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Abstract: Introduction: Congenital urinary obstruction is a common cause of end-stage renal disease in the pediatric
population. However, non-invasive diagnostics to predict which patients will benefit from early intervention are lack-
ing. Methods: Using a rat model of upper and lower urinary tract partial obstruction and the Nanostring nCounter
Fibrosis V2 Panel, we evaluated the mRNA cargo of urinary small extracellular vesicles (SEVs) and mRNA expression
patterns of kidney and bladder tissues from rats with lower tract urinary obstruction and upper tract urinary ob-
struction. Results: While mRNA hierarchical clustering of urinary sEVs was unable to differentiate upper compared
to lower tract urinary obstruction, clustering was able to detect overall disease state (UUTO or LUTO) versus healthy
controls. Further, urinary sEVs carried genes unique to each treatment group (UUTO: 59 genes, LUTO: 17 genes),
while only one gene was uniquely carried in the control group. Notable genes of interest found in urinary sEVs were
VCAM-1 and NOS1 for UUTO, Egfr for LUTO, and Pckl for healthy controls. Conclusion: This study provides support
that differential gene expression of urinary sSEV mRNA has potential to act as biomarkers in the diagnosis and prog-
nosis of UTO. Urinary sEVs demonstrated higher numbers of unique genes representative of injury to the kidney than
that of injury to the bladder. Importantly, there were genes unique to UUTO sEVs, indicating the extent and revers-
ibility of renal damage can be independent of the function, damage, and architecture of the bladder.
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Introduction

In the pediatric population, congenital urinary
obstruction is one of the most common condi-
tions of the urinary tract and the most common
cause of end stage renal disease (ESRD) [1, 2].
Urinary tract obstruction (UTO) is categorized
based on location: upper tract lesions result in
injury to the ipsilateral kidney and lower tract
lesions place the bladder and both kidneys at
risk of irreversible injury [3]. Non-invasive meth-
ods to predict which patients will benefit from
early intervention are lacking. Early interven-
tion with medication, urinary catheters, percu-
taneous drainage, or surgery can be performed
to avoid or slow the progression to ESRD.
However, intervening too early will subject the

patient to unnecessary risk, and many children
still progress to ESRD despite intervention
[4, 5]. A reliable and non-invasive biomarker to
determine the extent and reversibility of
obstruction is necessary for the diagnosis,
prognosis, and treatment of children with UTO.

Urinary small extracellular vesicles (SEVs) are of
particular interest as a non-invasive biomarker
for kidney injury and reversibility due to their
high abundance and stability in biofluid [6].
sEVs contain a diversity of cargo, including pro-
teins, nucleic acids (both RNAs and DNAs), and
lipids [7-9]. In boys with posterior urethral
valves (lower tract obstruction), urinary sEVs
contained aquaporin-2 (AQP2), transforming
growth factor-1 (TGF-B1), and L1 cell adhesion
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molecule (L1CAM) proteins that correlated
with estimated glomerular filtration rate [10].
In amniotic fluid-derived sEVs in patients with
ureteropelvic junction (UPJ) obstruction, an
upper tract obstruction, angiotensin-converting
enzyme (ACE) and aminopeptidase N (AP-N)
proteins were decreased [11]. mRNA sEVs
cargo has been studied in other renal disease
states such as glomerulosclerosis, IgA nephrop-
athy, and diabetic nephropathy [12-14]. In lower
tract obstruction, such as posterior urethral
valves, the bladder is also damaged, which may
confound the sEV patterns attempting to evalu-
ate the extent of kidney disease.

No study to date has evaluated sEVs as related
to obstructive bladder injury exclusively or com-
pared differences in the patterns sEVs cargo in
upper compared to lower tract urinary obstruc-
tion. Therefore, the objective of this study was
to evaluate the mRNA cargo of urinary sEVs and
MRNA expression patterns of kidney and blad-
der tissues from rats with lower UTO (bad blad-
der, good kidney) or upper UTO (good bladder,
bad kidney).

Methods
UTO model

Male Sprague Dawley rats aged 8-10 weeks
were anesthetized before performing a lower
midline abdominal or left flank incision
described briefly.

Upper ureteral tract obstruction (UUTQO): The
left ureter was exposed bluntly. Partial ureteral
obstruction was induced via placement of a 0.4
mm wire next to the ureter at the UPJ and liga-
tion of both the ureter and wire with a 6-0 non-
absorbable suture. The wire was then removed,
leaving the ureter partially ligated [15]. In sham-
operated rats, the ureter was identified only.

Lower urethral tract obstruction (LUTO): Partial
urethral obstruction was induced by placing
PE5O0 tubing next to the urethra at the time of
surgery [16]. The urethra was identified as dis-
tal to the bladder neck and proximal to the
prostate. A 6-0 nonabsorbable suture was
used to ligate the bladder neck. The tubing
was then removed, leaving the urethra partially
obstructed at an opening of approximately 0.9
mm. In sham-operated rats, the bladder and
prostate were identified alone.
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Ultrasounds were obtained one week post-
operatively. Bladder wall thickness and area of
renal pelvis were calculated using ImageJ (NIH).
At 21 days post-operatively rats were sacri-
ficed. Bladder, kidney, urine, and serum were
collected. Serum creatinine was quantified via
Rat Creatinine Kit High-Performance Assays
(Crystal Chem, lllinois, USA). Renal and bladder
tissue were fixed in 10% buffered formalin fol-
lowed by paraffin embedding for Masson’s
Trichrome. For RNA extraction from tissue sam-
ples, renal and bladder tissue was frozen and
stored at -80°C.

RNA extraction: kidney and bladder

Frozen tissue samples were thawed. Bladder
tissues (20 mg) and kidney tissue (300 mg)
were ground to powder in liquid nitrogen using
a mortar and pestle. The homogenized sampl-
es were processed to extract RNA using an
RNeasy mini kit (Qiagen, Germany).

Urine sEV isolation and RNA extraction

Urine samples were centrifuged at 1000xg for
10 min at room temperature. The supernatant
was centrifuged at 10,000xg for 20 min at
4°C. The supernatant was filtered using a 0.45
um hydrophilic PVDF membrane syringe filter
(Thermo Fisher Scientific) and stored at -80°C.
Urinary sEVs were isolated using Exodisc D20
(LabSpinner, South Korea). Briefly, urine sam-
ples (£ 1 mL) were applied to an Exodisc and
processed using the bench-top operating
machine (OPR-1000, LabSpinner, South Korea).
Purified sEVs were retrieved using 100 ul of
PBS. RNA was extracted using RNeasy micro kit
(Qiagen, Germany).

Nanostring analysis

Isolated RNA was assessed with nCounter
Fibrosis V2 Mouse Panel (NanoString Tech-
nologies, USA) to analyze expression of 770
MRNAs (Mouse demonstrated moderate-to-
high cross-species reactivity with rat mRNA;
623 genes with > 80% identify). nCounter Low
RNA Input Kit (NanoString Technologies, USA)
was required to amplify sEV target genes to
achieve requirements. sV RNA was converted
to cDNA and amplified using the target gene-
specific primer pool with 14 cycles PCR [17,
18].
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The amplified product (for sEVs) or ~100 ng of
the extracted RNA (for tissue samples) was
hybridized with the nCounter Panel and run on
nCounter® SPRINT Profiler (NanoString Tech-
nologies, USA). Detected genes were analyzed
by nSolver Analysis Software version 4.0
(NanoString Technologies, USA) and Microsoft
Excel (USA).

Data was normalized in three steps. First,
genes with a raw count less than the geometric
means of six negative controls for each sample
were marked undetected. Undetected genes
for all samples in the three same groups (SEV,
bladder, kidney tissue groups) were excluded
for further analyses. Second, raw counts of
detected genes were normalized to total counts
of six spike-in positive controls (included in the
panel) to calibrate sample-to-sample variations
of the hybridization process. Third, the total
library size of each sample for the second nor-
malization based on the assumption of equal
loading of input since the annotated house-
keeping genes in the Fibrosis V2 Panel were not
expected to be presented in sEV RNA samples
[a71.

The normalized gene counts were transformed
to log2. For unsupervised hierarchical cluster-
ing analyses, normalized data was analyzed
by Cluster 3.0 and Tree View [17, 19]. For visual-
ization, log2 scaled gene counts were centered
by the median of filtered genes; differentially
abundant genes were represented by color
spectrum from the lowest (blue) to the highest
(yellow).

Gene set enrichment analysis (GSEA)

Gene Set Enrichment Analysis (GSEA) was per-
formed using GSEA software (Broad Institute
and UC San Diego) [20]. Fifty-two reference
gene sets for Fibrosis V2 Panel were acquired
from Nanostring and analyzed. Significantly
enriched gene sets were determined by the
nominal p-value (NOMP) < 0.05 or FDR < 0.25
cut-off.

Statistical analysis

The Tukey-Kramer posthoc test was used for
pair-wise comparisons of serum creatinine,
ultrasound analysis, and smooth muscle cell
(SMC)/Collagen using JMP Pro 16 Statistical
Software (SAS Institute, Cary, North Carolina) (P
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< 0.05). A two-tailed Student’s t-test and false
discovery rate (FDR, adjusted P < 0.10) were
used to calculate the significance of the differ-
ential gene expression.

Results
Characterization of UTO

UUTO (n=5), LUTO (n=4), and control (n=4)
animals were evaluated 21-days postopera-
tively. There was no significant difference in
body mass (C: 275.4 + 32.9 g, UUTO: 249.6 +
26.2 g, LUTO: 258.1 + 17.5 g). There was no
significance in serum creatinine (C: 0.45 +
0.13 mg/dL, UUTO: 0.41 £ 0.07 mg/dL, LUTO:
0.34 + 0.08 mg/dL). Renal and bladder ultra-
sound one week post-operatively are shown
(Supplementary Figure 1A). Quantitatively,
LUTO had a significantly thicker bladder wall
compared to control and UUTO (P < 0.001)
(Supplementary Figure 1B). The area of renal
pelvis was calculated, demonstrating hydrone-
phrosis of the left kidney in UUTO compared to
all other kidneys (P < 0.001) (Supplementary
Figure 1C).

Histologic results are shown (Figure 1A).
Trichrome demonstrates hydronephrosis in the
left kidney of the UUTO group and bladder wall
thickening in the LUTO samples. Quantitative
analysis (Figure 1B, 1C) confirmed an increas-
ed percentage of fibrosis in the left renal speci-
mens of UUTO compared to all other kidneys (P
< 0.001). SMC/Collagen ratios were higher in
bladders of LUTO compared to control and
UUTO (P < 0.001).

mRNA: bladder, kidney, and urinary sEVs

Across all samples, 730 of the 770 genes
probed were detected. 640 genes were detect-
ed in kidney tissues, 701 genes in bladder tis-
sues, and 510 genes in urinary sEV samples
(Figure 2A). mRNA abundance was lower in uri-
nary sEVs than in tissue samples, despite pre-
amplification for seV. Unsupervised hierarchi-
cal clustering of mRNA abundance segregated
samples by tissue type (i.e., bladder vs. kidney)
and sEV (Figure 2B).

Differential mMRNA expression: kidney

Among 640 genes detected in kidneys, 567
genes were detected in UUTO, 525 genes in
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Figure 1. Histologic comparison. A. Histologic analysis using Masson’s Trichrome, imaged at 0.4x, demonstrating
smooth muscle hypertrophy in LUTO bladders and hydronephrosis of left kidneys in the UUTO group. B. Smooth
muscle hypertrophy was present in the bladders of the LUTO groups demonstrated by SMC/Collagen ratios on tri-
chrome analysis (C: 0.18 + 0.13, UUTO: 0.374 + 0.19, LUTO: 2.27 + 0.57; "P < 0.001 C vs. LUTO, #P < 0.001 UUTO
vs. LUTO). C. There was a statistically significant percentage area of fibrosis (blue staining) in the left kidney of the
UUTO groups on trichrome analysis (Right Kidney - C: 2.1 + 0.88, UUTO: 2.66 + 0.59, LUTO: 1.64 + 0.41; Left Kidney
-C: 1.7 £ 0.33, UUTO: 5.2 + 0.98, LUTO: 1.35 + 0.11; "P < 0.001 Left UUTO vs. Right UUTO, P < 0.001 Left UUTO
vs. all comparisons).

LUTO, and 589 genes in control. The mRNA Figure 2A). There was no significantly express-
expression in kidney did not cluster by group ed gene in any comparison (FDR < 0.10,
(UUTO vs. LUTO vs. Control, Supplementary Supplementary Figure 2B-D).
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Figure 2. Unsupervised hierarchical clustering for all
sample groups. Comparison of the mRNA expression
levels in bladder, kidney, and urinary EVs of the rat
UTO model (UUTO, LUTO, control). (A) Venn diagram
of the detected genes in three sample types, (B)
Heatmap demonstrating the unique gene expres-
sion patterns between bladder, kidney, and urinary
EVs of the rat UTO model (three UUTOs, three LUTOs,
three controls). Upregulated genes are in yellow, and
downregulated in blue.

mMRNA expression was further analyzed by the
GSEA platform to investigate biologically rele-
vant pathways by determining significantly
(NOMP < 0.05) enriched gene sets in treatment
groups. Two out of 42 tested gene sets were
enriched in UUTO compared to the control:
“EMT” and “ECM degradation” (Supplementary
Figure 4A). Four gene sets were enriched in
UUTO samples versus LUTO: “ECM synthesis”,
“Cytokine signaling”, “ECM degradation”, and

“EMT” (Supplementary Figure 4B). There was
no significance in UUTO versus control.

Differential mMRNA expression: bladder

Among 701 mRNAs detected in bladder tissue,
575 genes were detected in UUTO, 683 in
LUTO, and 631 in control. mRNA profiles in
bladder did not cluster by group (Supplement-
ary Figure 3A). Three genes were differentially
expressed in UUTO bladder compared to con-
trol: Maspl and GIli3 are downregulated in
UUTO, while Cfh has increased expression
(Supplementary Figure 3B). Ten genes were dif-
ferentially expressed in LUTO compared to con-
trol: Tnf and Gbp5 were decreased, and Derl2,
C8a, Havcerl, Adh4, Mamll, Anapcl, Prkacb,
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and H2-D1 were increased (Supplementary
Figure 3C). Twenty-nine genes were differen-
tially expressed in LUTO compared to UUTO:
Ptger4, Gnptab, Ski, Cdon, Gush, Serpingl,
and Jag2 were decreased; Irf8, Derl2, lcam1,
Pik3r4, H2-Dmb2, Tpsb2, Maspl, Prkab2, Tir1,
Cdknla, Cyp2c29, Cd163, C8a, Cyp4alQ/
31/32, Adh4, Kngl, Ppard, Mamll, Ndufs5,
Anapcl, Gli3, and Kras were increased
(Supplementary Figure 3D).

Three out of 46 GSEA gene sets were enriched
in LUTO compared to control: “Proteotoxic
stress”, “Type |l interferon”, and “Type | inter-
feron” (Supplementary Figure 5A). One gene
set was enriched in UUTO compared to con-
trol: “Epigenetic modification” (Supplementary
Figure 5B). Five sets were upregulated in LUTO
compared to UUTO: “Senescence-associated
secretory phenotype (SASP)”, “PPAR signaling”,
“Fatty acid metabolism”, “Autophagy”, and “Cell

cycle” (Supplementary Figure 5C).

Differential mRNA expression: urinary SEVs

Fewer unique mRNAs were detected in sEVs
than in either the bladder or kidney. Among
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180 mRNAs detected in sEVs, 161 were found
in UUTO, 101 in LUTO, and 70 in control (Fi-
gure 3A). Unsupervised hierarchical clustering
showed urinary sEV profiles from rats with UTO,
regardless of lower or upper, cluster separately
from controls (Figure 3B). Nineteen genes dif-
ferentially enriched sEVs of UUTO compared
to control: Mtmr4, Ube2n, Furin, Got2, Ptk2,
Pde2a, Cyplal, Sorbsl, Moblb, Angptl4, Peli2,
Tir4, Adam9, Col4al, Ptgerd4, Vcam1, Adiporl,
and KIf5 (Figure 3C). Only one gene, Wwcl, was
differentially represented in LUTO sEVs, and it
was found to be depleted compared to control
(Figure 3D). Four genes were differentially
enriched in seVs of UUTO compared to LUTO:
Sorbs1, Wwel, App, and Nid1l (Figure 3E).

In the urinary sEV samples, 2 of 37 gene sets
were upregulated in LUTO compared to control:
“EMT” and “PI3K-AKT” (Supplementary Figure
B6A), and one gene set was upregulated in
UUTO compared to control: “ECM degradation”
(Supplementary Figure 6B). One gene set was
upregulated in UUTO compared to LUTO: “ECM

synthesis” (Supplementary Figure 6C).

Multiple genes of urinary sEVs were uniquely
present: 59 in UUTO and 17 in LUTO (Figure 3A;
Table 1). Most were not co-present in kidney or
bladder samples of the same group. One gene
was co-present in sV and kidney tissue in
UUTO. Most listed genes were expressed in any
tissue type regardless of treatment. Six genes
were not expressed in any kidney tissue
samples.

Discussion

Characterization confirmed successful imple-
mentation of urinary tract obstruction. In LUTO,
the bladders were significantly affected by
obstruction without global changes in renal
function (i.e., good kidney, bad bladder). In
UUTO, the left kidney was directly affected by
obstruction, while serum creatinine remained
normal, mimicking silent hydronephrosis seen
clinically. Analysis demonstrated bladders of
these groups similar to controls (i.e., bad kid-
ney, good bladder). Histology confirmed remod-
eling of bladder and renal tissue with increased
fibrosis in left renal specimens of UUTO and
increased SMC/Collagen ratio in bladders of
LUTO. The result of unsupervised hierarchical
clustering for all samples differentiates three
sample types correctly, indicating appropriate
MRNA gene expression analysis.
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In bladder samples, more genes were differen-
tially expressed in LUTO than in UUTO, consis-
tent with literature that LUTO alters gene
expression in the bladder [21]. In a study by Ito
et al, VEGF levels correlated with the thickness
of detrusor muscle, whereas HIFlalpha levels
increased with severity of SMC hypertrophy in
response to hypoxia [21]. Notably, the number
of upregulated genes in the bladder increased
with time alongside SMC hypertrophy. In con-
trast, we found no significant gene expression
in the experimental groups’ kidneys compared
to control. This difference found in the bladder
and not the kidneys may be explained by the
time-dependent response of renal tissue to
obstruction. A study by Wu et al demonstrated
early after obstruction, elevations in transcripts
are significant and later normalize when renal
damage becomes permanent [22]. While the
current study is limited by a single timepoint,
this time-dependent response to obstruction
from the kidney compared to the bladder may
support our differential gene expression results
within tissue.

The sEV mRNA expression profiles were well
clustered as both LUTO and UUTO clustered
separately from control. While kidney and blad-
der mRNA profiles did not cluster, urinary sV
mRNA profiling may present potential mRNA
markers in undifferentiated UTO. Yet, GSEA an-
alysis importantly demonstrated that urinary
sEVs more closely mirrored kidney injury than
bladder injury. Three gene sets were significant
in both kidney and sEVs: “EMT”, “ECM degrada-
tion”, and “ECM synthesis”. In sEVs, the “EMT”
set was enriched in LUTO compared to control
and “ECM synthesis” was enriched in UUTO
compared to LUTO. Multiple unique sets were
enriched in the bladder tissue, including those
related to proteotoxic stress, interferon res-
ponse, and autophagy. These groupings are
consistent with the literature as gene set
enrichment has been shown to be time-depen-
dent following injury in renal tissue, with early
gene expression categorizing into “cellular
stress” and later gene expression association
with “inflammation”, “collagen deposition”, and
“scar formation” [22].

It is well known that sEVs have limited cargo
load attributed to their small size (30-200
nm) [6, 9]. Therefore, it is unsurprising that
we observed fewer mRNAs as sEV cargo requir-
ing amplification. Of the 510 distinct mRNAs
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Figure 3. Differentially carried genes in urinary sEVs. Comparison of the mRNA expression levels in the urinary EVs of UUTO, LUTO, and control groups. (A) Venn
diagram of the detected genes in three treatment groups with sEV samples. (B) Heatmap demonstrating the unique gene expression patterns between UUTO, LUTO,
and control groups in the urinary EVs of the UTO rat model. Upregulated genes are in yellow and downregulated genes are in blue. (C) Volcano plot of the correlation
between significances (p value) and the differential gene expression (log2 fold change) in UUTO compared to control group, (D) Volcano plot of the correlation be-
tween significances (p value) and the differential gene expression (log2 fold change) in LUTO compared to control group, (E) Volcano plot of the correlation between
significances (p value) and the differential gene expression (log2 fold change) in LUTO compared to UUTO. Red dots in (C-E) indicate significant genes based on
adjusted p-value (FDR) < 0.10.
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Table 1. Uniquely presented sEV-mRNA in the disease states

Treatment

groups mRNAs

UUTO (59) Acaa2, Adam9, Adiporl, Angptl4, App, Arhgef6, Atg101, Brpf3, 3Ccr2, 3Cd209e, Col4al, Csnk2al,
Cxcl16, Cyp27al, Dusp8, Ehmtl, Eomes, Fzd2, Got2, Gpx3, 2*H2-Q2, Irfl, Irs1, Itgh1, Jag2, Kansli,
Kat6a, Kif3a, Lparb, Lrp6, Maml3, Mapkl, Mmp3, Mtmr4, Mylk, Ncor2, Nid1, Nos1, Pde2a, Peli2,
Pik3ca, Prfi, 3Prkacb, Ptger4, Ptk2, Rora, Rps6kb2, Sec61b, Sehll, Serpinfi, Sirtl, Smad2, Sorbs1,

Stat3, Tgfbr2, Tir4, 3Tpsab1, Trrap, Vcam1

LUTO (17) Bcap31, Casp6, Egfr, Ep400, 311181, Ik, Kirk1, Lamtor2, Ndufb8, Pik3ch, Ppara, Sec24c, Smad6,

Statd, Stk4, Tbldxrl, Xiap
Control (1) Pck1

‘Uniquely co-expressed mRNA (one gene) in all three kidney tissue samples of the same disease groups; 2Uniquely co-ex-
pressed mMRNA (one gene) among any kidney tissue samples of the same disease groups; 3Not expressed mRNAs (six genes) in
any kidney tissue samples of the same disease groups; “Not expressed mRNAs (one gene) in any bladder tissue samples of the

same disease groups.

detected in sEVs, most were uniquely identified
in either UUTO (59 genes) or LUTO (17 genes)
compared to control (1 gene). These genes rep-
resent candidate sEV-derived liquid biopsy bio-
markers to discriminate UUTO from LUTO and
warrant future investigation and validation in
clinical specimens.

One particular gene of interest identified in
both urinary sEVs and all three renal specimens
of UUTO was Vcaml (vascular cell adhesion
molecule 1). Involved in immune response and
inflammation, levels of VCAM1 protein are ele-
vated in urine of patients with lupus nephritis
and have been associated with severity of renal
insufficiency [23]. Unique to the UUTO group,
NOS1 (nitric oxide synthase 1, nNOS) is part of
a family that synthesizes nitric oxide from
L-arginine [24]. This is relevant as studies have
demonstrated the involvement of arginase
(ARG) 1 and 2 isoforms and the nitric oxide
pathway in UPJ obstruction and downstream
renal fibrosis [24-27]. In LUTO, Egfr (epidermal
growth factor receptor) involved in cell prolifer-
ation was uniquely identified. This is of interest
as a LUTO-specific marker, as urinary protein
levels of EGF, EGFR’s ligand, was reduced in
UPJ obstruction (a form of UUTO) [25]. Further,
the SHH (sonic hedgehog) signaling pathway,
involved in neurite formation and SMC apo-
ptosis in bladder injury, is known to cross-talk
with the EGF pathway [28, 29]. In the control,
Pckl (phosphoenolpyruvate carboxykinase 1)
was expressed in urinary sEVs, which could be
an indicator of an overall healthy state. This
gene, highly expressed in the kidney, is a con-
trol point for gluconeogenesis regulation; defi-
ciencies in this gene are associated with growth
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failure and inborn errors of metabolism [30].
Importantly, most genes uniquely detected in
urinary sEVs were expressed in any tissue type
regardless of treatment type. Thus, urinary
sEVs may present a novel method of detect-
ing specific upper vs. lower tract obstruction
unable to be gleaned from tissue itself.

Although this study demonstrated promise that
urinary sEVs might provide molecular signa-
tures of UTO, there are limitations. We antici-
pated that distinct gene expression profiles in
kidney and bladder tissues would differentiate
the experimental groups and control. Unex-
pectedly, unsupervised hierarchical clustering
of mRNA expression did not differentiate
between treatment groups in either kidney or
bladder. This raises the possibility that the
severity of partial UTO rat model and timeline
utilized were not suitable to change the overall
gene expression patterns at a tissue level or
that overall gene signatures are more signifi-
cantly deranged closer to the time of injury (i.e.,
day three after operation). Notably, we did
detect unique differences in SEV mRNA cargo
between treatment groups (UUTO vs. LUTO and
experimental groups vs. control), highlighting
the promise of sEV biomarkers. Future studies
will discern if the tissue-derived gene expres-
sion patterns compared to the urinary sV spe-
cimens are due to time-dependent response or
possibly rate of adaptation to the injury.

In this study, urinary sEVs demonstrated higher
numbers of unique genes representative of
injury to the kidney than injury to the bladder.
This provides support that urinary sEVs poten-
tial to prognosticate UUTO extent and reversibil-
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ity of renal damage can be independent of the
function, damage, and architecture of the blad-
der. Yet, given the inability to differentiate the
type of obstruction (upper vs. lower) using clus-
tering techniques of urinary sEVs, the authors
emphasize the need to be cognizant of simulta-
neous damage to the bladder when evaluating
prognostic biomarkers for ESRD. These find-
ings advocate that urinary sEVs remain a prom-
ising non-invasive material to diagnose UTO but
highlights the extent of the knowledge gap
needed to be bridged before bringing this bio-
marker to the clinical setting.
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Supplementary Figure 1. Ultrasonagraphic comparison. A. Renal bladder ultrasound images at 1 week post-oper-
atively. Compared to control, the left renal pelvis is grossly hydronephrotic compared to all other kidneys. The LUTO
group demonstrates bladder wall thickening and echogenic bladder calculi compared to control and UUTO groups.
B. The bladder wall of the LUTO group was statistically significantly thicker than those of control and UUTO groups
(C: 1.00 * 0.22 relative units, UUTO: 1.05 + 0.22 relative units, LUTO: 1.69 + 0.65 relative units; P < 0.001 con-
trol vs. LUTO, #P < 0.001 UUTO vs. LUTO). C. The left kidney of the UUTO group was hydronephrotic compared to its
contralateral kidney and all other kidneys of other groups (Right Kidney - control: 1.00 £ 0.19, UUTO: 1.03 + 0.36,
LUTO: 0.92 + 0.17; Left Kidney - control: 1.00 + 0.15, UUTO: 2.18 + 0.20, LUTO: 1.18 + 0.18; "P < 0.001 Left UUTO
vs. Right UUTO, #P < 0.001 Left UUTO vs. all comparisons).
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Supplementary Figure 2. Differential gene expression in Kidney. Comparison of the mRNA expression levels in the
kidney of UUTO, LUTO, and control groups. A. Heatmap demonstrating the unique gene expression patterns between
UUTO, LUTO, and control groups in the kidney of the UTO rat model. Upregulated genes are in yellow, and downregu-
lated in blue. B. Volcano plot of the correlation between significances (p value) and the differential gene expression
(log2 fold change) in UUTO compared to control group. C. Volcano plot of the correlation between significances (p
value) and the differential gene expression (log2 fold change) in LUTO compared to control group. D. Volcano plot
of the correlation between significances (p value) and the differential gene expression (log2 fold change) in LUTO
compared to UUTO.
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Supplementary Figure 3. Differential gene expression in Bladder. Comparison of the mRNA expression levels in
the bladder of UUTO, LUTO, and control groups. (A) Heatmap demonstrating the unique gene expression patterns
between UUTO, LUTO, and control groups in the bladder of the UTO rat model. Upregulated genes are in yellow and
downregulated in blue. (B) Volcano plot of the correlation between significances (p value) and the differential gene
expression (log2 fold change) in UUTO compared to control group, (C) Volcano plot of the correlation between signifi-
cances (p value) and the differential gene expression (log2 fold change) in LUTO compared to control group, (D) Vol-
cano plot of the correlation between significances (p value) and the differential gene expression (log2 fold change)
in LUTO compared to UUTO. Red dots in (C, D) indicate significant genes based on adjusted p-value (FDR) < 0.10.
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Supplementary Figure 4. Gene set enrichment analysis (GSEA) of kidney samples. Enrichment plots of significantly enriched gene sets in (A) the UUTO group ver-
sus the control group, (B) the LUTO group versus the UUTO group. Statistically significance is determined by nominal p value (NOMP) below 0.05. NES: normalized
enrichment score, FDR: false discovery rate.
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Supplementary Figure 5. Gene set enrichment analysis (GSEA) of bladder samples. Enrichment plots of significantly enriched gene sets in (A) the LUTO group versus

the control group, (B) the UUTO group versus the control group, (C) the LUTO group versus the UUTO group. Statistically significance is determined by nominal p value
(NOMP) below 0.05. NES: normalized enrichment score, FDR: false discovery rate.



Urinary extracellular vesicles in upper compared to lower urinary tract obstruction

Enrichment plot: EMT

I

-0.05

Enrichment plot: PI3K-AKT

Y 0.45 1 ey
goal ™ NES: 1.43 ) N i i ¥ NES: 1.39
g3l J "~ NOMP: 0.019 soxn| | " NOMP: 0.034
802{ | "FDR: 1.000 2t N “.FDR: 1.000

=~

L

z T
2 2
S =}
é 4 ['LUTO (positively conelated) é 4 PLUTO" (positively correlated)
2 @
S 2 52
(2} @,
go Zeru cross at 302 g0 Zera cross at 302
) T
£. £
2 8
;i, = ‘Control’ (negatively conelated) T 4| *Control (negatively conelated)
E 0 S0 100 150 200 250 300 350 400 450 500 E [ 50 100 150 200 250 300 350 400 450 500
& Rankin Ordered Dataset 3 Rank in Ordered Dataset
| Enrichment profile — Hits Ranking metric scores| | Enrichment profile — Hits Ranking metric scnrasl
Enrichment plot: ECM DEGRADATION Enrichment plot: ECM SYNTHESIS
N 0.0 kForas
— 0, J¥ N I . —_ S VAN L N
7o N N NES: 1.29 g, NN
o 03 N ol NN
i ~.__ NOMP: 0.046 : e
z ~ 9 02
4 N . @& Ve N\
Eoal FDR: 1.000 - i 9
Al N .. NES:-1.65 \
£ 02 Bl 5
£ 5 NOMP: 0.018 N
E oL M . = 0.4 \'\ SNNIN
o 0.0 S w FDR 0313 N NN
- 0.5
2 -
= 4 [UUTO (pusitively comelated) g 2 ['LUTO (positively conelated)
® @
s =
5 =]
3. 8o
2 2 Zero cross at 310 %—" Zero cross at 207
@ 1 2
£ i
o 2
21 l ‘Control' (negatively conelated) E = H b H ! __UUTO (negatively conrelated) 1
S 0 50 100 150 200 250 300 350 400 450 500 é o 50 100 150 200 250 300 350 400 450 500
®

Rankin Ordered Dataset

| Enrichment profile — Hits Ranking metric smres]

Rank in Ordered Dataset

| Enrichment profils — Hits Ranking metric scuresl

Supplementary Figure 6. Gene set enrichment analysis (GSEA) of EV samples. Enrichment plots of significantly en-
riched gene sets in (A) the LUTO group versus the control group, (B) the UUTO group versus the control group, (C) the
LUTO group versus the UUTO group. Statistically significance is determined by nominal p value (NOMP) below 0.05.
NES: normalized enrichment score, FDR: false discovery rate.



