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Exosomes have emerged as a valuable repository of novel bio-
markers for human diseases such as chronic kidney disease
(CKD). From a healthy control group, we performed micro-
RNA (miRNA) profiling of urinary exosomes and compared
it with a cell culture model of renal proximal tubular epithelial
cells (RPTECs). Thereby, a large fraction of abundant urinary
exosomal miRNAs could also be detected in exosomes derived
from RPTECs, indicating them as a suitable model system for
investigation of CKD. We subsequently analyzed exosomes
from RPTECs in pro-inflammatory and pro-fibrotic states,
mimicking some aspects of CKD. Following cytokine treat-
ment, we observed a significant increase in exosome release
and identified 30 dysregulated exosomal miRNAs, predomi-
nantly associated with the regulation of pro-inflammatory
and pro-fibrotic-related pathways. In addition to miRNAs,
we also identified 16 dysregulated exosomal mitochondrial
RNAs, highlighting a pivotal role of mitochondria in sensing
renal inflammation. Inhibitors of exosome biogenesis and
release significantly altered the abundance of selected candidate
miRNAs and mitochondrial RNAs, thus suggesting distinct
sorting mechanisms of different non-coding RNA (ncRNA)
species into exosomes. Hence, these two exosomal ncRNA spe-
cies might be employed as potential indicators for predicting
the pathogenesis of CKD and also might enable effective moni-
toring of the efficacy of CKD treatment.

INTRODUCTION

Chronic kidney disease (CKD) is a pathological condition marked by
structural abnormalities of the kidney coupled with dysfunction that
progresses over time. The severity of CKD is defined by five stages
(stages G1-G5) on the basis of glomerular filtration rate (GFR), either
estimated (eGFR) or measured (mGFR), and the extent of albumin-
uria (stages A1-A3)."? In 2017, 697.5 million cases of CKD were re-
corded worldwide, which clearly indicates that CKD is a major global
health problem.’

794 Molecular Therapy: Nucleic Acids Vol. 28 June 2022 © 2022 The Author(s).

Although eGFR and albuminuria reflect glomerular functional abnor-
malities, these indicators are insufficient to draw precise conclusions
concerning the pathophysiology of CKD. In addition to glomerular
abnormalities, tubulointerstitial damage is similarly important” and
represents a final common pathway, leading to loss of kidney function
as indicated by a decrease in the GFR.’ In addition, renal proximal tu-
bule epithelia not only are susceptible to injury but importantly drive
the progression of injury per se via the induction of a pro-inflamma-
tory and pro-fibrotic miliew.*” Therapeutic interventions directed at
signaling events originating from the proximal tubules may therefore
prevent progression of CKD.

Since renal proximal tubular epithelial cells (RPTECs) are susceptible
to kidney insults and play a vital role in the initiation and progression
of CKD,"’ they represent a suitable cellular model system for kidney
disease.”® Previously, it has been shown that a human RPTEC cell
line, immortalized by stable overexpression of the catalytic subunit
of human telomerase (TERT1),” resembles the proximal tubular cell
type found in vivo with respect to its morphological characteristics
and functional properties.”'® Immortalized RPTECs recapitulate
many characteristic functions of this cell type in vivo.” Indeed, Wieser
and co-workers previously have shown numerous phenotypic simi-
larities between RPTEC/TERT1 cells and wild-type RPTECs.’
Furthermore, stimulation of such proximal tubular cells by pro-in-
flammatory and pro-fibrotic cytokines such as interleukin (IL)-18,

Received 16 December 2021; accepted 28 April 2022;
https://doi.org/10.1016/j.0mtn.2022.04.035.

Correspondence: Alexander Hiittenhofer, Division of Genomics and RNomics,
Biocenter, Medical University of Innsbruck, Innsbruck 6020, Austria.

E-mail: alexander.huettenhofer@i-med.ac.at

Correspondence: Glory Ranches, Division of Genomics and RNomics, Biocenter,
Medical University of Innsbruck, Innsbruck 6020, Austria.

E-mail: glory.ranches@i-med.ac.at

Correspondence: Gert Mayer, Department of Internal Medicine IV (Nephrology
and Hypertension), Medical University of Innsbruck, Innsbruck 6020, Austria.
E-mail: gert.mayer@i-med.ac.at

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://doi.org/10.1016/j.omtn.2022.04.035
mailto:alexander.huettenhofer@i-med.ac.at
mailto:glory.ranches@i-med.ac.at
mailto:gert.mayer@i-med.ac.at
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtn.2022.04.035&domain=pdf
http://creativecommons.org/licenses/by/4.0/

www.moleculartherapy.org

oncostatin M (OSM), and transforming growth factor (TGF)-fB1 pro-
motes upregulation of the pro-inflammatory gene C-C motif chemo-
kine ligand 2 (CCL2).'"'* These cytokines induce a local inflamma-
tory response and/or affect the proximal tubular cell phenotype,
thus contributing to the progression of tubulointerstitial fibrosis.'""*

Several studies also suggest that the progression of CKD is more
closely linked with tubule-interstitial damage (malfunction) rather
than with glomerular damage."* In support of this idea, Grgic and col-
leagues have shown that acute injury to proximal renal tubules is suf-
ficient to generate a full spectrum of pathological changes associated
with progressive CKD, based on a mouse model of kidney injury.®

Recent findings obtained using a mouse model of kidney injury have
led to the discovery of important pathological mechanisms associated
with RPTECs that contribute to the development and progression of
CKD.”"” However, specific transcriptional responses linked to this
pathway of CKD pathogenesis remain elusive, especially in the
context of regulation of cytokine-mediated proximal tubular inflam-
mation. In addition, despite a high degree of protein-coding conser-
vation between human and mouse, the transcriptional response
observed in mouse inflammatory disease models differs significantly
from that of human inflammatory diseases.'® A human-cell-based
approach in gene expression profiling may bridge the gap between an-
imal models and human diseases, and may help to define disease-
associated gene signatures specific to a certain cell type (e.g.,
RPTECs).

Exosomes are emerging as one of the most promising sources for
identification of molecular markers specific to a disease state of
cells since they are released by cells into biofluids (e.g., plasma
and urine) in vivo and cell culture medium in vitro, and thus
can be exploited as a “liquid biopsy” for the diagnosis of patholog-

17-20
’~“Y Exosomes are membrane-bound extracellular

ical conditions.
vesicles (EVs) with a size range from 30 to 150 nm in diameter
and are formed within multivesicular bodies (MVBs) during the
endosomal sorting process.”’”*” Their formation is mediated by
the endosomal sorting complex required for transport (ESCRT)
machinery involving specific proteins such as ALG-2-interacting
protein X (ALIX) and tumor susceptibility gene 101 protein
(TSG101).>"*° Exosomes can also be generated independently of
the ESCRT pathway via the neural sphingomyelinase (nSMAse)-
dependent pathway, which involves hydrolysis of sphingolipids
by nSMase to generate ceramide, a critical component for exosome
formation.”> Hence, biogenesis and release of exosomes can be in-
hibited by nSMase inhibitors such as GW4869 and manumycin A,
which also acts as a farnesyltransferase inhibitor.”>*’~*° Inhibition
of farnesyltransferase prevents RAS activation, which is implicated
in exosome biogenesis through the ESCRT pathway. Manumycin
A attenuates the expression of ESCRT-0 proteins Hrs, ALIX, and
Rab27a, which are components of exosome biogenesis and secre-
tion, via targeted inhibition of the Ras/Raf/ERK1/2 signaling.*’
Blockage of both pathways results in a strong downregulation of
exosome biogenesis and release.”””"

It has been shown previously that exosomes harbor a repertoire of mol-
ecules such as nucleic acids (e.g., RNAs and DNAs), as well as lipids and
proteins, which may reflect the pathological condition of their parental
cells."”***" They mediate cell-to-cell communication in diverse biolog-
ical scenarios and have functions in the maintenance of cellular integ-
rity, tumor progression, and the immune response.”*** The cargo in
exosomes and other EVs are protected from enzymatic digestion by
proteases or nucleases’ and, as such, they might be more stable
compared with protein- or exosome-devoid RNAs or DNAs. In recent
years, several potential exosomal non-coding RNAs (ncRNAs; e.g., mi-
croRNAs [miRNAs] and long ncRNAs [IncRNAs]) associated with
kidney disease have been identified from urinary exosomes or kidney
tissue through RNA sequencing (RNA-seq) and miRNA profiling
approaches.'**%*°

In this study, we identified RPTECs as a potential major source of uri-
nary exosomes in healthy humans. We next employed a cell culture
model system for CKD derived from RPTECs that mimic a pro-inflam-
matory and pro-fibrotic condition (disease state) in order to determine
RPTEC-specific exosomal RNA signatures associated with inflamma-
tion and fibrosis. Through a combinatorial approach employing
miRNA profiling and RNA-seq analysis, we identified several dysregu-
lated exosomal miRNAs as well as mtRNAs (predominantly mitochon-
drial tRNAs [mt-tRNAs]). Hence, proximal tubular epithelial cells
represent a potential source of kidney inflammatory transcript markers
and might thus represent an interesting target for the evaluation of
novel CKD therapies.

RESULTS

Comparison between exosomal miRNAs from an RPTEC in vitro
model and urinary exosomal miRNAs from a healthy control
group shows significant overlap

Recent studies have shown that exosomes derived from human urine
may mirror a specific pathological condition (e.g., CKD and diabetic
kidney disease).'””*® However, it has not yet been demonstrated if
these urinary exosomal markers directly represent pathological
changes to the kidney or whether they are derived from other tissues
or cells linked to the disease (e.g., invading inflammatory cells). Since
RPTECs are a primary target of kidney injury and contribute to the
development and progression of CKD,"* we investigated whether uri-
nary exosomal miRNAs might indeed be derived from RPTECs.

To this end, we isolated exosomes from non-stimulated/control
RPTEC (designated as CK—) cell culture medium and urine samples
obtained from healthy individuals as controls (healthy controls
[HCs]) using an ultracentrifugation method (Figures SIA-S1C).
The sample quality was evaluated by negative-stain transmission elec-
tron microscopy (TEM)* (Figures S2A and S2B) and western blot-
ting for the tumor suppressor gene 101 (TSG101), a known exosomal
marker (Figures S2C and $2D).*” The vast majority of exosomes/EVs
in both samples were roughly 24 nm in diameter.

We next performed miRNA profiling by employing the miRCURY
locked nucleic acid (LNA) miRNA miRNome Human PCR Panel I
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Figure 1. Urinary exosomal miRNAs that are potentially derived from RPTECs

(A) Top 20 most abundant exosomal miRNAs from healthy control (HC) group (n = 6) and (B) non-stimulated RPTECs (CK—) (n = 3). Heatmap colors indicate the delta Ct (ACY)
value of each target miRNA. Red indicates lower ACt (higher gene expression) and green indicates higher ACt (lower gene expression). (C) Overlap between the 20 most
abundant exosomal miRNAs derived from CK— RPTECs and that from urine of HC group.

containing 368 miRNA species. miRNA profiles were analyzed, and the
abundance of each miRNA was determined using six reference genes
(hsa-let-7a-5p, hsa-let-7b-5p, hsa-miR-191-5p, hsa-miR-26a-5p, hsa-
miR-92a-3p, and hsa-miR-103a-3p) for normalization. These miRNAs
were found to be stably expressed with low variability for all the samples
investigated (e.g., RPTECs and exosomes and urine samples from HC
group) (Table S1); in addition, these miRNAs have previously been re-
ported to be suitable reference genes for miRNA quantification.*'**
Hsa-miR-26a-5p, hsa-miR-92a-3p, and hsa-miR-103a-3p were also re-
ported to serve as suitable reference genes for human renal tissue and
RPTECs under commonly applied conditions (e.g., basal conditions
and stimulation with glucose, TNF-a, and TGE-B1).*°

Following normalization, we analyzed the delta Ct (ACt) values of exo-
somal miRNAs present in each group and determined that 30% of the
368 miRNAs analyzed were present in RPTEC exosome samples,
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whereas 34% were identified in HC samples. Subsequently, we deter-
mined the 20 most abundant urinary exosomal miRNAs in the HC
group and compared the results with the RPTEC in vitro model employ-
ing the non-stimulated CK— group (Figures 1A and 1B). This analysis
showed that about half of these exosomal miRNAs are shared between
RPTEC CK— and urinary HC groups (Figure 1C), indicating that a sig-
nificant number of urinary exosomes are potentially derived from kid-
ney epithelial cells. This is in agreement with previously published
results.*

Cytokine-induced release of RPTEC-derived exosomes

In the CKD RPTEC model system, we employed pro-inflammatory
and pro-fibrotic cytokines, namely IL-1B, OSM, and TGEF-BI, to
transform RPTEC:s into a state mimicking certain aspects of a CKD
phenotype, as previously demonstrated.'"*” To this end, RPTECs
were differentiated and starved prior to the addition of cytokines
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Figure 2. Characterization of exosomes derived from
RPTECs

(A) 2D STORM imaging of anti-CD9-labeled (Alexa 647 nm)
exosomes from non-stimulated RPTECs (CK—) versus
cytokine-stimulated RPTECs (CK+) (see section “materials
and methods”). Photos are representative images. Scale
bar, 1,000 nm. (B) Transmission electron microscopy
(TEM) of exosomes derived from CK— versus CK+
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RPTECs; arrows point to the exosome membrane bilayer.
Scale bar, 50 nm. C) Time course analysis of exosomal
release from CK— and CK+ RPTECs using Alexa
(647 nm)-labeled CD9 antibody for exosome immunolabel-
ing (see section “materials and methods”). Statistical anal-
ysis was performed using two-way ANOVA with multiple
comparison test and Bonferroni correction (GraphPad
Prism 8.0.1). Results are presented as mean + SEM of
two independent experiments. **p < 0.01. (D) Immunoblot
analysis of TSG101 in exosome lysates of either CK— or
CK+ sample. The image is a representative of three inde-
pendent experiments.
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increased level of CD9 in the CK+ sample, relative
to the CK— sample (Figure 2A). The size distribu-
tion of CD9-positive CK+ exosomes was deter-
mined to be in the range of 27-142 nm, whereas
a size distribution of 27-97 nm was observed for
CK— exosome samples. The majority of isolated
exosomes in both samples has a diameter of
30 nm but an increase in the number of exosome
populations was observed in CK+ compared with
that of CK—. We additionally analyzed samples
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(designated as CK—). Exosomes that were secreted into the culture
medium from cytokine-stimulated/diseased cells (designated as
CK+) and CK— RPTECs were isolated and purified by ultracentrifu-
gation (Figures SIA and S1B).

In order to determine the entire size distribution of exosomes in each
sample, we employed a high-resolution imaging technique, referred to
as stochastic optical reconstruction microscopy (STORM), that is able
to rapidly detect EVs down to 20-30 nm in size with high sensitivity.***’
In this assay, we immunostained exosomes by employing a photo-
switchable probe, i.e., an Alexa (647 nm)-labeled antibody, directed
against CD9, a tetraspanin, which represents a validated exosomal
marker.”’ Quantification of the CD9 fluorescence signal revealed an

T by TEM as a complementary approach. RPTEC-
3 derived EVs considered as exosomes based on their
morphology exhibited a size distribution ranging
from 15 to 46 nm for CK+ (24.74, SD 5.25) and
13 to 44 nm for CK— (24.66, SD 5.22; Figure 2B).
Taken together, our results are consistent with the
reported size range of bona fide exosomes (i.e.,
TSG101 from 20 to 140 nm).”!

In order to investigate the effect of cytokines in
mediating RPTEC release of exosomes, we per-
formed immunofluorescence analysis of the exosomal tetraspanin
CD9 marker in a time course experiment. Following cytokine stimu-
lation, RPTEC exosomes isolated at different time points (6-48 h)
were immunostained with an anti-CD9 (Alexa 647 nm) antibody
and the CD9 fluorescence signal was analyzed using a plate reader.
Based on the average CD9 fluorescence signal, a significant increase
in CD9 levels was observed in CK+ exosome samples (p < 0.05) after
24 h and 48 h, compared with the CK— samples (Figure 2C). The CD9
increase in CK+ exosome samples was apparent after 12 h (3-fold).
The number of CD9-positive exosomes was further increased at
24 h (6-fold) and at 48 h (6-fold) relative to the baseline at 6 h,
whereas CD9 levels remained unchanged in CK— exosome samples
(1.0- to 1.6-fold) throughout the entire time course experiment
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(Figure 2C), suggesting that cytokine stimulation induces exosome
release.

To further validate additional key features of exosomal vesicles, we
performed western blot analysis of the total exosome lysate and
analyzed the protein level of the tumor suppressor gene 101
(TSG101).”° In the CK+ exosome sample, TSG101 protein levels
were found to be significantly elevated compared with the CK— exo-
somal sample (Figure 2D).

In order to analyze the RNA content in each exosome sample, we
isolated total RNA from exosome pellets as well as from their orig-
inating cells (i.e., CK— or CK+ cells, respectively). To determine the
size distribution of exosomal RNA species, we analyzed the total
RNA from exosomes and cells using a Bioanalyzer, employing small
RNA (Figures S3A and S3B) and RNA pico chips (Figures S3C and
S3D). Both analyses showed that the RNA content was increased in
the CK+ exosome samples compared with the CK— exosome sam-
ples. The highest RNA abundance was observed for RNAs exhibit-
ing a size below 200 nt, whereas fewer RNA species were observed
exhibiting sizes above 200 nt. This observation indicates that the
majority of RPTEC-derived exosomes indeed contain small RNA
species.

Based on these analyses, we thus demonstrate that RPTEC-derived
exosomes exhibit bona fide exosome structure and properties, and
that cytokines (i.e., IL-13, OSM, and TGF-B1) induce the release of
exosomes. This corresponds to the increased levels of CD9, TSG101
protein, and total RNA content in CK+ samples, relative to the
CK— samples. Hence, our results indicate that cytokine stimulation
of RPTECs triggers an increased release of exosomes compared
with non-stimulated RPTECs.

GW4869 and manumycin A alter cytokine-induced exosome
release in RPTECs

The biogenesis and sorting of exosomes can be modulated by several
nSMase inhibitors such as the cationic molecule GW4869 and natural
microbial metabolite manumycin A, which also functions as a Ras far-
nesyltransferase inhibitor.”” " Since previous reports have shown
that a combination of these two inhibitors is more efficient than using
a single inhibitor,*” we employed both exosome inhibitors together in
subsequent experiments, but at a lower dose, since they significantly
reduced cell viability in a few hours following treatment.

We next investigated the influence of these exosome inhibitors in
regulating the release of exosomes during inflammation. For this pur-
pose, we determined the levels of the exosomal tetraspanin marker
CD9 on exosomes released from CK+ RPTECs relative to that of
CK— RPTECs, employing a fluorescence-based microplate assay.
Based on the fluorescence intensity signal of CD9, in the presence
of GW4869 and/or manumycin A, we observed that CD9 levels
were significantly reduced in CK+ exosomes by a factor of 2- to
3-fold (p < 0.001), relative to that in CK+ exosomes without
GW4869 and/or manumycin A (Figure S4A).
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To assess the general effects of GW4869 and/or manumycin A in
regulating exosome secretion and release, we also normalized the
CD9 level of all samples (CK— with inhibitor and CK+ with or
without inhibitor) to the CK— exosome sample (assigned as 1).
Among CK— samples, CK— with GW4869 and/or manumycin A
samples showed an increased abundance of CD9 (2- to 4-fold), rela-
tive to the CK— sample without an exosome inhibitor (Figure S4B).
This result indicates that GW4869 and/or manumycin A not only
inhibit biogenesis and release of exosomes but may also induce secre-
tion and budding of other CD9-positive EVs/exosomes. In the CK+
exosome samples, the abundance of CD9 was partially decreased in
the presence of GW4869 and/or manumycin A by 0.7- to 0.9-fold,
compared with that of the CK+ sample alone (Figure S4B). Thus,
the reduction of the CD9 ratio in CK+ compared with CK— samples
(Figure S4A) suggests that the two reported exosome inhibitors
indeed inhibit the secretion and release of exosomes mediated by
cytokine induction.

Analysis of abundant exosomal and cellular miRNAs derived
from RPTECs

We next investigated the abundance of exosomal miRNAs, which are
derived from RPTECs, since miRNAs not only play an essential role
in renal repair but may also contribute to the pathophysiology of
CKD.’>*~*’ Hence, we performed exosomal miRNA profiling from
RPTEC exosomes (i.e., from CK+ and CK— cells, respectively) em-
ploying the miRCURY LNA miRNA miRNome Human PCR Panel
L. Following the pre-processing of data (see section “materials and
methods”), 30% of 368 miRNAs were identified to be present in all
RPTEC exosome samples (CK— and CK+).

Based on the analysis of ACt values, we identified the 20 most highly
expressed exosomal miRNAs present in each group (Figure S5A). Out
of 20, 18 of these highly expressed exosomal miRNAs were shared by
both groups (i.e., CK— and CK+ exosomes; Figure S5B). The five
most abundant exosomal miRNAs found in both CK— and CK+ sam-
ples were hsa-miR-21-5p, hsa-miR-155-5p, hsa-miR-30c-5p, hsa-
miR-16-5p, and hsa-miR-23b-3p.

In order to investigate whether the release of exosomal miRNA
mirrors the abundance of the miRNA species in the cells from
which they were derived, we also performed miRNA profiling of
total RNA extract from CK+ RPTECs and compared the cellular
miRNA profile with its (CK+) exosomal miRNA profile. Interest-
ingly, we found that 19 of the 20 most highly expressed miRNAs
were common to both the CK+ cells and exosomes (Figures S5C
and S5D). Similar to CK+ exosomal miRNAs, we showed that
hsa-miR-21-5p, hsa-miR-155-5p, hsa-miR-30c-5p, hsa-miR-16-
5p, and hsa-miR-23b-3p are the most highly expressed miRNAs
in CK+ RPTECs (Figure S5C).

Identification of dysregulated exosomal miRNAs from cytokine-
stimulated RPTECs
Several studies have shown that miRNAs can be selectively sorted into

exosomes > through interaction with RNA-binding proteins



www.moleculartherapy.org

Dysregulated
RPTEC exosomal miRNAs (p<0.05)

CK- CK+

hsa-miR-21-5p
hsa-miR-155-5p
hsa-miR-30c-5p
hsa-miR-23b-3p
hsa-miR-192-5p
hsa-miR-200b-3p
hsa-miR-30a-5p
hsa-miR-215-5p
hsa-miR-30d-5p
hsa-miR-200c-3p
hsa-miR-196a-5p
hsa-miR-30b-5p
hsa-miR-151a-3p
hsa-miR-194-5p
hsa-miR-361-5p
hsa-let-7a-5p

hsa-miR-146a-5p
hsa-miR-151a-5p
hsa-miR-130a-3p
hsa-miR-10b-5p
hsa-miR-126-3p
hsa-miR-421
hsa-let-7c-5p
hsa-miR-31-3p
hsa-miR-146b-5p
hsa-miR-126-5p
hsa-miR-218-5p
hsa-miR-625-3p
hsa-miR-663a

Fold change (2744CY
(relative to CK-)

hsa-miR-182-5p A

— Exo_CK-
mm Exo CK+

5 .
4 ,L*T
okkk Fdekk *kkk Hkk T
3 ] *
T 1|1
24 T
o
14 T T a T - =
0- T T T T
R R R <R aR R
AP I AR
S ¢ g §F §&¢
e""& e""& ’90'6\ 60'6\ ’b'&\
AN AN AN AN N

Figure 3. Dysregulated exosomal miRNAs from cytokine-treated RPTECs as potential indicators of inflammatory kidney disease

(A Identification of dysregulated exosomal miRNAs (p < 0.05) derived from non-stimulated (CK—) and cytokine-stimulated (CK+) RPTECs (see section “materials and
methods”). Heatmap represents the average ACt values of each miRNA in CK— or CK+. Red indicates lower ACt (higher gene expression) and green indicates higher
ACt (lower gene expression). Student’s t test was employed for statistical analysis using the ACt values obtained from three independent experiments. (B) Validation of
six differentially abundant candidate exosomal miRNAs. The relative fold change (FC) of exosomal miRNA expression in cytokine-stimulated condition (Exo_CK+) relative

to non-stimulated condition (Exo_CK—) was analyzed using 2~ 24Ct

method. Bar graph represents mean + SEM of five independent experiments. Two-way ANOVA with

Benjamini and Hochberg multiple comparisons was performed for statistical analysis using (GraphPad Prism, 8.0.1). ***p < 0.0001, ***p < 0.001, *p < 0.05.

(RBPs) (e.g., Y-Box Binding Protein 1 [YBX1]),”%° Major Vault Pro-
tein [MVP],(’1 MEX3C,%? and heterogeneous nuclear ribonucleopro-
tein A2B1 [hnRNPA2B1]).%’ These studies have further demon-
strated that the dysregulation of exosomal miRNAs is associated
with several pathologies, including neuroinflammation, diabetes mel-
litus, and cancer.®*

By employing a validated in vitro cell culture model for CKD, we
thus aimed to identify dysregulated exosomal miRNAs signatures
that are associated with inflammatory kidney disease and renal
fibrosis by employing cytokine-stimulated RPTECs. We first per-
formed expression analysis of exosomal miRNAs released from

CK+ cells (i.e., resembling a diseased state) and compared their
expression with exosomal miRNAs from CK— cells (i.e., healthy,
wild-type cells). Normalized ACt values of exosomal miRNAs
analyzed by the miRNA panel were obtained for each sample group
and the relative fold change (FC) was expressed as 274", A total of
30 exosomal miRNAs were differentially expressed (p < 0.05) in
response to cytokine stimulation, when CK+ exosomes were
compared with CK— exosomes (Figure 3A; Table S2). Of the 30
differentially dysregulated exosomal miRNAs, 26 exosomal miRNAs
were upregulated (FC > 1.6), whereas four exosomal miRNAs were
found to be downregulated (FC < 0.6) (Table S2). Interestingly, 12
of these differentially dysregulated exosomal miRNAs overlapped
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Ontology Space Figure 4. Pathway analysis of dysregulated and

— gggz highly abundant exosomal miRNAs
- COMF (A) Gene Ontology analysis of the target space derived

RiiEs from 12 dysregulated and highly abundant exosomal

miRNAs (hsa-miR-155-5p, -192-5p, -196a-5p, 200b/c-
3p, -21-5p, 215-5p, 23b-3p, and -30a/b/c/d-5p) was
performed for the ontology spaces (GO:BP, GO:CC,
GO:MF, and KEGG) and the top seven enriched pathways
are represented by the ranked negative logo p value for
each ontology spaces. (B) KEGG pathway analysis of
the target space (retrieved from the DIANA microT-CDS
prediction tool [score >0.9]) for each of the 12 most signif-
icantly dysregulated and highly abundant exosomal miR-
NAs from cytokine-stimulated RPTECs. Enriched path-
ways are represented and ranked by the negative logo
p value.
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with the 20 most highly expressed miRNAs
(Figures 3A and S5A).

hsa-miR-200c-3p

sorted into exosomes

The relative expression of selected exosomal miRNAs (hsa-miR-21-
5p, -192-5p, -215-5p, -194-5p, -146a-5p, and -126-3p), which has
been reported to be associated with kidney disease,’> *® was validated
and analyzed by an individual LNA miRNA PCR assay (Figure 3B).
The expression level of exosomal miRNAs was analyzed by employ-
ing miR-191-5p and let-7b-5p as reference genes, and the relative
abundance was expressed as FC (FC = 2788CY Our results from
the individual miRNA expression analysis of the six candidate exoso-
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highly abundant exosomal miRNAs

To identify putative pathways regulated by
exosomal miRNAs, target space analysis of
the 12 dysregulated and most abundant exoso-
mal miRNAs (hsa-miR-155-5p, hsa-miR-192-
5p, hsa-miR-196a-5p, hsa-miR-200b/c-3p,
hsa-miR-21-5p, hsa-miR-215-5p, hsa-miR-
23b-3p, hsa-miR-30a/b/c/d-5p) was performed
using the DIANA microT-CDS v5.0 prediction
algorithm. Applying a high confidence
threshold (target score >0.9) revealed 2011
unique gene targets predicted to be suppressed
by the queried miRNAs. Gene Ontology (GO)
analysis was performed subsequently to reveal
enriched GO pathways in four annotation
spaces (biological process [GO:BP], cellular
components [GO:CC], molecular function
[GO:MF], and Kyoto Encyclopedia of Genes
and Genomes [KEGG]). This revealed RNA
polymerase-related pathways (positive regula-
tion of transcription by RNA polymerase II
[GO:BP], RNA polymerase II cis-regulatory re-
gion sequence-specific DNA binding [GO:MF]) as well as signaling
pathways such as the mitogen-activated protein kinase (MAPK)-
signaling pathway, Rap1-signaling pathway, and the phosphoinosi-
tide 3-kinase (PI3K)-AKT-signaling pathways as putative target
pathways for released exosomal miRNAs on recipient cells (Fig-
ure 4A). To elucidate the role of each individual miRNA, KEGG
pathway analysis was additionally performed on each single miRNA
target space, which revealed that predominantly the miR-200 family
is enriched for signaling pathway-related targets (ErbB signaling

15 20

pathway, Rapl signaling pathway, and neurotrophin signaling
pathway [KEGG]), whereas miR-21 is predicted to suppress the
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Figure 5. Identification of dysregulated exosomal
ncRNAs from a cell-based model system of renal
inflammation by RNA sequencing
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from CK— and CK+ RPTECs. (D) Heatmap of differentially
expressed exosomal RNAs (adjusted p < 0.05) derived
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cytokine-cytokine receptor interaction pathway, thereby being pu-
tatively involved in immunomodulatory effects (Figure 4B).

Comparison of ncRNA abundance in exosomes derived from
CK- versus CK+

In addition to miRNA profiling, we extended our investigations from
miRNAs to longer ncRNAs by next-generation sequencing (RNA-
seq) analysis in order to identify additional dysregulated exosomal
ncRNAs associated with the pathophysiology of inflammatory kidney
disease. By employing our in vitro RPTEC culture system, we analyzed
the differential expression of exosome-derived small RNA species from
RPTEC: (i.e., CK+ or CK—, respectively) by RNA-seq analysis.

Initially, we performed principal component analysis (PCA) of RNA
expression profiles between the CK+ group and CK— group and iden-
tified two distinct clusters, separating the diseased group (CK+) from
the non-diseased group (CK—) (Figure S6A). Transcriptome analysis
revealed that several ncRNA transcripts (i.e., IncRNAs, small nucleolar
RNAs [snoRNAs], miscellaneous RNAs [misc_RNAs], small nuclear
RNAs [snRNAs], mt-tRNAs, ribosomal RNAs [rRNAs]and mitochon-
drial-ribosomal RNAs [mt-rRNAs]) (Figures 5A-5C) were expressed in

Based on the normalized reads/counts, we
further analyzed the 20 most abundant exoso-
mal RNAs in CK— and CK+ samples (Table S3) and determined
that the exosomal RNAs, such as IncRNAs (i.e., AC073140.2 and
GAS5), miRNAs (i.e., miR-30a, miR-10b and miR-31), misc_RNAs
(i.e., RNY1 and VTRNAI1-1), mtRNAs (i.e., MT-RNR2, MT-RNRI,
and MT-TM), and snoRNAs (i.e., SNORD6, SNORD69 and
SNORD100), were the most abundant RNA species in both
samples.

When we analyzed the differential abundance of these ncRNA species
in CK— versus CK+ exosomes, our analysis revealed 16 significantly
dysregulated exosomal RNAs (p < 0.05 adjusted), all of which mapped
to the mitochondrial genome (Figures 5D and S6B; Table S4).

Interestingly, of these dysregulated exosomal mtRNAs, the majority
(i.e., 81.25%) could be assigned to the class of mt-tRNAs. Based on
the normalized number of reads, the expression of all significantly
dysregulated exosomal mtRNAs in CK+ samples was downregulated
relative to the CK— exosome samples.

In order to rule out the presence of contaminating mitochondria, we
performed an immunoblot analysis of cytochrome C, which is a
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reported and validated marker for mitochondrial organelles, and,
concurrently, the exosome marker protein TSG101. These analyses
revealed that cytochrome C was undetectable in both exosome prep-
arations (CK— and CK+), while TSG101 was consistently present in
both exosome samples, but with increased abundance in CK+
compared with CK— samples, as observed previously (Figure S7A).
Hence, these results indicate that exosome preparations from
RPTECs are unlikely to be contaminated with mitochondrial organ-
elles or debris.

For the validation of our mt-tRNA results, we selected five candidates
(ie., mt-tRNA™*, mt-tRNA""?, mt-tRNAY", mt-tRNA™, and mt-
tRNA™", respectively) with the highest abundance as deduced by
RNA-seq analysis, and investigated their expression levels in CK+
exosomes versus CK— exosomes by RT-qPCR. The FC (2744
expression of these candidates was obtained by normalizing to
CK—, employing snRNA U6 and B-actin as reference genes.”””’
These analyses showed that the relative FC of all candidate exosomal
mt-tRNAs was consistently downregulated by 14- to 31-fold in CK+,
relative to CK— exosomes (Figure 6A).

in

To verify the lower abundance of mt-tRNAs in exosomes derived
from CK+ cells and to determine whether they are expressed as
full-length tRNAs or tRNA fragments, we performed northern
blot analysis of the total cellular and exosomal RNA extracts of
CK+ and CK— samples. We selected two representative candidates
(mt-tRNA™ and mt-tRNA™"?) and determined their abundance by
northern blot analysis using equal amounts of total cellular or exo-
somal RNA. Ethidium bromide staining and the expression of
snRNA U6 were used as loading controls (Figures S8A and 6B,
lowest panel). Northern blot analysis showed that predominantly
full-length mt-tRNAs of representative candidate mt-RNAs were
found in CK+ or CK— cellular RNA extracts (Figure 6B). The abun-
dance of two selected exosomal mt-tRNAs was found to be consis-
tently decreased in exosomes derived from CK+ cells (Figure 6B),
which was consistent with RNA-seq and RT-qPCR analysis
(Figures 5D and 6A).
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was analyzed by the 272C' method. Data indicate
mean + SEM of four independent experiments. Statistical
analysis of ACt values was performed using two-way
ANOVA with multiple comparison test and Bonferroni
correction (GraphPad Prism 8.0.1). **p < 0.0001;
***p < 0.001; and ns, not significant. (B) Northern blot anal-
ysis of mt-tRNA™S and mt-tRNA-" (see section “materials
and methods”). Total RNA extracts were derived from either
RPTEC exosomes (Exo) or cells under non-stimulated
(CK—) or cytokine-stimulated (CK+) condition.

Abundance of selected candidate miRNAs and mt-tRNAs in
exosomes versus their parental cells

To investigate the ratio of exosomal versus cellular miRNAs and mt-
tRNAs, respectively, we first analyzed the abundance of three dysre-
gulated exosomal miRNAs (hsa-miR-21-5p, -215-5p, and -192-5p)
by qPCR and compared their abundance with that found within cells.
We determined the copy number of candidate miRNAs in both exo-
somes and cells, and based on this we inferred the percentage that gets
released into exosomes. From these analyses, the percentage release of
candidate exosomal miRNAs hsa-miR-21-5p (0.4%), hsa-miR-192-
5p (0.6%), and hsa-miR-215-5p (1.8%) in CK+ exosomes was signif-
icantly higher than in CK— exosomes (<0.1%) (Figure 7A). Compar-
ison between CK— and CK+ showed that the percentage release of
these selected candidate exosomal miRNAs was consistently upregu-
lated in CK+ samples (24- to 28-fold), relative to CK— samples in
response to cytokine stimulation (Figure 7A).

We then determined whether candidate exosomal miRNAs with
enhanced expression in CK+ samples was correlated with the expres-
sion of the respective miRNA in parental cells. The cellular miRNA
abundance or RNA copy numbers of each candidate miRNA across
all samples were analyzed. Relative to the CK— sample (set to 1),
the total RNA copy numbers of hsa-miR-21-5p (0.9-fold), hsa-miR-
215-5p (0.6-fold), and hsa-miR-192-5p (0.8-fold) of CK+ parental
cells were not considerably altered (Figures SOA-S9C). This suggests
that cytokine stimulation does not significantly alter the abundance of
these candidate miRNAs within the cells but rather can mediate the
selective sorting and exosomal release of candidate miRNAs.

We employed a similar analysis to selected candidate exosomal mt-
tRNAs and determined that the percentage release of exosomal mt-
tRNA™  (0.016%), mt-tRNA™"" (0.011%), and mt-tRNAYY
(0.0013%) was notably reduced in CK+ samples by 4- to 6-fold,
compared with that in CK— samples (0.081%, 0.04%, and 0.008%,
respectively) (Figure 7B), confirming our initial finding employing
the 272" method (Figure 6A). Similar to miRNAs, the abundance
of candidate mt-tRNAs showed no sizable difference in parental cells
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Figure 7. Cytokine-mediated release of candidate exosomal miRNAs and
mt-tRNAs in RPTECs

(A) Absolute quantification PCR analysis of dysregulated exosomal miRNAs, hsa-
miR-21-5p, -192-5p, and -215-5p, derived either from non-stimulated (CK—) or
cytokine-stimulated (CK+) RPTECs. The percentage release of each candidate exo-
somal miRNA was calculated by obtaining the total RNA copies in exosomes and
normalized to the total RNA copies in cells (set to 100%) (see section “materials
and methods”). Data represent mean + SD, which consists of three independent
samples pooled together. (B) The percentage release of candidate exosomal mt-
tRNAs, mt-tRNAS, mt-tRNAY! and mt-tRNAY was analyzed similar to (A). Bar
graph represents mean + SEM of two independent experiments.

between CK— and CK+ (Figures S10A-S10C), suggesting that cytokine
treatment does not affect the expression of the selected candidates in
these cells, but strongly affects their sorting and release into exosomes.
Furthermore, the abundance of all candidate exosomal miRNAs and
mt-tRNAs, either in CK— or CK+, was found to be significantly lower
compared with their abundance in parental cells.

Cytokine-mediated release of exosomal miRNAs and mt-tRNAs
is altered by exosome inhibitors

In order to unequivocally demonstrate that candidate exosomal miR-
NAs (in particular hsa-miR-21-5p, -215-5p, and -192-5p, respec-
tively) are selectively sorted into exosomes in response to cytokine
treatment, we subjected the RPTEC in vitro culture system to a com-
bination of inhibitors of exosome biogenesis and release (ie.,
GW4869 and manumycin A).

We analyzed the abundance or percentage release of three dysregu-
lated exosomal miRNAs (hsa-miR-21-5p, -215-5p, and -192-5p), in
the presence or absence of GW4869 and/or manumycin A, by RT-
qPCR relative to their abundance within the cells, based on the total
RNA copy numbers in exosomes relative to the total RNA copy
numbers in cells (Figures 8A-8C and S11A-S11C). Comparison of
the percentage release of each candidate exosomal miRNA demon-
strated that the percentage release of exosomal hsa-miR-21-5p and
-192-5p was observed to be marginally reduced in CK+ following
the administration of a single exosome inhibitor, compared with
CK+ without inhibitor (Figures SI1A and S11B), whereas the per-
centage release of exosomal hsa-miR-215-5p was strongly reduced
in CK+ with manumycin A and marginally reduced in CK+ with
GW4869 relative to the CK+ in the absence of inhibitor (Figure S11C).
Strikingly, the percentage release of three candidate exosomal miR-
NAs (hsa-miR-21-5p, -192-5p, and -miR-215-5p) was also strongly
reduced by 3- to 7-fold in the CK+ in the presence of two inhibitors,
relative to their abundance in CK+ without inhibitors (Figures 8A—
8C), suggesting that a combination of two inhibitors may have syner-
gistic effect in inhibiting exosomal release of candidate miRNAs.

To determine whether the reduction of candidate exosomal miRNAs
is correlated with the expression of the respective miRNA in parental
cells, we also analyzed the cellular miRNA abundance or copy
numbers of each candidate miRNA across all samples. Relative to
the CK— sample, the addition of GW4869 and manumycin A had
no pronounced effect on the abundance of cellular hsa-miR-21-5p
and hsa-miR-192-5p in the CK+ sample, across all samples, except
for hsa-miR-215-5p (Figures SO9A-S9C). Our data therefore suggest
that the abundance of these selected candidate miRNAs within the
cells is not directly correlated with the extent of their exosomal release
under these conditions.

We also investigated the effects of inhibitors GW4869 and manumy-
cin A on regulating the release of selected candidate exosomal
mt-tRNAs. Contrary to candidate exosomal miRNA release, the
abundance of candidate exosomal mt-tRNAs, mt-tRNA™"! and mt-
tRNA ", was found to be upregulated by 2- to 4-fold in CK+ samples
upon addition of both inhibitors, compared with the untreated CK+
samples, except for mt-tRNA™* (Figures 8D-8F). An increase was
observed for exosomal mt-tRNA""! and mt-tRNAY" in CK— sam-
ples in the presence of both inhibitors (Figures 8E and 8F), except
for mt-tRNAMS (Figure 8D). In cells, the abundance of these candi-
date exosomal mt-tRNAs was also enhanced by 2-fold in both
CK— and CK+ in the presence of two inhibitors, relative to the un-
treated samples (CK— and CK+, respectively) (Figures S10A-S10C).

DISCUSSION

RPTECs play a vital role in kidney function. In response to kidney
injury, however, they are also able to promote progression of CKD
via the synthesis of various bioactive molecules (e.g., cytokines/che-
mokines, RNAs, DNAs, or proteins) that drive interstitial inflamma-
tion and fibrosis.”>”" "> The transfer of these bioactive molecules into
the extracellular milieu can be facilitated via exosomes. For example,
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injured tubular epithelial cells can release exosomes containing TGF-
B mRNA, which can activate fibroblasts, contributing to the develop-
ment of renal fibrosis in post-acute kidney injury kidneys.”* Exo-
somes are EVs that play a role not only in cell-to-cell communication
within nephron segments but also in various kidney disorders.”>*"”>
The molecular composition of exosomes reflects the physiological or
pathological state of their cellular origin. Hence, exosomes might

. . . . 32,59
serve as potential liquid biomarkers.”>”’

In kidney-related diseases, an altered expression of urinary exosomal
miRNAs has been found to correlate with the progression of kidney
disease.'”*® Thus, urinary exosome analysis is currently employed
to correlate expression of biomarkers, such as miRNAs, to specific
disease states (e.g., CKD).'>7*
several urinary exosomal biomarkers from CKD patients and from
an HC group through RNA-seq analysis,'” but the potential cellular
source of these molecules remained elusive.

In our previous study, we identified

To demonstrate that urinary exosomal ncRNAs are mainly derived
from kidney-related cell types, in particular RPTECs, we evaluated
urinary exosomal miRNA profiles of an HC group and compared
them with that of non-stimulated/control RPTECs. By these analyses,
we showed that a large fraction of urinary exosomal miRNAs were
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urinary exosomes may be derived from other

sources as well, as depicted by the non-overlap-
ping exosomal miRNAs profiles between the two groups. Based on
cell-specific markers, urinary exosomes are derived from other parts
of the kidney (e.g., nephron segments) or non-kidney-related tissue
(e.g., bladder and prostate).”®””
influenced by several factors (e.g., type of diet, exercise, or stress)

Individual metabolic conditions

might also contribute to the heterogeneous population of urinary exo-
somes and other EVs, and, consequently, to a shift in their specific

59,78
cargoes.””’

We aimed to gain insights into the molecular changes that reflect
CKD and/or that drive the progression of CKD by employing the
RPTEC culture model system that resembles some aspects of CKD.
Therefore, we transformed RPTECs into a pro-inflammatory and
pro-fibrotic disease state (designated as CK+) by stimulating the cells
with cytokines (IL-183, OSM, and TGF-B1) that are implicated in the
development of phenotypes also observed in CKD (e.g., inflammation
and fibrosis).””*

The cytokine-induced pro-fibrotic state of RPTECs, which were
immortalized by TERT1, might be influenced by the increased telo-
merase activity in these cells. TGF-p is a key regulator in the develop-
ment of fibrotic diseases and the activation of the canonical Wnt
signaling. This is achieved in a p38-dependent manner by decreasing
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the expression of the Wnt antagonist Dickkopf-1, which is essential
for TGF-B-mediated fibrosis.®’ It has previously been shown that
overexpression of TERT can promote Wnt signaling,** leading to
an increase in cellular response (e.g., cellular dedifferentiation“),
which is a hallmark of fibrosis.” However, it has also been demon-
strated that the effect of TERT overexpression on Wnt signaling
was not evident in different human breast cancer cell lines, suggesting
that TERT-induced Wnt signaling is cell-type specific and that, in
certain contexts, telomerase activity may not necessarily stimulate
Wt signaling.* It is also quite unlikely that telomerase activity has
an influence on the dedifferentiation of RPTECs, since comparable ef-
fects of TGF-B1 and/or OSM on phosphorylation of downstream me-
diators Smad2/3 and Smadl/5/8 were observed in both RPTEC/
TERT1 cells and HK-2 cells, despite the latter being immortalized
independently of TERT via overexpression of human papilloma E6/
E7 proteins."” This indicates that the enhanced telomerase activity
may not necessarily affect the transformation of RPTECs into their
pro-fibrotic state upon cytokine stimulation.

In our model system, we found that pro-inflammatory and pro-
fibrotic cytokines stimulated the release of different populations of
exosomes, as shown by increased levels of the exosomal markers
TSG101 and CD9, and larger clusters of exosomes, compared with
the non-stimulated condition. An induced release of EVs, in partic-
ular exosomes, might be a common cellular response to inflamma-
tion.*>*® Accordingly, in a recent study it was also observed that
the release of EVs is significantly increased during inflammation,
which might be linked to the pathogenesis in neuroinflammatory dis-
eases.”” In damaged kidney cells, an increased secretion of EVs and
their cargo promotes inflammation and fibrosis.”® Since EVs are
generally accepted as significant contributors to inflammation and
pathogenesis,” the analysis of exosomes in an in vitro model system
for CKD is justified, as they are likely to be altered and may recapit-
ulate aspects of kidney disease pathophysiology.

Previous studies revealed that exosomal pathways are essential in
cellular processes (e.g., reticulocyte maturation or membrane remod-
eling and senescence-like cell-cycle arrest or apoptosis in human
cells) as a means to eliminate proteins or harmful DNA mate-
rials.®® ! It is therefore conceivable that the export of specific miR-
NAs, such as miR-21, via the exosomal pathway might be employed
to eliminate miRNAs associated with kidney disease from cells. In
contrast, it has also been shown that an uptake of exosome cargo
(e.g.» RNAs) by other cells, either in the vicinity of or at distant sites
from the releasing cells, can modulate phenotypic responses.” Exo-
somes and other EVs can facilitate cell-to-cell communication, medi-
ating protective or injury signals.” In kidney cells, signaling between
nephron regions can be mediated by miRNAs derived from EVs (i.e.,
exosomes).” In kidney injury, some miRNAs (e.g., miR-21, miR-126,
miR-146a, and miR-200 family) have protective effects (e.g., anti-
apoptosis, anti-inflammation, and anti-fibrosis), while some miRNAs
(e.g., miR-21 and miR-192) elicit pathological influence by promoting
apoptosis, inflammation, and fibrosis.”* Thus, we speculate that the
release of highly abundant exosomal miRNAs, which we observed

to be common to both the non-stimulated and stimulated conditions,
might be essential for maintenance of cellular homeostasis in normal
proximal tubule cell type and/or recipient cells, and that their altered
abundance in response to cytokine stimulation might promote
inflammation and the development of CKD.

The primary part of the nephron (i.e., proximal tubule and glomerulus)
is a known source of exosomes and other EVs found in urine.”*>%°
This is supported by our data demonstrating that the high prevalence
of highly abundant RPTEC-derived exosomal miRNAs was mirrored
in the urine samples (e.g., unstimulated condition versus healthy
group). As such, our findings suggest that the significantly altered
abundance of exosomal miRNAs (Figure 3A) potentially reflect a
diseased cell type (i.e., proximal tubule cell type) in response to
inflammation and fibrosis. We also found that the highly abundant
and significantly dysregulated exosomal miRNAs (i.e., hsa-miR-192-
5p, -21-5p, -215-5p, —200b-3p, and —200c-3p) were upregulated in
cytokine-induced exosomes, an observation that is consistent with
in vivo studies of acute kidney injury and diabetic nephropathy, the
leading cause of CKD.”>**"” Interestingly, by comparing differentially
expressed exosomal miRNAs from cytokine-stimulated RPTECs with
urinary exosomal miRNAs from clinical CKD patient samples and
controls (N = 25), as previously reported by our group,'® we found
that eight out of 30 exosomal miRNA species differentially expressed
in cytokine-stimulated RPTECs were also differentially expressed in
the urinary exosomes derived from different CKD stages (Table S5).
The dysregulated exosomal miRNAs (i.e., hsa-miR-215-5p, hsa-miR-
192-5p, hsa-miR-146a-5p, hsa-miR-23b-3p, hsa-miR-126-5p, hsa-
miR-126-3p, hsa-miR-21-5p, and hsa-miR-31-3p) mostly represent
an early stage of CKD, ie., stage II, followed by stage IV, stage III,
and then stage I (Table S5).

Our findings thus suggest that renal tubular cells of the kidney might
be a direct source of signaling vesicles. The identification of highly
abundant and/or dysregulated exosomal miRNAs upon cytokine
stimulation (Figures 1B and 3A) can be a valuable undertaking since
it may unveil potential physiological and pathological processes
related to CKD.

In addition, prediction of miRNA target spaces might help to eluci-
date the putative signaling roles of exosomal miRNAs differentially
expressed from cytokine-stimulated RPTECs, since these miRNAs
might be associated with the pathogenesis of CKD. Interestingly,
differentially expressed exosomal miRNAs are implicated in the regu-
lation of signaling pathways such as ErbB signaling or PI3K-AKT
signaling, which are linked with the regulation of immune responses
(e.g., inflammation).”®*” This might suggest that exosomal miRNAs
can act as “secondary messenger” molecules, which signal the inflam-
matory state of the kidney to recipient cells. In addition, KEGG
pathway enrichments of miR-21 target spaces suggest direct roles in
the suppression of cytokine receptor interactions.

We also investigated other RNA signatures that specifically originate
from RPTECs and might be involved in modulating CKD
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phenotypes. Based on RNA-seq analysis, we revealed that dysregu-
lated exosomal RNAs (Figure 5D; Table S4) originated from the mito-
chondria, predominantly mt-tRNAs, implying a role for the mito-
chondria in sensing inflammation and fibrosis. Previous studies
have shown that mtRNAs are secreted into exosomes,'’’ 1°? which
suggests that exosomal mtRNAs may be engaged in late endosome
formation involving mitophagy and exosome synthesis or fusion of
mitochondria with lysosomes, which facilitates transfer of mitochon-
1037105 Among renal cell types, proximal
tubular cells contain more mitochondria than any other structure
in the kidney and are susceptible to mitochondrial dysfunction, which
can lead to apoptosis or necrosis of RPTECs'*°
the pathogenesis of CKD.'’”"'% Mitochondria also play a vital role in
autophagy.'””''% These mitochondria-dependent pathways can be
induced by cytokines (i.e., TGF-B, IL-1B, and OSM), promoting acti-
vation of caspase-3, accumulation of autophagosomes and LC3-II,
and release of cytochrome C.'"' "

dria content into vesicles.

and is associated with

Consistent with these observations, we detected elevated levels of
cleaved caspase-3 and LC3B, markers for apoptosis and autophagy
respectively, in cytokine-treated RPTECs, relative to non-stimulated
RPTECs (Figures S7B and S7C). We thus envision that the impaired
sorting, secretion, and release of mtRNAs via exosomes in cytokine-
stimulated cells might be attributable to TGF-B1/IL-1B/OSM-medi-
ated induction of apoptosis and/or activation of autophagy. In
contrast to impaired exosomal mtRNA release in cytokine-stimulated
cells, an enhanced exosomal release of mtRNAs in non-stimulated
cells might reflect an important cellular process in maintaining

cellular homeostasis and repair in the kidney."'®'"”

From a total of 16 dysregulated exosomal mtRNAs, we identified 13
mt-tRNAs (i.e., mt-tRNA?", mt-tRNA", mt-tRNA"?, mt-tRNA?,
mt-tRNA"", mt-tRNA™, mt-tRNAM, mt-tRNA"", mt-tRNA™,
mt-tRNAT, mt-tRNAAE, mt-tRNATP, and mt-tRNAAP) that were
also found to be differentially abundant in previous next-generation
sequencing analysis of differentially expressed ncRNAs in urinary exo-
somes derived from CKD patients and controls (N = 25) at different
CKD stages (i.e., stages I-IV, respectively; Table 56).'9 As for CK+
RPTECs, these exosomal mt-tRNAs were found to be consistently
downregulated in different CKD stages, and the majority of the dysre-
gulated exosomal mtRNA candidates were present in stage I, followed
by stage III, stage II, and then stage IV.

Although our findings concerning differentially abundant exosomal
miRNAs and mtRNAs still have to be extended to a larger patient
cohort, they further support our hypothesis that RPTECs might serve
as major sources of urinary exosomes and, in addition, that these two
classes of ncRNAs might represent potential biomarkers for renal
tubular inflammation-related CKD.

To gain insight into the expression and exosomal release of miRNAs
and mt-tRNAs, which are dysregulated upon cytokine stimulation, we
analyzed the abundance or total RNA copy number of selected candi-
date miRNAs and mt-tRNAs in exosomes versus their parental cells.
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Based on the RNA copy numbers, we demonstrated that only a very
small fraction of miRNAs were present in exosomes compared with
the cells (i.e., RPTECs) from which they were derived. It therefore
seems unlikely that, at least in this RPTEC system, exosomes are em-
ployed to effectively eliminate specific mRNAs from cells, but rather
they may provide a “snapshot” of the cytoplasm reflecting the phys-
iological state of their parental cells.

We also demonstrated that cytokine-mediated release of candidate
exosomal miRNAs and mtRNAs was regulated by known inhibitors
of exosome biogenesis and release, GW4869 and manumycin A.
Combined treatment with GW4869 and manumycin impeded the
secretion of selected exosomal miRNAs, indicating that they are selec-
tively sorted into exosomes in response to cytokine stimulation in
RPTECs. The sorting and release of selected candidate exosomal miR-
NAs, as well as their exosome carriers, is likely mediated by the acti-
vation of Ras and neural sphingomyelinase 2 (nSMase2), which are
involved in ESCRT-dependent and -independent exosomal pathways,

25,29,52

respectively. In contrast to candidate exosomal miRNAs, addi-
tion of both inhibitors did not prevent, and potentially even
enhanced, sorting of candidate mt-tRNAs into exosomes under
non-stimulated and stimulated conditions. This observation might
be attributed to the different subpopulations of exosomes or EVs,
preferentially harboring mt-tRNAs in addition to other ncRNAs.
GW4869 not only inhibits biogenesis and release of exosomes but
may also induce secretion and budding of other CD9-positive EVs/
exosomes, altering the population of EVs/exosomes that harbor cargo
molecules.''® This is consistent with our observation of altered CD9
levels in both non-stimulated and stimulated conditions and might
also reflect an enhanced cellular expression of candidate mt-tRNAs
in cells upon addition of GW4869 and manumycin A. The downre-
gulation of candidate exosomal mt-tRNAs expression was partially
rescued by GW4869 and manumycin A, suggesting that these
nSMAse and transfarnesyl inhibitors, respectively, may be able to
restore mitochondria function.”” Thus, targeting the exosomal path-
ways may lead to novel therapeutic avenues, since exosomes and their
cargo molecules (e.g., RNAs, DNAs, and proteins) can modulate
intercellular communication and are also potential indicators of
diseased state (i.e., CKD).!??%3275119

Through our analyses, we identified differentially abundant exoso-
mal miRNA and mtRNA candidates in response to cytokine stimu-
lation of RPTECs as being major contributors to the development
and progression of inflammatory kidney disease leading to
CKD."* Since these candidates can be regulated by inhibitors of exo-
some biogenesis and release, they can potentially be used for diag-
nostic purposes and for monitoring the efficacy of treatment of
CKD associated with renal inflammation specifically originating
from diseased RPTECs.

MATERIALS AND METHODS

Reagents and antibodies

Cell culture reagents were purchased from Gibco (Life Technologies)
unless otherwise indicated. Other materials and reagents were
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obtained as follows: IL-1f (R&D Systems); TGF-B1 (PeproTech);
mouse anti-CD9 (Alexa 647 nm) (Bio-Rad), mouse anti-TSG101,
mouse anti-caspase-3 and mouse anti-cytochrome ¢ (Santa Cruz);
rabbit anti-LC3B (Cell Signaling); mouse monoclonal anti-GAPDH
(Proteintech); goat anti-mouse immunoglobulin G (IgG) (Millipore);
goat anti-rabbit IgG (Thermo Fisher Scientific); primer sequences
(Integrated DNA Technologies). All other reagents were obtained
from Sigma.

RPTEC cell culture and exosome isolation

Human renal proximal tubular epithelial cell line (RPTEC/hTERT1)
was used as a model system for renal inflammation and fibrosis.
Cells were cultured as described previously.”” Briefly, cells were
grown in a serum-free mixture of DMEM/F-12 (1:1) medium con-
taining insulin (5 pg/mL), transferrin (5 pg/mL), selenium (5 ng/
mL) (ITS); GlutaMAX (2 mM); epithelial growth factor (EGF)
(10 ng/mL); hydrocortisone (36 ng/mL); and penicillin (100 U/
mL)/streptomycin (100 pL/mL) at 37°C in a humidified 5% CO, at-
mosphere. Cells were fed every 2-3 days until 95% confluency and
grown for another 10 days to allow the cells to undergo differenti-
ation. Subsequently, cells were made quiescent by incubation in
serum-free medium containing 0.1% complete medium and peni-
cillin/streptomycin for 48 h. Following starvation, cells were either
left unstimulated (CK—) or stimulated (CK+) with TGF-B1
(10 ng/mL), IL-1B (10 ng/mL), and OSM (10 ng/mL) for another
48 h. Isolation of exosomes was performed as previously described
with few modifications.'”” Culture media were harvested and
sequentially pre-centrifuged at 2,500 x g for 20 min and
10,000 x g for another 10 min at 4°C to remove cell debris. Super-
natants were transferred into Beckmann tubes and centrifuged at
100,000 x g for 1 h and 30 min at 4°C to obtain exosome pellets.
Pellets were washed with cold 1x phosphate-buffered saline (PBS)
and centrifuged in similar conditions. Samples were resuspended
in 50-100 pL of nuclease-free water and stored at —80°C.

Exosome isolation from urine

Urine samples were derived from the CKD biobank project from the
Department of Internal Medicine IV (Nephrology and Hyperten-
sion). The collection of blood and urine samples for biomarker
research was approved by the Institutional Review Board of the Med-
ical University Innsbruck (AN4492, February 28, 2014), and each pa-
tient signed an informed consent.

d'”1?° with few modi-

Exosomes were isolated as previously describe
fications. Briefly, urine samples were collected from six HCs. Samples
were pre-centrifuged at 2500 x g for 20 min at 4°C. The supernatants
were transferred into Beckmann tubes and centrifuged at 100,000 x g
for 1 h and 30 min at 4°C. The pellets were resuspended in 1 mL of
isolation solution (250 mM sucrose, 10 mM triethanolamine [pH
7.6]) and, subsequently, 50 pL 1 M dithiothreitol (DTT) was added
to remove Tamm-Horsfall protein. Samples were vortexed, resus-
pended in 1x PBS, and centrifuged at 100,000 x g for another 1 h

and 30 min at 4°C. The supernatants were carefully discarded, and

the pellets were resuspended in 50-100 pL of nuclease-free water
and stored at —80°C.

Immunofluorescence staining

Exosome samples were prepared from an equal volume of culture me-
dium. Exosome pellets were resuspended in 1x PBS, blocked with 1%
BSA in 1x PBS for 20 min and, subsequently, incubated with Alexa
(647 nm)-labeled anti-CD9 (0.5 ng/mL) antibodies for 1 h at room
temperature (RT). Following antibody incubation, samples were
washed with 1x PBS and centrifuged at 100,000 x g for 1 h and
30 min at 4°C. For microplate fluorescence assay, anti-CD9 (Alexa
647 nm)-labeled exosomes were resuspended in 100 pL of 1x PBS,
transferred into 96-well glass-bottom microplate, and analyzed on a
microplate reader (CLARIOstar, BMG Labtech, Germany).

Microscopy analysis

STORM

Anti-CD9-labeled (Alexa 647 nm) exosomes were resuspended in 2%
paraformaldehyde, incubated for 15 min, washed with 1x PBS, and
centrifuged at 100,000 x g for another 1 h and 30 min at 4°C. The
supernatants were carefully discarded, and the exosome pellets were
resuspended in 1x PBS. Samples were transferred into polylysine-
coated glass-bottom chamber slides and incubated in the dark at
4°C overnight. The analysis of CD9-labeled (Alexa 647 nm) exosomes
was performed by employing the 2D STORM technique using a buffer
consisting of 50 mM B-mercaptoethylamine hydrochloride (MEA),
5% (v/v) OxyFluor, 20% (v/v) of sodium DL-lactate solution, and
1x PBS (pH 8-8.5) (OxEA buffer) as described in Nahidiazar
et al.”” The Alexa 647 nm dye blinking was analyzed using an iMIC
Digital Microscope (TILL Photonics, Germany) with Hamamatsu
ORCA Flash 4 camera (FEI Munich Germany). A total of 10,000
raw frames were obtained and the data were processed using
ImageJ/ThunderSTORM employing a built-in drift correction.'*' A
background subtraction was employed and different size spot analysis
for the quantification of exosomes was performed using IMARIS soft-
ware (version 9.7.2). Photos are representative images. Scale bar,
1,000 nm.

TEM

Exosome pellets were obtained from an equal volume of culture me-
dium. CK— samples were undiluted while CK+ samples were diluted
with 1x PBS (1:10). An aliquot of 7 puL of exosomes in 1x PBS was
absorbed onto a formvar carbon-coated copper grid for 8 min at
RT. Subsequently, the excess liquid was removed, and the grids
were stained with 0.5% uranyl acetate for 3 min” Finally, the excess
stain was removed and the grids were air-dried for 3-5 min. Samples
were viewed with a CM120 TEM at 80 kV (from Philips, Eindhoven,
the Netherlands), equipped with a Morada digital camera (from
EMSIS, Miinster, Germany). Exosome diameters were measured on
digital images with iTEM software (from EMSIS).

SDS-PAGE and western blotting

RPTEC exosome pellets and cells were lysed in lysis buffer (300 mM
NaCl, 50 mM Tris pH 7.4, 1% Triton X-100, and proteases inhibitors)
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and incubated on ice for 15 min. Following centrifugation of the sam-
ples at maximum speed, the total exosome or cell lysates were trans-
ferred into a new Eppendorf tube and an equal volume of 2 x Laemmli
sample buffer (4% sodium dodecylsulfate [SDS], 10% B-mercaptoe-
thanol, 20% glycerol, 0.1 M Tris pH 6.8, and 0.005% of bromophenol
blue) was added. Samples were denatured at 95°C for 5 min and incu-
bated on ice. An equal volume of exosome lysates or an equal protein
concentration of cell lysates was used for SDS polyacrylamide gel elec-
trophoresis (SDS-PAGE). Proteins were resolved onto 10%-12% SDS
gel, after which they were transferred onto polyvinylidene fluoride
(PVDF) membranes by western blotting. Following protein transfer,
membranes were blocked with 5% BSA in 1x PBS for 1 h at RT, incu-
bated with the primary antibody (in 1 x PBS/3%BSA/0.1% Tween 20)
overnight at 4°C and washed three times with 1x PBS/0.1% Tween
20. Subsequently, membranes were incubated with the HRP-conju-
gated secondary antibody for 1 h at RT and washed three times
with washing buffer. Protein bands were analyzed by immunoblotting
and detected by the enhanced chemiluminescence (ECL) method.

Total RNA extraction

RPTECs were washed three times with cold 1x PBS, lysed with TRI
reagent, according to manufacturer’s instructions, and incubated for
5 min at RT. Chloroform solution was added to the samples and incu-
bated for another 5 min at RT. The samples were centrifuged at
13,000 rpm for 15 min at 4°C, and the aqueous phase was carefully
removed and transferred into a fresh tube. A second chloroform
extraction was carried out to remove residual phenol. The aqueous
phase was transferred into a new tube and isopropanol and glycol
blue solution were added. Samples were vortexed for 15 s and incu-
bated for 10 min at RT. The RNA pellets were obtained by centrifu-
gation at 13,000 x g for 30 min at 4°C, washed with 800 puL of 80%
ethanol, and subsequently centrifuged at 7500 x g for 5 min at 4°C.
The pellets were air dried for 3-5 min at RT and dissolved in
nuclease-free water. For RPTEC exosome pellets, total RNA extrac-
tion was carried out by employing miRNeasy Micro kit (Qiagen) in
accordance with its instruction manual. The quality of total RNA ex-
tracts was analyzed by NanoDrop (ND-1000, Avantor, VWR) and
Bioanalyzer (Agilent) using small RNA and RNA pico chips.

Reverse transcription and gPCR analysis

For miRNA expression profiling, we employed miRCURY LNA
miRNA miRNome Human PCR Panel I (Qiagen) containing 368
miRNAs. Reverse transcription and qPCR analyses were performed
using miRCURY LNA RT kit (Qiagen) and miRCURY LNA SYBR
Green PCR kit (Qiagen), respectively, and according to the product’s
instructions with a few modifications. Briefly, an equal volume of total
RNA extract derived from RPTEC exosomes, which were isolated
from an equal volume of culture medium for each sample (ie.,
CK— and CK+) (n = 3), were used for reverse transcription. For
RPTECs, a fixed amount of 10 ng for each sample was used for reverse
transcription. The generation of cDNA templates was carried out
with the following conditions: 60-min incubation at 42°C; 5-min
inactivation of reverse transcriptase at 95°C; and cooling at 4°C.
The samples were diluted in 40 folds and dispensed on a 384-well
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open plate containing specific LNA miRNA primer set. The cDNA
amplification was performed using a ViiA 7 real-time PCR instru-
ment (Applied Biosystems) with the following PCR cycling condi-
tions: 2 min at 95°C for initial heat activation; 10 s at 95°C for dena-
turation; and 60 s at 56°C for combined annealing and extension. The
miRNA profiling was performed from three independent experi-
ments. A similar analysis was performed for the urinary exosomal
miRNA profiling in HC (n = 6), using a miRCURY LNA miRNA
miRNome screen panel and kits as described above. For technical
validation of miRNA candidates, 3 pL of total RNA extract derived
from an equal volume of each sample were transcribed using miR-
CURY LNA individual miRNA PCR Assay (Qiagen) (Table S7),
based on manufacturer’s instructions. For mt-tRNA validation, miS-
cript II RT kit (Qiagen) and Luna universal gPCR master mix (New
England Biolabs) were employed, using specific forward primer for
each candidate and a universal reverse primer (Table S7). Similar
sample volume of tRNA was used and analyzed based on manufac-
turer’s instructions with a few modifications. Briefly, reverse tran-
scription was performed with the following conditions: 60-min incu-
bation at 37°C; 5-min inactivation of reverse transcriptase at 95°C;
and cooling at 4°C. Reverse-transcribed products were diluted in 20
folds. Subsequently, qPCR was performed with the following condi-
tions: 1 min at 95°C for initial heat activation; 15 s at 95°C for dena-
turation; 30 s at 60°C for combined annealing and extension; and 40
cycles. Synthetic cDNAs were used as a standard for absolute quanti-
fication of miRNA copies, whereas a DNA template of mt-tRNAs
containing a T7 promoter region was generated (Table S7) and tran-
scribed using HiScribe T7 High Yield RNA Synthesis Kit (New En-
gland Biolabs). The RNA product was DNAse treated and purified us-
ing the phenol/chloroform/isoamyl (PCI) extraction and ethanol
precipitation method. All samples were analyzed in triplicate. The
list of primers and template sequences are presented in Table S7.
The miRNA profiles of total RNA from RPTECs (i.e., CK+) and exo-
somes (i.e., CK— or CK+), and urine samples generated from the hu-
man PCR Panel I were determined. Ct values that were undetermined
or >38 and incomplete data points were filtered out. For the urine
samples, similar conditions were adapted, employing six biological
replicates (n = 6) of HC samples. Data were normalized using the
average of six reference genes namely, hsa-let-7a-5p, hsa-let-7b-5p,
miR-191-5p, miR-26a-5p, miR-92a-3p, and miR-103a-3p.*' ** The
high expression and stability of these miRNAs in all samples were
used as a basis for their adequacy as normalizers. The ACt values
(ACt(test) =Ct (test) — Ct (average of 6x reference genes)) were obtained for
each replicate in every group (CK— or CK+). The relative FC
expression of miRNAs was expressed as 27 *2", wherein 274" =
ACtcks) - ACtck_).'>* To verify the significantly differentially ex-
pressed miRNAs (p < 0.05) derived from the human PCR Panel I
analysis, hsa-miR-191-5p and hsa-let-7b-5p were selected as normal-
izers for the technical validation. The ACt values obtained from the
human PCR Panel I were analyzed using Student’s t test. For the vali-
dation of mtRNA candidates, the relative gene expression of candi-
date mt-tRNAs was analyzed using snRNA U6 and B-actin as refer-
ence genes. GraphPad Prism version 8 was employed using analysis
of variance (ANOVA) with multiple comparison and Bonferroni
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correction or as otherwise indicated to validate the significant
differences in expression levels of miRNA or mt-tRNA candidates
(p < 0.05) between CK— and CK+ in RPTEC exosomes.

Northern blot analysis

Total RNA extracts from RPTEC cells or exosomes were size fraction-
ated using denaturing PAGE. An equal amount of total exosomal
RNA (2.4 pg) and total cellular RNA (10 pg) for each condition
(i.e., CK— or CK+) was used for PAGE. Each sample was obtained
from six plates (pooled). Samples were heat denatured for 3 min at
95°C in RNA loading dye (NEB), cooled on ice for 10 min, and loaded
on an 8% polyacrylamide gel containing 7 M urea. RNA bands were
stained with ethidium bromide, visualized by a Transilluminator
(Bio-Rad), and transferred onto a Hybond N nylon membrane
(GE Healthcare). RNA-membrane crosslinking was performed at
120 m] by an ultraviolet (UV) crosslinker. The oligonucleotide probes
complementary to mt-tRNA™* and mt-tRNA™"? were radioactively
labeled with [y->*P]-ATP (Hartmann Analytics) using T4 polynucle-
otide kinase (NEB) and according to manufacturer’s instructions. The
probes were designed based on a consensus consequence identified in
the RNA-seq analysis (Table S7). Following pre-hybridization of the
membrane, the probe was added for hybridization at 42°C overnight.
Subsequently, the membrane was washed three times with saline so-
dium citrate (SSC) (20x SSC: 3 M NaCl and 0.3 M sodium citrate, pH
7.0) buffer using different stringency (2x SSC, twice and 1x SSC,
once) for 5 min each at RT. The radioactive signal was analyzed using
a Typhoon Phosphorlmager (GE Healthcare) and the images were
processed using Image] software.

RNA-seq analysis

Next-generation sequencing-based RNA-seq analysis of total RNA
extracts derived from RPTEC exosomes was performed by employing
Ion Proton System (Ion Torrent, Life Technologies). Small RNA li-
braries, two for each group (i.e., CK— or CK+), were prepared using
the Ion Total RNA-Seq Kit v2 (Ion Torrent, Life Technologies), which
has the advantage of inhibiting cDNA synthesis of the adaptor by-
product, thus allowing cDNA separation with magnetic bead-based
technology. A total amount of 20 ng of total RNA for each sample
was used as a starting material for the cDNA library preparation.
Reverse transcription was carried out as described in the kit manufac-
turer’s instructions. The samples were pooled and loaded unto the Ion
chip Kit v2 and sequenced on the Ion Proton sequencer (Ion Torrent,
Life Technologies). Raw reads were collected and processed using the
Torrent Suite software. The 3’ adaptors were trimmed and low-qual-

ity reads were filtered out, generating a FASTQ file for each sample.'*

Pre-processing, mapping, and assembly

The quality of .fastq files was assessed using FastP and quality trim-
ming as well as filtering performed with default parameters. Derived
filtered mRNA. fastq files were aligned to the human reference
genome (GRCh38.p13, release 33) provided by GENCODE using
STAR (v2.7) software with the default parameter.'”* Raw RNA
counts were obtained using HTseq with the stranded parameter set

to “yes”. Raw mRNA counts were determined and mapped

using the GENCODE comprehensive gene annotation file
GRCh38.p13_chr_patch_hapl_scaf.annotations.gtf.124 Detection of
differentially expressed genes and miRNAs was performed using
the Bioconductor R-package DESeq2 (release 3.10) and RStudio. A
differential gene expression model was deployed between the CK—
and CK+ group using the Wald test. Calculated log2 FCs were shrank
using “ashr” to account for lowly expressed differentially expressed
genes, using the integrated LFCshrink function in DESeq2. Variance
stabilized counts were calculated to account for heteroscedasticity and
used for PCA as well as heatmap generation. The Bioconductor pack-
age EnhancedVolcano was further used to visualize significantly
differentially expressed genes according to their FC for CK— versus
CK+.'*® To receive an overview of the distribution of mapped read
counts according to their biotype for each group, DESeq2 normalized
group counts were aggregated using Python’s Pandas module
(groupby) and visualized as a pie chart. Analysis scripts are accessible
via GitHub.

miRNA-mapping mirdeep2

miRNAs were aligned to the human reference genome (GRCh38) us-
ing bowtie with default parameters using the mapper.pl module.
Aligned reads with a length below 16 were removed from the analysis.
Quantification of miRNAs was performed with the quantifier.pl mod-
ule provided by mirdeep2 against the mature human miRNA refer-
ence as well as the hairpin-precursor reference provided by
miRbase.org.'*® Differential abundance analysis of miRNAs was per-
formed using DESeq2 on raw counts. Significance threshold following
false discovery rate (FDR) correction was set to 0.1 and the log2 FC
was shrunk using the “ashr” shrinkage function.

miRNA target space analysis

Most abundantly expressed miRNAs preselected from the differential
abundance analysis (QPCR panel) were subjected to target space
enrichment analysis. For this, high-confidence miRNA targets were
queried using the DIANA microT-CDS v5.0 algorithm with the target
threshold set to 0.9.'%” Extracted targets per miRNAs were then sub-
ject to g::Profiler ontology analysis using the ontology space biological
pathways (GO:BP). miRNAs were then clustered using hierarchical
clustering based on similar pathways enriched and visualized using

>«

the clustermap function integrated in Python’s “seaborn” module.

Ontology analysis (g::Profiler)

Ontology analysis was performed using the integrated g::Profiler API
querying the ontology spaces (GO:BP, GO:CC, GO:MF, and KEGG).
The significance of pathways was tested using the integrated g:SCS
method for computing multiple comparisons and only best-per-
parent pathways were used for further analysis.
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