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Introduction
Extracellular RNAs in biofluids have emerged as potential biomarkers for disease. Where 
most studies focus on plasma or serum, other biofluids may contain more informative RNA 
molecules, depending on the type of disease. Here, we present an unprecedented atlas of 
messenger, circular and small RNA transcriptomes of a comprehensive collection of 20 
human biofluids[1]. By means of synthetic spike-in controls, we compared RNA content 
across biofluids, revealing a more than 10 000-fold difference in RNA concentration. The cir-
cular RNA fraction is increased in nearly all biofluids compared to tissues. Each biofluid tran-
scriptome is enriched for RNA molecules derived from specific tissues and cell types. In ad-
dition, a subset of biofluids, including stool, sweat, saliva and sputum, contains high levels 
of bacterial RNAs. Our atlas enables a more informed selection of the most 
relevant biofluid to monitor particular diseases. To verify the biomarker potential in these 
biofluids, four validation cohorts representing a broad spectrum of diseases were profiled, 
revealing numerous differential RNAs between case and control subjects. Taken together, 
our results reveal novel insights in the RNA content of human biofluids and may serve as a 
valuable resource for future biomarker studies. 
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More than 1000-fold difference in RNA concentrations amongst different biofluids

Stool and saliva contain a high fraction of reads mapping to bacterial genomes

mRNA

Fig 1. (A) Relative RNA content per biofluid. Every bar represents the mean relative RNA concentration per biofluid. 
(B) Correlation between the relative small RNA and the mRNA concentration. The Spearman correlation coefficient 
is 0.83 (p-value = 1.76 x 10-6). (C) The number of mRNAs and miRNAs with at least 4 unique read counts in both repli-
cates is shown per biofluid. Note that the results are impacted by the sequencing depth (average sequencing depth 
of 11 million read pairs for mRNA capture sequencing; 9 million read pairs for small RNA sequencing). 

Fig 2. (A) Percentage of the total read count mapping to the human genome. (B) Percentage of reads mapping to 
bacterial genomes in mRNA data obtained using the MetaMap pipeline[2] and in small RNA sequencing data obtained 
with the exceRpt small RNA-seq pipeline in the Genboree workbench[3].
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biofluid number of mRNAs number of miRNAs 
amniotic fluid 10 531 119 
aqueous humor 107 20 
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BAL 3565 126 
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seminal plasma 11 868 211 
serum 4152 122 
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stool Calex 135 18 
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synovial fluid 1614 122 
tears 13 366 231 
urine 2094 41 
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Abbreviations 
AqF: aqueous fluid; BAL: bronchial lavage fluid; CSF: cerebrospinal fluid; mRNA: messenger RNA; miRNA: microRNA; miscRNA: miscellaneous RNA; sn(o)RNA: small nuclear/nucleolar RNA; exRNA: extracellular RNA; PFP: platelet-free plasma; piRNA: piwi-interacting RNA; PPP: platelet-poor plasma; PRP: platelet-rich plasma; rRNA: ribosomal RNA;RNA: transfer-RNA
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Fig 4. (A) Heatmap showing tissues and cell types that contribute more specifically to a certain biofluid 
compared to the other biofluids. Rows depict the biofluids of the discovery cohort and the columns are the 
tissues or cell types for which markers were selected based on the RNA Atlas[4]. (B) Composition of pan-
creatic cyst fluid samples based on deconvolution using single cell RNA sequencing data from 10 
pancreatic cell types[5].

Fig 5. (A, C, E) Boxplots of relative mRNA content. (B, D, F) Volcano plots of differentially expressed 
mRNAs (q<0.05; pink up; blue down in patient vs control) with labeling of up to 5 most differential genes. 
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Fig 3. (A) One gene can give rise to mRNAs through linear splicing, as well as circRNAs through a
 process called backsplicing where a downstream 5’ donor binds to an upstream 3’ acceptor. Both mRNAs 
and circRNAs can be detected in the mRNA capture seq data. (B) The circRNA fraction, calculated at the 
backsplice junction level, is plotted per sample and is higher in cell-free biofluid RNA than in tissue RNA.
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Take-home messages

●  The Human Biofluid RNA Atlas provides a systematic and comprehensive
  comparison of the RNA content in 20 different human biofluids and 
 provides a unique glimpse into the extracellular transcriptome from 180 
 samples.

●  Our findings enable a more informed selection of the most relevant 
 biofluid to monitor individual cancer types.

●  It is worthwhile to collect and investigate alternative fluids.

●  RNA is cool!

●  Manuscript and raw sequencing data are publicly available.

●  Broader sample collections in different cancer types are currently ongoing. 
 We are open to new collaborations!
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