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Abstract

Background Renal cell cancer (RCC) is the most common and highly malignant subtype of kidney cancer.
Mesenchymal stromal cells (MSCs) are components of tumor microenvironment (TME) that influence RCC
progression. The impact of RCC-secreted small non-coding RNAs (sncRNAs) on TME is largely underexplored. Here,
we comprehensively analysed the composition of exosomal sncRNAs secreted by RCC cells to identify those that
influence MSCs.

Methods Exosomal sncRNAs secreted by RCC cells and normal kidney cells were analyzed using RNAseq, followed by
gPCR validation. MSCs were treated by conditioned media (CM) derived from RCC cells and transfected with piRNA,
followed by the analysis of proliferation, viability, migration and immunocytochemical detection of piRNA. Expression
of MSCs genes was evaluated using microarray and gPCR. TCGA data were analyzed to explore the expression of
sncRNAs in RCC tumors.

Results RNAseq revealed 40 miRNAs, 71 tRNAs and four piRNAs that were consistently secreted by RCC cells. gPCR
validation using five independent RCC cell lines confirmed that expressions of miR-10b-3p and miR-125a-5p were
suppressed, while miR-365b-3p was upregulated in exosomes from RCC cells when compared with normal kidney
proximal tubules. The expression of miR-10b-3p and miR-125a-5p was decreased, whereas the expression of miR-
365b-3p was increased in RCC tumors and correlated with poor survival of patients. Expressions of tRNA-Glu, tRNA-
Gly, and tRNA-Val were the most increased, while tRNA-GIn, tRNA-Leu, and tRNA-Lys were top decreased in RCC
exosomes when compared with normal kidney cells. Moreover, hsa_piR_004153, hsa_piR_016735, hsa_piR_019521,
and hsa_piR_020365 were consistently upregulated in RCC exosomes. piR_004153 (DQ575660.1; aliases: hsa_
PIRNA_18299, piR-43772, piR-hsa-5938) was the most highly expressed in exosomes from RCC cells when compared
with normal kidney cells. Treatment of MSCs with RCC CM resulted in upregulation of piR_004153 expression.
Transfection of MSCs with piR_004153 stimulated their migration and viability, and altered expression of 35 genes,
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including downregulation of FGF2, SLC7A5, and WISP1. Immunocytochemistry confirmed the nuclear localization of

piR_004153 transfected in MSCs.

Conclusion RCC cells secrete multiple sncRNAs, including piR_004153 which targets MSCs, alters expression of FGF2,
SLC7AS5, and WISP1, and stimulates their motility and viability. To our knowledge, this is the first study showing that

cancer-derived piRNA can enhance MSC migration.
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Background

Tumor cells release extracellular vesicles (EVs) that con-
tain multiple types of molecules, including small non-
coding RNAs (sncRNAs) such as miRNAs, piRNAs,
or tRNAs [1]. Despite multiple studies analyzing the
sncRNA composition of EVs released by cancer cells
[2, 3], the functional significance of EVs components
remains underexplored.

While the role of miRNAs in cancer development
and progression has been investigated in many studies,
including ours [4-6], the functions of piRNAs remain
largely elusive. piRNAs (PIWI-interacting RNAs) are
small (21-35 nt), non-coding RNAs that regulate gene
expression using different mechanisms. Their pri-
mary function is the epigenetic silencing of genes in the
nucleus. They can also act like miRNAs, by binding to
target transcripts to trigger their degradation or inhibit
their translation in the cytoplasm. In contrast to miR-
NAs, they do not interact with AGO proteins and are
generated from single-strand precursors in a DICER-
independent mechanism [7]. Remarkably, the regulatory
potential of piRNAs is much bigger than miRNAs: the
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human genome encodes more than 8 x 10° piRNAs com-
pared with ~2 x 10®> miRNA precursors [7]. The expres-
sion of piRNAs is dysregulated in cancers, leading to
aberrant expression of their target genes, including onco-
genes and tumor suppressors. Thereby, piRNAs can regu-
late apparently all cancer-related processes, including
proliferation, migration, invasion, apoptosis, and senes-
cence [8]. Recent studies revealed that the role of trans-
fer RNAs (tRNAs) goes far beyond the simple transfer
of amino acids during translation. tRNAs actively influ-
ence the carcinogenic process by affecting the translation
of oncogenes and tumor suppressors [9]. Furthermore,
tRNAs are the source of multiple sncRNAs, including
tRNA-derived fragments (tRFs) and tRNA-derived small
RNAs (tsRNAs). Some of these tRNA derivatives may act
similarly to miRNAs or piRNAs, thereby contributing to
metastatic progression [10].

Renal cell cancer (RCC) is the most common type of
kidney cancer, causing more than 175,000 deaths annu-
ally worldwide. The prognosis for RCC patients highly
depends on the stage of the disease. Patients with local-
ized RCC can be successfully treated by surgical removal
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of the tumor, resulting in 91-93% 5-year survival for
stage I RCC. Unfortunately, approximately 30% of RCC
patients are diagnosed with metastatic disease. In such
cases, the prognosis drops dramatically, resulting in only
12-32% 5-year survival for stage IV RCC patients [6, 11].
Patients with metastatic RCC are treated with targeted
therapies involving multikinase inhibitors (sorafenib,
sunitinib, pazopanib, and axitinib), inhibitors of the
mTOR1 complex (temsirolimus and everolimus), and
immune checkpoint inhibitors. Unfortunately, even these
therapies do not guarantee success. The recently intro-
duced immunomodulating drugs prolong median overall
survival by only 6 months when compared with everoli-
mus [12].

Mesenchymal stem cells (mesenchymal stromal cells,
MSCs) are multipotent cells that reside in different tis-
sues. Their primary niche is the bone marrow, from
which they can be recruited to the sites of injury and
participate in healing processes. These MSCs’ activities
result from their ability to differentiate into various cell
lineages, including osteoblasts, chondrocytes, and adi-
pocytes, as well as to secrete factors such as VEGF and
HGEF [13, 14]. The idea of MSC homing to tumor tissue
was inspired by the concept that “tumors are wounds that
do not heal” [15] and was further validated by multiple
studies that demonstrated their ability to stimulate can-
cer progression [16, 17]. Specifically, MSCs can promote
tumor progression by activating proliferation, migra-
tion, invasiveness, stemness, epithelial-mesenchymal
transition (EMT), and chemoresistance [16]. They also
suppress immune responses, facilitating tumor growth,
metastatic spread and supporting drug-resistant tumor
dormancy [18]. MSCs contribute to the progression of
RCC, by stimulating cancerous proliferation, migration,
and tumor growth [19, 20]. However, the exact mecha-
nisms by which MSCs could be attracted to RCC tumors
are largely unknown.

In our recent study, we found that conditioned media
from RCC cells derived from advanced tumors stimulate
the motility of MSCs. AREG (amphiregulin), FN1 (fibro-
nectin), and DPP4 were identified as modulators of MSC
migration [21]. Here, we hypothesized that MSCs’ migra-
tion could also be modulated by small non-coding RNAs
released by RCC cells. To verify this hypothesis, we
analyzed exosomal sncRNAs secreted by RCC cells and
found that exosomes derived from advanced RCC tumors
secrete piRNA hsa_piR_004153 that targets MSCs to
induce transcriptional reprograming and stimulate their
migration towards RCC cells. To the best of our knowl-
edge, this is the first study showing that MSCs can be tar-
geted by extracellular piRNAs.
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Methods

Cell lines

RPTEC/TERT1 (CRL-4031; hTERT-immortalized epi-
thelial cell line isolated from the proximal tubules),
Caki-1 (HTB-46; ccRCC skin metastasis), 786-O (CRL-
1932; ccRCC primary tumor), A498 (HTB-44; ccRCC
primary tumor) cell lines were obtained from ATCC
(American Type Culture Collection), while KIJ265T
(ccRCC IV stage primary tumor) and KIJ308T (ccRCC
II stage primary tumor) cell lines were a kind gift from
Doctor John A. Copland and the Mayo Foundation for
Medical Education and Research. The cell lines were cul-
tured as reported [22].

MSCs isolation and characterization

MSCs were isolated from bone marrow (BM) obtained
during standard orthopedic surgeries under the approval
of the Local Bioethics Committee (Approval no.
KB/115/2016) and with the written informed consent
of patients. Isolation and characterization of BM-MSCs
were performed as recently described [21]. Data confirm-
ing MSCs identity are shown in Supplementary Figure
S1. MSCs were cultured as described previously [21].

Collection of RCC CM and isolation of RNA for RNAseq
purposes

The isolation of exosomal RNA was performed using
10 ml of CM. The collected CM was centrifuged at 250xg
for 15 min, and the supernatant was used for the isola-
tion of exosomes using Cell Culture Media Exosome
Purification and RNA Isolation Mini Kit (Norgen Biotek,
Thorold, Canada; Cat. 60700) that utilize the all-in-one
procedure for the purification of exosomes and the sub-
sequent isolation of RNA. All procedures were done in
accordance with the manufacturer’s instructions. Briefly,
the CM was transferred into a new tube, following the
addition of ExoC Buffer and Slurry E. After incubation
(5 min, RT) and centrifugation (2000xg for 5 min), the
supernatant was discarded. The exosomes were isolated
from pellet ExoR Buffer and Mini Filter Spin Column.
Next, the eluted exosomes were used for RNA isolation
as indicated in the manufacturer’s instructions. The RNA
elution was concentrated to 20 puL by using RNA Clean-
Up and Concentration MicroElute Kit (Norgen Biotek,
Cat. 61000).

RNAseq analysis

RNAseq was performed under conditions provided in
Supplementary Methods file S1. Data were normalized
using a trimmed mean of M-values (TMM) [23]. TMM
normalized counts were used for differential expression
(DE) analysis with the Benjamini-Hochberg procedure
used to adjust false discovery rate (FDR) [24]. The criteria
for significant DE were log fold change of 21 or < -1 at
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p-value and FDR of £0.05. The analysis was done using
EdgeR: 3.26.7. RNAseq data were deposited in NCBI/
GEO database (acc. no. GSE256016).

Isolation of RNA from MSCs

RNA was isolated using the GeneMATRIX Universal
RNA/miRNA Purification Kit (EURX, Gdansk, Poland)
following the manufacturer’s protocol.

Reverse transcription and qPCR of miRNA and piRNA

To analyze miRNA expression, cDNA was synthesized
using the miRCURY LNA Universal cDNA Synthesis kit
(Qiagen, Inc.). Subsequently, qPCR was performed using
specific LNA primers for each miRNA (miR-10b-3p:
YP00205909; miR-17-5p: YP02119304; miR-21-5p:
YP00204230; miR-193a-5p: YP00204665; miR-125a-5p:
YP00204339; miR-365a-3p: YP00204622, miR-455-3p:
YP00204035 and let-7i-5p: YP00204394). Primers for RT
and Real-time reactions for measuring piRNA molecule
expression were designed using software: http://www.s
rnaprimerdb.com/DesignResult. Sequences of primers
are given in Supplementary Table S1. The reverse tran-
scription reaction was performed using the RevertAid H
Minus First Strand ¢cDNA Synthesis Kit (Thermo Fisher
Scientific) and a mixture of reverse transcription primers
for each piRNA whose expression was studied. Real-time
PCR was performed using Roche reagents. The expres-
sions of the tested piRNAs: piR_004153, piR_016521,
piR_019735, and piR_020365 were normalized to the
expression of the reference piR_014620.

Reverse transcription and qPCR of tRNA

The exosomal RNA samples were pretreated by demeth-
ylation followed by RNA precipitation and then reverse
transcription was performed by using the rtStar™ tRNA
- optimized First-Strand cDNA Synthesis Kit (Array-
star, Cat#: AS-FS-004, Rockville, MD, USA). The manu-
facturer’s protocol of RNA demethylation was modified
by reducing the volume of the reaction mixture by 30%.
Then, RNA precipitation was performed by using Ultra-
Pure™ Phenol: Chloroform: Isoamyl Alcohol (25:24:1,
v/v) (Invitrogen, Cat. No.:15593031, Carlsbad, CA, USA),
Chloroform (Avantor, Cat. No.: PA-06-234431116) and
Isopropanol (Chempur, cat. No.: 363-117515002-1 L).
The precipitation protocol was modified by doubling
the volume of the precipitation mixtures, extending the
incubation time from 10 to 20 min, and extending the
centrifugation time from 10 to 15 min. cDNA synthe-
sis was performed according to the manufacturer’s pro-
tocol. Then, cDNA was 2-fold diluted in nuclease-free
water and qPCR reactions were performed using rtStar™
Pre-designed Human tRNA qPCR Primer Pair (cat#: AS-
NR-001-1-M Rockville, MD, USA) and the Arraystar
SYBR® Green Real-Time qPCR Master Mix (Arraystar,
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Cat#: AS-MR-005-5, Rockville, MD, USA) according to
manufacturer’s protocol. The following qPCR conditions
were used: initial denaturation at 95 °C for 10 min and
40 cycles of 95 °C for 10 s, 60 °C for 1 min, followed by
melting curve analysis (95 °C for 5 min, 65 °C for 1 min;
continuous reading of fluorescence from 65 to 97 °C with
0.11 °C/sec ramp rate and five acquisitions per °C). The
primers used in the study are provided in Supplementary
Table S1. The expression of tRNAs was normalized to
the expression of stably expressed molecule His-GTG-1
tRNA and calculated using the 2—ACq method [25, 26].

Treatment of MSCs with CM
MSC cells were treated with CM from RPTEC/TERTI,
Caki-1 or KIJ265T cells as described previously [21].

Transfection of MSCs with piRNA

Based on the sequence of the piR_004153 molecule from
the piRNAdb database [27], https://www.pirnadb.org/i
nformation/pirna/hsa-piR-5748, a synthetic piRNA mo
lecule was synthesized (Genomed; 5-UCCCUGGUGG
UCUAGUGGUUAGGAUUCGGCAC-3'BIOTIN)  and
transfected into MSC cells using Lipofectamine 2000
(Thermo Fisher) with 45 pmol of piRNA or negative
control (unspecific synthetic molecule; 5-UGCUUUG
CACGGUAACGCCUGUUUU-3’BIOTIN) per well in a
12-well plate. RNA was isolated 48 h after transfection,
while protein isolation and functional cell assays were
done 72 h after transfection.

Transfection and immunocytochemical detection of
biotinylated piRNA

Biotinylated piRNA was purchased from Genomed and
used for transfection of ccRCC cells with Lipofectamine
2000. Cells were grown on glass coverslips, rinsed with
PBS, and fixed with 4% paraformaldehyde for 8 min at
room temperature. They were then permeabilized with
0.25% TritonX-100 for 3 min, followed by blocking non-
specific binding sites with 2% BSA (bovine serum albu-
min) in TBST (Tris-buffered saline with Tween) for 1 h.
Afterwards, the coverslips were incubated with a specific
secondary antibody labeled with Cy-3 dye (Monoclonal
Anti-Biotin-Cy3; Sigma #C5585), diluted in 2% BSA in
TBST (1:100), for 1 h in the dark. To stain the nuclei, cells
were treated with DAPI (4/,6-diamidino-2-phenylindole)
for 5 min. Finally, the cells were examined using a laser
scanning confocal microscope (LSM 800, AxioObserver
Z.1; Zeiss, Oberkochen, Germany) with ZEN 3.7 soft-
ware (Zeiss).

Migration

Migration was measured using a classical wound-heal-
ing assay as well as a transwell assay. The latter was per-
formed using CytoSelect™ 96-Well Cell Migration Assay
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(8 pm, Fluorometric Format) (Cell Biolabs, Inc., San
Diego, CA, USA; # CBA-106) following the instructions
provided by the manufacturer. For the wound-healing
assay, MSCs were placed at a density of 5x 10”4 cells per
well on a 12-well plate. After 24 h, the cells underwent
transfection using piRNA molecules. After 48 h post-
transfection a wound was made by scraping the surface
with a sterile 200 pl pipette tip, and a first image of the
wound was taken using a Zeiss Axio Observer.D1 micro-
scope. After an additional 24-hour incubation period, a
second image was captured to evaluate the healing of the
wound and the migration of MSCs.

Viability
Cell viability was measured by staining cells with trypan
blue, according to a previously described protocol [28].

Proliferation

The proliferation was measured using the Cell Prolif-
eration ELISA, BrdU (colorimetric) kit (Roche Diagnos-
tics, GmbH), following the instructions provided by the
manufacturer.

Microarray analysis

Microarray analysis of MSC transfected with piR_004153
was performed as previously described [4]. Microarray
data were deposited at NCBI GEO (GSE263824).

Bioinformatic analysis

Data on miRNA expression in RCC tumors and cor-
relation with RCC patients’ survival were retrieved
from ENCORI/starBase [29]. miRNA target genes were
predicted using miRnet 2.0 [30]. GO (Gene ontology)
analysis was performed using ShinyGO 0.80 [31]. tRF
molecules (that regulate gene expression, in a mechanism
similar to miRNAs) that could be cut out from analyzed
tRNAs were predicted using the OncotRF bioinformat-
ics program (http://bioinformatics.zju.edu.cn/OncotRF/;
[32]. Only those tRF that are highly expressed in KIRC
and have the potential impact on the survival of ccRCC
patients were selected for further analysis. These analyses
were also performed using OncotRFE.

Statistical analysis

The analyzed data were retrieved from at least three
independent biological experiments. Statistical analy-
sis was performed using a t-test or ANOVA followed by
Dunnett’s multiple comparison test, p<0.05 was consid-
ered statistically significant.
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Results

miRNA secreted by RCC cells are enriched in the regulators
of key oncogenic pathways

RNAseq of RCC CM revealed multiple sncRNA bio-
types, with miRNAs and tRNAs representing the largest
sncRNA fractions (Fig. 1A).

When compared with CM from control cells, CM
isolated from Caki-1 and KIJ265T showed 83 and 107
altered miRNAs, respectively (Supplementary Table
S2). There were 40 consistently altered miRNAs in CM
from Caki-1 and KIJ265T cells, including 17 upregu-
lated and 23 downregulated miRNAs when compared
with RPTEC/TERT1 cell line (Supplementary Table S2).
miRnet predicted>12,000 experimentally verified gene
targets of the identified exosomal miRNAs (Supplemen-
tary Table S3). GO analysis of the predicted gene targets
showed that top enriched KEGG pathways including
‘microRNAs in cancer’ and various cancers (e.g. chronic
myeloid leukemia, pancreatic cancer, colorectal cancer,
renal cell carcinoma or prostate cancer), as well as ‘EGFR
tyrosine kinase inhibitor resistance’ and ‘metabolic path-
ways’ (Fig. 1B).

The expression of genes encoding aberrantly secreted
miRNAs is disturbed in RCC tumors

To find the potential clinical relevance of 40 miRNAs
that were commonly altered in CM from both RCC
cell lines, we analyzed their expression in RCC tumors
(Supplementary Table S2). The expression of 31 of these
miRNAs was disturbed in RCC tumors when compared
with control tissues, while the altered expression of 17
miRNAs correlated with poor survival of patients. Based
on the concordance between the direction of expression
changes in RCC tumors and CM from RCC cell lines, as
well as the association with poor survival of patients, 8
miRNAs were selected for further validation (Supple-
mentary Table S4, Fig. 1C and D). qPCR validation in the
CM isolated from five RCC cell lines (Caki-1, KIJ265T,
KIJ308T, 786-0O, and A498) and the non-cancerous cell
line RPTEC/TERT1 confirmed uniformly suppressed
expression of miR-10b-3p in CM from all analyzed RCC
cell lines, while miR-125a-5p was suppressed in CM
from four analyzed cell lines (Fig. 1E). The other miRNAs
showed variable patterns of expression. miR-17-5p was
statistically significantly increased in CM from the 786-O
cell line. Following RNAseq data, miR-193a-5p tended to
be upregulated in all CM although statistical significance
was reached only for Caki-1. miR-365a-3p was statisti-
cally significantly upregulated in CM from KIJ265T and
786-0, while miR-365b-3p was increased in CM from
KIJ265T, KIJ308T, and 786-O. miR-455-3p was statis-
tically significantly upregulated in CM from KIJ265T
and A498. miR-21-5p was the most abundant miR in all
analyzed CM; however, its expression was suppressed
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Fig. 1 miRNAs and tRNAs are the largest fractions of sncRNAs secreted by RCC cells. (A) Representation of sncRNA biotypes. (B) Top enriched KEGG
pathways among the genes predicted as miRNA targets. (C) microRNAs selected for validation. The table shows the results of RNAseq (miRNA expression
in Caki-1 and KIJ265T CM), miRNA expression in RCC tumors (n=517 RCC tumors, n=71 non-tumorous kidney samples), and correlation of survival of
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and A481) and non-tumorous control cell line RPTEC/TERT1. Note different scales for miR-193-5p and miR-455. Statistical analysis: One-way ANOVA with
Dunnett’s multiple comparisons posttest. * p <0.05, ** p<0.01, *** p<0.001. n=3 independent biological experiments
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in CM from KIJ308T and A498 cells (Fig. 1E). The pre-
dicted targets of three miRNAs (hsa-miR-10b-3p, hsa-
miR-125a-5p, hsa-miR-365b-3p) with uniformly altered
expression in CM from at least three cell lines included
those enriched in KEGG cancer-related pathways as well
as in the regulation of protein transport, programmed
cell death and metabolism (Supplementary Table S5,
Supplementary Table S6, Supplementary Table S7, Sup-
plementary Figure S2).

tRNAs are the components of RCC non-coding secretome

RNAseq revealed that tRNAs coding for Gly and Val
were consistently up-regulated in CM from Caki-1 and
KIJ256T, while tRNAs coding for Lys were concomitantly
down-regulated in CM from both cell lines (|EC |>2,
FDR<0.05) (Fig. 2A and B). This is consistent with
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previous data showing that tRNAY? is one of the three
top altered tRNA types across multiple cancer types
[33]. Regarding the specific tRNA isotypes, there were
109 altered tRNAs in CM from Caki-1 cells and 123
tRNAs differentially secreted by KIJ265T cells. Of note,
71 tRNAs were consistently altered in CM from both cell
lines, including 47 tRNAs that were up-regulated and 24
tRNAs that were down-regulated ( | FC|>2, FDR<0.05)
(Supplementary Table S8). The most upregulated antico-
dons included TCC, GCC, and TAC, while top downreg-
ulated anticodons included CTG, TAA, and CTT.

Using OncotRF we identified tRNAs that could serve as
a source for tRFs (Supplementary Table S9). The expres-
sion of many of those tRFs was altered in RCC tumors
and correlated with poor prognosis for patients (Sup-
plementary Table S9). Based on the results of OncotRF

A.
Expression in Caki-1CM Expression in KIJ-265T CM
tRNA log2FC FC pvalue FDR log2FC  FC pvalue FDR
Gly 2.24 4.73 1.20E-09 2.75E-08 1.63 3.09 6.46E-10 1.55E-08
Lys -1.36 -2.56 2.38E-05 1.37E-04 -1.31 -2.47 1.86E-08 2.23E-07
Val 1.54 2.91 3.22E-06 2.47E-05 111 2.17 4.22E-07 3.38E-06
B.
Expression in Caki-1CM Expression in KIJ-265T CM
tRNA name  tRNA isotype log2foldctlogCPM  pvalue  FDR FC log2foldctlogCPM  pvalue  FDR FC
Gly-GCc-1 tRNA-Gly-GCC-1-1 2.52 15.10 2.33e-36 1.77E-34 5.74 1.95 14.96 3.30E-11 6.82E-10 3.87
Gly-GCC-1 tRNA-Gly-GCC-1-2 2.52 15.10 4.43e-36 2.70E-34 5.74 1.95 14.96 3.45E-11 6.82E-10 3.87
Gly-GCC-1 tRNA-Gly-GCC-1-3 2.52 15.10 8.52E-36 4.33E-34 5.74 1.95 14.96 3.47E-11 6.82E-10 3.87
Gly-GCC-1 tRNA-Gly-GCC-1-4 2.52 15.10 1.66E-35 6.32E-34 5.74 1.95 1496 3.50E-11 6.82E-10 3.87
Gly-GCC-1 tRNA-Gly-GCC-1-5 2.52 1510 1.17E-35 5.08E-34 5.74 1.95 1496 3.52E-11 6.82E-10 3.87
Gly-GCC-1 tRNA-Gly-GCC-3-1 1.97 15.94 2.05E-24 3.68E-23 3.91 1.37 15.81 1.71E-08 2.41E-07 2.58
Gly-GCC-1 tRNA-Gly-GCC-5-1 197 15.94 2.75E-24 4.42E-23 3.91 137 15.81 1.66E-08 2.41E-07 2.59
iMet-CAT tRNA-iMet-CAT-1-1 -1.17 5.33 1.04E-03 3.18E-03 -2.25 -1.11 5.55 3.84E-04 1.42E-03 -2.16
iMet-CAT tRNA-iMet-CAT-1-2 -117 5.33 1.04E-03 3.18E-03 -2.25 -1.11 5.55 3.70E-04 1.38E-03 -2.16
iMet-CAT tRNA-iMet-CAT-1-3 -1.17 5.33 1.06E-03 3.19E-03 -2.25 -1.11 5.55 3.66E-04 1.38E-03 -2.16
iMet-CAT tRNA-iMet-CAT-1-4 -1.17 5.33 1.00E-03 3.15E-03 -2.25 -1.11 5.55 2.74E-04 1.22E-03 -2.16
iMet-CAT tRNA-iMet-CAT-1-5 -1.17 5.33 1.02e-03 3.17€-03 -2.25 -1.11 5.55 2.56E-04 1.18E-03 -2.16
iMet-CAT tRNA-iMet-CAT-1-6 -1.17 5.33 9.62E-04 3.09E-03 -2.25 -1.11 5.55 2.54E-04 1.18E-03 -2.16
iMet-CAT tRNA-iMet-CAT-1-7 -1.17 5.33 9.07€E-04 3.01E-03 -2.25 -1.11 5.55 2.52E-04 1.18E-03 -2.16
iMet-CAT tRNA-iMet-CAT-1-8 -1.17 5.33 9.51E-04 3.09E-03 -2.25 -1.11 5.55 2.49E-04 1.18E-03 -2.16
iMet-CAT tRNA-iMet-CAT-2-1 -1.28 5.11 7.71E-05 2.70E-04 -2.43 -1.25 5.29 1.72E-04 9.03E-04 -2.38
Lys-CTT-1 tRNA-Lys-CTT-1-1 -3.25 10.67 3.10E-55 7.75E-53 9.48 -2.88 11.04 5.15E-31 3.19E-29 -7.37
Lys-CTT-1 tRNA-Lys-CTT-1-2 -3.25 10.67 5.08E-55 7.75E-53 -9.48 -2.88 11.04 6.31E-31 3.26E-29 -7.37
Lys-CTT-1 tRNA-Lys-CTT-4-1 -3.19 10.67 3.97E-48 4.04E-46 -9.15 -2.79 11.04 4.65E-29 2.06E-27 -6.93
Lys-CTT-1 tRNA-Lys-CTT-6-1 -3.04 9.05 4.54E-17 5.12E-16 -8.20 -2.50 9.43 1.73E-14 4.88E-13 5.64
Lys-CTT-1 tRNA-Lys-CTT-chr15-5 -2.21 4.34 4.32E-08 2.53E-07 -4.63 -1.70 4.50 9.51E-05 5.26E-04 -3.26
Val-CAC-1 tRNA-Val-CAC-1-1 1.48 9.72 2.33E-08 1.42E-07 2.79 1.04 9.74 1.18E-04 6.32E-04 2.06
Val-CAC-1 tRNA-Val-CAC-2-1 1.89 11.65 3.63E-24 5.53E-23 371 1.19 11.46 8.52E-08 8.81E-07 2.28
Val-CAC-1 tRNA-Val-CAC-3-1 135 8.53 9.73E-05 3.33E-04 2,55 1.08 8.68 1.81E-03 5.55E-03 2.12
Val-CAC-1 tRNA-Val-CAC-4-1 1.50 9.71 7.46E-08 4.18E-07 2.82 1.05 9.73 1.97e-04 1.00E-03 2.07
Val-TAC-1 tRNA-Val-TAC-3-1 2.40 6.63 2.90E-08 1.73E-07 5.29 2.30 6.91 1.74E-10 3.17E-09 4.93
C.
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Fig. 2 tRNAs secreted by RCC cells. A. tRNAs altered in CM from Caki-1 and KIJ265T cell lines when compared with control RPTEC/TERT1 cells, classified
by the transferred amino acid. The table shows results of RNAseq. B. Specification of tRNA isotypes with consistently altered expression in CM Caki-1 and
CM KIJ265T (RNAseq data). C. gPCR validation of RNAseq results. Statistical analysis: One-way ANOVA with Dunnett’s multiple comparisons posttest. Data

from 3-to-4 independent biological experiments
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analysis and the criteria described in Methods, five
tRNAs were selected for qPCR validation (Fig. 2C). This
analysis revealed a trend for upregulation of Gly-GCC,
Val-CAC, and Val-TAC, no changes for ciMet-CAT, as
well as suppression of Lys-CTT; however, the data were
not statistically significant (Fig. 2C).

piRNAs are aberrantly secreted by RCC cells

RNAseq revealed that there were 13 piRNAs of which
levels were statistically significantly altered in CM from
Caki-1 cells and 19 piRNAs that were statistically signifi-
cantly altered in CM from KIJ265T cells when compared
with control cell line RPTEC/TERT1 (Supplemen-
tary Table S10). CM from both analyzed RCC cell lines
shared four piRNAs (has_piR_004153, has_piR_016735,
hsa_piR_019521, and has_piR_020365) of which lev-
els were consistently upregulated when compared with
CM derived from RPTEC/TERT1 cells (Supplemen-
tary Table S10). qPCR validation showed that among all
analyzed piRNAs, hsa_piR_004153 was the most highly
expressed in CM from RCC cells (Fig. 3A). piR_004153
was statistically significantly upregulated in CM from
KIJ265T cells and tended to be increased in CM from
Caki-1 when compared with control RPTEC/TERT1 cell
line. hsa_piR_019521 expression was decreased in CM
from all analyzed RCC cell lines, while hsa_piR_020365
was increased in CM from Caki-1 and KIJ265T cells and
suppressed in CM from the residual RCC cell lines. Hsa_
piR_016735 level was not changed in any of the analyzed
CM (Fig. 3A).

piR_004153 secreted by RCC cells is taken-up by MSCs to
stimulate their migration and viability

In our previous study, we showed that CM derived
from the most advanced RCC tumors (Caki-1, KIJ265T)
stimulated the migration of MSCs [21]. Given that hsa_
piR_004153 was the most highly expressed piRNA in
CM from RCC cells (Fig. 3A), we reasoned that it could
exert its effect on MSCs. Treatment of MSCs with RCC
CM resulted in an increased expression of piR_004153
(Fig. 3B), while transfection of MSCs with biotinylated
piR_004153 led to its nuclear localization as revealed by
immunocytochemistry (Fig. 3C). Transfection of MSCs
with piR_004153 stimulated migration and moderately
increased viability of MSCs, without affecting prolifera-
tion (Fig. 3D). These results indicated that piR_004153
secreted by RCC cells can be taken up by MSCs to
enhance their motility and viability.

To further analyze the influence of piR_004153 on
MSC, we performed microarray analysis of MSCs trans-
fected with piR_001453. This analysis revealed altered
expression of 35 genes of which 6 were selected for vali-
dation (Supplementary Table S11). qPCR confirmed that
piR_004153 decreased expression of FGF2, SLC7A5, and

Page 8 of 13

WISP1 in MSCs (Fig. 3E). These data show that RCC cells
from advanced tumors secrete piR_004153 that targets
MSC, reprograms their transcriptome, and stimulates
motility.

Discussion

In this study we show that renal cancer cells secrete mul-
tiple exosomal sncRNAs, including miRNAs, piRNAs and
tRNAs. Among them, we identified piRNA piR_004153,
which is highly secreted by cells derived from advanced
RCC tumors and taken-up by MSCs to stimulate their
migration towards RCC cells and reprogram their tran-
scriptome which might increase their tumorigenic poten-
tial. To our knowledge, this is the first study showing that
cancer-derived piRNA can affect MSCs migration.

Despite multiple studies on extracellular sncRNAs in
RCC, their function is still largely unknown. sncRNAs
can be detected in serum/plasma of RCC patients and
are considered potential biomarkers [34]. Most stud-
ies on the role of exosomal sncRNAs in RCC focus on
miRNAs [35-37]. We found several miRNAs with con-
sistently altered exosomal secretion in RCC cells. Their
role in RCC is largely unknown. miR-125a-5p was previ-
ously described as an exosomal miRNA in RCC and regu-
lated by branched-chain keto-acid dehydrogenase kinase
(BCKDK) [38]. To our knowledge, there are no published
data on exosomal miR-10b-3p and miR-365b-3p in RCC,
thus their role in the pathology of renal cancer requires
further elucidation.

The clinical significance of extracellular tRNAs and
tRNA fragments (tRFs) comes from their diagnostic
and regulatory potential. tRNAs and tRFs are released
by multiple cell types and are detectable in human bio-
fluids [39]. Surprisingly, the data on extracellular tRNAs
and tRFs in RCC are scarce. 5tRNA4-Val-AAC expres-
sion was decreased in RCC tumors and inversely corre-
lated with tumor stage and grade. However, no changes
in 5tRNA4-Val-AAC level were found in patients’ sera
[40]. Expressions of 5-tRNA-Arg-CCT, 5-tRNA-Glu-
CTC, 5-tRNA-Leu-CAG, and 5-tRNA-Lys-TTT were
decreased in RCC tumors, while 5-tRNA-Lys-TTT
inversely correlated with ISUP grades. 5-tRNA-Arg-
CCT, 5-tRNA-Glu-CTC and 5-tRNA-Lys-TTT levels
were also decreased in sera of RCC patients [41]. Our
RNAseq analysis showed consistently altered expres-
sion of 71 extracellular tRNAs in CM from both analyzed
RCC cell lines. However, qPCR analysis did not validate
these data. Thus, the significance of extracellular tRNAs
in RCC requires further analysis.

The data on piRNA in RCC are scarce and limited to
fewer than 10 studies [42—46], none of which addressed
the exact role of exosomal piRNAs in RCC. Regard-
ing piR_004153, it was reported that its expression is
reduced in tumor tissue and serum of colorectal cancer
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Fig. 3 piR_004153 secreted by RCC cells stimulates migration of MSCs. (A) gPCR validation of expression of four piRNAs selected based on RNAseq. The
plots show the results of gPCR analysis in CM derived from RCC cell lines. (B) piR_004153 expression is increased in MSCs treated with CM from RCC
cells. The plot shows the results of gPCR analysis. (C) Immunocytochemical visualization of MSCs transfected with biotin-labelled piR_004153 or control
scrambled oligonucleotide. The cells were stained with antibodies against biotin (yellow), nucleus was visualized using DAPI. White arrows show the
nuclear localization of biotinylated piR_004153. Yellow dots are presumably artefactual precipitates of anti-biotin antibody. (D) The effects of piR_004153
on the functioning of MSCs. The plots show piR_004153 expression following its transfection in MSCs, the effect of piR_004153 on MSCs proliferation
(BrdU assay), cell viability (Trypan-blue assay), and migration (wound-healing and transwell migration assay). (E) piR_004153 alters expression of MSCs
genes. The plots show results of gPCR analysis of MSCs transfected with piR_004513. (F) The scheme showing non-coding RCC secretome and the impact
of piR_004513 on MSCs gene expression and migration. All data were retrieved from at least 3 independent biological experiments. Statistical analysis was
performed using ANOVA with Dunnett’s Multiple Comparison Test (A, B) or t-test (D, E). * p<0.05, ** p<0.01, *** p<0.001, **** p <0.0001

patients [47], upregulated in plasma EVs of smokers [48],
and plasma of patients with Parkinson’s disease [49].
These data may possibly suggest that increased extra-
cellular piR_ 004153 concentrations may be commonly
associated with these pathologies. Since inflammation

is a common feature of smoking status [50], Parkinson’s
disease [51], and renal cancer [52], this provides an inter-
esting hypothesis that piR_004153 may be involved in
inflammatory processes. MSCs migrate to the sites of
inflammation, including tumors which are often referred
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to as “wounds that do not heal” The possible role of
piR_004153 in inflammation requires further exploration
in clinical settings.

In our study, treatment of MSCs with CM collected
from RCC cells increased intracellular piR_004153 lev-
els, while transfection of MSCs with piR_004153 induced
changes in MSCs transcriptome. Specifically, piR_004153
strongly decreased the expression of WISP1 and SLC7A5,
and moderately attenuated expression of FGF2. WISP1
(WNT1 Inducible Signaling Pathway Protein 1) is a well-
known regulator of MSCs proliferation and differentia-
tion [53, 54]. Interestingly, WISP1 silencing in BM-MSCs
induces proapoptotic signaling [55], which suggests that
piR_004153-induced viability of MSCs is probably not
mediated by WISP1. To our knowledge, there are no
studies addressing the role of endogenously expressed
WISP1 in MSCs migration, and this should be further
experimentally explored. Regarding other cell types,
WISP1 was shown to either promote or stimulate migra-
tion [56]. In contrast, much more is known regarding the
significance of WISP1 expressed by MSCs in the context
of cancer. MSCs-derived fibroblasts (MSC-DF) stimu-
late the progression of melanoma in a WISP1-depen-
dent manner [57]. Specifically, low WISP1 expression
in MSC-DF is required to promote metastatic progres-
sion of melanoma [57]. These data coincide with the fact
that BM-MSCs are the key source of cancer-associated
fibroblasts, the crucial tumor-promoting components
of TME [57]. Further, WISP1 expression is decreased
in BM-MSCs derived from patients with myelodysplas-
tic syndrome, a heterogeneous group of hematopoietic
malignancies with increased risk of developing acute
myeloid leukemia [58]. Altogether, these data suggest
that decreased WISP1 expression is associated with pro-
cancerous MSCs activities. We found that piR_004153
reduced the expression of SLC7A5 (solute carrier fam-
ily 7 member 5), a regulator of MSCs osteogenic differ-
entiation [59]. This is in line with studies showing that
cancer cells reprogram BM-MSC differentiation to facili-
tate malignant progression. For instance, cells of acute
myeloid leukemia (AML) inhibit osteogenic differentia-
tion and promote adipogenic commitment of BM-MSCs
[60]. T-cell acute lymphoblastic leukemia EVs inhibit
osteogenic differentiation of MSCs [61]. It was also sug-
gested that osteogenic-resistant MSCs contribute to the
development of head and neck cancer [62]. SLC7A5 in
cancer plays mainly oncogenic role and stimulates pro-
liferation, migration and invasiveness [63]. However, its
role in non-cancerous cells is more complex. For instance,
selective disruption of SLC7A5 gene in intestine epithe-
lium leads to dedifferentiation of Paneth cells, induction
of stemness, increased proliferation and migration of
crypt base stem cells [64]. The role of SLC7AS5 in the reg-
ulation of MSCs migration and viability requires further
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experimental studies. piR_004153 also suppressed the
expression of FGF2 (fibroblast growth factor 2) (Fig. 3E);
however, its role in MSCs is less well understood. BM-
MSCs transduced with an FGF2-expressing vector dif-
ferentiate into tenocytes in a MAPK (mitogen-activated
protein kinase)-dependent manner [65] and support
vascular regeneration [66]. Interestingly, treatment of
MSCs with extracellular FGF2 stimulates their migration
[67]; however the role of endogenously expressed FGF2
in MSCs motility and viability have not been explored.
Treatment of MSCs with piR_004153 resulted in mini-
mal changes in expression of FGF2 which suggests that
this gene rather does not mediate piR_004513 effects in
MSCs. The role of MSCs-expressed FGF2 in the cancer
context requires elucidation.

The data on the role of piRNA in MSCs is limited. It
is known that BM-MSCs secrete exosomes that con-
tain piRNAs [68]. Moreover, the profiles of non-coding
RNAs, including piRNAs undergo rapid changes during
BM-MSC differentiation towards osteo- and chondro-
genic lineages, as well as loss of BM-MSCs adherence [69,
70]. BM-MSCs secrete exosomes that contain piRNAs
[68]. Regarding the specific piRNA effects on MSCs func-
tioning, Liu et al. showed that piRNA-36741 promotes
the osteogenic differentiation of BM-MSC and attenu-
ates ovariectomy-induced osteoporosis in mice by induc-
ing BMP2 (Bone morphogenetic protein 2) expression
[71]. None of those studies addressed MSCs targeting by
external exosomes released by cancer cells.

Conclusion

We show that RCC cells secrete multiple exosomal
sncRNAs, including miRNAs, piRNAs, and tRNAs, that
have the potential to influence TME. Indeed, we demon-
strate that MSC motility and viability are stimulated by
piR_004153 secreted by RCC cells (Fig. 3F). Future stud-
ies are needed to explore the mechanisms behind altered
secretion of piRNAs by RCC, as well as exact mecha-
nisms of piRNA uptake by MSCs. Considering previous
studies showing that MSCs can stimulate RCC progres-
sion [19, 20], interference with piRNA-mediated homing
of MSC to RCC tumors may possibly open new options
for renal cancer treatment.
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