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Abstract

RNA-seq transcriptomic profiling of manually

microdissected kidney

- Biomarker study of glomerulonephritis —

Sehoon Park

Biomedical Sciences Major
The Graduate School
Seoul National University

Transcriptome profiling of microdissected kidney substructure can
reveal pathophysiologic changes specific to glomerulus and
tubulointerstitial tissue. The author aimed to perform RNA-seq
analysis of manually microdissected kidney biopsy tissues in this
study. The study included major glomerulonephritis patients to study
disease specific or a biomarker with uniform changes in diverse
glomerulonephritis. Considering that IgAN is one of the most common
primary glomerulonephritis worldwide with clinical importance, the
author profiled the glomerulus transcriptomic profile of the disease
category to investigate a IgAN-related transcript signature. In
addition, as tubulointerstitial fibrosis is the common final pathways of
various glomerulonephritis, the author profiled the tubule-
transcriptome of glomerulonephritis.

In glomerulus RNA-seq, the author collected glomeruli from biopsy
specimens from IgAN patients with relatively preserved kidney
function (eGFR > 60 mL/min/1.73 m? and urine protein—to-
creatinine ratio < 3 g/g) and from normal kidney cortices by manual

microdissection and performed RNA-seq. Differentially expressed



genes (DEG) were identified, and gene—ontology term annotation and
pathway analysis were performed. Immunohistochemical labeling and
primary mesangial cell cultures were performed to confirm the
findings of RNA-seq analysis. Total of 14 IgAN patients and 10
controls were included in this glomerulus RNA-seq. Glomerulus-
specific genes were highly abundant. Principal component analysis
showed clear separation between the IgAN and control groups.
There were 2,497 DEGs, of which 1,380 were upregulated and 1,117
were downregulated (false discovery rate < 0.01). The enriched gene
ontology terms included motility/migration, protein/vesicle transport,
and immune system, and the kinase binding was the molecular
function overrepresented in IgAN. B cell signaling, chemokine signal
transduction, and FcyR-mediated phagocytosis were the canonical
pathways overrepresented. /n vitro studies confirmed that spleen
tyrosine kinase (SYK), reported as upregulated in the IgAN
transcriptome, was also upregulated in the glomeruli from an
independent set of IgAN patients and that treatment with patient-—
derived IgA1l increased the expression of SYK in mesangial cells.

In tubulointerstitial RNA-seq, the author profiled manually
microdissected tubulointerstitial tissue from biopsy cores of 65
glomerulonephritis cases, including 43 patients with IgAN, 3 with
diabetes  mellitus  nephropathy, 3 with focal segmental
glomerulosclerosis, 3 with lupus nephritis, 4 with membranous
nephropathy, and 9 with minimal change disease, and additional 22
nephrectomy controls by RNA sequencing. A potential biomarker was
selected based on the false discovery rate, and experiments were
performed in TNF-a-stimulated primary cultured human tubular
epithelial cells (hTECs). The author identified 3037 genes with low
expression and 2852 genes with high expression in the disease
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samples compared to the controls. Dual-specificity phosphatase 1
(DUSP1) exhibited universal low expression in various diseases (log2
fold change, —3.87), with the lowest false discovery rate (7.03E-132).
In further experimental validation study, DUSP1l overexpression
ameliorated inflammatory markers related with MAP kinase pathways
in hTECs, while pharmacologic inhibition of DUSP1 increased these
markers. The combination of DUSP1 overexpression with low-—
concentration corticosteroid treatment resulted in more potent
suppression of inflammation than high—-concentration corticosteroid
treatment alone.

In conclusion, transcriptome profiling of glomerulus and
tubulointerstitial tissue in patients with various glomerulonephritis
revealed notable findings that may provide insights into
pathophysiologic mechanisms. Future studies may consider the
clinical implementation of the identified biomarkers and test whether
the modification of the targets may be helpful in treatment of

glomerulonephritis.
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Chapter 1. Introduction

1.1. Study Background

Glomerulonephritis is one of the major etiologies of chronic

kidney disease.! Both primary glomerulonephritis, such as
immunoglobulin A nephropathy (IgAN) and secondary
nephropathies, such as diabetic kidney disease, are related to
kidney function decline, and major health problems affecting
patient problem and causing substantial socioeconomic burden.
Kidney is a complex organ consisting of diverse
microstructure. Not only the functions of microstructures are
various but also the pathophysiologic mechanism may be
different in the pathologic structures (e.g. glomerulus,
tubulointerstitial tissue). Therefore, investigation for the
pathophysiologic changes in the specific structures may
enhance the understandings of the underlying mechanisms of
glomerulonephritis. Microdissection 1s a technique to isolate
kidney substructures manually and has been a useful tool to
investigate the pathophysiologic changes specific to glomerulus
or tubulointerstitium.

Transcriptomic  profiling  provides the opportunity  —of
¥ ) -
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unsupervised investigation for the abundance of messenger
RNA expression. In particular, high—-throughput RNA
sequencing (RNA-seq) overcomes the previous limitations of
microarray techniques, enabling a transcriptome annotation
with clearer resolution.?® Several RNA-seq investigations for
the transcriptomic profiling of glomerulonephritis have been
performed, vyet, a study including diverse kidney disease
categories  was rare  particularly implementing the
microdissection technique to reveal the microstructure-specific

kidney transcriptomic profiles.

1.2. Purpose of research

In this study, the author aimed to perform transcriptomic
profiling of manually microdissected kidney biopsy tissues.®*
The study included major glomerulonephritis patients to study
disease specific or a biomarker with uniform changes in
diverse glomerulonephritis. Considering that IgAN is one of the
most common primary glomerulonephritis worldwide with

clinical 1mportance, the author profiled the glomerulus

transcriptomic profile of the disease category to investigate a
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IgAN-related transcript signature. In addition, as
tubulointerstitial fibrosis i1s the common final pathways of
various glomerulonephritis, the author profiled the tubule-
transcriptome of glomerulonephritis. The author performed
additional experimental validation to determine whether the
identified transcriptomic profiles compared to nephrectomy

tissue controls may suggest a clinically relevant biomarker.



Chapter 2. Methods

2.1. Ethical Considerations

The institutional review boards of Seoul National University
Hospital approved this study and the usage of biospecimens
from the National Biobank of Korea (No. H-1706-139-816).
The National Biobank of Korea obtained the kidney biopsy
samples with the informed consent of the patients. The study
was performed in accordance with the principles of the

Declaration of Helsinki.

2.2. Procurement of kidney tissue samples

Biopsy cores from glomerulonephritis patients were obtained
from punch biopsies performed between 2010 and 2017 and
stored in RNAlater (Qiagen, Hamburg, Germany) at —80°C.?

For glomerulus transcriptomic profiling, the author selected

16 IgAN samples with relatively preserved kidney function, as
they had estimated glomerular filtration rate (eGFR) > 60

mL/min/1.73 m2 and random urine protein—to-creatinine ratio <



3 g/g at the time of kidney biopsy. Total of 10 control samples
for glomerulus RNA-seq were obtained from the non-
cancerous cortical tissue of the kidney that was removed for
the treatment of renal cell carcinoma. The control subjects had
no evidence of underlying kidney dysfunction or other medical
conditions such as diabetes mellitus or hypertension. These
nephrectomy control group samples were also stored in
RNAlater immediately after surgical excision via the same
protocol used for the biopsy core tissues.

For transcriptomic profiling for tubulointerstitial tissue, the
author collected samples from 46 patients with IgAN, 3 with
diabetes mellitus nephropathy, 3 with focal segmental
glomerulosclerosis, 3 with lupus nephritis, 4 with membranous
nephropathy, and 9 with minimal change disease. Similar as the
samples included in the glomerulus transcriptomic profiling,
patients with profound kidney dysfunction and those with an
estimated glomerular filtration rate (eGFR) < 30 mL/min/1.73
m? were not considered for this study. As the controls, normal

cortical tissues were again collected from the non-cancer-

affected cortex of 22 renal carcinoma patients who exhibited



no evidence of chronic kidney disease.

2.3. Microdissection, RNA isolation, and RNA

sequencing

Collected kidney tissues were manually microdissected under
an EZ4 stereomicroscope (Leica, Wetzlar, Germany). An
average number of 8 to 12 glomeruli were collected from each
biopsy specimen for glomerulus RNA-seq. For tubulointerstitial
RNA-seq, the author thoroughly removed glomerulus before
collection of the microdissected tissue. Total RNAs were
extracted from the microdissected glomeruli using an RNeasy
micro kit (Qiagen, Hamburg, Germany). A SMARTer Ultra Low
Input RNA Kit version 3 (Takara Bio, Mountain View, CA, USA)
was used to construct complementary DNA libraries in
glomerulus sequencing considering the low total amount of
mRNA in the microdissected tissues. For tubulointerstitial
RNA-seq, a TruSeq Stranded Total RNA Library Prep Kit
(Illumina, CA, USA) was used to construct cDNA libraries.
Paired—-end RNA sequencing was performed on a Hiseq2500

platform (Illumina, San Diego, CA, USA) to obtain 100-base-
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pair sequences.

2.4. RNA-seq profiling

FastQC was used for initial quality control. For glomerulus
RNA-seq data, the author identified that low-quality
nucleotides and adapter sequences take certain portion of the
results, thus, the sequences were trimmed off using the
cutadapt software.” The FASTQ reads were aligned to the
human reference genome using the mapping program Bowtie 2
(version 2.1.0.0) or STAR (version 2.3.0).° To quantify gene
expression, uniquely mapped reads were counted with

featureCounts or HTseq software.”®

2.5. Differentially expressed genes and pathway

enrichment analysis

Genes with fewer than 20 reads in more than half of the
samples were excluded from the downstream analysis. R
packages factoextra and FactoMineR were used for principal
components analysis.” Differentially expressed genes (DEGs)

were called at Benjamini—Hochberg—-adjusted false discovery

3 = i g
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rate of 0.01 using the DESeq2 package (version 1.24.0).!1° Gene
set enrichment analysis was performed with R packages
pathview,'' goseq,'” and ToppGene Suite.'® The annotated
domains with a false discovery rate < 0.05 are presented.
Heatmaps and correlation plots were drawn with the counts per

million reads values of the genes of interest.

2.6. Glomerulus RNA-seq target gene selection for

IgAN and experimental validation study

Of the identified DEGs, a target gene (spleen tyrosine kinase,
SYK) was selected by literature review, and additional
validation study with immunohistochemistry staining was
performed in independent human IgAN kidney biopsy samples.
The author first stained 22 independent IgAN samples from
patients who met the same criteria as our sequenced IgAN
samples. Then, 12 additional samples from [IgAN patients with
kidney dysfunction (eGFR < 60 ml/min/1.73 m?) were stained
with the same method to further evaluate the expression in
[gAN patients with significantly decreased kidney function.

Experimental 12 control samples consisted of biopsied kidney
' L, -11
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tissues from insignificant finding in their biopsy reports, and
without any laboratory evidence of kidney dysfunction. For
staining, 4-pm paraffin—embedded tissue sections were
deparaffinized with xylene and rehydrated with ethanol.
Background signals were blocked with a Protein Block Serum-
Free Ready-to-use blocking reagent (cat. no. X0909, Agilent,
Santa Clara, CA, USA). Total and phosphorylated SYK proteins
were probed with the respective primary antibodies (for total
SYK, sc-1240 at 1:300 dilution, Santa Cruz Biotechnology,

Dallas, TX, USA; for phosphor-SYK, #27115 at 1:200 dilution,

Cell Signaling Technology, Danvers, MA, USA) at 4°C overnight.

Images were captured using a Nikon Eclipse Ci inverted
microscope (Nikon Imaging, Tokyo, Japan). Quantification of
the immunohistochemical signals was performed with Imagel
(version 1.8.0, National Institutes of Health, Bethesda, MD,
USA) to measure the proportion of stained area among the
identified glomeruli. The measurement was performed in at
least three glomeruli per sample, and the mean values were
calculated.

For immunofluorescence staining, deparaffinized tissue slides
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were labeled with primary antibodies against total SYK (sc-—

1240, at 1:300 dilution, Santa Cruz) and a-smooth muscle actin
(aSMA; ab32575, at 1:300 dilution, Abcam, Cambridge, UK),
followed by secondary antibodies (AlexaFluor goat anti—-mouse
488 A1101 and goat anti—rabbit 555 A214228; Thermo Fisher
Scientific, Waltham, MA, USA). 4’,6—-diamidino-2-phenylindole
(DAPI) was used for nuclear counterstain. Confocal microscopy
was performed on a TCS SP8 STED CW confocal microscope
(Leica).

The author also used primary cultured human mesangial cells
for in vitro experiments. Non—cancerous normal kidney tissues
were obtained from patients who underwent nephrectomy for
renal cell carcinoma, and the kidney cortices were
mechanically dissected. The glomeruli were isolated using a
series of 125-, 106- and 75- pm Fisherbrand U.S. Standard
Test Sieves (Fisher Scientific, Thermo Fischer Scientific,
Waltham, MA, USA) and cultured for 8 days. Outgrowing cells
were detached by trypsin and passed through sieves to obtain
glomerular cores enriched in mesangial cells. On day 8, 1x10°

cells were incubated with an Fc receptor blocking reagent (1
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g/mlL, BD Bioscience, San Jose, CA, USA),"* followed by
labeling with anti-CD90 monoclonal antibodies (cat. 12-0909-
42, Thermo Fischer Scientific) and sorting on a BD
FACSCalibur instrument (BD Biosciences). These cells were
cultured in humid 5% CO2 atmosphere at 37°C.

In the in vitro experiments, the author collected serum
specimens from a healthy individual without any evidence of
kidney disease and from an active IgAN patient with significant
proteinuria (> 1g/g) but not receiving any immunosuppressive
treatment. [gA1 molecules from the active IgAN patient isolated
from serum using jacalin as reported before.'® Cells were
treated with either sera or patient—derived IgAl for 48 hours
after overnight starvation in multiple doses (6.25 to 200 n
g/mL). For immunoblotting, 80 ng of proteins were separated
by electrophoresis on 10% sodium dodecyl sulfate—
polyacrylamide gels and transferred onto Immobilon-FL 0.4-u
M polyvinylidene difluoride membranes (Millipore, Bedford, MA,
USA). Proteins were probed with primary antibodies targeting
phospho-SYK (Santa Cruz) and total-SYK (Cell Signaling

Technology), followed by anti-rabbit I[gG (Cell Signaling
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Technology) secondary antibodies. The labeled proteins were
detected by an enhanced chemiluminescence system (ECLTM
PRN 2106; Amersham Pharmacia Biotech, Buckinghamshire,
UK). Band intensities were analyzed using a Bio—Rad Gel Doc
1000 and Multi-Analyst version 1.1 (Bio—Rad Laboratories,
Hercules, CA, USA). Quantification for western blot bands was
performed with ImagelJ, and the experiment was performed in
quadruplets

For quantitative real-time PCR, total SYK mRNA was
quantified in the primary cultured mesangial cells without
treatment, with treatment of 500 pg/mL of isolated IgAl from
the jacalin method from a healthy individual, and with treatment
of 500 pg/mL of isolated IgAl from active IgAN patients as
above. Total RNA was extracted from the mesangial cells by
using the RNeasy kit, and 500 ng of total RNA was reverse-
transcribed with oligo-d(T) primers and AMV-RT Taq
polymerase (Promega, WI, USA). Real-time pCR was performed
using either Assay—-on—-Demand TachMan probes or the SYBR
Green method and primer for SYK (Applied Biosystems, Foster

City, CA, USA) was used. The author used Applied Biosystems

12 ] 2-1



PRISM 7500 sequence detection system for real-time PCR

analysis. Relative quantification of the mRNA levels were

performed by 2 2T and the GAPDH served as a loading

control. All in vitro experiments were performed in quadruplets.

The cells in above conditions as the real-time PCR was
additionally experimented for their expression in Ki—-67 to
evaluate the proliferative activity of mesangial cells by
immunofluorescence microscopy. Cells on cover glasses were
washed with phosphate-buffered saline and fixed in 4%
paraformaldehyde for 20min. The fixed cells were
permeabilized with 0.3% Triton X and stained with antibodies
against Ki-67 (ABCAM) in blocking agent overnight at 4 °C.
Otherwise, the immunofluorescence microscopy was performed
as the method used for human samples, and performed in
quadruplets.

To further test the mesangial cell proliferation activity, MTS
assay (Promega) was performed to detect viable cells, and the
relative proportion to untreated control cells was calculated.
The MTS assay was performed in untreated control cells,
mesangial cells treated from 1isolated IgAl from healthy

13 o
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individuals or from active IgAN patients (250 or 500 pg/mL).

The experiment was performed in quintuplets.

2.7. Tubulointerstitial RNA-seq target gene selection

and experimental validation study

For the wvalidation experiment for the results in
tubulointerstitial RNA-seq of various glomerulonephritis, the
gene that showed the greatest difference based on the false
discovery rate (i.e., dual-specificity phosphatase 1, DUSPI)
was selected as the gene of interest for experimental validation.
To ensure that gene expression was universally altered in the
profiled kidney diseases, the author tested whether the
expression level in each disease category was significantly
different compared to that in the nephrectomy controls.

Immunohistochemical staining was performed on independent
human kidney tissues. The author included samples from
patients with major primary glomerulonephritis, specifically 32
patients with IgAN, 14 with membranous nephropathy, and 15
with minimal change disease. In addition, pathology slides from

24 nephrectomy controls were included. No patient had a
b oy ¥
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significantly reduced eGFR (< 60 mlL/min/1.73 m?). The author
sliced paraffin—-embedded, unstained tissue sections stored at
the time of kidney biopsy or nephrectomy into 4-um sections.
After deparaffinization and rehydration with three incubations
in xylene followed by a series of descending concentrations of
ethanol, immunohistochemical staining was performed. To
block nonspecific background staining, blocking reagent (Santa
Clara, CA, USA) was used. In addition to DUSPI, kinases
affected by DUSPI activity, including p38 and ERK were also
targeted in this experiment. Staining with an antibody against
DUSPI1, phospho-p38, and phospho-ZRK (Novus Biologicals,
CO, USA) was conducted at 4°C overnight. Images were
acquired using a light microscopy system (Leica Microsystems,
Germany). The author quantified the staining results with
Imagel (version 1.8.0., National Institute of Health, USA).

For immunofluorescence staining, deparaffinized tissue slides
were stained with a primary antibody against DUSPI (Novus
Biologicals, CO, USA) followed by secondary antibodies (Alexa
Fluor goat anti-mouse 488 (A1101) and goat anti-rabbit 555

(A214228); Thermo Fisher Scientific, Waltham, MA, USA). For
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nuclear staining, 4’,6—diamidino-2-phenylindole (DAPI) was
used. Confocal microscopy was performed on a TCS SP8 STED
CW confocal microscope (Leica Microsystems).

The author additionally performed an in vitro study, and
primary cultured human tubular epithelial cells (hTECs) from
the unaffected cortex of a nephrectomy control individual were
obtained.!® After mechanically dissecting the kidney cortices,
the author isolated tubules with the sieving technique and
cultured them for 8 days. The author trypsinized the
outgrowing cells and collected cultured hTECs via additional
sieving. On day 8, the cultured hTECs were counted, and 1X
10% cells were incubated with Fc receptor blocking reagent (1
ng/mL, BD Bioscience, CA, USA). The author identified hTECs
by labeling with anti-CD90 monoclonal antibodies (cat. 12-
0909-42, Thermo Fischer Scientific) and sorting in a BD
FACSCalibur instrument (BD Bioscience). The sorted cells
were cultured in a humidified 5% COg2 atmosphere at 37°C.

With the hTECs, the author performed western blot analysis
and evaluated the DUSPI-related molecular pathways with

altered DUSPFI activity. As DUSPFI suppresses the activity of
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p38, its target molecules include not only p38 but also the
molecules in the downstream c-Jun (JUN)/c-Fos (FOS)
pathway (including JUN, FOS, and c-Jun N-terminal kinase
(JNK)) and extracellular signal-regulated kinase (ERK).!” In
addition, the downstream transcription factor activated protein
1 (AP-1) was evaluated. The author treated hTECs with TNFa
to mimic tubulointerstitial inflammation, because evidence
indicates that this molecule plays a role in various kidney
diseases.’®?® hTECS were stimulated with TNFa at a
concentration of 10 ng/mL for 1 hour.

For western blot analysis, the author extracted total protein
and separated equal amounts (80 ng) of protein on 10% sodium
dodecyl sulfate (SDS)-polyacrylamide gels and transferred
them onto Immobilon-FL 0.4 pM polyvinylidene difluoride
membranes (Millipore, MA, USA). Primary antibodies against 3
—actin (Sigma-Aldrich, MO, USA), DUSP1 (Novus Biologicals),
p38 (Cell Signaling Technology, MA, USA), phospho-p38 (Cell
Signaling Technology), JNK (Cell Signaling Technology),
phospho—-JNK (Cell Signaling Technology), ERK (Cell Signaling

Technology), phospho—ERK (Cell Signaling Technology), JUN
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(Cell Signaling Technology), phospho-JUN (Cell Signaling
Technology), FOS (Cell Signaling Technology), phospho-FOS
(Cell Signaling Technology), AP-1 (MyBioSource, CA, USA),
and phospho—-AP1 (MyBioSource) were used. The author used
an anti-rabbit IgG secondary antibody (Cell Signaling
Technology). Quantification of western blot band densities was
performed with Imagel, and the relative levels of DUSP1 and
phosphoproteins were calculated by dividing these levels by
the expression level of B-actin and the expression levels of
the corresponding total forms.

BCI is an allosteric inhibitor of DUSP1/6, and its effect on
various disease conditions has been shown.?!?? The author first
confirmed the appropriate BCI concentration for the experiment
by adding BCI (Millipore) at 1.25 mM, 2.5 mM, and 5.0 mM to
the culture medium of hTECs for 3 hours and then stimulating
the hTECs with TNFa. The BCI concentration considered to
sufficiently increase p38 expression was used for the main
experiment. Next, the author tested the effects of
pharmacologic inhibition by BCI in cells with no treatment, with

BCI treatment only, with TNFa stimulation only, and with TNFa
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stimulation after treatment with BCI at the determined
concentration for 3 hours.

The author used custom—manufactured adenovirus for in vitro
transduction of DUSPI (adeno-DUSPI, Sirion Biotech,
Germany) to overexpress DUSPI in hTECs. The author first
confirmed the appropriate multiplicity of infection (MOI) for
DUSPI overexpression by transducing cells with adeno-DUSP1
at MOIs of 10, 25, and 50 for 24 hours and assessing phospho-
p38 and DUSPI levels. Next, the author assessed the relative
levels of the target molecules in cells transduced with control
adenovirus, transduced with adeno—-DUSPFI, stimulated with
TNFa, and stimulated with TNFa after adenovirus—mediated
overexpression of DUSPI.

As previous studies suggested that glucocorticoids act
through DUSPI to exert their effects on p38 and related
pathways, the author further sought to determine whether
specifically targeting DUSFPI may be helpful for reducing the
glucocorticoid dosage while maintaining immunosuppressive
efficacy in hTECs. First, to confirm the dexamethasone

concentration, the author assessed phospho-p38 and DUSP1
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levels in tics treated with 0.25, 0.5, and 1.0 mM dexamethasone
(Sigma-Aldrich) for 1 hour and then stimulated with TNFa.
Next, the author treated TNFa-stimulated hTECs with a low
concentration and a high concentration of dexamethasone and
assessed the relative levels of the target molecules. In addition,
hTECs transduced with adeno—-DUSP1 at an MOI of 50 for 24
hours were treated with the low concentration of

dexamethasone and then stimulated with TNFa.
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Chapter 3. Results — glomerulus RNA-seq

3.1. Clinical characteristics and exploratory analysis

Outliers in one each of the study and the control group were
excluded according to principal component analysis results.
The clinical features of the finally included 14 IgAN patients
and 10 controls are shown in Table 1. The median eGFR was
81.6 mL/min/1.73 m? and the median random urine protein-

creatinine ratio was 1.1 g/g.
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Table 1. Clinical characteristics of the study population for

glomerulus RNA-seq.

ID Age Sex Cr eGFR UPCR M E S T C
(mg (mL/min (g/g)
/dL)  /1.73
m’)
[eAN1 58 M 1.0 749 0.5 O 0 0 0 O
[gAN2 26 M 0.9 934 0.5 O 0 1 0 O
[gAN3 33 F 0.8 82.2 0.9 1 1 1 0 1
IgAN4 18 M 0.7 138.6 0.2 O 1 1 0 O
[gANDS 34 F 0.8 80.9 0.4 O 0 1 0 O
[gANG 32 M 1.0 78.0 0.7 O 1 1 0 O
[gAN7 41 M 1.1  68.5 2.9 1 1 1 0 O
[gANS8 32 M 1.2 69.6 2.8 1 0 1 2 O
[gAN9 35 M 1.1 76.0 1.7 1 1 1 0 O
IgAN10 47 M 0.9 834 1.2 1 0 1 0 O
IgAN11 57 M 1.0  73.7 1.6 1 1 0 0 O
IgAN12 37 F 0.4 145.0 1.9 O 0 0 0 O
IgAN13 20 M 0.9 101.2 1.0 1 1 0 0 O
[gAN14 36 F 0.5 117.2 2.0 - - - -0
Controll 43 M 0.9 83.7 - - - - - -
Control2z 57 F 0.6 100.8 - - - - - -
Control3 60 M 0.9 837 - - - - - -
Control4 31 F 0.6 106.3 - - - - - -
Controld 62 M 0.8 924 - - - - - -
Control6 49 F 0.6 98.6 - - - - - -
Control7 37 M 0.9 91.1 - - - - - -
Control8 43 M 0.9 87.3 - - - - - -
Control9 58 M 0.9 78.7 - - - - - -
Controll 55 M 0.7 105.1 - - - - - -

22



Each sample yielded 25,330,450 ~ 48,226,631 paired—end
RNA-seq reads, of which 18,244,340 ~ 42,925,026 reads (72.0
~ 91.0 percent) were mapped to Ensembl-annotated exons.
After filtering out lowly expressed genes, the author found that
16,438 Ensembl genes were expressed in our samples. To
ensure that our FASTQ sequences were enriched in
glomerulus—-specific genes, the author examined expression
levels for select gene markers for the glomerulus, proximal
tubule, and collecting duct. Figure 1 illustrates representative
RNA-seq histograms for a few selected examples of glomeruli-
or tubule—specific transcripts, as displayed on the UCSC
Genome Browser 2°. The average expression levels for nephrin
(NPHSI), podocin (NPHSZ2), and podocalyxin (PODXL) were
high [801.1, 6336.1, and 6430.2, and in average counts per
million, respectively], whereas those for tubule— or collecting
duct-specific transcripts such as aquaporin-1 (AQPFI),
uromodulin (UMOD), and aquaporin-2 (AQP2) were relatively
low or absent (502.3, 333.3, and 54.6 in average counts per
million, respectively). These results indicate that our manual

microdissection and subsequent RNA-seq library construction
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successfully captured human glomeruli from the human biopsy

samples with removal of abundant tubule tissues.
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Figure 1. Expression of structure-specific genes.
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Next, global patterns of gene expression were analyzed in an
unsupervised manner to detect covariates that may explain
variability in our samples. Principal component analysis shows
a clear separation between control and IgAN groups, with the
first and second principal components explaining 20.5% and
11.1% of variability, respectively (Figure 2A). A gene-wise
principal-component plot demonstrates genes with the highest

variability between two groups (Figure 2B).
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Figure 2. Principal component analysis results.
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A. Principal component analysis showed that the IgAN patients and the
controls are relatively well-separated regarding the major principal
components. B. Principal component analysis showing the gene expressions
that had high contribution regarding the calculated eigen values. PC,
principal component; PCA, principal component analysis.
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3.2. Genes differentially expressed in the glomeruli of

IgAN patients

To i1dentify genes differentially expressed in the IgAN samples,
the author modeled RNA-seq count data using a negative
binomial distribution and determined adjusted P-values [i.e.,
false discovery rate (FDR)] using a Wald test '°. The author
identified 2,497 DEGs, of which 1,380 genes were upregulated
and 1,117 genes downregulated in the IgAN group (FDR < 0.01),
shown in Figure 3A, and Figure 3B is a heatmap drawn from
representative DEGs associated with several canonical

molecular pathways.
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Figure 3. Differentially expressed genes in the IgAN patients.

FOS
IFITM1
cD19
CD788

>
m
A
o
.D

Volcano plot

BTK
LYN
LILRB4
DAPP1

ouer

LILRAZ
LILRE3
LILRB1
| PIK3APT
|GRE2
LILRA1
[ | PLCG2
PIK3CB

MALATY

carmn

SYK
0 vavz
NFATC1
PIK3IRS
MAPK1
Va2
PIK3CA

| | NFKB1

NRAS
GSK3B
KRAS
PPP3CA
BAD
RASGRP2
CCL3L3
CcCLdL2
CX3CR1
HCK
CcCL3
CCL4
CCR2
CcXcLio
CXCL16
DOCK2
GRKE
SRC
GNB4
PREX1
STAT3
ADCYS
GRK2
CDC42
CRK
GNG12
WASL
CRKL
PRKACB

BAD
RASGRP2
ceLaLa
coLaLz
CX3CR1
HCK
ccLs
cCL4
CCR2
CXCL1D
CXCL1B
DOCK2
GRKE
SRC
GNB4.
PREX1
STAT3
ADCYS
GRK2
cDC4z
CRK
GNG12
WASL
CRKL
PRKACE

0
L
B cell signaling pathway

Lwena

cshe”

-ogn (adjusted P-valug)

apo
AMKRDC Pt TPRIPLZ
st S ool RO
ACOSSTI31 EGR1  SEPT4 TIcH PPPIRIGE.
o ey S
e | Bt g s
Y

DAz,

uBE2H
P2t " *coss

ey
rosa 4138581 igen

loga (lgANicontrol)

Chemokine signaling pathway

is pathway

Y

Fey

A. A volcano plot showing genes differentially expressed in IgAN samples.
Adjusted P-value < 0.01 was used as a threshold for statistical significance
and the significant differentially expressed genes were colored; red dots
indicate the upregulated genes and blue dots indicate the downregulated
genes. Gene names were shown for the significantly differentially
expressed genes with adjusted P-value < 107'° or log2 fold-change
absolute value > 3. B. A heatmap showing the relative expression levels of
differentially expressed genes in the notable pathways among the study
subjects. The gene expression levels were normalized by the DESeq2
method. The expression levels are scaled and clustered by the Euclidian
method by rows (genes).

29 2 M E g

e



Table 2 lists representative genes whose expression was

significantly altered in the glomeruli of the IgAN group.

Table 2. Representative DEGs in IgAN glomerulus.

‘ Log2 False
Genes Protein names g?pcllggsion fold changes discovery
(IgA/Control)rate
Upregulated genes
C-C motif chemokine _
CCLS3 ligand 3 339.87 3.37£0.7 4 .52E-05
C-C motif chemokine B
CCL4 ligand 4 1014.07 3.39%£0.69 3.11E-05
C-X-C motif B
CXCL16 chemokine ligand 16 1558.01 1.3£0.21 8.96E-08
BTK Bruton tyrosine kinase 134.54 2.38%x0.6 8.81E-04
spleen associated _
SYK tyrosine kinase 524.80 1.13£0.23  2.33E-05
Mitogen—activated
MAPK1 protein kinase 1 2815.94 0.43%0.12 0.002
TNF Tumor necrosis factor 39.56 1.83%£0.54 0.006
transforming growth _
TGFBRI1 factor beta receptor 1 1092.81 1.3%£0.19 3.64E-09
SiApz  SMAD family membergysse 075£0.15  1.08E-05
syAps  MAD family memberyy67 63 0.56:£0.16  0.004
cor1a; Collasen type Lalpha 11908 45 344055  8.428-08
C4A complement C4A 210.56 1.98%0.3 7.01E-09
C4B complement C4B 208.68 2.38%0.38 4.75E-08
beta-1,4- _
B4GALT1 galactosyltransferase 1772.57 1.10+£0.23 5.68E-05
phosphatidylinositol-
PIKSCA > bisphosphate 37717 69 0.8320.18  8.30E-05
catalytic subunit alpha
AKT serine/threonine
AKTI kinase 1 1748.44  0.75£0.29 0.039
hypoxia inducible
HIF1A factor 1 alpha subunit 3025.80 0.51x0.17 0.015
G protein—coupled B
GRK2 receptor kinase 2 1309.16 1.15%£0.24 3.64E-05
Downregulated genes
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dual specificity 14442 76 -2.88+0.21

metastasis associated

MALATI lung adenocarcinoma 144833.63 —-2.26+£0.18 1.73E-32
transcript 1
cardiac mesoderm

CARMN  enhancer—associated 440.55 -2.51+0.21 7.56E-28
non—coding RNA
Fos proto-oncogene,

FOS AP-1 transcription3447.93 -4.66x0.42 1.09E-24
factor subunit
FosB proto—-oncogene,

FOSB AP-1 transcription 223.33 -4.36x0.74 3.86E-07
factor subunit
JunB proto-oncogene,

JUNB AP-1 transcription3373.22 -1.81+0.32 7.48E-07
fact.or subunit

AGTRI ~ @nglotensin Il receptor 604 62 -1.56+0.26 2.93E-07
regulator of G protein _ _

RGS2 signaling 2 1564.64 2.28+0.27 3.17E-14
regulator of G protein _

RGS11 signaling 11 220.85 1.12£0.28 0.001
regulator of G protein _ 3

RGS16 signaling 16 321.37 1.58+£0.28 7.37E-07
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Among the upregulated genes were genes known to associate
with inflammation and immune cell mobilization. For example,
pro—inflammatory chemokines such as CCL3, CCL4, and C-X-C
motif chemokine ligand 16 (CXCL16) were upregulated in IgAN
glomeruli. Genes involved in the B cell and Fcy receptor
pathways such as Bruton tyrosine kinase (B7K), spleen
tyrosine kinase (SYK), and mitogen—activated protein kinase 1
(MAPK1I) were upregulated in the IgAN group. Transcripts for
molecular mediators involved in the pro-fibrotic TGEFf
signaling pathway were also upregulated in the IgAN group,
including tumor necrosis factor (7ZNF), transforming growth
factor beta receptor 1 (7GFBR1), SMAD family member 3
(SMAD3), SMADS or collagen type I alpha 1 chain (COL1IAI).
Genes related to PISK-AKT pathway, also a known pathway
related to inflammation, such as G protein—coupled receptor
kinase 2 (GRK2),** hypoxia inducible factor 1 alpha subunit
(HIF1A),%®  phosphatidylinositol-4,5-bisphosphate  3-kinase
catalytic subunit alpha (PI3KCA), were enriched in IgAN
glomeruli. Also, certain complement genes, including C4A and

C4B, and B1l,4-galactosyltransferase (B4GALTI), a recently
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proposed receptor for IgA in human mesangial cells,?® were

significantly upregulated in the IgAN transcriptome. These
findings provide evidence that glomerular inflammation and the
initiation of fibrosis take place in the glomerulus of I[gAN
patients with relatively preserved kidney function.

When the author investigated the downregulated genes, dual
specificity phosphatase 1 (DUSPI), a negative regulator of
MAPK pathway, and metastasis—associated lung
adenocarcinoma transcript 1 (MALATI), cardiac mesoderm
enhancer—associated non-coding RNA (CARMN), and Fos
proto—oncogene (FOS) were the genes with the lowest FDR.
FosB proto-oncogene (FOSB), JunB proto—oncogene (JUN),
related to the FOS-JUN pathway, were also downregulated in
the IgAN glomeruli transcriptome. Angiotensin receptor type 1
(AGTRI), as previously reported with mesangial cells,?’ was
downregulated in IgAN glomeruli. In addition, regulator of G
protein signaling 2 (RGS2), RGS16, RGS 11, were
downregulated, 1mplying that regulations for inflammatory
signals might have been reduced, further suggesting a pro-

inflammatory state in IgAN glomerulus.
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3.3. Gene ontology enrichment and pathway analysis

To further define biological processes and functions of the
differentially expressed transcripts, the author performed Gene
Ontology (GO) terms annotation and mapped up- and down-
regulated genes onto a set of molecular pathways annotated in
the Kyoto Encyclopedia of Genes and Genomes (KEGQG)
database. Table 3 summarizes the top 10 highly
overrepresented GO terms in each biological process, cellular
component, and molecular function GO category in the IgAN
transcriptome as compared with controls. The enriched GO
terms in the biological process category included cellular
motility/migration, protein/vesicle transport, and immune
system. Overrepresented GO cellular components terms
included junction, Golgi apparatus, vacuole, and endoplasmic
reticulum. Enzyme or kinase binding, nucleoside,
ribonucleoside or nucleotide binding were the molecular
function GO terms that were overrepresented in IgAN
transcriptome. KEGG pathway analysis for differentially
expressed genes revealed that canonical molecular pathways

involved in B cell signaling, chemokine signal transduction, and
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FcyR-mediated phagocytosis were overrepresented (Figure 4).
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Table 3. Gene ontology (GO) term annotation results.

. Genes
GO ID Name Genes H.l from FDR .
Annotation (Bonferroni)
Input
Biological Process
GO:0016192 | Vesiclermediated 1,514 215 | <0.001
transport
GO:0040011 | locomotion 1,735 215 < 0.001
GO:0016477 | cell migration 1,300 173 < 0.001
GO:0015031 | protein transport 1,948 230 < 0.001
GO:0048870 | cell motility 1,428 181 < 0.001
GO:0051674 | localization of cell 1,428 181 < 0.001
GO:0006955 | immune response 1,572 194 < 0.001
transmembrane
G0:0007169 | Feceptor protein 700 108 |<0.001
tyrosine kinase
signaling pathway
GO:0002682 | resulation of immune | o 187 | <0.001
system process
positive regulation of
GO:0002684 | immune system 97 136 < 0.001
process
Cellular component
GO:0005912 | adherens junction 484 93 < 0.001
GO:0070161 | anchoring junction 503 95 < 0.001
GO:0005773 | Vacuole 1,223 171 < 0.001
GO:0005794 | Golgi apparatus 1,518 197 < 0.001
GO:0005925 | focal adhesion 393 75 < 0.001
GO:0005924 | CCll~substrate. 398 75 < 0.001
adherens junction
GO:0005783 | endoplasmic 1,706 205 | <0.001
reticulum
G0:0044437 | vacuolar part 700 108 < 0.001
G0:0030055 | CCll~substrate 403 75 < 0.001
junction
GO:0000139 | Golgi membrane 716 109 < 0.001
Molecular function
GO:0019899 | enzyme binding 1,929 253 < 0.001
GO:0019900 | kinase binding 691 104 < 0.001
GO:0019901 | Protein kinase 620 96 < 0.001
binding
GO:0035639 | Purine ribonucleoside | o, 5 202 | <0.001
triphosphate binding
G0:0032550 | Purine ribonucleoside | g0 203 | <0.001
binding
:
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GO:0001883 | Purine nucleoside 1,831 203 | <0.001
binding

GO:0032549 | FiPonucleoside 1,831 203 | <0.001
binding

GO:0001882 | nucleoside binding 1,838 203 < 0.001

GO:0032555 | Purine ribonucleotide | ) 205 | <0.001
binding

GO:0017076 | Purine nucleotide 187 206 | <0.001
binding
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Figure 4. Three notable differentially

pathways in the IgAN patients.
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3.4. In vivo spleen tyrosine kinase expression in IgAN

glomeruli

152829 and our RNA-seq results, the

Based on the prior reports
author sought to explore the role of spleen tyrosine kinase
(SYK). Within the transcriptome of IgAN patients, SET binding
factor 1 (SBF1I), oxysterol-binding protein-related protein 11
(OSBPL11), AC138409.2, tripartite motif—containing protein 14
(TRIM14), serine/threonine-protein kinase pim-1 (PIM1), Ras-
related protein 21 (RABZI), tribbles pseudokinase 1 (TRIB1)
showed Pearson R? values over 0.5 with the expression levels
of SYK, thus, considered as genes whose expressions were
correlated with that of SYK.

In addition, immunochemical labeling of glomerular SYK in
kidney biopsies obtained from an independent set of IgAN
patients revealed that expression of SYK was upregulated, but
the differences between the control and the IgAN patients
without profound kidney dysfunction were small (Figure 5A).
On immunofluorescence, intra—-glomerular expression of SYK

was detected in the mesangial area or infiltrating leukocytes

(Figure 5B). When the author expanded our study samples to
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include advanced IgAN cases with overt kidney dysfunction, a
significant difference between the IgAN and control samples
were detected regarding total and phosphor-SYK (Figure 5C).
Notably, the author observed that cellular crescents in IgAN
glomeruli exhibited strong signals for both phospho—- and total-

SYK.
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Figure 5. In vivo validation of the intraglomerular expression of

spleen tyrosine kinase (SYK).
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A In the samples from IgAN patients without profound kidney dysfunction,
the expression of total SYK did not show a significant difference from those
in the controls. B: Confocal immunofluorescence microscopic images show
that SYK colocalizes with mesangial cell marker alpha-smooth muscle actin
(aSMA). C: IgAN samples obtained from patients with reduced eGFR (< 60
mlL/min/1.73 m? exhibited a significantly higher expression of both total
and phosphorylated SYK. Interestingly, a crescent with a strong SYK signal
was observed in an IgAN sample. * P < 0.05, ** P< 0.01.
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3.5. In vitro study results

In primary cultured hMCs, the expression of total SYK did not
change significantly with the addition of unpurified serum from
a healthy individual or IgAN patient (Figure 6A). However, the
expression of phospho-SYK was increased when hMCs were
treated with serum from the IgAN patient, and this was not
observed with serum from the control. After the hMCs were
treated with isolated IgA1, the expression of phospho-SYK was
increased in a concentration—dependent manner (Figure 6B).
Further, when the author performed quantitative real-time PCR
assay in mRNA level, the mRNA level of total SYK was
increased by patient-isolated IgAl (Figure 6C) but not by
isolated IgAl from a healthy individual (Figure 6C). The
treatment of patient—derived IgAl also resulted in increase in
mesangial cell proliferation identified by expression of Ki—-67
(Figure 6D). The above in vitro results indicate that SYK is one
of the molecules that are increased in mesangial cells by
signals 1nitiated by IgAl in IgAN patients, along with the

increased proliferation of mesangial cells.
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Figure 6. In vitro experiment results in primary culture of

human mesangial cells.
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dependent manner without causing an increase in the total amount of SYK.
The statistical significance for the positive association was tested by the
Pearson’s correlation test. The experiment was conducted in quadruplets
and the representative images were shown. C: Quantitative real-time PCR
results for total SYK indicated that total SYK mRNA levels were increased
by treatment of patient—-derived IgAl but not by IgAl isolated from a
healthy individual (dose: 500 pg/mL). The experiment was conducted in
quadruplets. D: Expression of Ki-67 evaluated by confocal microscopy
showed that mesangial cell proliferation activity was increased by patient—
derived IgAl but not by IgAl from healthy individual (dose: 500 pg/mL).
The experiment was conducted in quadruplets and the representative image
is shown. In addition, MTS assay (quintuplets) was performed to evaluate
the proliferation activity of the mesangial cells. Mesangial cells were
untreated (Ctrl), treated from isolated IgAl from healthy individual, or
treated from isolated IgAl from active IgAN patient (250 or 500 ng/mL).
The relative expression to the untreated control was presented. *P < 0.05,
% P < 0.01, =xx P < 0.001.
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Chapter 4. Results — tubulointerstitial RNA-seq

4.1. Clinical characteristics of the study patients

The clinical characteristics of the profiled individuals are
presented in Table 4. The profiled patients exhibited largely
preserved kidney function (eGFR = 60 mL/min/1.73 m?); 5
study patients—one with IgAN, one with diabetic nephropathy,
one with focal segmental glomerulosclerosis, and two with
minimal change disease—had an eGFR < 60 ml/min/1.73 mZ.
The lupus nephritis patients had the youngest age range and
the highest median eGFR value, while the minimal change
disease and membranous nephropathy patients had a relatively
high median urine protein—to—creatinine ratio (above 10 g/g). A
total of 3 kidney disease patients—2 minimal change disease
patients and one focal segmental glomerulosclerosis patient—
had been treated with immunosuppressants before kidney

biopsy.
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Table 4. Baseline characteristics of the study population for

tubulointerstitial RNA-seq.

IgA Minimal Membranous
Groups Control change
nephropathy . nephropathy
disease

Number of

individuals 22 43 9 4
Age (years) 55 [49;60] 42 [32;49] 61 [38;75] 63 [57;68]
Sex

Female 8 (36.4%) 22 (51.2%) 5 (55.6%) 1 (25.0%)

Male 14 (63.6%) 21 (48.8%) 4 (44.4%) 3 (75.0%)
Body mass index 24.4 [22.8; 22.5 [20.5; 25.7 [22.8; 25.0
(kg/m2) 25.5] 24.5] 26.5] [24.6:25.4]
Creatinine (mg/dL) 0.8[0.7,0.9]1(091[0.8,1.0] |0.8[0.7;1.0] | 0.7 [ 0.5; 0.8]
eGFR (mL/min/1.73 96.0 [86.0; 88.2 [75.3; 78.1 [61.9; 97.5
m?) 105.0] 105.8] 106.9] [89.4;107.8]
Urine protein—to— B ) 11.4 [ 9.7; 14.2
creatinine ratio 0.9 [0.5; 1.7] 15.7] [ 6.1;19.6]
Hypertension 9 (40.9%) 14 (32.6%) 2 (22.2%) 2 (50.0%)
Diabetes mellitus 1 (4.5%) 2 (4.7%) 0 (0.0%) 0 (0.0%)
Immunosuppressant | ) ¢, 0 (0%) 2 (22.2%) 0 (0%)
use before biopsy
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(continued...)

Focal

segmental Diabetic -,
Groups glomeruloscler | nephropathy Lupus nephritis

osis
Number of individuals 3 3 3
Age (years) 68 [54;69] 61 [57:63] 30 [25;32]
Sex
Female 1(33.3%) 3 (100.0%) 2 (66.7%)
Male 2 (66.7%) 0 (0.0%) 1(33.3%)

. 22.8 [22.4; 24.4 [22.8; 23.3 [21.2;
Body mass index (kg/m2) | o, 7 24.6] 924.4]
Creatinine (mg/dL) 0.710.7,1.2] 0.7 [ 0.7; 0.9] 0.7 [ 0.5; 0.7]
) 5 81.5 [61.0; 84.2 [70.9; 126.2
eGFR (mL/min/1.73 m%) 15 7y 91.9] [126.2:133.0]
Urine protein-to= 2.712.6:6.0] | 33[26:52] | 5.1[3.1:6.2]
creatinine ratio
Hypertension 3 (100.0%) 1(33.3%) 1 (33.3%)
Diabetes mellitus 1 (33.3%) 3 (100.0%) 0 (0.0%)
Immunosuppressant use | (a5 34 0 (0%) 1(33.3%)
before biopsy
§ ’ I; —~ §
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4.2. Explanatory analysis results.

In our RNA-seq profiling data, the samples showed a > 90%
mapping rate to Ensembl-annotated exons with a median of
34,032,131 (interquartile range, 31,211,550-37,958,876)
mapped reads. After filtering out the genes with low expression,
16,164 genes were included in the downstream analysis. The
normalized counts per million reads values were relatively low
for glomerulus-specific genes, including nephrin (NPHS1) and
podocin (NPHS2), but were relatively high for tubule-specific
genes, including aquaporin 1 (AQPI), uromodulin (UMOD),
solute carrier family 12 member 3 (SLCI2A3), and AQPZ2
(Figure 7). Specifically, these results implied that the gene
expression profile of the tubulointerstitium was successfully
acquired via our microdissection technique with minimal
contamination by glomeruli. The global patterns of gene
expression were investigated by principal component analysis,
and some overlap was noted between the kidney disease group
and the nephrectomy control group based on the first and

second principal components.
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Figure 7. Principal component analysis results and expression

of structure—specific genes.
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principal components. B: The counts per million reads values of structure-
specific genes expressions. The expressions of glomerulus—specific NPHS1
or NPHS2 were markedly low in the manually dissected tubule tissues,
suggesting that the microdissection procedure successfully isolated tubules
and glomerulus.
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4.3. DEG analysis results.

The author identified 3037 genes with low expression and
2852 genes with high expression with a false discovery rate <
0.05 (Figure 1A). Among these genes, 142 genes with low
expression showed a log2 fold change value < -1, and 383
genes with high expression showed a log2 fold change value =
1. The significantly downregulated genes with the greatest
absolute log2 fold change rates were FOS, nuclear receptor
subfamily 4 group A member 1 (NR4A1), NR4AZ2, NR4A3, early
growth response 1 (EGRI), and DUSPI, and DUSPI showed the
lowest false discovery rate (7.03E-132). The significantly
upregulated genes with the greatest log2 fold change were
immunoglobulin heavy chain variable (/GHYV) genes. The overall
false discovery rates for the upregulated genes were larger
than those for the downregulated genes, and ATP binding
cassette subfamily G member 1 (ABCGI) had the lowest false

discovery rate (4.10E-17).
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Figure 8. Volcano plot for the DEG analysis results in
tubulointerstitial RNA-seq.
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Volcano plot showing the differentially expressed genes. The differentially
expressed genes with a false discovery rate < 0.05 are colored blue (for
genes with low expression) and red (for genes with high expression)
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4.4. Gene ontology enrichment analysis

There were 844 gene ontology domains (46 molecular
function, 749 biological processes, 49 cellular components)
annotated by the highly expressed DEGs and 250 domains (33
molecular function, 215 biological process, 2 cellular
component) by the lowly expressed DEGs, respectively.
Regarding the genes with low expression, notable significantly
enriched gene ontology molecular function domains included
MAP kinase or protein kinase pathways, transcription factor
activity-related  pathways, and pathways related to
glucocorticoid receptor activity. Diverse biological process
gene ontology terms were identified, and notable terms
included cellular response to stimulus and negative regulation
of MAP kinase or related pathways. Transcription factor AP-1
complex (GO:0035976) and nuclear chromatin (GO:0000790)
were the cellular component gene ontology terms that were
enriched with the significantly downregulated genes with log?2
fold change < -1.

For the highly expressed genes, chemokine or cytokine

activity—related pathways were notable molecular function
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gene ontology terms identified by annotation. The author
identified 749 biological process gene ontology terms enriched
with the highly expressed genes, and the most significant
enrichment was identified in terms related to immune response
processes. Regarding cellular component gene ontology terms,
cell membrane- or immunoglobulin—-related pathways were the
primary pathways enriched with the highly expressed genes.
The expression levels of the representative genes included in
the gene ontology annotations in each sample are presented in

Figure 9.
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Figure 9. Representative gene expression levels.
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Representative upregulated genes annotated in functional pathways
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4.5. Comparison with the IgAN-glomerular

transcriptome

We compared the list of DEGs with those identified from the

above IgAN glomerular RNA-seq, although some differences in
disease categories or significance threshold were present
(Table 5). Based on fold changes on the tubulointerstitial RNA-
seq, the top 5 upregulated genes commonly identified in the
tubulointerstitial and glomerular RNA-seq experiments were
matrix metallopeptidase 9 (MMP9), CCR2, SLAM family
member 7 (SLAMF?7), leukocyte immunoglobulin-like receptor
subfamily B member 4 (L/LRB4), and immunoglobulin
superfamily member 6 (/GSF6). On the other hand, the top 5
commonly downregulated genes included FOS, EGRI, DUSPFI,
activating transcription factor 3 (A7F3), and JUNB.

When we further inspected the upregulated DEGs, /GHV genes
were identified as DEGs in tubulointerstitial RNA-seq but not in
[gAN glomerular transcriptome. Otherwise, certain
inflammatory DEGs (e.g. CCL3, CCL4) were only identified as
DEGs in the glomerular RNA-seq of IgAN.

The  downregulated DEGs only 1dentified in the
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tubulointerstitial RNA-seq included NK4A1, NR4AZ NR4AS,
RGS1, and EGRZ. Whilst FOSB, dual oxidase 2 (DUOXZ2), dynein
axonemal heavy chain 2 (DNAHZ2), and myosin XVA (MY0O15A)
were the downregulated DEGs only identified in the glomerular
RNA-seq of IgAN but not in the tubulointerstitial transcriptomic

analysis results.
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Table 5. Identification of top DEGs based on fold changes by

comparison of glomerular and tubulointerstitial RNA-seq

results.
List Genes Log2 fold | False-
changes discovery
rate
Commonly upregulated MMP9 2.05 1.53E-06
CCRZ 1.80 2.19E-12
SLAMF7 1.77 8.55E-09
LILRB4 1.69 3.11E-10
IGSF6 1.61 3.60E-13
Commonly FOS -5.92 9.76E-96
downregulated EGR1 -4.34 5.28E-65
DUSPI -3.87 7.03E-132
ATFS3 -3.41 2.51E-42
JUNB -2.97 2.47E-24
Upregulated only in| CCL4 3.39 3.15E-05
glomerular RNA-seq of | CCL3 3.37 4.59E-05
IgAN CcD300C 3.09 2.66E-06
APOBEC3A 2.83 1.77E-04
SELE 2.82 3.29E-04
Downregulated only in | FOSB -4.36 3.93E-07
glomerular RNA-seq of | AC099489.1 -3.73 3.90E-07
IgAN DUOX2 -3.58 9.68E-06
DNAH?Z -3.57 8.19E-09
MYO15A -3.38 2.78E-08
Upregulated only in | /[GHV4-39 3.04 1.51E-09
tubulointerstitial  RNA- | /GHVI-18 2.82 1.93E-08
seq of various | /[GHV3-23 2.78 2.70E-08
glomerulonephritis IGHV3-15 2.71 2.25E-08
IGHVZ2-5 2.67 1.04E-07
Downregulated only in | NR4A1 -4.79 3.14E-94
tubulointerstitial ~ RNA- | NR4AZ2 -4.67 4.07E-85
seq of various | NR4AS3 -4.45 6.34E-50
glomerulonephritis RGS1 -3.13 1.43E-19
EGRZ2 -2.82 1.30E-16

Commonly identified DEGs were selected from the statistical

results in the tubulointerstitial RNA-seq.
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4.6. Selection of the target gene

For further experimental validation, the author selected
DUSPI as the target gene of interest, considering its
significance level in our DEG analysis results (P = 7.03E-132,
log 2-fold change -3.87). In addition, DUSPI appeared in a
large proportion of the gene ontology annotation results (10/33
molecular function terms, 81/215 biological process terms), and
the MAP kinase pathway, which is the direct target of DUSPI,
was notably identified to be significantly downregulated in the
profiled diseased kidney tubulointerstitial tissues.

When the author assessed the expression of DUSPI according
to specific kidney disease types, all categories of profiled
diseases showed significantly lower expression of DUSFI than

the nephrectomy controls (Figure 10).
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Figure 10. DUSP1 read counts in the study samples.
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4.7. Immunohistochemical and immunofluorescence
staining

Immunohistochemical staining of samples from patients with
IgAN, membranous nephropathy, or minimal change disease
and samples from nephrectomy controls indicated that the
protein expression level of DUSP1 was significantly lower in
the IgAN and membranous nephropathy samples than in the
nephrectomy control samples (Figure 11A). However, in
samples from patients with minimal change disease, no
apparent difference was observed.

Immunofluorescence staining revealed similar findings, as
DUSP1 expression was prominently reduced in samples from
patients with IgAN or membranous nephropathy, while samples
from patients with minimal change disease showed protein
expression levels similar to those in samples from controls
(Figure 11B).

When downstream molecules were assessed, expression of
phospho-p38 was significantly higher in IgAN samples than in
control cases (Figure 11A), but this pattern was not observed

for minimal change disease or membranous nephropathy.
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Expression of phosphor-ERK was significantly higher in
glomerulonephritis cases than in controls, particularly for IgAN

samples (Figure 11B).
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Figure 11. Immunohistochemical and immunofluorescence

staining results for DUSP1.
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A: Representative immunohistochemical staining results for DUSP1 in
samples from controls and patients with IgAN, minimal change disease
(MCD), or membranous nephropathy (MN). The expression of DUSP1 was
significantly lower in IgA nephropathy and membranous nephropathy
samples than in control samples, but this pattern was not observed for
minimal change disease samples. “NS” indicates a nonsignificant difference,
“*” indicates P < 0.05, “**” indicates P < 0.01, and “***” indicates P <
0.001. B: Immunofluorescence staining showed findings similar to those of
immunohistochemical staining, as the expression of DUSP1 was markedly
lower in IgA nephropathy and membranous nephropathy samples than in
control samples.
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4.8. In vitro experimental results

The author further assessed markers of inflammation-related
mechanisms associated with the MAP kinase pathway, including
the expression of JNK, ERK, JUN, FOS, and AP1 along with
modification of DUSP1.

Pharmacologic inhibition of DUSP1/6 with 5 mM BCI (Figure
12) was significantly associated with an increase in the level of
phospho-p38. However, as BCI is an allosteric inhibitor, the
expression level of DUSP1 changed only minimally with the
addition of BCI. When the author evaluated the effect of BCI
under various conditions (Figure 13), the effects of DUSP1/6
inhibition with BCI alone on the induction of target
inflammatory molecules were similar to those of TNFa
stimulation. When TNFa stimulation followed BCI treatment,
the levels of phospho-JNK, phospho-ERK, phospho-FOS, and

phospho-AP1 were further increased.
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Figure 12. Experiment to determine the dosage of BCI

treatment.
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The author performed the experiment by adding BCI at 1.25 mM, 2.5 mM,
and 5.0 mM to the culture medium of hTECs for 3 hours and then
stimulating the hTECs with TNFa. The BCI concentration 5.0 mM was
considered to sufficiently increase p38 expression was used for the main
experiment.
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Figure 13. In vitro western blot results for inhibition of DUSPI1.
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DUSP1 and inflammatory molecules in untreated hTECs, hTECs treated with
5.0 mM BCI for 3 hours, hTECs stimulated with 10 ng/mL TNFa for 1 hour,
and hTECs treated with BCI and then stimulated with TNFa were analyzed
by western blotting. All experiments were performed in triplicate. “ns”
indicates a nonsignificant difference, “*” indicates P < 0.05, “**” indicates
P < 0.01, and “##*%” indicates P < 0.001. When comparisons were performed
with groups other than the control group, lines were drawn to indicate the

groups that were compared.
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On the other  hand, adenovirus—mediated DUSP1
overexpression at an MOI of 50, which was considered to
induce sufficient DUSPI overexpression (Figure 14), reduced
the levels of phospho-p38, phospho-JNK, and phospho-ERK
compared to those in hTECs transduced with control
adenovirus (Figure 15). Furthermore, when hTECs were
transduced with adeno—-DUSPFI and stimulated with TNFa, the
levels of most inflammatory molecules were markedly reduced

compared to those in hTECs stimulated with TNFa alone.
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Figure 14. Experiment to investigate the appropriate MOI of

adeno-DUSP1 for DUSP1 overexpression.

Ad-DUSP1

I

Ctrl 10 MOl 25 MOl 50 MOl

DUSP1 D ——— N
P38 ———————
p-P38 — — - — -
B-actin e —
DUSP1 P38 p—-P38
2.0 2.0 2.01
c c c
S S S
@ 1.54 ‘!‘ @154 ® 151
o o e o é
(o Qo Q.
3 1.01 61.0-4’*# & 1.0+ i
g : 2 g g
ﬁOS :gOS .‘%05-
T T T
UM 2 : .
0.0 0.0 1 0.01
8000 8000 8000
T 2 =2 2 T = =2 =2 ‘S‘EEE
o 25 cSk 8 o248 8
o o o o o o o o o
0w nu un w nu un w nu uw
=2 DD =D DD A D)
(o [ o P | (a e a0 a0
B e 553 5 5B
< < < < <€ < < < <

The author confirmed the appropriate multiplicity of infection (MOI) for
DUSP1 overexpression by transducing cells with adeno—-DUSP1 at MOIs of
10, 25, and 50 for 24 hours and assessing phospho-p38 and DUSP1 levels.
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Figure 15.

In vwvitro western blot results for DUSP1

overexpression.
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The experiment was performed in hTECs
adenovirus, hTECs transduced with DUSP1-adenovirus at 50 MOI, hTECs

|

TNFa

Control
Ad-DUSP1 + TNFa

Ad-DUSP1

p-ERK

*kk

N

_>
o v o
L

oﬁ.
@
e .

o
()
L

Relative expression
o -
o

TNFa

Control
Ad-DUSP1 + TNFa

Ad-DUSP1

transfected with control

stimulated with TNFa, and hTECs transduced with DUSP1-adenovirus and

then stimulated with TNFa. All experiments were performed in triplicate.
ns” indicates a nonsignificant difference, “*” indicates P < 0.05, “#x”
indicates P < 0.01, and “#**” indicates P < 0.001. When comparisons were
performed with groups other than the control group, lines were drawn to

“

indicate the groups that were compared.
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The author further aimed to assess whether modification of
DUSP1 may be a potential corticosteroid—-preserving anti—
inflammatory strategy by comparing the effects of DUSP1
overexpression and dexamethasone treatment on stimulated
hTECs. In the experiment to determine the appropriate
corticosteroid  concentration, treatment with a low
concentration (0.25 mM, Figure 16) of dexamethasone did not
result in significant reductions in the levels of phospho-p38,
phospho-JNK, and phospho—-ERK or a change in DUSP1
expression but did decrease the levels of phospho-JUN,
phospho-FOS, and phospho-AP1 (Figure 17). In contrast,
treatment with a high concentration (1.0 mM) of
dexamethasone decreased the levels of certain inflammatory
molecules and increased the expression of DUSP1. When
hTECs overexpressing DUSP1 were treated with 0.25 mM
dexamethasone, the DUSP1 expression level was similar to
that in hTECs treated with the high concentration of
dexamethasone, and the levels of the target inflammatory
molecules were significantly reduced even compared those

after 1.0 mM dexamethasone treatment.
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Figure 16. Experiment to investigate dexamethasone dosage.

TNFa  TNFa  TNFa

Ctl TNFe 4oy 025 dex05 dex1.0

P38 ---—-’---.

p-P38 - e D G D S e —

B-actin — e e e Chy D G — D —

DUSP1 P38 p—-P38

oL !
T

0.01 01 0.0 1

1.51

&-
+e

1.0 1

+

el

0.5 1 0.5

Relative expression
Relative expression
N
Relative expression

¢
¢
+

Control 4
TNFa
Control 1
TNFa
Control 4
TNFa

TNFa + dex 0.25 1
TNFa + dex 0.5 1
TNFa + dex 1.0

TNFa + dex 0.25 1
TNFa + dex 0.5 1
TNFa + dex 1.0

TNFa + dex 0.25 1
TNFa + dex 0.5 1
TNFa +dex 1.0

The author assessed phospho-p38 and DUSP1 levels in hTECs treated with
0.25, 0.5, and 1.0 mM dexamethasone for 1 hour and then stimulated with
TNFa.
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Figure 17. In vwvitro western blot results for DUSP1

overexpression with addition of corticosteroid treatment.
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The experiment was performed in hTECs transduced with control
adenovirus and stimulated with TNFa, in control adenovirus—transduced
hTECs stimulated with TNFa and treated with dexamethasone (0.25 mM), in
control adenovirus—transduced hTECs stimulated with TNFa and treated
with dexamethasone (1.0 mM), and in DUSP1-adenovirus—transduced
hTECs stimulated with TNFa and treated with dexamethasone (0.25 mM).
All experiments were performed in triplicate. “ns” indicates a
nonsignificant difference, “*” indicates P < 0.05, “**” indicates P < 0.01,
and “#*x” indicates P < 0.001. When comparisons were performed with
groups other than the control group, lines were drawn to indicate the groups
that were compared.
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Chapter 5. Discussion

The author performed RNA-seq in glomerulus and
transcriptomic tissue of glomerulonephritis. The transcriptomic
profile identified distinct differences in diverse forms of
glomerulonephritis when compared to nephrectomy controls in
kidney substructure. The author found some notable
inflammation pathway-related DEGs are commonly
downregulated in the glomerulus of [gAN and tubulointerstitial
tissue of glomerulonephritis (e.g. DUSPI, FOS, and EGRI). On
the other hand, certain DEGs (e.g. CCL3 and CCL4 in IgAN
glomerulus RNA-seq, and /GHV and NR4A genes In
tubulointerstitial RNA-seq) were only identified in the analysis
of the specific kidney substructure. The results suggested that
certaln gene expressions may be similarly altered in
glomerulonephritis both in glomerulus and tubulointerstitial
tissue reflecting the global inflammatory aspects of a total
kidney. However, the pathophysiologic mechanism of

glomerulonephritis 1s commonly explained by glomerular-
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tubulointerstitial crosstalk. Although the exact sequences of
alteration of gene expressions In glomerulus and
tubulointerstitial tissue need additional investigation, the
current RNA-seq experiment suggests that RNA-seq of kidney
substructure can identify distinct RNA changes in glomerulus or
tubulointerstitial tissue, providing insights related to structure-—
specific pathophysiologic mechanisms of glomerulonephritis.
Future research implementing advanced RNA-seq technology
with spatial information may be used to reveal gene expression
profiles of detailed kidney substructures expanding the current
knowledge of glomerular—-tubulointerstitial mechanism of

diverse glomerulonephritis.

5.1. Findings in IgAN glomerulus RNA-seq

In the glomerulus RNA-seq for IgAN, differential-expression
analysis and pathway enrichment analysis revealed that
molecular pathways associated with B cell functions,
chemokines, inflammation, and Fcy receptors were
significantly enriched in the glomeruli from IgAN transcriptome.

Among the genes upregulated in [IgAN was SYK,_ka}osel_ -
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biological role in IgAN has been previously reported.'® Our in
vitro experiment with a primary culture of mesangial cells and
patient—derived sera or IgAl extracts was consistent with the
findings from RNA-seq profiling, further supporting the
potential role of this kinase in the pathogenesis of IgAN.

While the production of galactose-deficient IgA molecules and
their deposition in the mesangium is essential in the

N,3031 its significance in the progression of

pathogenesis of IgA
[gAN remains mostly unknown, leaving an unmet need for a
disease-specific biomarker or treatment target in IgAN.?
Although a multi—hit hypothesis has been proposed regarding
[gAN, a study on the final step of the suggested
pathophysiology was warranted.’?®® To investigate the
pathophysiology related to glomerular injury, a lot of effort has
been made to demonstrate the molecular mechanisms in IgAN
glomeruli. Profiling IgAN patients with the comparable renal
function was necessary, preferably with those without
significant kidney function impairment since chronic kidney

disease itself alters the glomerular transcriptome.??*%® A major

strength of our study 1s that the author profiled the
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transcriptome of microdissected IgAN glomeruli using the
RNA-seq technique, including a homogeneous patient group
with preserved kidney function. The author attempted a novel
methodology of intra—glomerular pathogenesis investigation as
well as suggested the potential molecules and pathways related
to the IgAN before reaching profound kidney dysfunction.

Several reported expressed genes regarding [gAN
development or the disease activity were again confirmed to be
differentially expressed in IgAN glomeruli. Chemokine-
chemokine receptor pathways were reported to be important
chemokines related to inflammatory glomerulonephritis,
including IgAN.?673®  Although the overexpression of
chemokines is not specific to the pathogenesis of IgAN, our
result suggested the inflammatory pathways play a significant
role in the IgAN glomeruli even before profound kidney
dysfunction develops. For example, CX5CRI, a gene encoding
for the chemokine receptor related to homing of inflammatory
cells, was reported to be overexpressed during a bout of gross
hematuria in IgAN.??%% Consistent with these prior reports, our

transcriptomic profiling showed that CX3CRI transcripts were
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highly expressed in the IgAN glomeruli. Phosphoinositide 3-
kinase, a downstream molecule of significantly overexpressed
pathways including B cell signaling or chemokine signaling
pathways, is related to podocyte injury of IgAN.*1*2 The author
also found that a recently proposed mesangial cell receptor for

IgA, namely B4GALTI, but not transferrin receptor (CD71),
was upregulated in the transcriptome of IgAN, further
supporting its importance in IgAN pathophysiology.*® As
previously reported, AG7TRI, one of the target molecules of
commonly implemented renin—-angiotensin—-aldosterone system
blockade therapy, was downregulated in IgAN glomerular
transcriptome.?’

The pathway enrichment analysis showed that inflammation—
related pathways, similarly as individual gene expression
results, were highly expressed in glomeruli of IgAN patients
with relatively preserved kidney function. MAPK, PI3K-Akt,
NF-kB signaling pathways, which were important
inflammation-related pathways, were shared among the

identified KEGG pathway analysis results, and the most

frequently identified pathway was the MAPK signaling pathway.
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The MAPK signaling pathway was reported to be an important
pathophysiologic mechanism of [IgAN and is related to renin-—
angiotensin system activity, which is the current main potential
therapeutic target for the disease.** Also, PI3K-Akt pathway
has been reported to be overexpressed in IgAN patients.*? The
Fcy receptor-mediated phagocytosis might be related to the
role of inflammatory phagocytosis or innate immunity in [gAN

t.*> Therefore, the molecules identified in our

developmen
pathway analysis, particularly those related to inflammation,
can be targets for future development of diagnostic or
therapeutic measures for IgAN.

Of the DEGs identified in our study, the author chose to
confirm the intraglomerular expression of SYK. The
pathophysiologic significance of SYK has been highlighted in
[gAN, and there is an ongoing clinical trial of fostamatinib, a
molecularly targeting agent against SYK for patients with
[gAN.?%2946 T addition, another pre—-clinical study showed that
SYK inhibition improved crescentic glomerulonephritis in

animal models.*” Although the expression of SYK was not

highly prominent 1n glomerulus of IgAN with our
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immunohistochemistry staining of IgAN patients without
significantly reduced eGFR or nephrotic range proteinuria,
cases of IgAN with reduced eGFR (< 60 mlL/min/1.73m?)
exhibited clearly upregulated expression of phospho-SYK in
their glomeruli. Based on the high sensitivity of RNA-seq
results, the author believe that SYK can be considered a
potential “druggable” target in [IgAN with preserved kidney
function, although SYK expression in early IgAN specimens

was not detected on immunohistochemistry.

5.2. Findings in tubulointerstitial RNA-seq for various

glomerulonephritis

In the tubulointerstitial RNA-seq, the expression levels of
various genes were altered in the diseased tubulointerstitium
compared to the normal cortex, and the activity of relevant
inflammation-related pathways was altered. Among the DEGs,
the author performed experimental studies with DUSPFI, which
was universally expressed at low levels in injured kidney
tubulointerstitial tissues in various kidney diseases. The results

suggested that modification of DUSPFI expression is a potential

b o i
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therapeutic strategy for renal tubulointerstitial injury.

Based on the pathway annotation results and false discovery
rates, DUSPI, which downregulates the MAP kinase pathway,
was selected as the target biomarker for further validation.
Activation of the MAP kinase pathway is a core mechanism
mediating various glomerulonephritis.** ! In our study, the
expression of DUSPI was generally reduced in various types of
glomerulonephritis, which may promote upregulation of the
MAP kinase pathway and related inflammatory signaling. The
role of DUSPI has been suggested in few studies regarding
kidney diseases, although previous experimental studies
reported that DUSPI ameliorates diabetic kidney diseases.”>?
As both downregulation and upregulation of DUSP1 resulted in
altered inflammatory signaling activity in our study, DUSPI1 in
the kidney tubulointerstitium may be a potential target to
reduce inflammation and tubulointerstitial injury.

The promoter region of the DUSFI gene contains binding sites
for AP1, nuclear factor-xB, cAMP response element—binding

protein, and glucocorticoid receptor. Previous studies have

focused on the observation that the effects of glucocorticoids
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are mediated by DUSPFI, as the binding of glucocorticoids to
glucocorticoid receptors induces DUSPFI transcription, which is
the major mechanism further downregulating inflammatory
pathways.®* In particular, the role of DUSPI has been
emphasized in airway inflammatory diseases (e.g., asthma or
chronic obstructive pulmonary diseases), where glucocorticoids
are the primary choice of treatment for acute exacerbated
states.” As targeting DUSPI has shown anti-inflammatory
effects in airway cells and i/n vivo models, DUSFI has been
suggested to be a potential therapeutic target for steroid-
resistant cases. 0798 Regarding glomerulonephritis,
glucocorticoids are also a widely used treatment strategy for
various inflammation—-related conditions. Glucocorticoids have
limitations because of side effects due to their broad effect on
diverse systems; thus, modification of DUSPFI expression may
be an alternative treatment strategy with limited use of steroids,
as suggested by our in vitro experimental results. This strategy
would be particularly important in diabetic kidney diseases, in

which the role of DUSPFI has also been identified by in vivo

experiments,® and direct modification of DUSPI may reduce
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inflammatory injury while avoiding the metabolic side effects of
glucocorticoids. Alternatively, for glomerulonephritis for which
glucocorticoid treatment has limited efficacy, directly targeting
DUSPI may be a potential strategy to prevent tubulointerstitial
injury because of its potency. Thus, the results of our study
support future studies to test the efficacy of targeting DUSPFI
in various glomerulonephritis and researchers may particularly
focus on the validation of the benefits of DUSPFI restoration by

n vivo experiments.

5.3. Limitations

The current study leaves several limitations and questions
that need to be addressed in future studies. First, as
microdissected tissue is still a bulk tissue consisting several
cell types, identification of the cell-specific transcriptome was
not performed herein. However, although single-cell
sequencing technology can help delineate transcriptomic
changes occurring in individual cells, human kidney tissues
obtained from kidney biopsies are not usually conducive to

direct preparation for single—cell study mainly due to limited
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number of glomeruli and large amounts of blood cell
contamination in the biopsy core. Third, although the
microstructure—specific transcriptomic profiling was performed,
whether the findings reflect certain pathologic readings
remains to be resolved. For instance, glomerulus in IgAN
exhibit diverse pathologic changes (e.g. mesangial proliferation,
segmental sclerosis) and the findings may be different
according to such status. Therefore, additional study
incorporating spatial transcriptomic profiling strategy may be
warranted to further dissect the transcriptomic profiles of
glomerulonephritis. Lastly, our study subjects were all East
Asians, so ethnic differences need to be considered for

generalization of our study results.

5.4. Conclusions

In conclusion, transcriptome profiling of glomerulus and
tubulointerstitial tissue in patients with various
glomerulonephritis revealed notable findings that may provide
insights into pathophysiologic mechanisms. Future studies may

consider the «clinical i1mplementation of the identified
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biomarkers and test whether the modification of the targets

may be helpful in treatment of glomerulonephritis.
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