doi.org/10.1038/ki.2012.441
https://doi.org/10.3390/cells9061342
https://doi.org/10.1152/ajprenal.00422.2018
https://doi.org/10.1152/ajprenal.00422.2018
https://doi.org/10.3390/biom10030358
https://doi.org/10.3390/biom10030358
https://doi.org/10.1038/ncomms1242
https://doi.org/10.1038/ncomms1242
https://doi.org/10.1101/gad.9.6.686
https://doi.org/10.1016/s0092-8674(03)00002-3
https://doi.org/10.1016/s1534-5807(04)00058-9
https://doi.org/10.7150/thno.71722
https://doi.org/10.1530/JOE-14-0474
https://doi.org/10.1530/JOE-14-0474
https://doi.org/10.1016/S0092-8674(00)80611-X
https://doi.org/10.1172/JCI10268
https://doi.org/10.1172/JCI10268
https://doi.org/10.3892/mmr.2018.8433
https://doi.org/10.1152/advan.00052.2006
https://doi.org/10.1152/advan.00052.2006
https://doi.org/10.1038/nature17184
https://doi.org/10.1038/nature17184
https://doi.org/10.1016/j.semnephrol.2018.01.003
https://doi.org/10.1016/j.semnephrol.2018.01.003
https://doi.org/10.1681/ASN.2017020130
https://doi.org/10.1073/pnas.0407510102

