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Abstract

Pathological heterogeneity is common in clinical tissue specimens and complicates the
interpretation of molecular data obtained from the specimen. As a typical example, a kidney
biopsy specimen often contains glomeruli and tubulointerstitial regions with different levels of
histological injury, including some that are histologically normal. We reasoned that the molecular
profiles of kidney tissue regions with specific histological injury scores could provide new
insights into Kidney injury progression. Therefore, we developed a strategy to perform small
RNA deep sequencing analysis for individually scored glomerular and tubulointerstitial regions
in formalin-fixed, paraffin-embedded kidney needle biopsies. This approach was applied to study
focal segmental glomerulosclerosis (FSGS), the leading cause of nephrotic syndrome in adults.
Large numbers of small RNAs, including microRNAs, 3’ tRNA fragments (tRFs), 5’-tRFs,

and mitochondrial tRFs, were differentially expressed between histologically indistinguishable
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tissue regions from patients with FSGS and matched healthy controls. A majority of tRFs were
upregulated in FSGS. Several small RNAs were differentially expressed between tissue regions
with different histological scores in FSGS. Notably, with increasing levels of histological damage,
miR-21-5p was upregulated progressively and miR-192-5p was downregulated progressively in
glomerular and tubulointerstitial regions, respectively. This study marks the first genome scale
molecular profiling conducted in histologically characterized glomerular and tubulointerstitial
regions. Thus, substantial molecular changes in histologically normal kidney regions in

FSGS might contribute to initiating tissue injury or represent compensatory mechanisms. In
addition, several small RNAs might contribute to subsequent progression of glomerular and
tubulointerstitial injury, and histologically mapping small RNA profiles may be applied to analyze
tissue specimens in any disease.
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Introduction

Performing genome-scale molecular analysis in patient tissue specimens is a powerful
approach for discovering potential molecular mechanisms underlying disease development.
In addition, genome-scale molecular profiles in disease-relevant tissues provide a
quantitative readout of the cumulative effect of all genetic and environmental factors

and hold great promise for informing the precision medicine of multifactorial diseases

[1. 2], However, a major challenge for such analysis is the pathological heterogeneity that

is prevalent in clinical tissue specimens. A tissue specimen obtained through biopsy or
surgery will likely contain tissue regions at different stages of injury progression. Molecular
analysis of the entire specimen or even a specific tissue type in the specimen will generate
a molecular profile that is a summation of tissue regions at various stages of injury
progression. Molecular changes that occur as a tissue type progresses from normal to
injured within a patient, which could be mechanistically highly informative, may not be
detected. Spatial transcriptomics and single-cell or single-nucleus omics analyses provide
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great insights into spatial and cell type composition, but it remain challenging to resolve
pathological heterogeneity using these approaches.

A typical example of this challenge is the analysis of kidney needle biopsy specimens.

A biopsy specimen from a patient with kidney disease often contains glomeruli and
tubulointerstitial (TI) regions with different levels of histological injury, including some that
are histologically normal. Such pathological heterogeneity is common in kidney diseases
and exemplified by focal segmental glomerulosclerosis (FSGS). FSGS is a leading cause of
end-stage renal disease [3 4]. The pathophysiological mechanism of primary FSGS is poorly
understood. In a 3-dimensional, serial analysis of 104 tissue sections from 14 patients with
primary FSGS, 72% of the 182 glomeruli assessed had various degrees of sclerosis, while
28% of glomeruli were histologically normal [,

We reasoned that the molecular profiles of kidney tissue regions with specific histological
injury scores could be highly informative about the regulatory networks involved in renal
injury progression. Kidney biopsy specimens broadly available in pathological archives

are usually formalin-fixed and paraffin-embedded (FFPE). Small RNA deep sequencing
techniques, unlike genome-scale techniques for analyzing long RNA, proteins, or chromatin
features, have unique feasibility in FFPE tissues [6]. We recently performed small RNA
deep sequencing analysis in glomeruli and proximal tubules laser-captured from FFPE
kidney biopsy specimens and identified tissue type-specific microRNA expression patterns
associated with several kidney diseases [7]. MicroRNAs target specific messenger RNAs for
degradation or translational repression and are well-established regulators of renal function
and disease [8 9. Building on this experience, we developed a strategy in the present study
to perform small RNA deep sequencing analysis for individually scored glomerular and
surrounding TI regions in FFPE kidney needle biopsy specimens (Figure 1). We applied this
strategy to study primary FSGS.

We analyzed tRNA fragments (tRFs) in addition to microRNAs. 3’- and 5’-tRFs may be
produced through cleavage by Dicer of the T-loop and D-loop of tRNA, respectively. tRFs
may have broad regulatory function, but the mechanisms are not well-understood [10-12],
Some 3’-tRFs may negatively regulate target mMRNA abundance, similar to microRNAs
(13, 14] The involvement of tRFs in kidney disease is largely unknown [15],

Patients and kidney specimens

The study was approved by the Froedtert Health Office of Clinical Research and Innovative
Care Compliance and the Institutional Review Board of the Medical College of Wisconsin
(IRB 10841 and 21975). FFPE kidney needle biopsies originally collected between 1995—
2013 were acquired from Froedtert Hospital pathological archives in Milwaukee, Wisconsin.
Adult FSGS subjects were included if they were diagnosed with primary FSGS by a
board-certified pathologist or nephrologist. Subjects were excluded with diagnosis or
suspicion of secondary FSGS, the collapsing variant if noted in the original pathological
report, dialysis at the time of biopsy, or other kidney pathological diagnoses such as

acute kidney injury (AKI) or diabetic nephropathy. Adult healthy controls were trauma
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subjects who had undergone nephrectomy due to gunshot wound, stab wound, or motor
vehicle accident. Subjects were excluded for hypertension, diabetes, serum creatinine (SCr)
> 1.2 mg/dl, blood pressure < 90/60, incidental findings on the pathology report such

as glomerulosclerosis or interstitial fibrosis, or previous record of kidney injury such

as AKI or chronic kidney disease (CKD). Nephrectomy tissue sections were selected

from the unaffected kidney parenchyma to minimize the number of red blood cells

present. Hematoxylin and Eosin (H&E) stained slides were examined by 2 board-certified
pathologists to assess the biopsy for pathological abnormalities and trauma-related injury
such as necrosis. Matching between FSGS subjects and healthy controls was assessed using
a Mann-Whitney Rank Sum test for age, and a Fischer’s exact test for gender and race.

The following clinical values were collected from the time of biopsy or nephrectomy: age,
gender, race, systolic blood pressure (SBP), diastolic blood pressure (DBP), SCr, blood urea
nitrogen (BUN), and estimated glomerular filtration rate (eGFR).

Reference standards for assessing library and sequencing quality

To assess library and sequencing quality, we generated 3 reference standards. A fresh
glomeruli reference standard was generated from hundreds of glomeruli isolated from fresh
nephrectomy samples obtained from 10 subjects using cold sieving followed by manual
selection as we described [16]. The fresh tissue used was normal tissue adjacent to cancer
tissue with some subjects having diabetes, hypertension, or glomerulosclerosis. One aliquot
of the fresh glomeruli reference standard was run in parallel with experimental samples for
each run of library preparation to assess batch to batch reproducibility of library preparation
and sequencing. The data quality was considered acceptable if the Pearson’s correlation

of log-transformed read counts was > 0.985 between technical replicates of the reference
standard in different runs. An FFPE glomerular reference standard and an FFPE TI reference
standard were also generated from approximately 600 regions from tissue specimens

from 10 healthy controls, using subjects independent from the healthy controls used for
experimental comparison. Matching between healthy controls used for experimental samples
and healthy controls used for FFPE reference standards was assessed using a Mann-Whitney
Rank Sum test for age, and a Fischer’s exact test for gender and race. Each FFPE reference
standard was sequenced in technical triplicate, and individual experimental glomerular and
TI region microRNA libraries were compared to the respective FFPE reference standard
samples using Pearson’s correlation of log-transformed read counts.

Tissue sectioning

The approach for mapping small RNA profiles to specific histological scores in specific
tissue types was summarized in Figure 1. Three serial 5um thick slices were cut. The first
slice was mounted on a slide, stained with H&E, and scanned into NanoZoomer software.
The second and third 5um thick slices from the FFPE tissue block were mounted onto the
specialized membrane slide which was pre-treated with UV light used for laser capture
microdissection (LCM).

Histological scoring

Semiquantitative scoring methods were adapted from previously described scoring methods
[51: score 0 — 0%, score 1 — 1-25%, score 2 — 26-50%, and score 3 — >50%; glomerular
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regions were scored based on percentage of sclerosis, and Tl regions were scored for
fibrosis, cell infiltration, and/or tubular atrophy. Each glomerular region was labelled

with a letter in Nanozoomer Software. The glomerular and TI regions for FSGS patients
and healthy controls were scored by a blinded board-certified pathologist and a blinded
board-certified nephrologist. Any differences in scoring was assessed by a third blinded
pathologist. Histological scoring of TI regions was conducted following LCM in order to
accurately draw the region borders in Nanozoomer Software. Glomerular or TI regions with
score 3 were not utilized due to the small number of cells remaining in those regions.

Laser capture microdissection (LCM)

LCM was conducted by methods previously described [/l using a Zeiss P.A.L.M. Microbeam
I11 LCM system (Carl Zeiss Microscopy). Each individual region was visually identified

and labelled with its corresponding letter using the H&E images in Nanozoomer Software.
First, the glomerular region was collected; then, to collect the surrounding TI region, a
square containing approximately the same tissue volume as the glomerular region was
captured. Approximately 150,000~1,000,000 pm3 total sample volume was collected for
each individual glomerular or TI region.

Total RNA extraction

Total RNA was extracted from FFPE samples using a Qiagen AllPrep RNA/DNA FFPE kit
and from the fresh glomeruli reference standard using a Qiagen AllPrep DNA/RNA Mini Kit
according to the manufacturer’s protocol for extraction of small RNAs. For FSGS samples,
up to 3 regions per score per subject were pooled for RNA extraction. If more than 3
regions were present on a biopsy for a given score, regions were prioritized based on largest
total sample volume and agreement in scoring between the 2 blinded health professionals.
Only TI regions associated with experimental glomerular regions were used in analysis. For
healthy controls, 3 histological normal glomerular or Tl regions were pooled per subject.
The fresh glomeruli reference standard contained several hundred fresh glomeruli and the
FFPE reference standards contained around 600 FFPE tissue regions, as indicated above.
RNA was eluted in 20 and 500 ul of DEPC water for the FFPE samples and the fresh
glomeruli reference standard, respectively.

Small RNA deep sequencing

An Illumina TruSeq Small RNA Library Kit was used to prepare small RNA deep
sequencing libraries as described with modifications [/, Each batch of library preparation
included a fresh glomeruli reference standard aliquot to assess batch to batch consistency of
library preparation and sequencing. cDNA was amplified from experimental samples with
21 cycles of PCR, and reference standards with 15 cycles of PCR. The size distribution of
cDNA generated for each library was assessed using a DNA 1000 chip on an Agilent 2000
Bioanalyzer. Forty-eight samples were multiplexed per lane and sequenced with 2x125 bp
reads on a Hi-Seq 2500 sequencer.
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Analysis of Small RNA Deep Sequencing Data

The process of small RNA deep sequencing data analysis was depicted in Supplemental
Figure S1 [18-21]  Adaptor sequences were removed from raw data using cutadapt. FASTQC
was used to trim sequences with base quality < 13 and to remove reads > 30 or < 15

base pairs. Transcripts were mapped to the human genome utilizing the human hg38 USCS
genome annotation using BWA. MicroRNAs were mapped to the Small RNA annotation
using BEDtools. tRFs were mapped to GtRNAdb using BWA. Small RNA libraries with

> 300,000 mapped reads and > 0.70 average correlation of microRNAs with the FFPE
reference standard technical triplicates were included in the study. Small RNAs detectable
in = 50% of samples in at least one of the two groups in each comparison were included

in analysis. Using DESeq2, differential expression of microRNAs and tRFs was assessed
for glomerular and T1I regions between scores 0, 1, and 2, and healthy controls. The
Benjamini-Hochberg method was used to control false discovery rate (FDR); FDR < 0.05
was considered statistically significant. Log, Fold Change was calculated and graphed for
significantly differentially expressed small RNAs.

mMiRNAScope Analysis

MicroRNA in situ hybridization analysis was performed using miRNAScope HD reagent
kit-Red from ACD (Cat. No. 324500) following the manufacturer’s instructions. Kidney
sections (4 um) were baked for 1 h at 60°C, de-paraffinized with xylene and 100%

ethanol, and incubated with 12% formaldehyde for 2 h at room temperature (RT) for
post-fixation. Sections were pretreated with hydrogen peroxide for 10 min at RT followed
by target retrieval for 15 min at 100°C and protease treatment for 30 min at 40°C. Probes
(Scramble, Ref: 727881-S1; RNUG6, Ref: 727871-S1; hsa-miR-21-5p, Ref: 728561-S1) were
then hybridized for 2 h at 40°C followed by miRNAScope amplification and chromogenic
detection. Sections were counterstained by 50% hematoxylin, cleared in xylene, and
mounted with EcoMount.

Target Gene Analysis

Genes with “strong evidence” for being targeted by a microRNA were obtained from
miRTarBase [22]. miRTarBase defines “strong evidence” as experimental evidence from
reporter assay, western blot, or q°PCR data. Target genes for 3’-tRFs were predicted using
miRDB because 3’-tRFs may act through microRNA-like mechanisms. No established
methods were available for predicting target genes for 5’-tRFs. Pathway analysis for
predicted or experimentally supported target genes was conducted using Metascape Pathway
Analysis, which reports pathways or biological terms from databases such as Kyoto
Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology. Statistically significantly
enriched pathways or biological terms were hierarchically clustered into a tree based on
Kappa-statistical similarities among their gene memberships. One term from each cluster is
selected to represent the cluster.

Real-Time quantitative PCR

A select microRNA was measured using TagMan microRNA assays following the
manufacturer’s protocol [23]. mMRNA was measured using SYBR Green real-time quantitative

Kidney Int. Author manuscript; available in PMC 2023 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Williams et al.

Results

Page 7

PCR (gPCR). cDNA was synthesized using the RevertAid First-Strand cDNA Synthesis
Kit (ThermoFisher), and gPCR was performed using Bullseye EvaGreen gPCR Master
Mix (MedSci). Technical triplicates were run for each experimental sample on an Applied
Biosystems real-time PCR instrument. 5S rRNA and 18S rRNA was used to normalize
expression levels of microRNA and mRNA, respectively. The absence of genomic DNA
interference was verified using negative control reactions that did not contain reverse
transcription reagents. Statistical significance was assessed using ANOVA,; p < 0.05 was
considered statistically significant.

Patient characteristics and histological scores of individual glomerular and Tl regions

Thirty-eight FSGS subjects and 10 healthy controls were included in the study (Table

1). There were no significant differences between FSGS subjects and healthy controls for
age (p=0.82), gender (p=0.72), or race (p=0.35). The healthy controls and FSGS subjects
were 20% and 18% female, and 50% and 55% African American, respectively. SCr and
BUN were higher and eGFR was lower in FSGS patients compared to healthy controls.
Pathological classification of FSGS variants was not available in the original pathological
reports for most patients. A re-analysis of slides used in the original pathological diagnosis
by a board-certified pathologist indicated the presence of not otherwise specified, collapsing,
and perihilar variants in our cohort at expected frequencies (Supplemental Table S1).
APOL1 genotype information was not available for these patients. Attempts were made

to perform APOL1 genotyping using DNA extracted from FFPE kidney biopsy specimens
but were not successful likely because the DNA was highly fragmented.

Supplemental Figure S2 shows representative images of glomerular and T1 regions with
score 0, 1, 2 or 3. Glomerular regions were scored based on percentage of sclerosis, and Tl
regions were scored for fibrosis, cell infiltration, and/or tubular atrophy. A summary of the
histological score distribution for each subject is listed in Supplemental Table S1. A total

of 476 glomerular and 476 TI regions were scored: for glomerular regions, 173 score 0, 58
score 1, 63 score 2, and 182 score 3; for Tl regions, 88 score 0, 86 score 1, 105 score 2,

and 197 score 3. The number of glomeruli available on the sections cut for the current study
may not be the same as that on the original diagnostic sections. Representative images of the
serial cuts for H&E staining and LCM are shown in Supplemental Figure S3.

Quality of small RNA deep sequencing

Age, gender and race composition of healthy control subjects used for constructing FFPE
reference standards did not differ significantly from those of the FSGS patients or healthy
controls used for experimental groups (Supplementary Table S2).

For all 15 fresh glomeruli reference standard aliquots sequenced, the correlations of log-
transformed microRNA abundance among individual sequencing runs ranged from 0.987-
0.998. MicroRNA profiles of fresh and FFPE glomerular reference standards were also
highly correlated. MicroRNA profiles of most experimental glomerular and T regions
correlated well with FFPE glomerular and TI reference standards, respectively. Examples of

Kidney Int. Author manuscript; available in PMC 2023 April 01.
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these correlations are shown in Supplementary Figure S4. As expected, the correlations
between glomerular and TI microRNA profiles were lower compared to correlations
between samples of the same tissue type.

Seventeen small RNA libraries were excluded because they had < 300,000 mapped reads
or showed < 0.70 correlation of microRNA profiles with the FFPE reference standards.

A total of 145 small RNA libraries were included in the subsequent analysis, 78 samples
from glomerular regions and 67 samples from TI regions. A summary of the 145 samples,
including tissue type, histological score, total sequencing reads, mapping rate, and other
quality indexes, is shown in Supplementary Table S3. On average, each library contained
2,475,893 mapped reads and had a 58.9% mapping rate. Demographic and clinical
information for healthy control subjects and FSGS patients who were included in the 78
glomerular samples and 67 TI samples that fulfilled the quality control standards are shown
in Supplemental Table S4 and S5. A total of 160 microRNAs, 229 3’ tRFs, and 94 5’ tRFs
were detected in FSGS and healthy control samples.

Differentially expressed microRNAs

In glomerular regions, 29 microRNAs were differentially expressed between FSGS score

0 (i.e., histologically normal glomeruli in FSGS patients) compared to normal glomeruli
from healthy control subjects (Figure 2A). Within FSGS patients, 11 differentially expressed
microRNAs were identified between score 2 and score 0 (Figure 2B), and 7 differentially
expressed microRNAS between score 1 and score 2 (Figure 2C). No significantly
differentially expressed microRNAs were detected between score 1 and score 0.

Glomerular microRNAs that were differentially expressed in at least one of these
comparisons exhibited several distinct patterns of expression changes as glomeruli progress
from healthy controls to increasing histological scores in FSGS patients (Figure 2D, 2E).
For example, the expression of miRs-12136, —145-5p, and —15b-5p progressively increased
stepwise as histological score increased. miRs-204-5p, —21-3p, and —21-5p showed an
initial decrease in score 0 compared to healthy controls, but progressively increased across
score 1 and score 2 in glomeruli. Other groups remained consistently increased or decreased
across histological scores compared to healthy controls.

In Tl regions, 26 microRNAs were differentially expressed between FSGS score 0 (i.e.,
histologically normal TI regions in FSGS patients) compared to normal TI regions from
healthy control subjects (Figure 3A). Within FSGS patients, 1 microRNA was identified as
differentially expressed between score 1 and score 0 (Figure 3B), 5 between score 2 and
score 0 (Figure 3C), and 3 between score 2 and score 1 (Figure 3D).

T1 microRNAS could also be divided into several groups based on their patterns

of progressive expression changes, but the specific patterns for several microRNAS

were different between TI and glomerular microRNAs (Figure 3E, 3F). For example,
miR-378a-3p, —204-5p, —10b-5p, —192-5p, and —12136 decreased progressively from
healthy controls to scores 0, 1, and 2 in FSGS. miR-194-5p initially increased in score

0 T1 samples, but decreased across histological scores with score 2 showing less expression
compared to heathy controls. Similar to glomerular microRNAs, several groups of Tl
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microRNASs remained relatively constant across increasing histological scores but were
nonetheless differentially expressed compared to healthy controls.

Several notable microRNAs with known roles in the kidney were found to be differentially
expressed between histological scores. miR-21-5p was significantly increased in score 2
glomeruli compared to both score 0 and score 1 glomeruli (Figure 4A). miR-146b-5p was
significantly increased in score 2 glomeruli compared to score 0 glomeruli. Score 0 samples
showed significantly higher expression of miR-146b-5p than healthy control glomeruli
(Figure 4B). miR-192-5p was significantly decreased in score 2 Tl samples compared

to both score 0 and score 1 TI samples (Figure 4C). Additionally, a novel microRNA

with no reported function in nephropathy, miR-12136, was found to be significantly lower
in score 2 Tl samples compared to both score 0 and score 1 Tl samples (Figure 4D).

In situ hybridization using the miRNAScope method was performed for miR-21-5p on
additional sections from two patients. miR-21-5p signals detected in individual glomeruli
were mapped to histological injury scores obtained from adjacent, H&E sections. The
analysis confirmed upregulation of miR-21-5p in score 2 glomeruli compared with score 0
glomeruli in the same biopsy specimen (Figure 4E).

Differentially expressed tRFs

In glomerular regions, 11 3’-tRFs (1 mitochondrial, 10 cytosolic) and 27 5’-tRFs (1
mitochondrial, 26 cytosolic) were differentially expressed between FSGS score 0 compared
to healthy controls (Figure 5A and C). Additionally, 1 differentially expressed cytosolic
3’-tRF was identified between score 2 and score 1 in FSGS (Figure 5B). Most (81%) of
these tRFs were increased in score 0 compared to healthy controls and remained increased
through scores 1 and 2 (Figure 5D, 5E). A small number of tRFs were decreased in score

0 compared to healthy controls and remained decreased as histological injury progressed.
M3-tRNA-iMet-CAT-1-8_21 appeared to fluctuate as glomeruli progressed from healthy
control to various histological scores in FSGS, although only the change from score 0 to 1
reached statistical significance.

In Tl regions, 32 3’-tRFs (8 mitochondrial, 24 cytosolic) and 24 5’-tRFs (2 mitochondrial,
22 cytosolic) were differentially expressed between TI score 0 and healthy controls (Figure
6A and C). Additionally, 1 differentially expressed cytosolic 3’-tRF was identified between
score 2 and score 0 in FSGS (Figure 6B). Similar to glomerular tRFs, most (83%) of the
differentially expressed tRFs in TI regions, especially 3’-tRFs, were increased in score 0
compared to healthy controls and remained increased through scores 1 and 2 (Figure 6D,
6E).

Target gene and pathway analysis

The 29 microRNAs differentially expressed in glomeruli between healthy controls and score
0 in FSGS have been experimentally shown to target 574 genes based on miRTarBase. The
12 microRNAs differentially expressed in glomeruli from FSGS patients between scores 0,

1 and 2 have 539 experimentally supported target genes. microRNAs differentially expressed
between scores 0, 1 and 2 were combined for the target gene analysis because the number

of differentially expressed microRNAs in each of these comparisons was small. Several
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pathways or Gene Ontology terms were over-represented in target genes of microRNAs
differentially expressed between healthy control vs. score 0 as well as between scores 0,

1, and 2 (Figure 7A). However, some pathways were over-represented in only one of the
two groups. For example, Gene Ontology terms “blood vessel development” and “response
to oxygen levels” were enriched in target genes of microRNAs differentially expressed
between scores 0, 1, and 2 but not between healthy control and score 0.

The 26 microRNAs differentially expressed in Tl regions between healthy controls and
score 0 in FSGS have 801 experimentally supported target genes. The 5 microRNAs
differentially expressed in T regions from FSGS patients between scores 0, 1, and 2 have
121 experimentally supported target genes. Again, several pathways or biological terms
were over-represented in only one of the two groups of genes (Figure 7B).

For 11 and 32 3’-tRFs that were differentially expressed in glomeruli and TI regions,
respectively, between healthy controls and FSGS score 0, and were at least 17 nucleotides
long, 1,668 and 5,336 unique genes were predicted by miRDB as potential target genes.
These predicted target genes were enriched for several pathways and Gene Ontology terms
(Supplemental Figure S5). Target gene analysis was not performed for 5’-tRFs because
methods for predicting 5’-tRF target genes were not available or for 3’-tRFs differentially
expressed between scores in FSGS because only one was identified in each tissue type.

Validation of a select microRNA and target gene

miR-146-5p was up-regulated in score 0 glomeruli from FSGS patients compared to normal
glomeruli from healthy controls and further up-regulated in score 2 glomeruli in FSGS
(Figure 4B). Tumor necrosis factor receptor-associated factor 6 (TRAF6) is a direct target

of miR-146b-5p through which miR-146b-5p may exert negative feedback on pro-fibrotic
and pro-inflammatory NFxB (nuclear factor kappa-light-chain-enhancer of activated B cells)
signaling (Figure 8A) [24]. We confirmed the upregulation of miR-146b-5p in score 2
glomeruli compared to healthy controls and score 0 glomeruli by performing gPCR analysis
on the original RNA samples (Figure 8B). The upregulation in score 0 compared to healthy
controls approached significance (p=0.14). Conversely, TRAF6 was downregulated in score
2 glomeruli compared to score 0 and healthy controls (Figure 8C).

Discussion

For the first time, genome-scale molecular profiling was conducted in histologically
characterized individual glomerular or T regions. To accomplish this, we developed an
approach that combines the scoring of individual glomerular and TI regions and laser-
capture microdissection of these regions in adjacent sections, followed by small RNA deep
sequencing analysis. We applied this approach to analyze FFPE kidney tissues from healthy
controls and FSGS patients and obtained a wealth of previously unavailable molecular
profiles associated with glomeruli and TI regions with specific histological scores.

The study revealed broad differences in small RNA expression profiles between
glomeruli and TI regions in healthy control subjects and histologically normal glomeruli
and TI regions in FSGS patients. These glomeruli and TI regions are histologically
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indistinguishable between the two groups of subjects. These findings indicate that glomeruli
and TI regions in FSGS patients are undergoing substantial molecular changes before there
is any overt histological injury. The molecular changes may result from systemic factors that
cause the development of FSGS or other systemic changes or medications associated with
FSGS [3: 4], These early molecular changes may contribute to initiating the development of
histological injuries that are the hallmark of FSGS or represent compensatory mechanisms
that keep some tissue regions normal at this stage of FSGS development. As histological
injury advances in FSGS, additional changes in small RNA expression occur in glomeruli
and TI regions, which may contribute to driving the progression of histological injury and,
ultimately, the progression of CKD.

This study provides an unprecedented level of tissue type and histological score resolution
for the expression pattern of several microRNAs with prominent functional roles in the
kidney. For example, miR-21-5p contributes the progression of chronic renal injury [25-27],
We found miR-21-5p was significantly upregulated in glomerular regions with score 2
versus score 0 and with score 2 versus score 1 in FSGS. miR-146b-5p is upregulated in
kidneys from patients with FSGS or membranoproliferative glomerulonephritis [7]. In a rat
model of CKD, miR-146b knockout exacerbated kidney injury in female, but not male,

rats [28]. We found that miR-146b-5p was more highly expressed in score 2 glomeruli
compared to score 0 glomeruli in FSGS. In addition, miR-146b-5p target gene TRAF6

was down-regulated as glomerular injury progressed. We suspect that the upregulation of
miR-146b-5p and downregulation of proinflammatory TRAF5 in more severely injured
samples might be a compensatory response to increased inflammation and injury. miR-192—
5p is highly abundant in the kidney and downregulated in human kidneys with hypertension
or hypertensive nephrosclerosis, and rodent studies have shown that renal miR-192 is
protective against the development of hypertension by targeting ATP1B1 (B1 subunit of
Na*/K*-ATPase) [16. 20, 29, 30] miR-192-5p was significantly downregulated in TI regions
with score 2 versus score 0 and with score 2 versus score 1 in FSGS. This study also
identified substantial, progressive changes for microRNAs that have not been previously
reported as relevant to kidney disease; an example is miR-12136.

Another novel aspect of this study was the investigation of tRFs, which have not been
studied in depth in kidney disease [2°]. The human genome encodes 49 different cytosolic
tRNAs and 22 mitochondrial tRNAs. tRFs are 14-30 nucleotide fragments of tRNAs
produced through enzymatic cleavage [1% 111, Using similar mechanisms to microRNAs,
some 3’-tRFs decrease the abundance of sequence-complementary mRNAs and proteins in a
cell type-specific manner [13. 14. 311 \hereas 5’-tRFs can reduce global translation rates by
10-15% [32], In this study, we found substantial differences in tRFs between healthy controls
and histologically normal tissue regions from FSGS, most of which were up-regulated

in FSGS. The finding is consistent with reported upregulation of tRF generation during
early stages of stress [12: 331 |n addition, the finding further demonstrates that substantial
molecular changes in glomeruli and T1 regions precede overt histological injury in FSGS.

This study had several limitations. First, in a comparison between any two FSGS scores,
some, but not all, subjects were represented in both groups. We attempted to apply a linear
mixed model to account for the subject overlap, but the model was not stable, and the
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statistics did not converge. This was likely due to the large number of subjects having
samples with score 0 and score 1 in glomerulus regions, and score 1 and score 2 in Tl
regions, but only a small number of subjects having all 3 scores. Therefore, we treated each
score as individual groups in the statistical analysis, without consideration of the subject
overlap. Second, FSGS includes several pathological variants [341. We did not analyze

each of the variants separately, which would likely require a larger sample size. Third,
proteinuria values were not collected for FSGS subjects because methods of measurement
varied between patients ranging from protein dipstick to 24-hour urinary analysis. Fourth,

it is possible that some of the expression changes detected may be due to changes in the
heterogeneous composition of the cell population present in the samples as histological
injury progresses. Fifth, it remains to be determined whether the changes in microRNAs and
tRFs that we observed are specific to FSGS. In the previous study of four types of kidney
disease (without separation of histological injury scores), we identified some microRNAs

in glomeruli that were differentially expressed between different kidney diseases, but none
in proximal tubules [71. Lastly, the library preparation techniques used in this study only
detect tRFs cleaved by Dicer due to specialized universal adaptors in the Illumina TruSeq
Small RNA Library Kit. 3’-tRFs can also be produced by angiogenin and nucleases from the
ribonuclease A superfamily [10. 14,17, 35]

The approach that we developed for histologically mapping small RNA profiles may be
applied to analyze tissue specimens in any disease. We chose primary FSGS for this study
for several reasons. FSGS patients are likely to have multiple glomeruli and TI regions with
highly variable histological scores in a needle biopsy specimen because of the focal nature
of FSGS pathology. While secondary FSGS has a known cause such as hypertension and
human immunodeficiency virus infection, primary FSGS has an unknown etiology, lacks
animal and cell models, and has limited treatment options [3 4. However, our approach for
histologically mapping small RNA profiles may be applied to study other kidney pathologies
and diseases as well as non-kidney diseases. The approach is particularly powerful as it can
be used to analyze FFPE specimens, which are available in large numbers in pathological
archives.
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Translational Statement

This study has mapped genome-wide changes in small RNA expression to specific,
histologically scored glomerular and tubulointerstitial regions in FSGS patients. These
histologically mapped small RNA changes may be explored as a new type of biomarkers
for tissue injury or disease progression in patients or to drive mechanistic studies
leading to new targeted therapeutics. The approach for histologically mapping small
RNA profiles may be applied to analyze tissue specimens in any disease.
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Figure 1. Approach for mapping small RNA profiles to specific histological scores in specific

tissue types.

For each FFPE kidney tissue block from healthy control subjects or FSGS patients, 3
consecutive cuts were made. The first tissue section was H&E stained and each glomerular
region and the surrounding tubulointerstitial (T1) region scored for histological injury by 2
blinded board-certified pathologists or nephrologists. Inconsistent scores were reviewed and
scored by a third pathologist. The second and third cuts made from the FFPE tissue block
were used for laser capture microdissection (LCM). First, the glomerular regions were cut,
then the surrounding TI regions. Up to three regions per score per patient were pooled for
small RNA library preparation and deep sequencing. Differential expression of microRNAs,
3’-tRFs, and 5’-tRFs was assessed across histological scores in glomerular and TI regions.
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Figure 2. Glomerular microRNAs show progressive changes in expression as FSGS develops and

histological injury advances.

A. MicroRNA:s significantly differentially expressed (FDR<0.05) between glomeruli from
healthy control subjects (Control glom) and score 0, histologically normal glomeruli from
FSGS patients (Glom 0). B. Glomerular microRNAs significantly differentially expressed
(FDR<0.05) between score 2 (Glom 2) and score 0 (Glom 0) in FSGS patients. C.
Glomerular microRNAs significantly differentially expressed (FDR<0.05) between score

2 (Glom 2) and score 1 (Glom 1) in FSGS patients. D. Clustered heatmap of all microRNAs
significantly differentially expressed in at least one comparison between glomerular samples
shown in panels A-C. E. Average log, fold change relative to healthy controls for each
cluster of microRNAs shown in panel D. Dashed lines indicate first and third quartiles of
each cluster. Color of lines corresponds to the brackets shown in panel D. n=9 for healthy
controls, 31 for FSGS score 0, 21 for FSGS score 1, and 16 for FSGS score 2.
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Figure 3. Tubulointerstitial microRNAs show progressive changes in expression as FSGS
develops and histological injury advances.

A. MicroRNA:s significantly differentially expressed (FDR<0.05) between tubulointerstitial
(TT1) regions from healthy control subjects (Control TI) and score 0, histologically normal Tl
regions from FSGS patients (T 0). B. TI microRNAs significantly differentially expressed
(FDR<0.05) between score 1 (T 1) and score O (TI 0) in FSGS patients. C. Tl microRNAs
significantly differentially expressed (FDR<0.05) between score 2 (T1 2) and score 0 (Tl

0) in FSGS patients. D. Tl microRNAs significantly differentially expressed (FDR<0.05)
between score 2 (T 2) and score 1 (Tl 1) in FSGS patients. E. Clustered heatmap of all
microRNAs significantly differentially expressed in at least one comparison between Tl
samples shown in panels A-D. E. Average log, fold change relative to healthy controls for
each cluster of microRNAs shown in panel D. Dashed lines indicate first and third quartiles
of each cluster. Color of lines corresponds to the brackets shown in panel D. n=10 for
healthy controls, 13 for FSGS score 0, 26 for FSGS score 1, and 19 for FSGS score 2.
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Figure 4. Representative microRNAs show progressive changes in expression as FSGS develops
or histological injury advances.

A. miR-21-5p in glomeruli. B. miR-146b-5p in glomeruli. C. miR-192-5p in
tubulointerstitial regions. D. miR-12136 in tubulointerstitial regions. Fold changes in FSGS
tissue regions with score 0, 1, or 2, relative to healthy control subjects (Healthy), are shown.
* indicates significant differential expression based on small RNA deep sequencing analysis
(FDR<0.05). See Figures 2 and 3 for n values. E. miRNAScope analysis of miR-21-5p.
Red punctate signals in the middle row of images represent miR-21-5p detection. The score
0 and score 2 glomeruli were from the same biopsy section. H&E and miR-21-5p images
were taken from adjacent sections of the biopsy specimen and were representative of three
score 0 glomeruli and two score 2 glomeruli found in two patients analyzed. Scale bar, 100
pm.

Kidney Int. Author manuscript; available in PMC 2023 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Williams et al. Page 20

A D log,FoldChange
S$3-mtdbD00000547-ThrTGT_16 2 0 2 4
M3-tRNA-Phe-GAA-1-624 E__
oL ey
- -Pro-TGG-3-57 M3-tRNA-Leu-CAG-2-2_15
M3-tRNA-Leu-CAG-2-2"15 | [ S3-mtdbD00000547-ThrTGT_16
M3-tRNA-GIu-TTC-2-2"15 { M3-tRNA-Pro-TGG-3-5_20
M3-tRNA-Ser-GCT-6-1"17 M3-tRNA-iMet-CAT-1-8_21
M3-tRNA-Lys-TTT-3-5729 M3-tRNA-Gly-CCC-2-2_21
M3-tRNA-Ser-GCT-6-1"16 || M3-tRNA-Lys-TTT-3-5_29
M3-tRNA-GIn-TTG-3-3"14 { M3-tRNA-Glu-TTC-2-2_15
M3-tRNA-Ser-GCT-6-1"18 | M3-tRNA-Phe-GAA-1-6_24
v T ; T T T T ! M3-tRNA-GIn-TTG-3-3_14
B 4 2 0 2 4 6 8 10 | M3-tRNA-Ser-GCT-6-1_17
log,FoldChange(Glom 0/Control Glom) | Mg:{mﬁjggigg:gj—%g
M3-tRNA-iMet-CAT-1-8_21] | , . . . , \&A &0 & @
4 2 0 2 4 6 8 10 & £ &£
log,FoldChange(Glom 1/Glom 0)
C log,FoldChange
E 0246
M5-tRNA-Glu-TTC-2-2_17
$5-mtdbD00000538C1-Ser2TGA-16 E_T.
M5-tRNA-Val-CAC-7-1"14 M5-tRNA-Lys-TTT-5-1 15
Maeiavalasc el 14 M5-tRNA-Ala-TGC-4-1-15
M2 tRNAer TCA4-1-91 M5-tRNA-Val-AAC-6-1_14
M5-tRNA-Glu-TTC-2-2"15 Mot Gl-GCCo L 18
§ aal-l el M5-tRNA-Asp-GTC-3-1_15
M5-tRNA-Val-CAC-5-1"23 M5-tRNA-Lys-TTT-5-1 14
MeTRNA Ve CACT 1 02 M5-tRNA-GIu-TTC-2-2"15
i ys Tl o 1d S5-tRNA-SeC-TCA-1-1 717
A E A S e M5-tRNA-Ala-TGC-4-1_14
R Val s 5342 M5-tRNA-Und-NNN-3-1_15
Mz thildled CaG2:2 20 M5-tRNA-GIu-TTC-2-2_17
5 -Gly -17 M5-tRNA-Ser-TGA-4-1_16
M5-tRNA-Lys-CTT-5-1"15 M5-tRNA-Ser-TGA-4-1_15
M5-tRNA-Ala-TGC-4-1"14 M5-tRNA-Ser-TGA-4-121
M5-tRNA-Und-NNN-3-1"15 M5-tRNA-Val-CAC-5-1"23
M5-tRNA-Ala-TGC-4-1"18 M5-tRNA-Val-CAC-7-1"14
S5-tRNA-SeC-TCA-1-1"17 H M5-tRNA-Val-CAC-5-1"24
M5-tRNA-Ser-TGA-4-1"18 M5-tRNA-Val-CAC-7-1"15
M5-tRNA-Ser-TGA-4-1-16 M5-tRNA-Ser-TGA-4-1_22
M5-tRNA-Gly-GCC-5-1"15 M5-tRNA-Ser-TGA-4-1-18
M5-tRNA-Ser-TGA-4-1-15 i M5-tRNA-Ala-TGC-4-1718
MS5-tRNA-Leu-CAA-4-1"26 M5-tRNA-Lys-CTT-5-1"15
M5-tRNA-Asp-GTC-3-1"15 M5-tRNA-Gly-GCC-5-1_15
M5-tRNA-Lys-TTT-5-1-15 S5-mtdbD00000538CT-Ser2TGA_16
S5-tRNA-Ala-AGC-6-1"16 M5-tRNA-Leu-CAG-2-2_26
T t T T T T 1 M5-tRNA-Leu-CAA-4-1726
4 2 0 2 4 6 8 10 S5-tRNA-Ala-AGC-6-1_16
log,FoldChange(Glom 0/Control Glom
82 ge( / ) & &0 P &w
Qg? & °

Figure 5. Glomerular tRFs are differentially expressed mainly between FSGS score 0 and
healthy controls.

A. 3’-tRFs significantly differentially expressed (FDR<0.05) between glomeruli from
healthy control subjects (Control glom) and score 0, histologically normal glomeruli from
FSGS patients (Glom 0). B. A glomerular 3’-tRF significantly differentially expressed
(FDR<0.05) between score 1 (Glom 1) and score 0 (Glom 0) in FSGS patients. C.
Glomerular 5’-tRFs significantly differentially expressed (FDR<0.05) between healthy
control subjects (Control glom) and score 0 from FSGS patients (Glom 0). D. Clustered
heatmap of all 3’-tRFs significantly differentially expressed in at least one comparison
between glomerular samples shown in panels A and B. E. Clustered heatmap of all 5’-tRFs
shown in panel C. n=9 for healthy controls, 31 for FSGS score 0, 21 for FSGS score 1, and
16 for FSGS score 2.
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Figure 6. Tubulointerstitial tRFs are differentially expressed mainly between FSGS score 0 and

healthy controls.

A. 3’-tRFs significantly differentially expressed (FDR<0.05) between tubulointerstitial (TI)
regions from healthy control subjects (Control T1) and score 0, histologically normal T
regions from FSGS patients (T 0). B. A Tl 3’-tRF significantly differentially expressed
(FDR<0.05) between score 2 (T1 2) and score 0 (T 0) in FSGS patients. C. Tl 5’-tRFs
significantly differentially expressed (FDR<0.05) between healthy control subjects (Control
TI) and score 0 from FSGS patients (T1 0). D. Clustered heatmap of all 3’-tRFs significantly
differentially expressed in at least one comparison between Tl samples shown in panels A
and B. E. Clustered heatmap of all 5’-tRFs shown in panel C. n=10 for healthy controls, 13
for FSGS score 0, 26 for FSGS score 1, and 19 for FSGS score 2.
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Figure 7. MicroRNAs differentially expressed in histologically normal tissues in FSGS patients
compared to healthy controls and as histological injury progresses in FSGS target shared but

also different pathways.

A. Glomerular microRNA target pathways. B. Tubulointerstitial microRNA target pathways.

Experimentally supported target genes for microRNAs differentially expressed in each tissue

type between healthy controls and histologically normal tissue regions in FSGS (healthy vs.
0) or between FSGS tissue regions with any different histological scores (0 vs. 1 vs. 2) were

retrieved and pathway enrichment analysis performed as described in Methods.
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Figure 8. miR-146b-5p is progressively upregulated, and its target gene TRAF6 progressively
down-regulated, in glomeruli as FSGS develops and histological injury advances.

A. Regulatory relation between miR-146b-5p and TRAF6. TLR, toll-like receptor; TRAF6,
tumor necrosis factor receptor-associated factor 6; NFxB, nuclear factor kappa-light-chain-
enhancer of activated B cells. B. miR-146b-5p abundance in glomeruli assessed by gPCR.
C. TRAF6 abundance in glomeruli assessed by gPCR. N = 10 healthy controls, 35 score 0
(histologically normal glomeruli in FSGS patients), and 18 score 2. *, p<0.05 vs. healthy,
one-way ANOVA followed by Holm-Sidak test.
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Demographic and clinical information for the healthy controls and FSGS subjects.

Table 1:

Healthy Controls FSGS p value

# of subjects 10 38
Age at biopsy 39.2+3.9 42.8+2.4 0.82
Gender 8M,2F 31M,7F 0.72

5 African American | 21 African American

3 Caucasian 15 Caucasian
Race 2 Other 2 Other 0.35
SBP (mmHg) 126.3+6.0 138.4+2.5 0.17
DBP (mmHg) 83.045.1 83.2+1.9 0.07
Serum creatinine (mg/dl) | 0.96+0.04 2.49+0.26 0.01
eGFR (ml/min/1.73m2) | >60 46.5+4.7 0.002
BUN (mg/dl) 11.0+1.3 32.3%3.1 <0.001

Page 24

SBP, systolic blood pressure; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; BUN, blood urea nitrogen. Age differences
were evaluated with Mann-Whitney Rank Sum test, gender and race evaluated with Fischer’s Exact test, and SBP, DBP, serum creatinine, eGFR,
and BUN evaluated with Student’s t-test.
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