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The genetic source tracking of human urinary exosomes
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The genetic origins of nanoscale extracellular vesicles in our body
fluids remains unclear. Here, we perform a tracking analysis of uri-
nary exosomes via RNA sequencing, revealing that urine exosomes
mostly express tissue-specific genes for the bladder and have close
cell-genetic relationships to the endothelial cell, basal cell, mono-
cyte, and dendritic cell. Tracking the differentially expressed genes
of cancers and corresponding enrichment analysis show urine exo-
somes are intensively involved in immune activities, indicating that
they may be harnessed as reliable biomarkers of noninvasive liquid
biopsy in cancer genomic diagnostics and precision medicine.
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E xosomes (30 to 150 nm in size) are the smallest type of extra-
cellular vesicles (~30 to 1,000 nm) secreted by living cells,
acting as intercellular messengers via the circulation system of
all body fluids such as blood, urine, and tears (1). Urinary exo-
somes have been proved to reflect pathophysiology and have
provided a biological understanding of renal-related dysfunc-
tion, which represent a promising source of biomarkers for uro-
logical cancers (2, 3). However, the genetic networks between
the components of urine exosomes and urinary/nonurinary
organs or cells are still unclear. Thus, the source analysis of exo-
somal RNAs is essential for investigating exosome origins and
applying exosomes to disease diagnostics and treatments.

Bladder and kidney cancers are the top two prevalent uro-
logical malignancies. Although noninvasive biomarkers such as
circulating tumor cells and circulating tumor DNA have been
reported in recent decades, their clinical applications for the
early detection and monitoring of bladder and kidney cancers
remain limited by their inability to identify tumors precisely (4).
Therefore, novel biomarker discovery based on exosomes is of
paramount importance for the noninvasive liquid biopsy-based
diagnosis of bladder and kidney cancers.

Here, we performed a tracking analysis for investigating the
origins of urinary exosomes at both tissue and cell levels
through exosomal RNA sequencing (RNA-seq), intending to
find genetic connections between urine exosomes and cancers.
As a demonstration, we further explored exosomal RNA
markers for the diagnosis of bladder and kidney cancers.

Results and Discussion

The high-purity exosomes were obtained by EXODUS that we
have recently demonstrated (5). Fig. 14 shows the deconvo-
luted tissue-proportion analysis of exosome sources based on
the expression of tissue-specific genes (TSGs) in the 116 indi-
vidual urine samples. We found that urinary exosomes were
mainly contributed by the bladder tissue, which might be attrib-
uted to the bladder being the storage of urine.

Taking cancer types into consideration, based on analysis of
the single-sample gene set enrichment analysis (ssGSEA)
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scores (6), we observed that TSGs of the kidney and stomach
were differentially expressed in bladder cancer and control
samples (Fig. 1B). In contrast, TSGs of bladder, lung, brain,
and liver were differentially expressed in kidney cancer sam-
ples and their controls (Fig. 1C). We then constructed a cell-
type matrix and investigated the cell-level sources of exosomes
(Fig. 1D). The endothelial cell and basal cell were the two
major sources, possibly because they are closely related to
bladder and urethra system. Notably, we noticed that the
immune cells such as monocytes, dendritic cells, and B cells
showed relatively high gene expression levels (Fig. 1D). This
indicates the urinary exosomes were intensively involved in
immune activities, which might offer a potential way to evalu-
ate immune functionality through exosomes existing in human
urine.

We next investigated the source of differentially expressed
genes (DEGs) of cancers and the functionality of exosomal
RNAs for cancer diagnosis. Initially, we used a single-cell map-
per (scMappR) (7) to identify the cell type traced for differenti-
ating cancer and control based on both exosomal RNAs and
scRNA-seq datasets. We then assigned cell types contributed by
the DEGs and determined the cell types with the highest cell-
weighted fold (cwFold) change. Consequently, the clear gene
signature sets were observed from the endothelial cell (endo-
thelial-to-mesenchymal transition), neutrophil, proliferating T
cell, and monocyte both for kidney cancer (Fig. 1E) and blad-
der cancer (Fig. 1G); and the corresponding most enriched
pathways of the reranked DEGs are shown in Fig. 1 F and H.
The data reveals that a certain number of DEGs of urinary exo-
somes are from immune cells and shows a common immune
function at the pathway level, reflecting that the urine exosomes
intensively participated in immune activities during cancer initi-
ation and progression.

We then investigated whether the DEGs can be used as can-
cer biomarkers using a random forest model. We first searched
for an optimal subset from the training cohort, which was then
applied to the testing set, as described in a previous study (8).

Author contributions: L.P.L. and F.L. designed the research; Q.Z,, L.H., Y.W., M.L,, Q.Y.,
and F.L. performed the experiments; L.C. provided clinical samples; L.H. and J.L.
collected clinical samples; Q.Z., L.C., C.D., X.D., J.S., L.P.L,, and F.L. analyzed data; Q.Z.,
L.P.L, and F.L. wrote the paper; and all experiments were conducted under the
supervision of L.P.L. and F.L.

The authors declare no competing interest.

This open access article is distributed under Creative Commons Attribution-
NonCommercial-NoDerivatives License 4.0 (CC BY-NC-ND).

'Q.z., L.C., and C.D. contributed equally to this work.

2To whom correspondence may be addressed. Email: Iplee@bwh.harvard.edu or
feiliu@wmu.edu.cn.

This article contains supporting information online at http://www.pnas.org/lookup/
suppl/doi:10.1073/pnas.2108876118/-/DCSupplemental.

Published October 18, 2021.

https://doi.org/10.1073/pnas.2108876118 | 1 of 3

E
g
o]
©
oo
=
-]

n
o
=
]
=
o]
(T



https://orcid.org/0000-0001-6444-5090
https://orcid.org/0000-0002-8052-9320
https://orcid.org/0000-0003-1054-6042
https://orcid.org/0000-0002-1436-4054
https://orcid.org/0000-0001-5259-5753
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:lplee@bwh.harvard.edu
mailto:feiliu@wmu.edu.cn
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2108876118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2108876118/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2108876118&domain=pdf&date_stamp=2021-10-16

B —
Lung | ee o se  ses
Colon A |.... @ esess . . oo
Brain - |—--... - . . e .
Thyroid I—-- - oo e .
Adrenal gland I—-... .. .
Esophagus -

------------------------------------- Kidney I<—. . .
Stomach { [-ecw
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Liver I—
Pancreas - I..
0.00 0.25 0.50 0.75 1.00

Absolute proportion

E

Kidney cancer vs. Control

863)

Endothelial cell (EMT)

Basal cell

Genes (N

Monocyte
Dendritic cell
Proximal tubule progenitor

B cell

|I92 [eseg
[[CEke]
1se|qoiql

118 [efjounde paunens
1199 15BN

|82 BjosNW yjoows

a)jkoouo|y
1180 pajejeasajul Aaupry

Iiydonnen
1190 1 Bunesepioid

Pancreas exocrine cell

Oligodendrocyte

(UBlY SdY) OV
1189 [efjeyiopus

(LNT) 1199 [e1eYiopul

Kidney intercalated cell
Smooth muscle cell

Neutrophil

Bladder cancer vs. Control

*T***Tffffff

Mast cell
Thyroid follicular cell

Tcell

=363)

Stromal cell

Proliferating T cell

Genes (N

Macrophage

Hepatocyte endodermal cell
Fibroblast

APC (RPS high)

110 g
1sejqoiqi4

1182 BjoSNW yjoows

1190 [eseg

a)foouo
1199 [e1joyde paynens

lIeo | Bunesopjoid
Ilydonnan

1182 pnq oBjeIN

o — — — — —  —_—

1190 [eljaynd3

2
Proportion

4

(1W3) 1182 [eewpopus
(ublYy SdY) OdV

Fig. 1.
differential expression of TSGs between bladder cancer and controls and (C)

09)

==Bladder cancer == Control
5 = ¥
)
s 050
O
2 0.25 *
< O.
@ 0.00
73
2]
-0.25
23 > X & Q 3 X S > N O
@%‘) c}é\ fbb&)} Q}q,\ Oo\o \&\m \'5\6 \9«\ (}2{0 ébo \\@\
& & > © Q0° &® <&
<& &
0
C == Kidney cancer == Control
0.75 * * o *
[}
5 0.50
o
Z 0.25 *
< .
3 o T Rt Y
@ 0.00 ! * *
7]
; 3
-0.25
< > o S QS ~ X S o o S
F LS FTE S E S
S & & O N
<& @
B
F Kidney cancer vs. Control
o [ | [ [ | [ | I Defense response
[} | [ . Regulation of immune system process
T [ | [ | [ Leukocyte degranulation
03 | | || L Em Cell activation
o | | 1 ] mmune effector process
cg_ 2 m | | phil degranulation
= 1 - lyeloid cell activation involved in immune response
e 0 Humoral immune response
- I Neutrophil activation involved in immune response
o -1 | lyeloid leukocyte mediated immunity
a o ndrial respiratory chain complex assembly
o Regulation of apoptotic process
53 -3 Regulation of cell death
o Biological adhesion
= Oxidation-reduction process
‘g Regulation of cell motility
D QOPIZEIZANTNOODR
g 5385238533388
3 583838528 c353, "5
5 2553 -g_-é oA 20 8 E -log10(FDR)
a2 03 g5 = T*E53 - o —
=3 B g g@ 3 Qq = 10 15 20 25 30
s Foc A © o o &
@ 200 Q9 o == =l
= Tge e § o =
3 =92 3
LA a =z
¢ 8¢ s 3
2 = 3 g
g §
H Bladder cancer vs. Control
Q | | W [ [ [ Regulation of immune system process
= [ | Leukocyte activation
= | [ Defense response
o3 Cell migration
‘g. 2 Regulation of response to external stimulus
T 1 [ | I Neutrophil degranulation
a 0 Myeloid cell activation involved in immune response
m Interspecies interaction between organisms
o A Cellular response to cytokine stimulus
o Response to oxygen-containing compound
Q 3 || Cell activation
o || Neutrophil activation involved in immune response
a3 Leukocyte migration
@ | | Immune effector process
m CQeeIZIIMmmMmMm®D O >
2 2333288522223 4
3 T 3835528399222
g cB>383g53388 2 log10(FDR}
5 g 5 g A 55 - 3 -log10(FDR)
o S %2 g @ o o =
@ o F o -+ o o =) 6 8 10 12
= 220 g == =
g8 = i
g 3

The genetic source analysis of exosomes in human urine. (A) The deconvoluted tissue-proportion analysis of urinary exosome sources. (B) The

kidney cancer and controls. *P value < 0.05, **P value < 0.01 by unpaired

two-sided Wilcoxon test. (D) Tracking the sources of urinary exosomes at the cell-type level. (F) Heatmap analysis of the traced cell types sorted by the
normalized cwFold change of the DEGs of kidney cancer and bladder cancer (G). (F) The cell-type—specific pathway analysis of DEGs and the top five
most enriched pathways were listed for kidney cancer and bladder cancer (H).

We finally selected 26 genes as a marker panel to predict kid-
ney cancer and 19 genes to predict bladder cancer. The top 10
significant DEGs from the marker panels for kidney cancer and
bladder cancer in the random forest classifier are shown in
Fig. 2 A and C, respectively. The predicted probability of can-
cers based on the selected marker gene panels could clearly dis-
tinguish cancer samples from noncancer control samples
derived from patients with other urinary diseases. The diagnos-
tic receiver operating characteristic (ROC) curves showed
excellent area under curve (AUC) values of 90.0% for kidney
cancer (Fig. 2B) and 89.8% for bladder cancer (Fig. 2D), indi-
cating the model’s good prediction capability. It is worth men-
tioning that healthy individuals were not included in these
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experiments, making cancer diagnosis prediction even more
challenging, considering the similar symptoms between cancers
and noncancerous urinary diseases.

In the marker gene panels, S100410 (9) and CCARI (10) in
the kidney cancer marker panel and CD248 (11) and MT-ATP
(12) in the bladder cancer marker panel have been previously
shown to be up-regulated and to possess a tumor-promoting
function in urinary carcinomas. Notably, the expression level of
DDX17 showed a trend (i.e., DDXI7 expression in muscle-
invasive bladder cancer > DDXI7 expression in nonmuscle-
invasive bladder cancer > DDXI7 expression in control samples)
that might be attributed to the fact that the human RNA helicase
DDX17 contributes to tumor cell invasiveness by regulating the
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alternative splicing of several DNA and chromatin-binding fac-
tors (13). The combination of the genes in each panel can distin-
guish tumor samples from samples of related benign diseases
with high accuracy, which may have guiding significance for the
early diagnosis of these two urinary carcinomas.

In summary, we investigated the genetic sources of urinary
exosomes both at the levels of organs and cells, showing that
the bladder, endothelial cell, basal cell, monocyte, and dendritic
cell may closely participate in the formation of urine exosomes.
By tracking DEGs of urological cancers at cell levels and ana-
lyzing their enriched pathways, we reported that the urinary
exosomes are intensively involved in immune activities in can-
cer development. Further biomarker investigation from exoso-
mal RNAs resulted in two marker sets that could distinguish
cancer from noncancer urinary diseases with AUC values
> 89.8%. The exosome tracking analysis could provide a practi-
cal, noninvasive method for diagnosis and prognosis at the
molecular level using human urine.

Materials and Methods

Clinical Samples. Participants were recruited with informed consent. The
study was approved by the Institutional Review Board of Tongji Hospital in
the Tongji Medical College at Huazhong University of Science and Technology
(TJ-IRB20190914). For detailed clinical information, refer to Dataset S1.
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