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mRNASs in urinary nano-extracellular vesicles as
potential biomarkers for non-invasive kidney biopsy
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Abstract. Urinary nano-extracellular vesicles (NVs),
including exosomes and microvesicles, are considered poten-
tial biomarkers for kidney diseases using liquid biopsies.
However, clinical application of urinary N'Vs has not yet been
validated. In the present study, the levels of mRNAs in urinary
N'Vs in animal models of kidney disease were assessed. Urine
samples were collected from the animal models and urinary
NVs were isolated by ultracentrifugation. Gene expression
levels of kidney injury markers in urinary N'Vs and renal tissue
were quantified by reverse transcription-quantitative PCR. The
mRNA levels of desmin, a podocyte injury marker, in urinary
NVs was markedly increased in the puromycin aminonucleo-
side (PAN) nephritis model, in parallel with enhanced desmin
expression in kidney tissues. The expression of regulator of
calcineurin 1 and the podocin to nephrin ratio (PNR) were also
increased in the PAN nephritis model. Treatment with pred-
nisolone mitigated these changes in gene expression as well as
proteinuria. PNR, which is considered a predictive marker of
glomerular dysfunction, in urinary N'Vs was highly correlated
with urinary protein excretion (P<0.01). Furthermore, PNR in
urinary N'Vs of Zucker diabetic fatty rats, a diabetic kidney
disease model, was correlated with urinary albumin excretion
(P<0.01). These results suggest that changes in mRNA levels
of urinary N'Vs reflect the disease status of kidney tissues and
their functional alterations. Collectively, mRNA analysis of
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urinary N'Vs may be used as a liquid biopsy tool for improved
classification and performance of risk prediction to determine
the severity of kidney diseases.

Introduction

Chronic kidney disease (CKD), a very common disease, is
considered a growing public health issue, with a notable impact
on the economy and society. CKD progression without effec-
tive treatment may lead to end-stage renal disease (ESRD).
The annual cost of treating ESRD is currently >$15 billion
and ~$32 billion in Japan and the US, respectively (1,2).
Moreover, the number of CKD patients is expected to increase
steadily in several countries, and CKD is considered a risk
factor for cardiovascular diseases (3). Therefore, new suit-
able and precision-based diagnostic tools for the prevention
and treatment of CKD, including novel drugs, are urgently
required. Currently, kidney diseases are primarily diagnosed
based on serum creatinine, blood urea nitrogen and urinary
albumin levels. However, these biomarkers are insufficient to
determine the precise pathological state of a patient with CKD,
which can result in heterogeneous outcomes (4,5). Therefore, a
novel diagnostic method is required to achieve improved CKD
diagnosis and management.

Nano-extracellular vesicles (N'Vs), including exosomes
and microvesicles, are produced by a wide range of cell types
and released into various body fluids such as urine, serum
and saliva (6). Exosomes are vesicles 30-100 nm in diameter,
produced through the fusion between multivesicular bodies
and plasma membranes (6). On the contrary, microvesicles
are 100-1,000 nm in diameter, which are released from cells
through direct shedding of plasma membranes (7). Both types
of vesicles contain various components such as cytosol-like
proteins and nucleic acids (mRNA, microRNA and DNA) (7).
Urine is a very useful source of N'Vs, as it can be obtained
easily and non-invasively, and urinary N'Vs contain compo-
nents originating from cells of all regions of the nephron,
including glomeruli and renal tubules (8). The components
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of NVs are considered potential biomarkers for kidney
diseases because they may reflect the physiological and patho-
physiological states of their cells of origin. Recently, several
scientists have reported the practicality of using urinary N'Vs
as a diagnostic tool for kidney disease, prostate cancer and
bladder cancer (8,9). However, detailed information on how
urinary N'Vs reflect the physiological and pathological states
of the kidney, as well as its functionality, remains elusive.
Accordingly, the clinical application of urinary N'Vs for liquid
biopsy has not yet been fully validated.

In the present study, the expression of mRNAs in urinary
N'Vs from rat models of both glomerular nephritis and diabetic
kidney disease were assessed to investigate their applicability
as a novel diagnostic tool.

Materials and methods

Animals. Male Sprague Dawley (SD), Zucker lean (ZL) and
Zucker diabetic fatty (ZDF) rats were purchased from Charles
River Laboratories, Inc. Prior to the experimental procedures,
animals were acclimatized for at least 5 days and housed under
a 12-h light/dark cycle with ad libitum access to water and
standard chow, CRF-1 (Oriental Yeast Co., Ltd.). For the puro-
mycin aminonucleoside (PAN)-induced glomerular nephritis
model, 73 6-week-old male SD rats received a tail vein injec-
tion of 100 mg/kg/5 ml PAN (Sigma-Aldrich; Merck KGaA)
in saline buffer. In addition, 24 saline buffer-injected rats were
used as the control. Prednisolone was administered as a single
oral dose of 10 mg/kg/10 ml prednisolone (Shionogi & Co.,
Ltd.) 1 h prior to PAN injection using distilled water as the
vehicle control. These animals were kept for 1 week and then
were euthanized. For the type 2 diabetes model, 12-week-old
male ZL (n=6) and ZDF (n=12) rats were used at the begin-
ning of the experiment. These animals were kept for 20 weeks
and then were euthanized. All animals were observed at least
once daily for monitoring of health. No unforeseen deaths of
animals occurred in these studies.

Urine collection and measurements of urinary protein,
albumin and creatinine levels. Total urine samples were
collected over 24 h from each animal in the metabolic cages
at each time-point. Urine samples were used immediately or
stored at -20°C until required. Urinary protein, albumin and
creatinine levels were measured using a Rat Urinary Protein
assay kit (Chondrex, Inc.), a LBIS™ Rat Albumin ELISA
kit (FUJIFILM Wako Pure Chemical Corporation) and a
LabAssay™ Creatinine kit (FUJIFILM Wako Pure Chemical
Corporation) respectively, according to the manufacturer's
protocol.

Blood collection and blood glucose measurements. Blood
samples were collected from the tail vein at each time-point.
Blood samples were diluted with distilled water (1:10) and
blood glucose was measured using a Glucose Cii Test Wako
kit (FUJIFILM Wako Pure Chemical Corporation) according
to the manufacturer's protocol.

Isolation of NVs. Urinary N'Vs were isolated from urine samples
using differential centrifugation at 3,000 x g for 10 min at 4°C.
Then, supernatants were centrifuged at 100,000 x g for 1 h

at 4°C and NVs were retrieved from the pellets after gently
discarding the supernatants. For nanoparticle tracking analysis
(NTA), pellets were suspended in PBS. NTA was performed
using the Nanosight LM20 instrument (Nanosight Ltd.) to
analyze the distribution of vesicle size and the concentration
of particles, as previously reported (10).

mRNA analysis in NVs. For the NVs isolated from the urine
of PAN nephritis model rats, total RNA was purified using the
RNeasy micro kit (QIAGEN, Inc.) according to the manufac-
turer's protocol. Briefly, isolated N'Vs were lysed using lysis
buffer containing 1% [-mercaptoethanol, and total RNA was
purified using MinElute spin columns with on-column DNase
digestion (Qiagen, Inc.). RNA was quantified using a NanoDrop
1000 (Thermo Fisher Scientific, Inc.) and cDNA was synthe-
sized using a SuperScript™ VILO™ cDNA Synthesis kit
(Thermo Fisher Scientific, Inc.). Reverse transcription-quan-
titative (RT-q)PCR was performed using the Biomark HD
system (Fluidigm Corporation) with specific TagMan Gene
Expression assays for hypoxanthine phosphoribosyltransferase
(Hprtl; Rn01527840_ml), desmin (Rn00574732_m1), aqua-
porin 1 (AgpI; Rn00562834_ml), nephrin (Rn00674268_m1),
podocin (Rn00709834_m1), and regulator of calcineurin 1
(Rcanl; Rn00596606_m1) (Thermo Fisher Scientific, Inc.),
according to the manufacturer's protocol. For analysis of NVs
from ZDF and ZL rats, mRNA was extracted from the isolated
NVs using oligo(dT)-immobilized microplates (Hitachi
Chemical Diagnostics, Inc.) and quantified by RT-qPCR as
previously described (11). All mRNA levels were normalized
to the level of Hprtl.

Isolation of glomeruli. Rats were anesthetized using 5% sevo-
flurane via an inhalation anesthetic system, and the kidneys
were immediately excised following euthanasia by exsangui-
nation. After removal of kidney capsules, renal cortexes were
minced into very fine fragments. Glomeruli were collected
using standard sieving methods as previously described (12).
Total RNA was isolated from glomeruli was purified using
a RNeasy micro kit, and RT-qPCR was performed using the
Biomark HD system for specific TagMan Gene Expression
assays as described above.

Immunohistochemistry. Kidneys were collected from
euthanized animals. These samples were immediately fixed
in 10% neutralized buffered formalin for 1 week at room
temperature. Fixed tissues were then embedded in paraffin for
immunohistochemical analysis. Immunostaining of desmin
was performed as described previously (13). Briefly, paraffin
sections were deparaffinized and incubated overnight at 4°C
with an anti-desmin mouse monoclonal antibody (1:200;
cat. no. M0760; Dako; Agilent Technologies, Inc.), and
subsequently incubated for 30 min at room temperature with
horseradish peroxidase-conjugated anti-mouse IgG goat poly-
clonal antibody (Nichirei Biosciences Inc.).

Statistical analysis. Data are presented as mean =+ standard
error of the mean unless otherwise stated. A Student's t-test was
used for pairwise comparisons. When comparing >2 groups,
statistical differences were evaluated using a one-way
ANOVA followed by a Dunnett's multiple comparison test.
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Figure 1. Disease profile of the PAN nephritis model and excretion of NVs in urine. (A) Time course of urinary protein excretion (left) and urine volume (right)
(n=8). (B) Size distribution of N'Vs in urine from control rats (left) and PAN nephritis model rats (right) on day 7 (n=8). The gray range represents the SEM.
(C) Time course of urinary NV excretion (n=8). Data are presented as the mean £ SEM. "P<0.05, “P<0.01 vs. control group. PAN, puromycin aminonucleoside;

NVs, nano-extracellular vesicles; SEM, standard error of the mean.

Repeated measure-based parameters were evaluated using a
two-way ANOVA followed by Bonferroni's correction. P<0.05
was considered to indicate a statistically significant differ-
ence. For correlation analysis, Pearson correlation coefficients
were calculated. All statistical analyses were performed using
GraphPad Prism version 7.04 (GraphPad Software, Inc.).

Results

Characterization of urinary NVs in the PAN nephritis
rat model. Notable proteinuria developed 3 days after the
induction of PAN nephritis in the rat model. Urinary protein
excretion significantly increased at days 3 and 7 (P<0.05 and
P<0.01, respectively) without a significant change in urine
volume (Fig. 1A). The size distribution and concentration of
NVs in urine were assessed using NTA to confirm the pres-
ence of N'Vs and compare the vesicle profiles between normal
and diseased animals. As previously reported (14,15), most
of the obtained vesicles were <200 nm in diameter. The size

distribution of N'Vs was not altered (Fig. 1B), but the concen-
tration of urinary N'Vs was slightly increased in the PAN
nephritis model, even though the difference was not signifi-
cant (Fig. 1C).

Changes in mRNA levels of urinary NVs and glomeruli in the
PAN nephritis rat model. Whether urinary N'Vs could indicate
site-specific damages in glomeruli were next determined. In
fact, PAN is an antibiotic well known to cause glomerular
specific damage (16). Therefore, the mRNA levels of desmin,
a sensitive biomarker for glomerular injury in rodents (17,18),
were evaluated in urinary NVs. The relative content of
desmin mRNA in urinary N'Vs of the PAN nephritis model
increased 5.8-fold (P=0.44) on day 3 and 17.3-fold (P<0.01) on
day 7 (Fig. 2A). To confirm whether this change reflected the
status of kidney tissue, mRNA and protein levels of desmin
in the glomeruli were assessed by RT-qPCR and immuno-
histochemistry, respectively. The mRNA levels of desmin in
glomeruli showed a similar increasing trend to that of urinary
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Figure 2. Changes in podocyte and tubular injury marker expression in urinary N'Vs. (A) Time course of relative mRNA levels of desmin, a podocyte injury
marker, in urinary N'Vs. (B) Time course of relative mRNA levels of Agpl, a tubular marker, in urinary N'Vs. n=4-8. Data are presented as the mean + standard
error of the mean. “P<0.01 vs. control group. N'Vs, nano-extracellular vesicles; Agpl, aquaporin 1.
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Figure 3. Changes in desmin expression in glomeruli. (A) Changes in relative desmin gene expression in isolated glomeruli at different time-points. n=6-10.
Data are presented as the mean + standard error of the mean. “P<0.01 vs. control group. (B) Representative images of immunohistochemistry of desmin in the
kidney of control (left) and PAN nephritis model (right) rats at day 7. Arrowheads, glomeruli. Scale bar, 50 ym. PAN, puromycin aminonucleoside.

NVs, particularly on day 7 (P<0.01; Fig. 3A), whereas increased
desmin immunoreactivity in glomeruli was observed in the
PAN nephritis model (Fig. 3B), corroborating the observations
from urinary N'Vs. Meanwhile, the mRNA levels of Agpl, a
proximal tubular marker, in urinary N'Vs was not altered in the
PAN nephritis model (Fig. 2B).

Analysis of urinary NV mRNAs as pharmacological
biomarkers. To evaluate the potential of mRNAs in urinary
N'Vs as pharmacological biomarkers, the effect of prednisolone
on the PAN nephritis model was assessed. The induced urinary
protein excretion of the PAN nephritis model was significantly
mitigated by treatment with prednisolone (P<0.01; Fig. 4A),
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Figure 5. Correlation between gene expression and urinary protein excretion. Solid line, regression line; dotted lines, 95% confidence interval of the slope of
the regression line. Rcanl, regulator of calcineurin 1; HPRT1, hypoxanthine phosphoribosyltransferase.

confirming previously reported observations (19). Fig. 4B shows
the effect of prednisolone on the mRNA levels of urinary N'Vs.
The expression of two podocyte injury markers, the mRNA
levels of desmin and the podocin to nephrin ratio (PNR),
the latter being a potential podocyte loss prediction marker
reported by Fukuda er al (20), significantly increased in the
PAN nephritis model (P<0.01), whereas a decreasing tendency
and a significant decrease in the prednisolone-treated group
was observed (P=0.10 and P<0.01, respectively). The mRNA

levels of Rcanl, which is upregulated during active calcineurin
signaling and is therefore considered a target of immunosup-
pressants for nephritis treatment (21), also increased in urinary
N'Vs of the PAN nephritis model (P<0.01), and it was reversed
by prednisolone treatment (P<0.01). Additionally, the correla-
tions between mRNA levels and disease severity were assessed
(Fig. 5). A positive correlation was observed between PNR
and urinary protein excretion, as well as between Rcanl levels
and urinary protein excretion (r?=0.75 and 0.64, respectively;
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Figure 6. Changes in blood glucose, urinary albumin excretion and in the podocin to nephrin ratio in urinary N'Vs of ZDF rats. (A) Changes in blood glucose
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lines, 95% confidence interval of the slope of the regression line.

P<0.01 in both cases). A similar but weaker correlation was
observed between desmin mRNA levels and urinary protein
excretion (r’=0.12; P=0.07).

PNR in ZDF the kidney disease model. The relationship
between kidney functionality and PNR in another type
of kidney disease model was assessed. ZDF rats, a type 2
diabetes model, showed a significant increase in blood
glucose on weeks 0 and 20 (P<0.01; Fig. 6A). A progressive
increase in urinary albumin excretion was also observed in
ZDF rats (P<0.01; Fig. 6B). In addition, PNR in ZDF rats on
week 20 increased compared to that in the ZL rats (P<0.01;
Fig. 6C). Furthermore, PNR was positively correlated with
urinary albumin excretion, similar to the PAN nephritis model
(r*=0.66; P<0.01; Fig. 7).

Discussion

Liquid biopsy of blood using N'Vs has been actively investi-
gated for oncology, in particular for breast cancer (22), lung

cancer (23) and pancreatic (24) cancer. However, there is rela-
tively little knowledge regarding the feasibility of liquid biopsy
using N'Vs as biomarkers for renal disease. Various reports on
the validity of urinary N'Vs for risk prediction of renal disease
have highlighted urinary exosomal microRNAs as potential
biomarkers for lupus nephritis (25), renal fibrosis (26,27) and
early renal injury in essential hypertension (28). Moreover,
it has been reported that urinary exosomal Wilms tumor 1
mRNA, which codes for a podocyte-derived transduction
factor, is a candidate biomarker for diabetic nephropathy (29).
Another group also suggested the potential of using exosomal
mRNA levels of C-C motif chemokine ligand 2 as a diagnostic
tool for IgA nephropathy (30). However, it is still unclear
whether changes in the mRNA levels of kidney injury markers
in urinary N'Vs are linked to the actual status of renal disease.
In the present study, the mRNA levels of desmin and PNR as
podocyte injury markers, as well as the mRNA levels of Rcanl
as a pathogenic marker, using urinary N'Vs were assessed, and
their applicability as biomarkers for renal dysfunction and
injury were demonstrated.

NVs were isolated by ultracentrifugation. Although
it was reported that the amount and profile of the obtained
N'Vs should depend on the isolation method (31), the size of
the particles isolated in the present study was similar to that
described in previous reports (14,15), indicating successful NV
purification. No changes were detected in urinary NV excre-
tion or particle size profiles in the PAN nephritis model. On the
contrary, increased levels of desmin mRNA in urinary NVs
reflected similar changes in glomeruli. However, there was
no variation in the mRNA levels of Agpl, known as a tubular
marker, suggesting that tubules were not directly injured in the
PAN nephritis model. Agpl expression has been reported to
be decreased in an ischemia/reperfusion-induced acute kidney
injury model in rats and during kidney transplantation in
humans (32), consistent with the podocyte-specific toxicity of
PAN (33). Moreover, Spanu et al (34) reported that the mRNA
levels of cystatin C in urinary N'Vs was correlated with renal
cortical expression and urinary cystatin C protein levels (34).
Taking the results of the present study and those of previous
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reports together, it is hypothesized that changes in mRNA
levels of urinary NVs reflect alterations in gene expression in
the component cells of the kidney organ, and thus the analysis
of urinary N'Vs can provide information on the pathological
state of renal tissues in a non-invasive manner.

The applicability of urinary N'Vs as pharmacological
biomarkers was also examined. The PNR increased in the
PAN nephritis model, and was significantly decreased upon
treatment with prednisolone. PNR in the urinary sediment
was previously reported as a promising biomarker of podocyte
stress in glomeruli (20,35), since shifts in PNR are thought to
be due to alterations occurring in podocytes. The results of the
present study are consistent with these reports, implying that
the pharmacological effects of a drug for podocyte protection
can be detected by analyzing isolated urinary N'Vs.

In addition, the mRNA levels of Rcanl in urinary NVs
were increased in the PAN nephritis model, whereas such
increases were compensated by prednisolone treatment. The
expression of Rcanl has been reported to be induced through
the activation of calcineurin/nuclear factor of activated T cells
signaling, and the activation of this cascade can cause several
kidney diseases, such as minimal change disease (36) and
glomerulosclerosis (37). Calcineurin is known as a target of
cyclosporine and tacrolimus, two common therapeutic agents
for glomerular nephritis (21). Moreover, Ding et al (38) reported
that calcineurin activity was upregulated by PAN treatment
of podocytes in vitro, and it was suggested that calcineurin
inhibitors protect against podocyte injury in a PAN-induced
nephritis model (39). In addition, it has been reported that
prednisolone and other glucocorticosteroids decrease the
activity of calcineurin (40,41). Therefore, it is concluded that
the levels of urinary NV Rcanl can be used as a biomarker to
monitor kidney injury in a non-invasive manner.

Moreover, experiments using ZDF rats, a type 2 diabetes
mellitus model, were performed to investigate the applica-
bility of urinary NV mRNA analysis in another type of kidney
disease. Similar to the PAN nephritis model, ZDF rats display
albuminuria with glomerular and podocyte injuries (42). As
observed in the PAN nephritis model, an increased PNR in
urinary N'Vs was observed, and a correlation between PNR
and urinary albumin excretion was also observed in ZDF
rats. These results suggest that PNR in urinary N'Vs can be
considered a useful biomarker for renal dysfunction linked
to glomerular injuries, and demonstrates the versatility of
urinary N'Vs as diagnostic tools in various types of kidney
diseases.

In conclusion, the present study showed that changes in
mRNA levels of urinary N'Vs may serve as reliable predictors
of physiological and pathological alterations in the kidney.
Based on these results, it is suggested that this method should
be validated further and potentially used as a liquid biopsy
tool for kidney disease.
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