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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.

exosome origin | RNA sequencing | cancer diagnosis | biomarker discovery

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 [EX@DWS 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 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).
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genetech
外泌体（30至150nm大小）是活细胞分泌的最小类型的细胞外囊泡（约30至1，000nm），通过血液，尿液和眼泪等所有体液的循环系统充当细胞间信使。尿外泌体已被证明可以反映病理生理学，并为肾脏相关功能障碍提供了生物学理解，这是泌尿系统癌症生物标志物的有希望的来源。然而，尿液外泌体成分与泌尿/非泌尿器官或细胞之间的遗传网络仍不清楚。因此，外泌体RNA的来源分析对于研究外泌体起源和将外泌体应用于疾病诊断和治疗至关重要。膀胱癌和肾癌是前两种流行的泌尿系统恶性肿瘤。尽管近几十年来已经报道了循环肿瘤细胞和循环肿瘤DNA等非侵入性生物标志物，但由于无法精确识别肿瘤，它们在膀胱癌和肾癌早期检测和监测中的临床应用仍然受到限制。因此，基于外泌体的新型生物标志物发现对于基于膀胱癌和肾癌的无创液体活检诊断至关重要。

genetech
高纯度外泌体是通过我们最近证明的EXODUS获得的。无花果。图1A显示了基于116个尿液样本中组织特异性基因（TSG）表达的外泌体来源的去卷积组织比例分析。我们发现尿外泌体主要由膀胱组织贡献，这可能是由于膀胱是尿液的储存。

genetech

组织特异性基因

genetech
考虑到癌症类型，基于对单样本基因集富集分析（ssGSEA）评分的分析（6），我们观察到肾脏和胃的TSG在膀胱癌和对照样本中表达不同（图1B）。相比之下，膀胱、肺、脑和肝脏的TSG在肾癌样本及其对照中表达差异（图1C）。然后，我们构建了细胞型基质并研究了外泌体的细胞水平来源（图1D）。内皮细胞和基底细胞是两个主要来源，可能是因为它们与膀胱和尿道系统密切相关。值得注意的是，我们注意到单核细胞、树突状细胞和B细胞等免疫细胞表现出相对较高的基因表达水平（图1D）。这表明尿外泌体密集参与免疫活动，这可能提供一种通过人尿中存在的外泌体评估免疫功能的潜在方法。

genetech
接下来，我们研究了癌症差异表达基因（DEGs）的来源以及用于癌症诊断的外泌体RNA的功能。最初，我们使用单细胞图谱仪（scMappR）（7）来鉴定用于区分癌症的细胞类型，并根据外泌体RNA和scRNA-seq数据集进行对照。然后，我们分配了DEG贡献的细胞类型，并确定细胞加权折叠（cwFold）变化最高的细胞类型。因此，从肾癌（图1E）和膀胱癌（图1G）的内皮细胞（内皮到间充质转化）、中性粒细胞、增殖T细胞和单核细胞中观察到清晰的基因标记集;重新排序的DEG的相应最富集途径如图所示。1 F 和 H。数据显示，一定数量的尿外泌体DEG来自免疫细胞，在通路水平上表现出共同的免疫功能，反映出尿液外泌体在癌症发生和发展过程中密集参与了免疫活动。
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Fig. 1.
differential expression of TSGs between bladder cancer and controls and (C)

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

PNAS
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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

Zhu et al.
The genetic source tracking of human urinary exosomes
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然后，我们使用随机森林模型研究了DEG是否可以用作癌症生物标志物。我们首先从训练队列中寻找最佳子集，然后将其应用于测试集，如之前的研究中所述（8）。我们最终选择了26个基因作为预测肾癌的标记组合和19个基因来预测膀胱癌。随机森林分类器中肾癌和膀胱癌标记面板中的前 10 个显著 DEG 如图所示。分别为 2 A 和 C。基于所选标记基因组合的癌症预测概率可以清楚地区分癌症样本和来自其他泌尿系统疾病患者的非癌症对照样本。诊断受试者工作特征（ROC）曲线显示肾癌（图2B）和膀胱癌（图2D）的曲线下面积（AUC）值分别为90.0%和89.8%，表明该模型具有良好的预测能力。值得一提的是，健康个体不包括在这些实验中，考虑到癌症和非癌性泌尿系统疾病之间的相似症状，这使得癌症诊断预测更具挑战性。
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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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